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In this study +the contribution of the different heat
transfer methods in the drying of granulated materisls is
analysed fFrom the wviewpoint of the available electroheat
technology. Although the work has been directed to present day
commercial spplications and proposes definite drying schemes the
research has been focussed on high frequency heating techniques,
which appear to be the most promissing alternatives as far as
medium and large throughput continuous processes sare concernéd.
An experimental rig has been designed and built; this.unit has
been used to obtain a preliminary set of data on the performance
of +the high frequency drying process under different operating

conditions.
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Tank cifeuit capacitance, F
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1. INTRODUCTION

1.1 QObjectives and Scope of the Study

Drying can be classed as a separation process the speed of
which. is affected by the characteristics and state of the
components which form the mixture to be dried, the amount of
thermal energy which is supplied to these materials and
also,although seldom recognised, by the type of heat transfer
technique wused. Mechanical methods, 1i.e. draining, compression

and centrifuge§§ are not effective in removing internal moisture

from a capillary-porous material as will be noted below. Hence

the product is usually heated since in most applications this is
the most effective method to produce the internal moisture
migration, which is ultimately caused by moisture, temperature

and pressure gradients. Moreover by heating the gprodu ¢t surface
-1

ntai maxiﬂgD
\//

evaporation rates. If a partlcular industry is concerned with

and the drying medium it 1is possible to

drying opersations it needs to schedule its operations to take
into account the rejuired drying time, this usually presents a
classical ‘bottle-neck’ problem and allowances must be made for
the fact that inecreased smounts of energy supplied will produce
progressively lower increases in throughput. The thermal

efficiency of the equipment may be reduced, the product qQuality
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adversely affected and, in some instances, the reliability of
the plant Jjeopardised. Most current dryers are based on
convective heat transfer mechanisms aided by some conduction
and, in special cases, by radiaﬁion. High frequency techniques,
involving phenomena similar to those occuring in a conventional
domestic microwave oven, are not commonly used although they

could bring significant improvements to &an existing drying

plant.

This study 1is concerned with electroheat techniques which
might be employed as a substitute for part of the petroleunm used
in those applications involving temperatures 1lower than ZOO@C
(Figure 1.1), in particular the drying of granulated materials
in primary agro-industrial processes. Several options have been
considered with most sattention being paid te those most
promising where the present practice is to use fuel-fired,
medium and large throughput dryers. Most equipment ﬁsed for
drying purpoeoses in other sectors of agro-industry is similar in
the technology used despite diffserences in scale and hence it
was considered desirable to concentrate this study on the most
common types. Any electrical technique finally adopted should
be flexible enough to allow the design to be e#tended to higher
throughputs and larger installed capacities as might be required

in those regions, e.g. Brazil, where the required ocutputs are




6 =
IO equivalent tonnes
of petroleum {fep) Total = 22.2 x 10° tep

Y 2 4 1

"
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200 400 600 800 1000 1200 1400 1600 T {*C)

E

Figure 1.1 Distribution of Process Temperatures and Energy Consumption
[95]

in Brazilian Industry
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greater.

It is appreciated that the high temperature region in
Figure 1.1 (mainly between 1000 and 1608°C) also presents an
opportunity for the replacement of combustion systems by
electrothermnal processes, This 1is the case, for example, in
metallurgical plants where metal melting, refining and hgat
treatment can be carried out by electric arc and induction
heating techniques. Ultra-high temperature discharges obtained
from plasma torches c¢an activate chemical reactions which have
not hitherto been feasible. These latter are outside the
scope of Figure 1.1 although they may constitute important
factors in the development of metallurgy in many regions, for
example the production of high value alloys from the large
mineral reserves of the Amazpnas region. The development of
more efficient drying techniques will also contribute to the
progress of industry in general ana, in particular, such
applications as the drying of food products, textiles, paper,
board and leather and td the heating and drying of polymers,
chemicals and mineral products so bringing multiple benefits to

the economy as a whole.

When proposing an salternative drying technique it is

necessary to be aware of the physical, optical, thermal and




23.

relectrical properties of +the material. The economic and

management aspects involved in the introduction qf a new
technology into & well establiéhed industry need to be taken
into account. It is also essential that the designer be aware
of.the phyéics of heat and masé transfer sand of the properties
of eléctromagnetic fields. There are many design possibilities,
the more significant of these have been investigated and the
nost promising selected, these are discussed in the remainder of
thig report. The major criteris adopted are _that the result
should be capable of retrofitting into an exiii:k drying plant

and the resulting throughput must be 8t least egqual to that of

the existing plant (ideally much greater), the equipment must be

a8 compact as possible and the capital and operating costs

should bes kept to a minimunm.

Although high frequency heating techniques have been used
in industry for a8 long ¢time they have captured only a limited
fraction of the potential market, chiefly in those instances
whera increased throughputs snd better product gquality outweigh
the energy cost considerations. Thus high frequenc} heating has
found its major market in processes where Lthe rapid
through-heating of non~conductive materials is required. In
these cases the conventional heating techniques of convection,

conduction and infra-red radistion are not favourable, first
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because in most instances the warm-up and standby losses of the
plant are considerable and, secondly, the energy supplied needs
to pass through the surface of the material and 1internal
conduction is the only process by which the bulk can be heated.
This can take a considerable time when materials of poor thermal
conductivity are being processed thus slowing down the whole
operation considerably. In drying sapplications high frequency
methods can greatly increase the throughput of a plant since
water is much more receétive to the electric field applied than
the dry material and also due to the fact that since heat is
produced internsally there is an effective temperature and vapor
pressure gradient from the inside to the surface which aids the

drying process,

The main obstacle to the introduction of high frequency

heating in industry is the lack of practical sxperience of the

method together with the limited amount of research and
development of new applications which has been undertaken so faq

due to +the generally small size of the corresponding equipment
manufacturing industry. The latter ﬁas nduce‘xonly a limited
demand from industrial customers which has caused the
corresponding investment co§ts to remain at high 1levels. Sone

advances have been made and some fundamental and theoreticsal

work has been undertaken but this is only slowly being
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transformed 1into sapplied knowledge. High frequency heating
methods involve concepts which are still not widely availasble
for use (see, for example, Chemiczl Engineers Handbook (50th
Ed.> MeGraw~-Hill, 1984). The technical /term are still not
completelly understood ahd the physicist finds it difficult to
transmit effective and useful information to chemical,

mechanical and electrical engineers, and vice-verssa,

The present situation may change when more rescurces are
dedicated to the study of the technigue and its applications and
when the size of the industry increases. The objective of this
Report 1is an attempt to contribute to the .store of applied
knowledge, incorporating the fundamental technical and economic
factors to be considered upon tackling a particular
electrothermal application., The particular case studied is that
of granular agricultural crops. The methods and procedures
considered, however, can be sadspted and transferred +to the
processing of other granular products. The following qQuestions

were teaken 8s the starting point of the research:

What type of equipment is to be used 7?7
What are the main features and limitations (throughput,
dimensions, input parameters, heating requirements, etc.) 7

How long will it take to process the materisl ?
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How can the equipment be designed?
What are the main variables which affect the performance

of the equipment and how can the information be obtained ?

tht are the factors which most affect the economices of the

technique and what is the extent of these effects 7

1.2 The Adro-industrial Sector

It has been reported recently that nearly 14% of the
industrial output of developing countries is represented by food
products arising from the agro-industrial sector of the economy
éhiéh contributes 18% of the total manufacturing value added in
1880. Latin America was the fastest growing food producer'in
the World during the period 1870-1881, 85% of this production
came from large size industries with 50% of the total output
generated in Brszil, Argentina and Mexico [183]. The s=same
source 1identifies the latin American agro-industrial business as
a unique opportunity to Jjointly develop the industrial and rural
sectors 1in their present status. The food potential of Latin
America has been recognised by maeny multinationals which have

more than doubled the number of plants in that region as

compared with, say, Asia, the Pacific or Africa.

.
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Amongst the many granular food commodities are animal
feeds, cocoa, sugar, meat, shrimp, fish, fruit 'and vegetable
preparations, flour and cereal products. All these come from
the primary processing of sugar-cane, severgl types of meat and
products such as cocoa, coffee, scya, cereals (maize, rice,
wheat ), banana, cassava and other roots, beans, nuts, spices and

fruits.

This report is focussed on the primary processing of
Eranulated materials, specifically with the products shown in
Figure 1.2. A general view of the agro-industrial sector and

its internal relationships is given in Figure 1.3.

Wheat, maize and rice are the leading products of interest
tc the world milling industry [164] ﬁroviding a major food
source for both humans and sanimsals. In production terms ﬁheat
is the leading cereal although rice playeg an important part in
the diet of most Asian countries [20], these grains have béen
cultivated since the beginnings of civilisation, they were
amongst the first commodities used by man, Other crops such as
cocoa, peanuts, soya and coffee are important cash products in
developing countries and; different types of pea and bean are
part of the normal diet in most regions of the world. In

addition to being used for food, soya and peanuts are a raw
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material for many industrial processes.

This Report focusses on two particular Latin American
countries, Brazil, which is one of the largest food exporters in
the world, and Costa Rics. The latter is representative of the
present situation and trends observed in Central American
countries and in Colombia althpugh, in relative terms it may be
that, gt present, the Costa Rica agrd&ndustry is more advanced
than in most developing countries. It is worth noting that
Brazil, in spite of unfavourable circumstances, in 1880 moved
ahead of France in the qgquantity and variety of agricultural
products exported being just behind the USA [178]. Although the
potential of the Brazilian agroindustry has been evident for
some time the exploitation of this resource is still limited due
to the difficult socio-economic conditions 1in the rural areas
where small, inefficient plantations co-exist with large, well
managed businesses. Cooperative enterprises, which have been so
successful elsewhere, have been developed in only a limited

form.

In the primary agro-industrial sector of Brazil the most
important commodities in terms of the total amount processed are
"'maize, sova and rice [2] although coffee also plays a major role

in the economy. In Costa Rica the most important crop (and the
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largest export) is coffee followed by rice and maize., The
relative importance of coffee exports in the sconomy of Centrsl
American countries and Columbia has increased over the past two‘
decades although it is declining in Brazil [42]. In Brazil the
value of soysa exports in 1980-82 exceeded those of coffee
although both together still account for one fifth of the total"
for the country [35]. Peanuts are used in énaok and cereal
products and in the' manufacture of butter, bakery and dessert
products or food additives. The oil is the rsw material for
producing margarine, mayonnaise, fats, cosmetics and scap, as a
cooking or salad oil and as a lubricant or even a substitute for

diesel oil.

All crops contain moisture when harvested and some, such as
coffee, may require the addition of water during the
post—harvest treatment to improve the product quality.
In contrast to other crops, there are two alternative
methods of coffee production, one is the washed (or wet) process
and the other the natural (or dry) process. Cereals, grain and
oil-seeds (legumeéS such as soya and peanuts normally contain
30-40% moisture ceontent on a wet basis (w.b.) _when harvested

{113)}. This may be reduced to 15-25% w.b. &8t entry to the
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drying plant (2, B4, 175] which it leaves near its
equilibrium value of 10-13% w.b.Coffee, however, may nesed to be

dried from above 50% w.b. [25, 27, 42].

If the crops were used within a short time of harvesting
then drying would probably not be necessary. If the product is
to be stored for more than s few days or if the material is to
ﬁ%%g@ﬁ@@@i@ﬁﬂg@@e subjected to additional processing then drying
is required in order to maintain the gquslity, and therefore the
economic¢ value, of the final product. This is & consequence of
the biological nature of the material in which the presence of
moisture may lead to the growth of damaging orgaﬁggims, the
proliferation of pests, etec., these factors will decrease both
the final yield and the quality. A further csause of material
loss during storage is the germination of the. product itself.
Many of these products &are the raw materials for another
industry in which they are reprocessed, they are delivered,
sometimes after a considerable period of time, in a state which
conforms to specified standards. Some products, such as soya
and peanuts need to be dried to eliminate toxins which may be
harmful to humans and animals, others need to be dried to allow
the external shell which encloses the kernel to be cracked for

removal [98].
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Following drying, the soyg beans are passed through
reracking mills and dehulling machines where the hulls are
removed from the oil-besring material [164], peanuts are shelled
and then usually either roasted or crushed for oil extraction.
Coffee presents a different problem. In the wet process the
product, the cherry, is first separsted from waste material
using a water flotation process and is then pulped where much ﬁf
the material covering the kernels is extracted. After this
stage the product is covered with a thin slippery layer, the
mucilage, which is insoluble in water. This layer is removed by
a digestion technique involving natural fermentstion or chemical
treatment. After disgolving the mucilage the kernels are washed
in water and the material is either pre-dried by solar radiation
or passed directly to a mechanical drying stage. In natural
processing the whole cherry is dried after which the material
covering the kernels is removed by mechanical methods. This
latter method is much cheaper but . it can only produce a good
quality product in special circumstances whereas the wet method
is a more controlled route. If there is a large quantity of
coffee available in the market the buyer naturally presses for
higher gquality, more washed .coffee can be sold and the
additional costs are covered by a higher'price. About half the
world production of coffee 1is processed .naturally although

Columbia and Central America rely almost entirely on washing.




34.

Brazil, the mgjor coffee producer, uses mainly natural

processing. The reasons for choosing one or the other are

related to weather conditions, economic factors (price of

coffee, land, labour, machinery and infrastructure) and

tradition. Weather is important since the mucilage is not

present until the cherry is almost ripe, when it is over-ripe
the mucilage is digested by the product. When the harvest
season coincides with a period of dry weather more over-ripe

cherries are produced in the plantations over a short time
period, these fruits are already partially dried on the tree,
In these circumstasnces there is a large variation in ripeness
and moisture content resulting in a “quality unknown” harvest.
If rainy weather occurs during the harvesting period theﬁ a
longer and more uniform maturation of the cherry is obtained.
However in wet conditions it is important to pick the cherries
as soon as they are ripe and to process them immedistely. The
labour input required in the "wet" case is much greater than
that in the "dry". In Brazil 1less than 14% of the totsl
production costs are due to harvesting labour, the figure may be
higher than  50% in Colombis and Central America [42]. Hence, as
might be expected, the wet process has a greater appeal in those
regions where the cherry is picked with the mucilage intact and
enough water is available for washing as opposed to the places

where the harvest includes a significant amount of both over-
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and under-ripe cherries due to climatic conditions.

1.3 Agro-industrial Drving Plants

In the last few years the drying of sgricultural products
in Latin America and other developing regions has changed from
what was entirely a farm-based operation using large amounts of
labour and the sun as a heat source. It 1is now often carried
out in large plants using fuel combustion to provide the energy.
There is no relyving on suitable weather conditions for drying
in the quantities required in a reasconable time. Some of these
plants are attached to large farms and -othefs are owned by
tenant farmers on a cooperative basis. However in some countries

these large plants co-exist with traditional methods.

Ratural methods of drying are still very common, with the
crop being spread on tables or "patios"”, sometimes with the help
of solar heat traps which increase the effectiveness.of the -
radiative heat process. Forced air convection, either at
ambient or elevated temperature, is also employed. The drawback
with solar energy is that, although "free", it requires a large
area and this, together with progressively increasing labour

costs, renders it uneconomical if the production requirement is
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large. Thus, particularly in the more developed countries,
there has been an ever-increasing use of mechanical drying
equipment, The increased production obtainable by the use of
capital intensive technology Jjustifies the additional investment
with the added benefit of independence from unfavoursble weather
conditions and a reduction in product losses caused by attack by
moulds and pests. This situation is evident even in the case of
a relatively poor country such as Costa Rica where almost the
whole coffee and .cereal grain crop is mechanically dried. In
Brazil much of the crops' are produced in regions where
electricity is not yet available and sun drying still plays an
important role in the operation of medium and small farms. In
this case the choice of the natursal method 1is mainly determined
by the lack of a proper infrastructure and, perhaps, the

inavailability of finance and technical assistancs.

McDonald and Freire [118] have reported that traditional
techniques are used for almost all the artificial drying of
cocoa in Brazil. The method basically consists of a drying
house in which a relatively thin layer of the product is spread
on a perforated drying platform under which hot air is produced
by the combustion of wood and other biomass products. It is

estimated that 25,000 such plants exist 1in the Bahia region
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alone with & throughput of almost 80 kg/h per 100 m= of
drying floor. Similar methods are also used for drying coffee
and peanuts in other developing regions although a trend towards
mechanisation and large throughput plants is expected as the
infrastructure is improved and financial resources become
available. Some agricultural products are dried in deep bed
stationary svstems, e.g£. in bhins and large columns. This is the
case, for example, with nuts [88, 172] as well as coffee and
some cereal grain [20, 27]. However the most popular types of
drver a8t the present time 1in the applicatione of interest here

are (see, for example, ({641, [20}, T[7] and [42]) of the

following types

i) Crossflow

ii) Rotary,

The crossflow dryer, originally designed for ceaereal
products, is used 1in the first stage of coffee drying.
According to Desrosier & Sivetz [42] the typical capacities of
this unit when used for coffee range from 900 to 14,000 kg (12%
w.b.) per day which corresponds to 2-36 m?® of dry material,.
Caldas [27] reported on a sample of more than 40 crossflow
dryers from which it can be concluded that the total drying time

in this type of plant ranges between 2 and 10 h, being this

T e T




plant commonly used for: the first, or pre-drying as it is
called, stage of the operation. A more recent assessment of this
industry gizg§~that the wet coffee eﬁters the crossflow dryer
with 51¥ w.b. and leaves at approxipately 40%, from which it is
ﬁransported tﬁ the final phase of the process, carried out in =

rotary dryer [2551

In principle the crossflow dryer is a continucus system but
product recirculation is usally necessary before an acceptable
output is obtained. In principle the operator can alter thé
quantity and temperature of the drying air in order to vary the
throughput of the plant but in practice this 1is seldom done.
Instead the output moisture content is checked and the flow of

product controlled manually until the output moisture content is

satisfactory.

It is noted from figure 1.4 that in the crossflow dryer the
material 1is circulated in drying columns through which the
heated air is passed. The product is recirculated as many times
as necessary to achieve a final moisture content, this is done
by the operation of the screw conveyor at the bottom and the
attached elevator. HNote that the drying air interacts with a
e e
moving layer of product, the thickness of which is generally in

the range 0.1~0.4 m. For more details on the typical crossflow
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plant see Appendix II.

In the case of the rotary, or guardiola tumble dryer the
materisal is loaded in batch in the system and the heated air
interacts with single particles although conduction is aliso used
to trﬁnsfer heat from the internal metal surfaces to the
material itself. This unit (figure 1.4) is one of the most used
dryers in the coffes industry [42], being mostly used after'the
pre-drying phase as Q&gﬂagﬁ'above. The size of a Guardiola unip
capable of processing a 2,300 kg batch of coffee is, typically,
o m long and 1.8 m in diameter. These two types of dryer are
capable of producing at least ten times the output which could
be obtained from the type of unit reported by McDonald & Freire
occupving the same floor space. Photographs of typical dryers

are shown in figs. 1.5-1.10.

The size of the drying plant is governed by such fsctors as
the size and geographic distribution of the farms, the duration
of the harvest, the +type of management of the plants, the
infrastructure, the size #nd location of internal markets and
the location of exporting ports. Taking as an example the case
of coffee, in some Central American countries where the size of
privately owned plantations 1is relatively large there i3 =a

greater number of large plants than in those countries where




Figure 1.5 Twin system of crossflow

dryers and bucket elevators.
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Figure 1.7 Crossflow dryer in agro-industrial
(coffee processing) plant.

Figure 1.8
Feeding a guardiola rotary

dryer from hoppers.




Figure 1.9

Dismantled guardiola
coffee dryer; note the
‘position of the heat.
exchangers on the central
hot air tube.

Figure 1.10 When the coffee is finally dried the
compartments of the guardiola are opened,
the product is taken out and placed on
the floor below the dryer.
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co-operatives are responsible for a major part of the
production. To illustrate the variations in scale, one Brazilian
company which is responsible for processing most of the cereal
grain output of the state of Sao Paulo has an output, in volume
terms, almost three times as great as all the coffee plants in
Costa Rica [2, 27)}. In Costa Rica approximately 74,000 tonnes
of water need to be removed from the coffee crop every vyear,
thus about 48 GWh are needed to supply the latent heat with an
additional 5 GWh for the sensible heat of the water and base

material.

It might be thought that, as the levels of technology in
the plant are increased, the less important drying costs become
in terms of the overall production economics. In the washed
coffee process, for example, the capital equipment investment is
likely to be grester than that in the natural process or in
- cereal drying plant, the recent studies of Harin et al [104],
Rojas and Moyva [138] and Rojas [138] estimate that drying
accounts for no more than 13% of the total production coste of
washed coffee (e#cluding labour and administrative costs).
Ceresals must be dried and hulled and in natural coffee and
peanut production the sorting operations add a little more
complexity to what is esmentially a basic 'process;‘ It might be

coneluded that, as the proportion of drying as compared with the
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total costs is reduced then less importance will be placed on
relative fuel prices, this is particulsrly true of high value
products, in general the reverse applies For low value products.
This potential for energy substitution 1is of great importance
for many countries as discussed in Appendix I but although the
energy factor is important it 1s a macroeconomic effect and, as
such, is not of primary concern to the industrialist. It is,
however an incentive to Government to invesf in new technology
and toc adopt policies, e.g. favoursable tax conditions and grants
for capital investment in energy saving equipment, which will
eventually benefit the éountry as 8 whole. Nevertheless, the key
factor which will persuade the industrislist to invest in
electrical heating processes is 1likely to be related to a
perceived enhancement in terms of better products and higher

throughputs.
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2.11nnndnc_t.i§n

Drying as considered here is a process by which a liquid,
normally water, is evaporated from a sdlid using thermal energy,
i.é. by conduction, convection, radiastion or internal heating
{(high frequency) techniques. Mechsanicsal methods such as
draining, compression and centrifuges are not considered here
although, wherever possible, they should be used in preferencg
to thermal methods since the latter are usually more expensive
(see for example ([30] and [44]). The reason is that if the
product is very wet the quaﬁtity of heat required te heat up the
naterial (sclid plus water) to a g2iven tempserature and then
change the water from liquid to vapor is far greater than the
energy needed to extract the liquid by mechanical methods.
However, if the water is contained in the interior of a:
capillary=porous body it is restrained by forces which cannot bs

overcome by means of esxternal effects =such as those

produced by gravity (draining, centrifugion) or compression,

Most biological materials, particd<:5rly agricultural products,

ars such bodies according to Luikov {[100] who defined a
capillary-porous body as one in which the potential ¢reated by

the internal forces is much greater than the potential due to
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gravity,

Thus thermal methods of drying are usually required, these
normally involve air'as the transport medium, i.e. air.transfers
heat to the material and also carries away moisture., In some
cases however it may be convenient to use the air Just as =
moisture extraction agent (e.g. 1in conductive, radiative and
internal heating methods) and in some circumétances (e.g. vacuum

drying) it may not be used at all.

A brief treatment of the drying process is presented below,
the material is intended to provide a background from which the
work described in this Report was developed and 1is concerned
with the main external and internal Ffactors which ﬁay be
measured or controlled, therefore it is inherently practical. A
more fundamental approach can be found in the works of Luikov
(100, 101) and Whitaker [167]. The latter examines the theory
and phenomena of drying from the point of view of physics
whilst Luikov presents a simplified formulation of the heat and
mass transfer mechanisms used in the present Report. He also

comments on important properties of materials which are relevant

to the present application.
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2.2 Theory of Drying: Heat Supplied from External Sources

(When the heat is applied to the surface of the material the

drying mechanism is controlled by the following factors:

i) Environmental conditions, i.e. temperatufe, relative humidity

and flow of air, and also ambient pressure;

ii) Physical properties of the material, i.e, dimensions,
thermal (e.g. specific heat, thermal conductivity, thermal
gradient coefficient) properties, physical (e.g. d;ffusivity,
density) properties and, in some cases, optical (e.g.

absorptivity and reflectivity) properties of the material being

dried;

1ii) Other intrinsic properties of the materiasl related to the

resistance that it poses to mass flow within the structure;
iv) Temperatures of the material and heat source;
v) Relative position of heat source and the materiasl.

Although a knowledge of the above characteristics of the

naterial and external conditions is useful for understanding, up
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to a point, the phenomena involved, in practice the design of
the plant is based on an experimental assessment of the
performance of the drying process. Even the most simplified
theoretical modelling of the latter is extremely complex and the
results can only be approximate due to the large variatiqns in
the properties of most materialsQ particularly biological
products, and also beoaﬁse of the difficulty involved in
actually defining and messuring some of the parameters required

for the mass and heat transfer eguations.

Initislly, when heat 1s applied to the surface of the
material, both the water and the dry material approach a
temperature equilibrium. Provided that the surface of the
material is wet, i.e. the interhal wﬁter is constantly migrating
due tec internsal mechanisms discussed later, all'additional
energy supplied 1is used to maintain this. equilibrium and to
evaporate the surface water. This creates a constant
temperature/evaporation phase, which remains until there is
insufficient water migration to the surface to keep it covered
by a layer of water. At this point the temperature of the wet
material starts to increﬁse éince not all the energy supplied to
the material can be used to evaporate water, the surplus energy

is absorbed by the materis]l itself. These two different drving

phases after the initial temperature eq&ii}sation period, are
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commonly refé%}d to as the constant and falling rate drying

periods.

2.2.1 Constant and Falling Rate Drving Periods

In theory the steady state characteristics of ﬁir drying
{(i.e. those corresponding to constant fates of evaporatiocn) can
be defined by psychrometry and conventiconal mass and convective
heat transfer equations and the internal mechanisms df mass and
heat transfer within the material do not need to be taken into
account. Psychrometry 1is concerned with the characteristics of
gas-vapor mixtures which, in the case of interest here, is moist
air, i.e. dry air plus water vapour. The properties of this
mixture are determine& by thermodynamic relationships
considering perfect gas laws,li.e the mixture of dry air and
water vapor is assumed to follow the characteristics of the
individual components. Hence theoretical relﬁtionships can be
derived and depicted in graphs called psychrometric charts (seé
for example the termodynamic relationships presented by Chilton

& Perry [30] and Brooker et al [20]).

If sufficient heat is applied to the surface of the
material then, provided internal mechanisms have forced moisture

from the interior to the surface through the internsl layers of




the material, the molecules on the surface will acquire
sufficient energy to overcome the molecular forces which bind
them together. Then, due to the moisture concentration gradient
between the saturated surface and the surrounding air, they will
leave the surface and mix with the medium. This process is
called evaporation and depends on the temperature of the
surface, which governs the amount of kinetic energy attained by
the molecules and which enables them to escape, the relative

humidity of the air and the air velocity.

The use of psychrometrical estimations is based in the fact
that if a material is air-dried then, as long as the surfaces in
contact with air are moist, their temperature will be
approximately equal to that measured by a thermometer placed in
contact with the same air flow if the bulb of that thermometer
is covered with a wet wick, a so0o called wet bulb thermometer.
This is due to the fact that similar surface evaporation
conditions will be wexperienced by the soaked wick and the
surface of the material. The practical significance of this is
thatf as 1long as the sﬁrface of the éroduct is wet, its
temperature can be read from a psychrometric chart if at least
two characteristics of the drying medium are known, e.g. dry

bulb temperature Ta {the temperature measured by an

ordinary thermometer) and the relsative humidity r.h.
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Hence, in order to find a relationship for the rate of
evaporation of water when the material is air dried and is
covered by a layer of liquid, the heat - transferred to the
material can be equated to the heat required to evaporate the
water. is assumes that there is a continuous flow of moisture
to the surface and that the material has reached a constant
temperature, all heat received being used for evaporation.
Taking dm'/dt as the rate of evaporation in kg/h, and hey as

the latent heat of evaporation (Wh/kg), we have
Qconvection = hv dm’/dt

Convection occurs at the surface and conduction within the
internal 1layers of the body. 1In so far as this study is
concerned it should be noted that conduction will &iso take
place between the individual particles and between them and the
walls of the dryer. There will alsoc be radiation from heat
sources to the surface of the body. However, in most cases,
convection is the major mecpanism involved in the transfer of
heat to the body when using heated air drying systems and, to s
good approximation, it may be said that it is the only
significant method in conventional crossflow dryers. Conduction
between particles and between the latter and the walls of the

dryer is usually neglected in very complex drying simulations of
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commercial drying techniques as will be discussed later in this

Chapter.

The moisture concentration gradient between the wet surface
and air is the driving mechanism for evaporation, this potential
is usually expressed in terms of the difference between the
vapor pressure of the body and that of air at the particular
value of relative humidity. The vapor pressure of water is an
exponential function of temperature as shown in figure 2.1 and
that of a saturated moist (or liquid) surface will correspond to
the value for pure water. The vapor pressure of moist air at a
relative humidity of r.h,. (per-unit) is equal to that of water
multiplied by the factor r.h. Hence, for the evaporation
potential to be a maximum, the vapor pressure of the body should
be as high as possible relative to that of =air. This can be
achieved by maintaining a permanent layer of moisture on the
surface of the body and using drying air whose relative humidity
is as low as possible. The evaporation potential also increases
with an increase in the dry bulb temperature of air (which also
incréases the wet bulb temperature), this is due to the
resultant decrease in relative humidity of air and the increase

in water vapor'pressure of the layer (due to the increase in its

temperature).
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If high rates of moisture evaporation from the surface are
required, the heat transfer resistance of the
air-water/surface interface layer (where the bulk of convection
occurs) should be as low as possible. An increase in the air
flow rate at the surface will assist in heat transfer across
the interface layer by reducing its thickness. Alternatively,
other mechanisms of heat transfer can be used to increase the
total heat supplied to the surface of the material although, as
will be noted later, increasing the exﬁernal energy supply to
the material may actually hinder the internsal dryving mechanism,
Considering both conduction and radiation in addition to
convection, the rate of heat transferred, i.e. the amount of

heat (Wh) supplied in unit time is given by:

Qoonvection + Qoonduction + Qrediation = hv dm’/dt W (2.1)

Alternatively the rate of evaporation is proportional to
the difference between the wvapor pressure of watef on the
surface of the body, Pw and the vapor pressure of air in

the surrounding drying medium, P, i.e. [30, 64)]

dm’/dt = hmA(Pn - P) kg/h (2.2)

where Po and P are given in kg/m2 and hm 1is ths
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coefficient of mass transfer (1/h). 4 is the surface area of

the material available for evaporation (m=2).

The Q@ terms of equation (2.1) are developed in the
following Chapters, they are the rates of heat transferred in

unit time when each of the heating techniques is employed;

Qconvection

he A"{Ta - To) W (2.3a)

1]

Qconduction

[k A" "(Te - Tb)]/xa W (2.3b)
Qreadiatien = A"'c F(Ta+ - Tb4) W (2.30)

where he 'is the convective heat transfer coefficient in
W/m2/ C, k 1is the thermal conductivity of the material in
W/m/C, xq@ 1is the 1length of the heat conduction path

in w, between the two points at which the temperatures Ts

and Tb are measured, F is the generalized wview factor
between the heat source and the material, g is the
Stefan-Boltzman constant, 5.87E-8 W/m2/K4, A, AT

and A°°° are, respectively, the total area for convective heat
transfer, the area of the material in contact with the hesat
source and the area of the source. Ta, Ts and Te

are, respectively, the temperatures of air, heat source and
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material.

In the above equations the conduction and radiation
sources _have been assumed to operate at the same temperature.
If this is not the case then the two different heat source
temperatures need to be used in the appropriate equations. It
is also assumed that, since the individual particles are almost
at the same temperature (tumbled particles in = rotary dryer,
moving grain in the columns of a crossflow dryer) conduction
between them is negligible. Constanﬁ movement of the particles
is recommended to avoid non-uniform and excessive heating

within the bulk of product.
Combining equations (2.1)-(2.3) we have;
dmn’/dt = [(ho A'(Ta - To))l/hv + [k A" (Ts -
To)l/xahv + Fo A""" (Tet - Tu4)/hv (2.4a)
dm'/dt = hm A" [Po - P] ' (2.4b)
where Pb, the water vapor pressure of the surface water

(see figure 2.1), is evaluated at Tw, and P, the

water vapor pressure of the moist air, at temperature Te.
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At saturation the latter is obtained from figure 2.1, however
in general P is given by the product of the relative humidity
of air =and the vapor pressure of water evaluated at Ta. In
theory, knowing the temperatures of air and sourée and all the
coefficients and dimensions involved, the evaporation rate
dm’/dt and the wet bulb temperature of the material Te can
be found. The evaporation can therefore be estimated from the
air flow conditions, i.e velocity (which affects he),

temperature snd humidity, in addition to the thermal

conductivity of the material, the heat source temperature and

the relative positions of the heat source and the material.

In this phase the air and source temperatures can be
maintained as high as possible so long as the temperature of
the layer of water covering the material is not greater than
the temperature 1limits for the product. Hence, if ﬁhe
contribution of radiation and conduction is negligible, e.g. in
crossflow dryers, the dry bulb temperature of air can be
increased up to the point where the corresponding wet bulb
temperature (read from the psychrometric chart) approaches the
limits for the particular product. If radistion and conduction
are taken into account then the system of equations needs to be
solved for Te and, since in this case the temperature

will exceed the wet bulb level, it is important to prevent this
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from exceeding the temperature limit of the product.

The evaporation rate, dm /dt, can be related to a drying
rate since an amount of evaporated water dm’ corresponds to &
reduction dm in the water contained in the material, i.e. dm’'=
-dm. Moreover, if the contained water is expressed in terms of
moisture content dry basis (d.b.), M, we have

dM dm/{(mass of dry so0lid) (2.5a)

1l

and,

dM

dn/(paV) {2.5b)

this 1ig &8 per unit quantity where ps is the bulk density of
the dry material in kg/m® and Vv is the volume of material
in the drying =zone in m3, Substituting eq (2.5b) in eq
(2.4a) and assuming that conduction and radiation are not

present gives
dM/dt = - [heA ' (Ta~Te)]/(hvpav) (2.6)

which 1s the rate of variation of the mecisture content of the

materialK:j)a dry weight basis (i.e. kg water/h/kg dry material)

\
\
\
\
\
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when air-drying in the constant rate period.

From the above it will be realised that a limited amount of
informatioh can be obtained from the psychrometric chart and the
equatiohs quoted. If the relative humidity snd temperatures (dry
and wet bulb) are known the maximum drying capacity of the air
can be estimated from the ésychrometric chart, i.e. the.weight
of water which a given amount of sair {(m®, kg) can absorb
before it is completelly saturated. The theoretical air flow
required is then the ratioc between the evaporatibn rate, dm’/dt,
and +the drying capacity of air under the specified ambient
conditions. In practice more flow may be required since the air
saturates only in a, relatively thick, layer of material. The
energy required in unit time to raise the temperature of ambient
g8ir to the dry bulb tempersature is then given by the product of

the specific heat, temperature increase and flow of air.

¥Note that, as long as the operating conditions of the
system do not change, a so-called constant rate drying will
continue provided that the surface of the material is saturated
with moisture. The vapor pressures of the surface and the air
under these conditions are such as te result in a constant
evaporation potential. The constant rate drying period ends

when, at a point which is ngfereatfs the critical moisture

e
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content of the material, the internal moisture migration is
reduced below that necessary +to maintain an evaporative water
layer on the surface of the material. This reduction in
available moisture will reduce the evaporation rate from the
surface and the temperature of the product will rise until it
reaches that of the air, if convection only is used in the
process, or & higher level if the contribution of radiation
and conduction is consideréble. Nearly =all drying of c¢rops
gceurs in the falling rate period [64] therefore the
relaticonships derived for constant rate drying have only limited
relevance in such applications. Some agricultural products are
dried from high initiai moisture levels, e.g. coffee in which
case the constant rate period may be important, this also
appears to be the case in drying sugar beet. Other granular
products may be partially dried in this phase, and if high
frequency techniques are used it is likely that the constant

rate stage is enlarged.

In general the total drying time cannot be calcﬁlated
using only the above theory. It is not simply the ratio between
the weight of water to be extracted and the evaporation rate
obtained from the above since the latter is only applicable to
the constant rate period. When the falling rate ﬁeriod commences

the variables which contrel the drying rate cannot be defined



only by the external conditions which have been described, they
also depend on the internal characteristics of the material
being dried. When this second phase is  established the
temperature of the product is very c¢lose to that of the air and
therefore convection becohes less effective. Horeo#er most of
the energy supplied in he;ting up the air may well be wasted

unless the air flow is considerably reduced. Drying continues

as long as the vapor pressure of the moisture in the product is
higher than that of air provided that the internal structure of

the material allows the diffusion of water to the surface.

Sherwood [144] was one of the first to develop the concept

of different phases, or periods, of drying. It is important

note that these periods are not identical for all circums‘gg;?;
but are dependent on the particular material being dried, and
more important, they change with the conditions under which the
process is carried out. Thus there 1is no such thing as =a

constant value for the so called critical moisture content, it

can be affected by variation in the air flow as shown in figure
2.2 which describes a typical evaporation curve for a porous
w

ceramic material.

McCabe [115] separates the drying phases into constant

rate, funicular sand pendhlar, the latter two are included in the
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falling rate period since the rate of evaporation continuously
decreses. Chilton % Perry {30} divide the falling rate periocd
into two phases, unsaturated  surface drying =and internal

moisture movement, these are equivalent to the second and third

terms used by McCabe.

The funicular, or unsaturated surface phase, starts when
the surface of the material is not completely wet, hence the
effective area of evaporation is reduced. The evaporation rate
per unit wetted area may still remain constant and therefore the
velocity of air still plays a significant role as seen from
figure 2.2, This phase is esquivalent to constant rate drying on
a continuously reducing evaporating area. The pendular phase
starts when all the moisture is contained within the cﬁpillﬁry
network of the material, this stage constitutes the main case of
interest of (the presen Report, and in what Ffollows it will be
referred to simply as the falling rate drying period. It is
worth noting that, once this stage 1s reached, the air velocity
plays no significant part in the drying process (fig 2.2).
Therefore, if conduction and radiation are present in additon to

convection, the following is obtained:
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he A'(Ta = Tw) + [k A" (Ta - Tm)1/xat

+ FgA " "( Tad - Twm4) = hv dn'/dt + m (Tm - T1)Cp

=-hvdm/dt + dm/dt(Tm-Ti)pr + dma/dt(Tm-T1)Cpa (2.7a)

where Tae, T, T1 and Ta are, respectively,
the temperatures of the heat source, the material at time t, the
material when the Falling rate pericd commences and the air. Cp,
_Cpu and Cpa are the specific heats of wet material,

water and dry solid respectively.

m is the throughput oi wet material in weight terms, it

can be divided into water and solid, i.e.
n = dm/dt + dma/dt
The flow rate of the dry solid can be approximated to
dma/dt = PasT

where T is the drying throughput expressed in terms of the

volume of processed material per unit time, i.e. m®/h.
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Then,

"heA " (Ta-Tw) + [KA " (Ta-Tm)]/xa+
+ FOA" " "(Ta%-Tmé) = -hedm/dt + dm/dt(Tm-T1)Cpw
+ TP (Twm-T1)Cpa : (2.7b)

Eq (2.7b) relates the temperature (Tm) to moisture (m)
contained in the product at & given time after the (falling
rate) drying period begins. There are two unknowns in ﬁhe one
equation. The drying rate; (and consequently the moisture
contained in the p:oduct at a given time) is not determined only
by the external forces acting on the material, i.e. the levels
of applied energy shown in eq (2.7b), it is also affected by the
different barriers which the moisture finds on its paths within
the material, The latter vary with the iﬁternal structure of the
body and by the way in which the fluid responds to different
stimulae, e.g. internal temperature, moisture and pressure
gradients in the medium., . Different responses can be expected if

the internal moisture is in the liquid, vapor or mixed s=tate.

Hence even if all the coefficients, dimensions and

properties referrsd to in eq (2.7b) are known, the temperature



66,

of the material, Tm, cannot be estimated for particular
values of Ta, Ta and Ty, since the drving rate
dm/dt cannot be determined from eg (2.4b) and figure 2.1. In
this case the surface of the product is no longer covered by a

layer of water and the VEPOr pressure within the materiasl is not

equal to that of & free water (saturated) surface, it is

continuously decreasing in accordance with the fsll in ‘the

interior moisture content.

Using eqs (2.7b) and (2.5b) and considering the air-drying

mechanism alone,
heA ' (Ta~Tm) = ~hvPaVdM/dt + VPedH/dt(Tm-T1)Cpw
+ TPe(Tm-T1)Cpa
Tw = [VvPe(hv + TiCpw)dM/dt +
.+ TPeT1Cpa + heA ' Tal/[ Pa(VdN/dtCpw +T Cpd) + heA”] (2
In order to estimate Twm the drying rate dM/dt needs to
be known, in this phase this can only be obtained by considering

the heat and mass transfer mechanisms within the material, these

Will be examined belou;

.8)
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2.2.2 Equilibrium Moisture Contept

For particular set of ambient conditions the material will
tend mptotically towards an equilibrium moisture content, it
will remain at this value provided that the ambient conditions
are not modified and that the product is not subjected to any
external influences other than that of the air surrounding it,
i.e. radiation, conductionfé})internal heating are absent. The

conditions ref to above are the pressure, temperature and

relative humidity of the sir. Hence for a mass of product
surrounded by air at a particular teﬁperature and pressure
there 1is a particular relationship between the moisture content
at equilibrium and the relative humidity of the air. If the
material is to be stored in & controlled environment (constant
pressure, tempersture and relative humidity) for a long period
then there is no point in drying it below the corresponding
equilibrium moisture content sinoe, in such a case, it would
regain moisture from the air until the moisture content reached

the equilibrium value,

Many relationships connecting relative  humidity,
ambient temperature and equilibrium moisture content are

available for different products, they are usually presented in
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the form of graphs or tables, see for example figure 2.3 for
ambient temperature. The tempersature and relative humidity must
both be considered when computating dynamic conditions, e.g

during drying simulations.

Chung and his colleagues [33] examined the precision of
several equilibrium moisture models and derived constants which.
describe these relationships for several products of interest.
The paper referred to presents five models, among which
Henderson’'s equation is one .of the most widely used. This can be

expressed as

*.h. = {1 - exp [~a (Ta+b)Mec]} ‘ (2.9

where Me (per-unit d.b.) is the equilibrium moisture
content of the material and (a,b,c) are positive constants which’

take into account the nature of the product being dried.

Safe storage of crops is of utmost importance,_the major
factors needing to be qontrolled are those responsible for the
biological effects which cause infestation and deterioration of
the product. The limits for safe storage can be expressed in
terms of boundary constraints which take into account the

germination characteristics, insect and fungal action, etc as
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shown in figure 2.4. This graph can be used as follows: given

certain ambient conditions a definite equilibrium moisture
content is established by eq (2.8), the material  then has
attained a given temperature which can be measured by a
thermometer, neither this temperature nor Me should be
outside the limits depicted in figure 2.4, they c¢an be
controlled if necessary by a% air conditioning systemgﬁ.i.e. by

storing the product in a controlled environment.

2.2.3 Falling Rate Air Drving Models for Particles with Fully
Exposed Surfaces

2.2.3.1 Lewig Model

Lewis [87] observed that, in the falling rate drying
period, the moisture content of the material shows an initial
rapid drying phase followed by a characteristic falling curve,
the 1latter being assymptotic to the equilibrium moisture
coentent. The simplest assumption is to consider the drving rate
as being directly proportional to the free moisture content,
i.e. that amount of water which is left in excess of the

equilibrium moisture content. Then,

dH/dt = - k' (H-He)

(2.1
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where k' is a constant.
Integration of eq (2.10) ?ields,
In(¥ - He) - In(HM1 - Ha) = -k't
MR = (M-He)/(M1-Me) = exp (-k’'t) (2.11)

MR is the moisture ratio and Mi 1is the initial moisture

content of the product when the falling rate period commences,

This approach has been adopted by other workers to describe
thse drying rates of different produects, it is sometimes
referred to as the logarithmic drying model. The aim is to fit
an experimentally obtained falling rate drying curve to the
sbove equation, k' is known as the drying constant, its units

are 1/h,.

Simmonds et el [146] examined the drying of wheat from
initiasl moisture contents as high as 38 % w.b. under different
air velocities in the range 0.16 - 0.82 m/s, temperatures (21-77
C) and absolute humidities 0.0078 - 0.033 kg of water/kg of dry

air. They found that a fourfald variation in air velocity
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produced a negligible effect in the drying rate when ambient
conditions where not altered, the estimated value of k° and the
cbserved Ma were constant. It is worth noting that these
authors introduced a new concept, the dynamic equilibrium
moisture content, which is the corresponding value to that which
fits the experimenfal data into eq (2.11) if a time independent
value of k° is assumed. This equilibrium value has been
jnterpreted as a ‘“premature equilibrium" which is somewhsat
higher than the "static egquilibrium” given by eq (2.9), which by

definition is only attained over a long period of time.

When the effect of air temperature was examined by Simmonds
et al at constant velocity and relative humidity, the
evaporation rate was found to increase with temperature. The
dynamic equilibrium moisture content decreased considerably and
the drying constant experienced a sharp increase, The effect of
air humidity was studied at two sair temperatures, 48 and 66 C.
The variation in relative humidity at 48 C was between 0.1 and
0.4, the corresponding range at 66 C was 0.04 to 0.20. It was
found that the rate of evaporation slightly decreased when the
relative humidity increased, the drying constant decreased by
22% when the relative humidity was increased from 0.1 to 0.4 at

49 C, Me was not significantly affected.
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Allen [5], using maize, investigated further the phenomensa
studied by Simmonds et al, the results are similsr, i.e. the
drying constant shows 8 significant increase with air
tempersture, with Me (dynsmic) being substantially reduced
over the same range of temperatures. A wvariation in relative
humidity from 0.2 to (0.8 &ave rise to minor effects in both

drying constant and He.

Henderson and Pabis [74, 75] concentrated on an analysis of
the effects caused by wariations in sir temperature and
velocity, they concluded that the drying constant can be

expressed as

k’ = 8/ 92aexp(~- b/Ta) (2.12)
where ] and b are constants and Te 1is the sbsolute
temperature of air. They fitted the datas presented by Simmonds
et al and Allen to eq (2.12), the results are shown in figure

2.5, It was found that &8 variation in the air Fflow from 0.02 to

0.88 m/s produced an insignificant effect on the dfying rate.
2.2.3.2 Empirical Models

It has been said that empirical drying models usually give
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the best description of the drying rate of aéricultural
products although,until recently, satisfactory models were only_
available for maize [20]}. More recently many empirical
equations have been proposed for predicting the air drying of

agricultural products in the falling rate drying period.

Singh and Agrawal [150] carried out drying experiments,
using rough rice, at a relative humidity of air of 0.26 and
temperatures from 32 to 51 C, and at a constant air temperature
of 51 C and relative humidities from 0.19 to 0.85. The moisture
ratio MR was computed by substituting Ma wusing the
se-called Pfost equation which has the same form q (2.8),
the wvalues of M(t) can be obtained from the experimental data
and a formula similar to eq (2.11) used. In this case an

empirical drying exponent n is included, i.e,
MR = [M(t) - Mal/tM1 - Ma]l = exp (- k'tn) (2.13
Then, wusing regression analysis, the coefficients k' and n can

be expressed in terms of the temperature and relative humidity

of air.
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Singh and Wang [147] continued the previous experiments
with rice using variocus air temperatures (30 - 35 C) and

relative humidities (0.15 - 0.85), they compared the following

empirical models

MR = exp (-k’'tn) : (2.14a)
MR =1 + At + B t2 {(2.14n)
t = A In MR + B{(1ln MR)2 (2.14¢c)

Equation (2.14b) was found to be preferable whenever
drying is not too long, equation (2.14a) 3is more appropriate
over long drying periods, e.g. when drying under ambient
conditions with a very limited energdy input. Similar studies
were carried out with soya by White et al [188]), who adopted

the model described by eq (2.14a).

2.2.3.3 Simplified Theoretical Approach : Diffusion Models

2.2.3.3.1 Background

Several concepts have been employed to explain the
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internal moisture movement in capillary porous materials, for a
detailed discussion of these mechanisms see, for example, Allen
[6], Chilton & Perry (30], Husain et al (82], Luikov [100](egs
233~48. Amongst these mechanisms diffusion has received most
attention, particularly when describing the drying

characteristics of agricultural products.

Luikov and others (see references given by Husain et al)
have used fundamental thermodynamic relationships to derive
transient equations which describe the wvariation of moisture

(M), temperature (T) and pressure (P) within s body, these are

aM/at = K“VZH +K12V2T +K13VZP (2.15a)

3T/3t = K, VM + K, VT + K,,V?P (2.15b)

3P/3t = K, VM + 1<32va + 1<33va (2.15¢)
where 7% = div (graa X) = V°(V+x), in spherical coordinates

i.e.
v =1 3 (#28x) 3% + 1 _ 3 _l1n0 )
T2 3r ar 8 3¢ ? 30

T r sin r° sin® 96

The above coupled system of partial differential equations
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can, in theory, describe the heat and mass transfer within
individual spherical granules when different moisture
migration mechanisms are taken into account provided that
the coefficients of eqs {2.15) are constant. These coefficients
however vary with moisture content, temperature, and pressure,
these variations have not been taken into account in the above
simplified model. The coefficients for which i = j relatelthe
transient behaviour of a variable given a particular stateyﬁof
the same varisble, those for which 1 % J aceount for the
contribution of the state of different variables in the

transient behaviour of a particular variable.

Even if. the a&above simplification is justifiable in some
cases, the major problem in using eas (2.15) to analyse the
internal drying phenomena is the lack of data concerning the
coefficients. Hence several simplifications are usually made

when studying the air drying of agricultural products, these

are:

i) The size of the particle does not change during drying,
this argument rests on the fact that the variation in
volume of most materials may not be significant within
the.fange of moisture content of interest. It will be

shown in Chapter 8 that in practice this assumption




ii)

iii)
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limits the initial moisture content to a very low

value indeed.

The effect of changes in pressure on the drying rate is
neglected since atmospheric conditions prevail and the
temperatures involved will not cause boiling of water,
Therefore eq (2.15¢) and all pressure terms are not

taken into account.

The effect of temperature gradients is neglected, it is
assumed that the particle attains a fast thermal
equalization, see for example Brooker et al [20],

Pabis [129]. This assumption is further dicussed
below, it results in the elimination of all terms
containing thermal gradients and leads to =a

coupled system of two differential equations in which
the moisture gradients are relatéd to the variation of

moisture content and temperature with time.

iv) The coupling effect between temperature variation and

moisture gradient is not considered to be important

[20].

Hence a simplified formula is obtained whereby the
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moisture gradients. The drying rate equation becomes
aM/at = Kllv%t (2.186)

where Kll is known as the diffusivity, the units are m2/h

or cm#®/h.

2.2.3.3.2 The Diffusion Models

Mass diffusion refers to the transport of matter from
regions of higher to 1lower concentration and is produced by
random molecular motion {38]. It has been observed thast this
phenomenon is analogous to heat conduction (ibid), thus the
rate of diffusion per unit of perpendicular area from one
region to another is proportional to the concentration gradient
in the .direction of flow of matter, the proportionality factor
being the diffusivity D. This parameter may be interpreted as &
measure of the opposition which the water molecules face in
diffusing through the medium, i.e. a low value of D reflects =
difficult difusion process. This opposition may come from the
medium itself and/or from the diffusing substance, e.g. a more

|
|
|
moisture variation can be expressed in terms of internal
viscous substance will have very low diffusivities as compared
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to those of gases. In the genersal case D may also be affected
by the position in the medium, 1i.e. diffusion may be easier

in some areas within the material than in others.

The wutilization of most diffusion models in crop drying
analysis so far has been based in the assumption that the
diffusivity is independent of moisture content. If the

diffusion is limited to one direction, x,
3C/3t = D 3=C/3x2 = D y2C (2.17)

where C is the mass of the diffusing substance per unit volume
of dry medium, in this case the material to be dried.
Considering the case of a sphere of radius ro and volume
v in which € changes only with r,
3C/at = D/r2 3/3r(r2 3C/3r) = 2 D/r 3C/%r + D 32C/3r2  (2.18)

The boundary conditions for eq (2.18) are

C({r, t=0) = C1

C(r=re, t) = Ca{r.h.,T) (2.18a)
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where Ci is the initial concentration and Ce the
concentration at the surface of the sphere (Ce is affected
by +the relative humidity and temperature of the air). The
solution to eq (2.18) is (see for example [128])
[C(t,r)-C.(r.h.,T)]/[Ci—C.(r.h.,T)]=(2roﬂi}){sin(ﬂr/ro)

exp[—Dt(ﬁ/ro)2]~1/2sin(Zﬁr/ra)exp[—40té5}ro)2] + ...} (2.19)

Taking C(t) as the average moisture concentration , i.e.

C(t)

1/va C(t,r) dr (2.20)

a concentration ratio can be defined as
CR = [T(t) - Ca(r.h.,?)1/[Cs - Celr.h.,T)] (2.20)
The free liquid content at any time t can be defined as

[E(t) - Co(r.h.,T)}J(volume of particle), i.e.
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2

—_ fo
[C(t)-Calr.h.,T)](4Tro2/3) = ] 49r2dr(C(t,r)-Ca(r.h.,T)]

Dividing the above expression by Ci‘Ce(r-h;,T) vields

r
CRra3/3 = [ $2dr[C(t,2)-Ce(r.h.,T)]/[C1-Calr.h.,T)],

hence, considering eq (2.19), CR = 8/qro2 IrQ{ ... } dr
D

Which, when evaluated term by term gives [128]
CR=6/¥2{exp[-(Dt/ro?12)]+1/4exp[~(4Dt/ro2q2)I+.. .} (2.22)

The a-dimensional term Dt/ro2 is the Fourier number for
mass transfer Fo (see for example [64, 128]).

The values of E, Ce and Ci are given in terms of
kg of moisture per m® of dry material, i.e. if the former
are to be expressed as moisture content dry basis, i.e. kg of
moisture per kg of dry solid, they merely need to be multiplied

by the density of the solid;
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(M(t)-Me(r.h, , T)}/[Ms-Ma(r.h.,T)] =
=\ [paC(t)-paCe(r.h.,T)1/[paCi-paCelr.h.,T)]

o
which gives MR = CR = B6/9q= X 1/nZexp(-n2¢2Dt/ro2) (2.23)
i

Differentiating eq (2.23) yields

dM/dt = -(M1-Ma)BD/ra § exp(-nZg2Dt/ro?) (2.24)
1
Equsations (2.23) and (2.24) are only applicable when D is
independent of M and the boundary conditions (2.18a) are

satisfied.

The series in eq (2.23) has been evaluated (see, for
example, [128, 1289], to produce tables and curves which give MR
or CR as a function of the Fourier number. Using a single
measurement and this curve it is possible to construct a drying
curve. Consider for example a given set of values for MNe
and Mi; if one experimentsal point M{(te) 1is available

then a drying ratio can be defined;

MRo = EM(to)‘Ho]/[Mi-He]
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This enables the Fourier number to be obtained from a curve or

table. The diffusivity is then estimated as;

D = Foro2/te

Once D is obtained the rest of the drying curve ocan be

constructed by consulting the tabulated values of MR vs Fo,

i.e. for any t & new value of Fo is defined when D and

ro &re known, and so on.

It is important to note that, in general, M can vary with
r, as noted in eqgs (2.15) and (2.18). This is, hoﬁever, only of
theoretical interest since, in practice, we are concerned with,

and can only measure, the average moisture content of the

particles.

The general diffusion .equation has slso been solved using

numerical methods;
H/at = div (D grad M) = V«(DVM ), where D = £(H) (2.25)

assuming an exponential moisture dependence for the diffusivity

(see {83] for maize, [81] for rice and [82] for high moisture
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food). It is suggested that the results are satisfactory 1if it
is assumed that D is independent of moisture within a given
range (e.g. [16] for wheat, [84] and (143] for maize, [148] and
{154] for rice and {158) for soya), it is sufficient to
represent the iatter as an Arrhenius type function of

temperature, i.e.

D = Do exp (-a/Ta) - (2.28)

where Ta is the absolute temperature of air. It has also

been shown +that the diffusivity decreases with the 0il content

of the product [156].

More recently the moisture and temperature dependence of
the diffusivity has been considered in & number of technical
papers although it has been observed that the diffusicn models
do not adequately predict the drying process if the variation in
moisture content is large. Moreover, even when relatively
complex models are used, the results are not satisfactory if the
diffusivity data is not geénerated in the particuilsar experiment.
Sokhansanj & Gustafson [153] solved a bidimensional ~coupled
mass and heat transfer system of equations for maize and ric&%
using finite element techniques applied to individual kernelsf

The values of diffusivities and thermal c¢onductivities used were
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those of the different constituents of the kernel, i.s.
endosperm, germ and husk. The results obtained from the
simulation were found to depart from the experiméntal drying
curve &after a short period of time and were very simmilar to
thosé obtained for the case when the material was considered to
be homogeneous. Husain et al [82] were unable to find a single
function which described the diffusivity and which prédicted the
drying curve within the entire range of moisturekof interest. In
a recent Ph.D. thesis Syarief measured the diffusivity of maize
components, in this work an empirical model for the diffusivity,
based(%} the formula of Hustrulid & Chu (83], was obtained. In
this wbrk the diffusivity was expressed in terms of the moisture

content at constant temperature (40 C) (see [158]).

Recently the so0 called theoretical drying equations based
on diffusion have beég¥e very popular. In this approach the
diffusivity is estimated from experimental data fitted to either
the complete series of eq (2.23) or to a few terms of the latter
(see for example a two-term diffusion equation for rice given by
(174]). Alternatively the datsa can be fitted to empirical
equations for the diffusivity such as those developed by
Hustrulid & Chu [83] and Syarief et al [158], which are used in
the numerical solution of a simultanecus system of mass and heat

transfer equations. It must be reslised, however, that the
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models finally obtained have the ssme limitation ag the purely
empirical models, i.2. they are only applicable under the
specific conditions of the experiment (temperature, moisture
content, etc). This is as to be expected if one considers that
the diffusion model is obtained by msaking simplifying
assumptions regarding the complex mass and heat transport
phenomena within a biological material which in most cases is
neither homogeneous nor uniformly shaped and which, in practice,
can experience s considerable variation in wvolume during the

drying process.
2.2.4 Air Drving in a Deep Bed

Up to this point the case considered has been that in which
all the surfaces of the granular material experience the samé
air conditions, in reality this is only achieved in single grain
layers of product or in shallow beds when large air flows are
used. In practical. air drying systems the temperature and
humidity of air vary since the air picks up moisture from the
bed of material and transfers hest to the 1latter. In the limit
it is clear that if the air has a high relative humidity and low
velocity it will saturate in the bed and therefore different air
and drying conditions will be estsblished at different depths.

The simulation of these external phenomena involves the solution
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of a very complex system of equstions which c¢an only be
carried out by numerical techniques. The solution is affected by
the air and product temperatures, the relastive humidity of the

air snd the moisture content of the material.

One of the most commen approaches to modelling the system
is to consider mass and heat balances on individual layers of
the deep bed taking the outlet conditions of the previous layer
as the input for the next. In each case it 1is assumed that
the drying factors are not changed in a given interval of
time, the computations are then carried out layer by layer.
The drying models described in the above paragraphs are applied
consecutively many times in the running of the deep bed
simuletion, the drying equation being one of the differential
equations incorporated in ;he complete drying model. Different
air drying techniques, ‘i.e. stationary and moving bed are
described by similar sets of equations in which factors such as
the convective heat trensfer coefficient, flow of air and
product, specific heats of dry air, water vapor, liguid water
and dry product, heat of evaporation, specific heat transfer
area (particle surface area per unit bed volume) and bulk
density of dry product are taken into account. In addition to
these factors the models for the equilibrium moisture content

and for the psychrometric chart need to be incorporated in the




program. Conduction between particles is not included in the
programs. The simulation packages so defined are claimed to
predict the rerformance of dryvers within 10 % of the

experimental data, they are already available for many cereal

products such as maize, wheat and rice.

Parry [130, 131] proposed methods.and mathematical models
to simulate the heat and mass transfer phenomens in deep bed
drying applications which are said to require less computing
time than the packages which perform mass and energy balances

layer by layer,

Consider the basic stationary bed configuration shown in
figure 2.8, Brooker et al f20] simulated this system from which
the following conclusions are obtained. When drying begins thé
temperature of.the product in the top layers (x=1) is well below
that of the air although it is still much higher than that of
the materiallat the bottom (x=0). The external moisture gradient
between x=0 and x=1 is initially small and the relative humidity
of air reaches unity as soon as it enters the bulk of preoduct.
As the process advances the temperature of the top layers gets
closer to that of the air and the moisture content of the
product in this region is continously reduced. At the same time

the temperatures of the inner .layers continue to increase and



Figure 2.7 Air Drying of Grain in a Deep Bed (moving).
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their moisture contents to reduce, the air becomes saturated at
deeper laysrs and the external moisture gradient between the top
and bottom layers is considerable. At the end of the drying
process an averagde moisture content is obtained between the top
and the bottom, a temperature difference is also observed. The
humidity of the air at the bottom (x=0) is continuously
decreased as drying advances. Moreover, if the initial moisture
content of the product and the inlet temperature of the air
are reduced or the air flow increased, the difference in

moisture content between the bottom sand top is also reduced,

The results obtained "’ for the crossflow configuration
(figure 2.7) are similar to those described abové as far as the
"x" coordinate is concerned. However,since the material is
falling down the 1length of the dryer, it will become
progressively drier in the direction of increasing "y". The
moisture profile of the system will be constant in time as long
as the operating conditions are unaltered. The outlet air
temperature will increase as y is increased and the relative
humidity will decrease in the same direction. These results are
confirmed if an te simulation program for the crossflow
dryer is used, such a program has been used by Centreinar
(Brazil) [138} for maize and whesat with good results. QOther

simulation packages are describe by\[148].
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Consider, for example, the case in which the initial
moisture content and temperature of maize are, respectively, 18%
w.b. and 20 C (ambient), the inlet drying air is at 80 C and
0.01 absolute humidity,. The flow of air and product are,
respectively, 1,200 m3/h per m2 of area of drying
column perpendicular to the air flow (see figure 2.7) and 2,000
kg/h of wet maize per m=2 of Cross sectional area
perpendicular to the flow of materiasl. If, in addition to this,
the height and thickness of the dryving bed or column are 3 and
0.3 m respectively, which corresponds in figure 2.7 to
 Ymax=3m and Xmax=1=0.3m, the simulation indicates that
the outlet temperature of air varies from 20 C at y = 0.15 m to
64 C at vy = 3 m and the relative humidity goes from 0,90 (at ¥y =
0.15 m) to 0.10 (at y=3 m).

2.2.5 szinz_Qﬁ_a_RﬁnLiQlﬂ“nndgn_lnisnﬁixauﬂaniina

Converting the temperature and mass terms of egs (2.15)
into spherical coordinates,the drying equation below can be
ocbtained using the concept of the thermal gradient coefficient
(Se¢M,T)), which is a measure of the moisture diffusion
produced by the variation of the ihternal thermal gradients

(see for example [100, 101]). The case considered here is that

e e
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in which diffusion occurs only in the radial direction of the
particle. The diffusivity and the thermal gradient coefficient
are taken as general functions of the moisture content and
temperature of the material, following the rigorous approsach

given by eqg (2.25),
o/ at=1/r23/ & [D(M,T)r2aM/ ar]+1/r23/ ar (S« (M, TID(M,THr23T/32r1 (2.27)
Luikov [100], pp 282~-7 gives information on the variation

of DM,T) and &&(M,T) £for =ome capillary porous bodies,

He points out that, at a given temperature (T) of the material,

the diffusivity increases with moisture content to a point
where it reaches a constant value. This variation is affected
by the state in which the moisture is transported, i.e or
5r liquid, and also by the physical structure of the fapillsar
system. For pine wood the diffusivity increases almost linesarly
to a point where it starts to fall, also linearly, after which
it increases again, this time exponentially. The thermsal
gradient coefficient shows a rapid increase from a particular
value of M, but before this point is reached the parameter is
practically nil. For some materials the ooefficien£ is
constant after a particular value of moisture content is
reached, for others, especially some porous materials, it

reaches a maximum and then decreases. D(T,M) and §e(H,T)
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vary for different materials and also, as reported by Luikov,
they may vary with the drying methods used. It is therefore
necessary to measure both properties for each material and esch
drying technique under consideration. It is possible that, if
drying takes place in conditions in which the thermal gradient
coefficient is very small, the second term on the right of eq

(2.27) may be neglected without invalidating the result.
Examining the first term on the right of eq (2.27), i.e.
div [D(M,T)gradH] (2.28a)

This 1is negative praovided that so also is the magnitude of
gradd, i.e the moisture content profile within the particle
decreases with increasing r (less water is found as the
surface is approached). In other words the evaporation rate
becomes greater if both +the moisture gradient and the
diffusivity remain high. Unfortunately the latter is not likely
since the diffusivity will tend to a small value as the
moisture content reduces. Nevertheless, considering the second
term on the right of eq (2.27), it is seen that =a temperature
gradient in the direction of increasing r will make the drying
rate more positive, i.&. it will reduce the evaporation rate.

On the other hand a temperature gradient in the opposite
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direction will increase the evaporastion rate, this can be
demonstrated if the term is expressed in vectorial notation and

is illustrated in figure 2.8;

div [Se(H,T)D(H,T)gradT] O (2.28b)

where graJT is a vector and consequently so is the term in
rectangular brackets., It should be noted that div (graJT) is

positive if the magnitude of graJT is positive.

When heat is supplied from outside the initial surfacse
temperature can be much higher than that at the cenfre,
therefore if the contribution of the term | (2.28b) 1is
considerable,‘ i.e. if thse thermal gradient™ coefficient,
diffusivity and thermal gradients are high enough, the
abaclute value of the drying rate can actually be reduced, i.e.
the eveaporation rate 1is reduced. This aspect is usually
neglected in air drying studies since it is argued that the
temperature gradients are small. Nevertheless when conductive
gr radiative heat transfer techniques are used to produce
heat at the surface of the material then, although the
temperature and diffusivity may be increased, (s0 ipcreasing
the contribution of the first term in eq (2.28a)), the surface

temperature of the material might well increase considerably.
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In this case the positive 'temperature gradient may be

sufficient to hinder drying and produce product damage.

Ginzburg [54] comments on experimental observations of
this effect when infrared drying methods are applied, he
concludes that in this case intermittént drying shouid be used,
although this decreases considerably ﬁhe throughput of the
product., The increased rate of heat . transfer to the surface of
the material does not help to enhance.the drying process due to
the internal constraints established within the body. The final
outcome of an intensive heating from outside the body (e.g..
infrared) 1is therefore related to the thermo-physical
properties of the materiasl and the resulting balance between
the two terms on the right of eg (2.27). For example, if the
thermal gradient coefficient remains very small and the
increased rates of heat transfer ffom outside increases the
diffusivity sufficiently this can overcome the opposition
presented by (2.28b) and result in an effective increase in the

evaporation rate.

If the heat is generated internally in the materiasl the
diffusivity is increased and there is also an effective
negative temperature gradient, i.e. from inside to outsid

3

This increases further the evaporation rate and hence the spee
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of the process. This method is discussed  in the following

section.

2'3 T] E m ’ . I] C I -l - E I . : ] [I -
2.3.1. Background

It has been shown above that, in air drying processes the
air has two basic functions: it receives humidity and - it
transfers heat. The increases in the temperatures of the
material and medium initiate the internal transport mechanisms
(e.g. moisture difusion from wet regions to the surface of the
body) and maintain the appropriate ambient conditions for water
diffusion in the drying medium. The internal movement’ of
moisture is limited by the intrinsic properties of the material
such as the diffusivity which, although increasing with the
temperature of the product, is continuocusly decreasing with the
reduction in moisture content as drying proceeds. Thus.the air
drying process is inherently constrained even though the
temperature of the air and material are held at relatively high
levels. An alternative is to use conduction and radiation since
the latter do not require considerable volumes of air to produce
heat on the surface of the material and therefore the energy

applied in heating the material is more usefully employed.
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Alsoe if = g- able combination ofi values of D(M,T) and
Se(H,T) throughout the drying process exists then the
increase of the temperature of the product by radiation and
conduction can increase the evaporation rate. Nevertheless this
may not occur in all cases, hence thése techniques need to be

carefully confrolled in order to aveoid damaging the product and

to maintain adegquate drying conditions.

If it were possible to generate heat within the product
the drying process would be enhanced since the increases in the
diffusivity and temperature differences inside the product would
not act in oppositioc Energy can be dissipated internally in a
body if it is receptive to either the electric or magnetic pﬁrt
ﬁf an electromagnetic field. This is conveniént for heating
non-conducting materials, i.e. dielectrics, which respond to the
electric component of the field. The material is directly heated
by the energy drewn from thé eglectric field, asnd any part of
this energy which is absorbed by the product and is not used in
evaporation of water is transformed into sensible heat. The air
is used to carry away the water on the =surface of the material,
although in the case of temperature sensitive materials it coﬁld
also be used to force-ceool the product as will be noted in

Chapter 8.
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When internal heating is employed the pressure terms will
play a significant role in the mass transfer phenomena since the
water contained in the capillary system will begin to evaporate
and, due to the preSsure. created by the generation of steam,
the liquid water will be forced to the surface. It will be noted
from the last term on the right of egq (2.15a) tha£ a negative
pressure gradient, 1i.e. & higher pressure in the center of the
particle, will fufther increase the sbsolute wvalue of the
drying rate. McCabe [115] and Perkin t133] relate the pressure
contribution to the diameter of the capillary system,_Perkin
[134] presents an analysis of pressure-controlled drying at the
boiling temperature of water. Although it is normally accepted
that when internal heating techniques are used the transport of
water occurs partially as liquid and partially as vapor (see for
example [100]1), s=some authors (e.g. Lefeuvre et al [94]) state
that if drying is carried out below the boiling temperature of
water the flow of.moisture may be assumed to occur mainly_in the

liquid state.
2.3.2 The Hest and HMass Transfer Model
The drying rate can be obtained from egq (2.27). A “hesat

transfer equation in which the internal heating effect is

included can be derived by considering an energy and mass
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balance within a small rectangular control volume in which an
individual particle is.contained. It is sssumed that the volume
so defined can gain energy from external sources (convection,
radiation, conduction), 3Eext, and by internal heating,
3Eint. The absorbed energy is used in heating up the

material and in evaporating the water, i.e,
9Bext/3t + 3Eint/8t = v pCpaT/3t + hv am’" /3t (2.28)
where v 1is the control volume (dxdydz), Cp and p are,

respectively, the specific heat and density of the moist

particle,.

The term 3Eext/ 3t 1is the difference between the rate
of heat flow into the infinitesimal volume Vv and the rate .of
heat flow out of it. It has been derived in several treatises
in conduction heat transfer using Taylor series (see for example

[36]). It can be written as
3Eext/3t = 3/3x (kdydzadT/ax)dx + 3/3y(kdxdz 3T/ 3y)dy

+ 3/38z (k dxdysT/3z)dz (2.30)

where k is the thermal conductivity of the particle.
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The term dEint/ 9t is obtained Ey integrating the
Poynting vector ﬁ X ﬁ where E and H are the strengths of,
respectively, the electric and magnetic components of the
applied field. This term 1is affected by the magniﬁude and
direction of the field and by the dielectric properties of the
material. At a given field frequency these properties are mﬁinly
influenced by the moisture content of the material. The

following expression holds;

3Eint/3t = £(¥,M)dxdydz (2.31)
i.e. the rate of internal energy dissipation is proportional to
a definite function of the magnitude' and direction of the

electric field and the moisture content of the product.

Taking into account eqs (2.29),(2.30),(2.31) and ¢(2.5b) we

obtain:
3/9x(kdydzaT/9x)dx +3/3y(kdxdz3T/9y)dy +3/32(kdxdysT/gz)dz +

£(E,H)dxdydz = dxdydz pCp 3T/3t - aM/pt hv p=dxdydz

hence,
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hvpw M/3t + div(kgradT) + £CE,M) = pCp 3T/ 3t (2.32)

Considering a spherical particle and neglecting the
difference between p and ps (from Mohsenin [1113, it is
found that the ratio pe/p may vary between approximately
1.0 and 0.85, this having been observed in the results from

Chapter 8). Thus:

ar/3t=£(E,H)/(p Cp)+hv/CpaN/ st+k/( oCp)( 32T/ 3r2+2/r3T/ &) (2. 33)

which, together with eq (2.27), forms the complete mass and heat
transfer model when internal heating exists within the particle.
The boundary conditions for these equations are the initial
moisture and temperature profiles in the particle and eq (2.7b)
(when all external enerdgy sources are considered) or eg (2.8)
(if only convection takes place). In the latter case the
temperature of air, Ta, may be lower than the tempersature
of the surface of the material Tm, if air is used to cool
the material. Nots that Tm is equivalent to the

temperature of the product, T, of eq (2.33), when r = ro.

The sget of equations given sabove cannot be further

simplified if it 1is intended to represent the process in
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the general case, they form a very complex model. The critical
parameters for solving these equations are the diffusivity ahd
thermal gradient coefficient of the material, these vary in s
complex way and can change with the heatihg proceés;involved.
The thermal gradient coefficient does not appear to be
known for most materials of interest, although there is
limited information concerning the diffusivity as explained

earlier in this Chapter.

The problem of coupled heat and mass transfer in capillary
porous bodies when internal heat |is | present has previously
been approached on only a simplified theoretical basis due to
the complexity involved and the non-~availability of the relevant
properties of the material. Whitney and Porterfield [188) began
with the simultaneocus heat and mass transfer equations given by
Henry ahd explained in detail by Crank [38], Chapter XIII. The
resulting system of equations is different from that presented
here since the approach adépted by those authors was to relate
the concentraetion of water vapor in the capillary system to the
moisture content of the body through a linear relationship. In
this formulation of the problem the following simplifications

are also implicit:

1) The rate of internal heating produced is maintained
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constant. In practice this would require an adeguate
control action to be undertaken, e.g. the electric field i
would need to be adjusted to folloﬁ the variation in the

properties of the material when M changes.

ii) The effect of temperature gradients on the drying rate is

neglected.

iii) D(M,T) is constant for all values of T and M experienced

by the product.

iV) Several characteristics which are difficult to messure are
included in the model, e.g. the fraction of the total

volume occupied by the solid skeleton of‘the product.

Young ([177] pursued ‘' the above analysis, a spherical
shape was assumed for the product (the earlier work assumed an
infinite slab) and the values of thermal conductivity and mass
diffusivity were variéd in order to analyse the effect on the
drying rate of the hypothetical material. The simplifications
listed above were adopted with the exception of (iii). The
modelling of the diffusivity is arbitrary, the aim of the study

being merely to vary it over a considerable range.



Bories and Pourhiet [19] also worked on the thecoretical

analysis of the drying process when internal heating is used. In
this case the heating source is expressed in terms of position
within a porous slab. The diffusivity and thermal gradient
coefficient for sand are used and the authors point out that,
even with such a basic porous material, the parameters exhibit a
nonlinear wvaristion with moisture éontent and temperature. Even
though an experimental verification of the model is not
presented this approach is one of the most important
contributions made recently to the theoretical analysis of

internal heating mechanisms for drying applications.

2.4 Sunmary

It has been shown in this Chapter that 8 purely
theoretical fgrmulation of the internal mass and heat transfer
phenomena involved in drying is difficult to obtain. The
solutions in themselves are difficult to interpret in practical
cases due to the assumptions and to uncertainties concerned with
the nature of the products. This is the case even if a
simplified model of the particle and its interaction with the
external media and energy sources is adopted. The critical
unkowns in the problem are the diffusivity and thermal gradient

coefficient. The former is generally estimated by considering an
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oversimplified system for the air dryving of materials. The'

thermal gradient coefficient is not taken inte account iﬁ

convective drying studies since it is normally assumed that
either it or the internal temperature gradients are negligible.
Many simplifications have been made in order to obtain =
manageable system of equations, several of these assumptions are
clearly not wvalid, e.g. the neglect of the contributién of the
pressure terms, simplified initial profiles of temperature and
moisture content within the product, simple and stable geometry

of the particle, etc, All these make the theoretical spproach

quite difficult in all but the most trivial cases. When internsal

heating is used()both the thermal gradient coefficientéjand the

mass diffusivity may acquire an increased importance in the
drying process. This is due to the direction of the internsl
temperature gradients and alsc to the fact that the pressure
terms are reinforced.

Although the basic data concerning the materials of
interest are generally not available some authors have pursued
the theoretical model under simplified conditions and for basic
porocus materials. It is considered that this route should be
explored further when the diffusivity and the thermal gradient
coefficient have been sgtisfactorily determined for the
particular heating method and product chosen. It is evident

that, for the present, it would be a formidable if not
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impossible task to carry out an snalysis of the best drying
method to be wused in +the applications of interest on a
theoretical basis wusing the sparse data available. Hencéf;

experimental sapproach has been pursﬁed. This route has its
advantages, e.g. the changing and non-linear characteristics of
the materials concerned are not required in order to obtain

the drying models, although those properties can be used to

assess the performance of the proposed system as noted below.

;:;:::2 it is important to fully understand the practical
limits imposed when using’thek§§iiral heating sources that are
'\r/ .

available, in this context the internal heating effect can only

be achieved in practice with electrothermal techniques. If it is

not controlled the term f(ﬁ,M) would wvary with the properties.

i

of the material during drylng,\gelngAfi/o affected by the

L] \\‘ Ry

—

relative position of the material in the drying =zone, the
distribution of the electromagnetic field and the shape of the
dryer in which the product 1is contained, When radiation or
conduction techniqués are considered the relative pbsition
6;;;;;3 the energy source and the material is.also important, as
are the temperature levels which can be achieved. Apart from
this, if a dielectric dryer is to/pq operated within safe limits

the magnitude of E needs to be\@ﬁntaine below specific levels.

\ﬁ‘

Constructional and dimensional considetations have to be taken
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into account when choosing a given drying technique and heating
source, these have a major impact in the final distribution of
the electromagnetic field if internél heating techniques are

considered.

The next four Chapters (3-8) consider wvarious possible
alternati?es for drying granular products. The methods
considered are convective, radiative, conductive and dielectric
heating techniques. The Eirst three methodé involve heating
systems in which energy is applied from cutside the product, and
these are dealt with in the following three chapters of this
report. Chapter B analyses the systems, or applicatorsy'ias they
are normally called, in which energy is dissipated within the
product. Chapters 7 and 8 deal with the choice of best drying
alternatives and with the experimental methods, measurements and
apparatus used in this research. Finally the conclusions are

drawn in Chapter @,
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3.1 Introduction

Convective electric heating equipment has been used for
many years. The energy is transferred to'the material from the
heat generated in electrical resistfances, it is classified as an
indirect resistance heating process. The temperature of the
heater is increased when an electric current flows through a
resistive element and dissipates energy by the Joule effect,
hence radiative, conductive and convective heat transfer
mechanisms develop in proportion to the temperature difference
between the heater and the surrounding medium. In this section
convection techniqués are analysed for the practical devices
which might be utilized in drying by means of hot air. A
comprehensive study of convective heat transfer is outside the

scope of the present Report.
3.2 Heat Transfer in Convective Electric Heating Systems

Convection 1is the energy transfer which occurs by a
combination of direct transfer of momentum (conduction) and an
additional gain in kinetic energy of the molecules when they are

mixed and agitated. These phenomena can be produced naturally,
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i.e. by the relative motion of molecules in =& fluid when =a
temperature gradient 1is created, or a&artificially when the
movement is produced by an external agent, e.g. a fan or a punp.
The latter is called forced convection and this is responsible

for the heating effect produced in the spplications of interest.

The rate of convective heat transfer from the heater to the
air is given by the HNewton equation which can be found in most

treatises on hesat transfer

Q@ = hoe (Th -Ta) W/m2 (3.1)

where, in this case, Tr and Ta are, respectively, the
average temperature on the surface of the heater sand the
temperature of the air. The convective heat transfer coefficient
he varies in a complex way with the characteristics of the
air flow and geometry of the system. The simplified formula in
eq (3.1) includes in he complex fluid mechanics phenomens
which are so involved that an analytic solution is not usually
attempted even when considerable simplifications can be made,
Therefore experimentation is the only way to obtain a meaningful
estimate of he, data is available for a wide range of heat

exchange arrangements, temperature, pressure and velocity of
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air. The condition under whieh experimentally based correlations
can be spplied is thatk\similar state of the air and a similar
system geometry must exist in the real case and the ideal#[}d
situation in which the experiments are carried out. It can: bé
shown that this is the case when both the experimental model and

the real system have the same Reynolds number Re (see for

example [281).

In practice correlations are usually expressed as

functions, i.e.;
Hu = f(Re,Pr) (3.28)

These relationships are only valid Qgii:en a given range of thse
the

Reynolds number Re. The term Nu, usselt number, is given

by:

\
\
Nu = (ho Do)/kais (3.2b) 3
\
|

\
Pr is the Prandtl number, |

Pr = (Cpairpatr)/kair ' (3.3)

where Do is a geometrical characteristic of the system,
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g.g. diameter of a sphere, cylinder, eto; kaisr,
Cpair and Haix are %he thermal conductivity, specific

heat and viscosity of ai%Q) respectively. Re, Nu and Pr are

dimensionless numbers.

It will be shown later thaﬁ he 1is related to the
characteristics of the fluid, basically its velocity and
temperature, and to the dimensions -of_the heat transfer areas.
The intrinsic properties of the fluid such as the viscosity,
thermal conductivity and specific heat are usually estimated at
the average film temperaturq{)which is defined‘as the arithmetic
mean of the temperature of air and the temperature on the

.\

surface of the heated or heating surfacé.

As far as this study 1is concerned two convective heat
transfer mechanisms are 1important, 1.e. the transfer of heat
from the surface of the heater to air and the transfer df heat
from the air to the surface of the produet. The latter 1is
important to simulste the drying process, e.g2. in the crossflow
plant, in which case the hesat transfer coefficient between air
and grain is taken into mccount in the model equations. The heat
transfer between the heater and air (eq(3.1)} is fundamental for

designing the heater in a particulsar application.
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Considering the first hesat transfer stage, 1i.e. from the
heater surface to the air] we can refer to the correlation
between the Nusselt and Reynolds numbers for air heating or
cooling wﬁen the flow is normal to a cylinder as shown in Fig.
3.1. The variations in the Prandtl number have not been taken
into account as is usual since this parameter is found to be
constant over the range of asir conditions of interest. Brooker
et al [20] reports on Pr for air temperatures in the range (-3,
100 C) from which it 1is noted that the value of this parameter
is 0.7. The correlation shown in figure 3.1 is said to be_

applicable within the following range of varisbles [115}1}

Yarisble Range

Diameter of cylinder, cms 0.001 - 15.0
Air velocity, m/sec 0.0 - 18.9
Air temperature, C 15.86 - 260
Cvlinder temperature, C 21.1 - 1,004.4
Absolute pressure, atm 0.4 - 4.0

Re 0.2 -~ 235,000
Ru 0.5 - 500

In practical situations however the heater is neither =

single tubeQ%Yr 8 cylinder but a group of finned tubes which can
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have a variety of shapes. In this c¢ase the value of he is
dependent on the shape, arrangement_and spacing of.the tubes. An
additional effect can also be expected from the extended surface

of the finned elements.

When there are several tubes in the path of the - air flow

o e .
iy s u Tr— .
he c¢an be ‘bqnszderef) to attain the same value on each row

of tubes perpendicular to the air flow. Nevertheless for .the
inner rows of tubes he is varied since more turbulénce is
experienced by each consecutive row and hence the value can_-be
expected to increase over the first three or four rows ép§§?:¥
although Hutchinson states that the effect is only sign;>}uaﬂgr
when the tubes have a staggered arrangement [85]. In practice an
average valus should be tsken, Hutchinson says that an increase
of 30% above the estimate for a single cylinder should be made

for staggered tubes.

In general the following correlation can be expected for

any configuration of tube banks [113)]:
(he Do)/katr = [(bDoG)/usirln (3.4)

where G is the mass velocity of air in kg/sec per m2 of

perpendicular air flow area., In reality G is not a velocity
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but the product of the density and velocity of the fluid. _The
constants b and n are affected by the arrangement of the tubes,
number of rows of tubes and finned eleﬁents used. G is alwa&s
evaluated for the minimum available area of air flow (where the
velocity is at a maximum) and therefore both this variable and
the Reynolds number attain their maximum values under a

particular set of conditions. The Reynolds number is defined as
Re = (DoG)/peir (3.5)

Up to this point the factors have been considered which
must be taken into account in estimating the heater’'s he,
this is fundamental for the use of eq (3.1). However the effect
of energy losses in the ducts and heating systems must also be
taken into asccount, these lossegs are basically produced by the
obstacles presented to the air flow by the duct, heat
exchangers and material to be dried. The total energy requ/;ei
in heating and wventilation 1is therefore increased byfthos
losses although the heating load itself is by - far the greater
component in terms of energy requirements., A good
illustration of the effect produced by the losses referred is
found in ths retrofitting of combustion equipment by electriéal

heaters in agricultural dryers. Axial flow fans are the most

common &nd they exhibit the characteristic of incressing the
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volume of air and reducing the power requirementz when the
resistance to air flow 1in the duct is reduced. It has been
reported that the conversion of a typical fuel fired coffee
drying system to electrical hesating reduces the resistance to
the air in the ducet so increasing the flow considersably [17].
This is so since large heat exchangers are replaced by a
compact electric resistance battery which presents much less
resistance to air flow than the previﬁus system, This means that
if & given dryving system is replaced by an electric unit in
these conditions the energy used by the fan will be reduced,
however the increased air flow meané that more energy has to be
generated by the heater if the same air temperature is to be

maintained.

Ideally the heating load for drying the product would be
obtained from values of the required heated air flow and
temperature, if possible from deep bed drying models as
discussed in Chapter 2. These models need to consider the
convective heat transfer coefficient 1in thin layers ﬁf the

product.,

The variables which c¢sause the wvaristion of he at the
surfaces of the granulated material are similar to those

reported above but much less information is available for this
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case. A classic Fformula for he of granulated material when
air is blown perpendicular to & thin 1layer of product is of the
form given in eq (3.68), as shown by lWilliams~Gardner {1707,
Chilton & Perry [30] and other authors. A recent review of the
clagsical formulae still in use can be fbund in Sdkhansanj &

Bruce [152].
he = a GP (3.6a)
Based on these classical approaches Sokhansan) and Bruce propose

the following relationship for estimating ho of granulated

products:

(he/CpeairG)Pr2/3 = 3.26Re~0-B5 20 < Re < 1000 (3.

The -convective heat transfer coefficient is then estimated
from the s&gir flow parameters, dimensions of the particles and
Reynolds number. The viscosity of heated air is approximately
1.98E—5 kg/m/sec [20], the corresponding value for the specific
hesat would be 1000 Wsec/kg/ C [B4, 112]). The dimensionsal

™

parameter of the Reynolds number used by Chilton_ & Perry is the
\
diameter of a sphere having the same surface(;; the particle.

The information available 'for agricuitural products is the

diameter of the sphere o¢f egquivalent volume (see for example

Bb)
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[111]). This value is used &as a first approximation in the
analysis which follows and it would appear that the results are
in accordance with those reported by Sokhansanj and Bruce_[152}.
The equivalent diameters can be obtained from Mohsenin [111],
which gives 8E-3 m for maize, 3.5E-3 m for rice and 3.8E-3 m

for wheat (taking an average of seven varieties prezented).

Using the =above values it is possible to estimate the
Reynolds number for the diameter of each product (Do), mass
velocity (G) and viscosity (peais) of air. Although
consider#ble data is available on the levels of air flow used
in forced convection drying of agricultural products in terms of
quantity of material being dried, e.g. mn? of air per second
per m3% of material, per kg, per bushel, etc (see for
example [10, B4]) this information is not readily expressable in
terms of air flow per unit of perpendicular area of product.
Nevertheless it is possible to conclude from the information
givenﬁgg [64] that when drying sgricultural products in a cross
flow dryer the air Flow through the product msy range between
0.25 and 0.41 m3®/sec per mZ, This is confirmed by - the
range of velocities in which thin layer drying studies have been
made as reported in the previous Chapter. Considering the
density of heated air as 1.19 kg/m® [64, 112], it 1is

therefore possible to estimate the following range for the
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Reynolds number when G is between 0.3 and 0.5 kg/sec/m2,
122 < Re <« 200,.f0r mai;e
94 < Re < 88, for rice
80 < Re < 88, for wheat
Thus 20 < Re < 1000 and hence definite rénges of he can he
found from the above and from eq (3.8b), as follows (the results
are given in W/m2/ C).
50 < he < 81, for maize
87 < he < 104, for rice
81 < he < 87, for wheat
5.3 Resistance Heaters
Resistive elements can be manufactured from alloys of
Ni-Cr, Ni~Cr-Fe, Cr-Fe-Al, precious metals or non metallic

materials. Those most used in the drﬁing temperature range are

Ni-Cr and Ni-Cr-Fe, the amount of nicksl being a function of the
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temperature level required for the process [88, 88). The common
alloy for resistance heating elements is 80% Ni and 20% Cr

(volume based percentage) [14, 44, 87].

One of the most important factors to be taken into account
in the choice of element is its variation in resistivity with
temperature, the greater the variﬁtion of this paramq@er over
the temperature range of the process, the more complexXity jthe
control requirements become. Figure 3.2 shows that in the
temperature range of interest Ni-Cr alloys have very appropriate

characteristics.

The heating element is enclosed in a metal sheath made from
steel, copper, brass or aluminum. These resistance heaters are
very convenient due to their long working life and ruggedness.
The heat which is produced by Joule effeet in the heating
element is conducted to the external metal surface through a
madium which must be & good thermal conductor and a good
electric insulator, this is normally granular magnesium oxide
[87]. There 1is an 1inevitable tempersture drop between the
internal wire and the metal Ebégg;;jhnclosure. This type of
heater can reach full heating power\”iﬁxlless than ten minutes
[170]), and is the same metal sheathed medium wave infrared

device which is discussed later in this work. Some manufacturers
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claim such heaters can be cheaper than the open coil alternativé
since supporting of the latter becomes difficulfl when the size
of the unit is large. Open wire elements also present problems
associated with electric faults to ground and sheathed elements
are preferred when moisture is present [87]. Oﬁher advantages of
metal shesated elements are, for example, that hot spots
produced by uneveness in air flows are attenﬁated during
conduction over the metal sheath. The complete set of elements
has an appreciable thermal mass, this reduces the switching
operations required for temperature control leading to a longer
element life and reduced wear on the contactors. In figure 3.3
some practical details of the installation of resistance

batteries in heated air duct systems are shown.
3.4 Dimensioning of the Heater

"As a first approximation, i.e. neglecting conduction and
radiation mechanisms and the energy required to heat up ‘the
resistances, the energy supplied in unit time must be enocugh to

raise the temperature of the air flow, i.e.

V2/R = I2R = pairlCpesr(Ta-T1i) W (3.7)

where paeir and Q are the density and air flow rate
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respectively (m3/h>. Ta and Ts are the final and
the initial temperature of air and V, R, I are the voltsage,
resistance and current flow in the heater. Both @ and Ta
can be obtained from drying simulations as explained preﬁiously.
The rate of energy transferred in unit time to the air must
equal the rate of heat transfered from the heater to the air by

convection, 1.e. using egqs (3.1) and (3.7):
0air8Cpair(Ta-T1) = Ahc(Th-Ta) W

where A is the area available for heat transfer from the heater,
Thn is the temperature on the sheath and he is the
convective heat transfer coefficient of the heater. All the
parameters in the gbove relationships can be obtained from datsa
on the drying simulations, tables or empirical equaticons such as
eq (3.4). We are now left with a design compromise between A and
Th. The heating elements are normally specified in terms cof
surface power densities (i.e. the ratio between the power and
surface area of each element), individual power and voltszge.
Therefore, knowing these characteristics and the power
reguirements (eq (3.7)), it is possible to estimate the number
of individual elements and the total heat transfer aresa

required.
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Eq (3.7) shows that if the air flow is decreased and the
heater 1s supplied at constant power the final temperature
reached by the air 1is increased. In addition to this the
reduction in gir flow causes the convective heating coefficient
to be decreased which, in turn, increases the temperature of the
heater and damage to the latter 1is 1likely to occur in a short
period of time if proper action is not taken. This can be seen

by rearranging egq (3.1),

Th a/he + Ta

3.5 EQQnQmiQ_A22xﬁiaal_nf_&hs.BgglaQmﬂnL_gﬁ_ﬂgmbnsiign~ﬁxsiﬁms"hz

E) ical Resi 3

Electrical convective heating systems are well established
and it is difficult to envisage any major breakthrough in this
application. Limited improvements may still be made, for
exampie, in the enhancement of heat transfer performance (which
would increase the effective he of the system) by means of
highly conducting sheaths &and fins and by improved system

geometry. Lower sheath temperatures might then be acceptable so

. . . . t e
increasing its, useful life and reducewyadlatlon losses to the

é !
ducts whi s% still transferring the same heat to the air.

Although this may result in lower capital costs and some gain in
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energy efficiency, these are not thought likely to be
substantial improvements since the heaters are already quite
efficient and relatively cheap. Morecover, as will be seen
below, capital costs in these systems do not significantly
enhance the return on investment which is critically affected by

the relative costs of fuels and electricity.

The feasibility of replacing fuel o0il in convective heating
equipment by electricity and biomass has been analysed elsewhere
[28, 27, 88] in terms of relative energy prices, installed power
and load factor of the plants, The electrical technologies
involved wsre res1stancs\3§2tery heaters and electrical boilers.
These latter have the advantageﬂthat if high wvoltage versions
are used, investment in transformers and low voltage ancillary
equipment is avoided. There is. also an economy of scale as
compared with resistance heaters which are modular equipﬁents.
On the other hand resistance heater batteries are far more

flexible, and have 8 faster response.

The present author [26, 27] has investigsted cases in which
electroheat and biomass combustion were retrofitted in place of
the original fuel oil fired equipment in agro-industrial
plants. The internal rate of return was estimated for a life

period of 10 years and the pay-back period for a minimum




129,

acceptéble 20 % effective return on the linvestment. These
financial parameters were 'calculated in terms of the ratio
between the price of one litre of Ffuel o0il and average cost of
one kWh of electricity or one cubic metre of firewocod. The_
results obtained were then plotted as a function of K, a factor

which expresses this ratio on & per unit basis,

The baseline, K=1, was the relative energy prices which

existed in Costa Rica in Oétober 1982 when the average cost oi/(
kwh of electricity was as shown in figure 3.4, the prices of
fuel oil and firewood were ¢ 8.5/1litre and ¢ 200/m3
respectively (exchange rate; one dollar = ¢ 45)y. Figures 3.5
and 3.8 show the payback period for retrofitting a fuel-oil
fired coffee drying plant. In figure 3.5 the -electrical
equipment is used only during off-peak hours and the capacity of
the plant has been increased to allow for the required stand-by.
period., In figure 3.8 the unit is operated continuously and
therefore a higher electricity charge is involved. Considering a
minimum acceptable pay-back period of five years, it 1is seen
that the investment would be acceptable if the equipment is not
opersated at'ﬁeak times. Figure 3.8 indicates that an incfease
of approximately 30% in the cost of fuel o0il (or an equivalent
reduction ‘in electricity) would have made +the investmsnt

acceptable even if the plants were operated continuocusly.
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If the price of internally produced fuel ¢il had been
inecreased to the equivalent spot price in the Caribbean region
(approximately 30X greater, [86]) the substitution would have'
been cost effective. The cheapest electroheat techﬁology was
found to be electrical boilers at US$ 36.7/kW for 1,500 kW plant
and US$ 22.0/k¥W for 6,000 kW plant compared with modular
convective equipment at US$ 70.0/kW (1982 levels, these include
C.I.F. costs, taxes and agent commission 1in addition to the
installation costs of the equipment and the step-down

transformers if required).

A further 1important conclusion from the study reéerred to
above is that, over = particular/(;alue of X, the pay-back
reaches an slmost constant minimum value. For electric boilers
and resistance heaters in groups of 1,500 kW this occurs when K
» 2.5, the payback period 1is then approximately 2 years. If
electric boilers of 8,000 kW rating are operated at 0.8 load
factor a payback period of 1.5 years is obtained with K > 1.5.
In the case of Costa Rica the value of K » 2.5 corresponds to
the elimination of the subsidy in fuel o0il and a reduction of
50% 1in electricity charges. In Brazil much greater incentives
were given to customers interested in these replacement projects

{see Appendix I). Figures 3.5 and 3.8 indicate that such
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the projects to be feasible in so far ss drying plants were

incentives might have been greater than strictly necessary for
concerned,

The replacement of fuel o0il based dr&ing systems by
conventional electroheat technology has been discussed above,
however firewood 1is also an attractive alternative. When
choosing between mutually exclusive projects it is not enough
that a 'given alternative proves to be profitable (i.e. the
internal rate of return is greater than the minimum acceptable
return on investment, pay-back is less than maximum period of
return, etc), the incremental return on investment must also be

appropriate. This is equivalent to solving the following
equation [48]:

E (Fea-Fep)(1+i)-t > 0 (3.8)
t=0

where Fea and Fen are the annual cash flows of
projects A and B over n years (both being cost-effective) and i
is the minimum acceptable return on the investment. This is

equivalent to saying thsat

Fea(l + i)-t » ri: FtB (1 + i)-t (3.9)
0 t =0 )

H o132
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or

NPV(A,i,n) > NPV(B,i,n) (3.10)

where the sums above are the net present values of cash flows of

projects A and B over n years discounted at an interest rate of

i.

This principle had been applied to a detailed assesment of
coffee drying plants resulting in the conclusion that convective‘
electric driers were only preferred to biomass systems if
preferential off-peak seasonal chargdes were used and the cost of

firewood was doubled (the equivalent of reforestation projects)

(27].

The conversion of combustion-powered convection systems to
electrical resigftances ill captures attention, as with the
case of the Otter Tail Power Co, an electrieal utility which
supplies s power demand of more than 500 MW to the sgricultural
country of Minnessota, North and South Dakota (U.S.A.). This
company has recently reported on a research project, based on
such a retrofitting exercise, involving personnel from

agricultural machinery and electrical resistance suppliers and
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two regional universities [58]. Although this project is
reported as being succé%%ﬁ), as explained above this type of
conversion is only influenced by the relative prices of fuel and
electricity, since the heat transfer method used'_is common.to
both, i.e. as far as convection is concerned the only important
variables are the velocity and temperature of air, not the way

in which it is heated.

It would probably be more useful to concentrate on the
study of more efficient air drying systems, e.g. the analysis
of waste heat recovery and ;ir recirculation in real dryers,
and the design of computerized control systems for energy use
monitoring and dryer automation. These may be the conly fields
in which significant improvements are likely to be obtained in

so far as air drying systems are concerned.



136

4.1 Introduction

This Chapter discusses the electrical methods used in
radiative heating (infrared) applications and introduces design -

guidelines for such systems applied to the drying of granular

materials.

Convective heat transfer, as discussed 1in previous
Chapters, is a function of the temperaturse difference hetwsen
the air and the surface of the materiasl (eq (2.3a)). Hence, in
order to dry the material, the air temperature must be higher
than that of the product but the difference between these
temperatures is inherently low in the falling rate period which
means that a considerable volume of air needs to be used in
order to transfer enocugh heat to the product. Some of the heat
in the exhaust air can be recovered and this improves thse energy
gfficigncy of the proceas but thers ie 8 1limit to this mriming
from the humidity of this air. Convection however is a feliable
heating method and eontreol is relétively straightforward.
Another advantage is that the air can penetrate into the bed of
granular material mlthough the amount of useful work it performs

is reduced as it transfers heat to the product and absorbs




137.

moisture as it does so.

As an alternative, radiative heat transfer can be used to
increase the drying rate of many materials, 1including grain
products, and some sauthors hsave suggested that considerable
energy savings could result from doing so (see, for example
[54]). Theoretically very high power densities can be achieved
over relatively small areas but in practice the useful energy
is reduced since.the radiation emitted by the sources is
distributed over a wide wavelength spectrum. However it has also
been stated that only very thin layers of the product, in most
cases a single particle thick, should be used in s stationary
bed,' or strongly agitated granules in a vibrated or
fluidized bed, if the process is to be effective [54, 82, 63,
141]. Some authors even state that radiative heat transfer is
not a reasonable alternative for drying agricultural products
taking into asccount all factors involved [49]. More recently
the interest in infrared drying of food products and granular
materials in general appears to have been ravived [45, 73, 140].
Here we are concerned conly with those electrical gources which
produce radiative heat by means of current flow through a
resistive element which can either be exposed or contained in a

transparent or opague enclosure.
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Most infrared drying studies have been based on
experimental work and'none'of these appear to have reached the
level from which drying models caﬁ be developed. For the
purposes of the present work, & preliminary assesment of the
competitiveness of infrared has been undertaken as.described
below. This is based on the experimental results of Hall and
Headley [62] and the computer simulation of & commercial
crossflow dryer. The real limitation in wusing ianfrared for
through heating materials with a low thermal conductivity is
that it is a surface mechanism, i.e. only an infinitesimal
layer of the granule is heated. This results in major problems
in avoiding excessive temperature build up at the surface and
consequent damage to temperature sensitive products. All
surfaces of the product must be equally exposed to the infrared
source and this requires all the granules to have similar
radiation exposure times. The energy available at the
surface of +the body must be transferred, by conduction
mechanisms, to the interior of the particle. Nevertheless it is
claimed that radistive heat transfer can be more advantageous
than convection since no intermediate physical medium is
required between the heat source and the load. The radiation
can be focussed and instant control of the heating process can
be obtained due to the low thermal mass of the effective heated

load involved (i.e. large .volumes of air do not need to be
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heated). However, slthough the control of the process can, in

?
theory, be rapid, the temperaturs meaegggggg:>required to

instigate the control action presents technical problemEE?sinCe

it is the actual temperature of the particles which would need

to be measured.
4.2 Principles of Radiative Heat Transfer

Radiation is usually defined as the process by which energy
is transferred from one body to another wusing an
electromagnetic field as the transport mechanism. The position
of the infrared band relative to the electromagnetic spectrum is
shown in figure 4.1. When some of this energy 1is absorbed by
a receptor body there is an increase in the temperature of thsat
body due to the energy increaée of its  molecules. The heated
body then acts as &a secondary electromagnetic field source,
reradiating some of the energy {63, ©64]. The original enerdy
source may emit its maximum energy between different wavelengths
from that reradiated by the other bpdy. Materials and radistion
sources absorb and emit rﬁdiation in well defined patterns which
are determined by the temperatures of the material and the

source and the wavelength of the radiation.

Heat is not actually transmitted between the bodies but is
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generated in the receptor when the field strikes a surface
placed in the path of the wave propagation, For-an'ideai body
with wuniform absorption characteristics, each iﬁfiﬁitesimal
layer of the produet is capable of absorbing the same radiation.
However sihce the energy is absorbed first by the surfaée
layers, the radiation which reaches the'intefior of the body is
attenuated as 1t passes through the layers.and the penetration
depth of infra-red radiation 1is very émall indeed., Some
important conclusions follow from this. If a substantial net
enargy transfer is required then one of the bodies. should
contain more internal energy, i.e. be at a highér temperature,
than the other, the former is the ‘'source", the 1latter the
"load" although it is clear that both ‘act as receivsr and
emitter of electromagnetic energy. The body which is to be
heated, i.e. the load, must be receptive to the electromagnetic
energy which strikes its surface and, if through heating is
required, the material must be wvery thin or time allowed for
heat conduction within it. Both bodies should be placed in such
a way that no obstructions exist between them. The relative
position and arrangement of the bodies is of utmost importance
and should be such as to'Gééigggggﬁ that the maximum net heat
transfer can be obtained with optimum energy efficiency. The
parameters describing the relative position between the two

bodies are expressed in terms of the view factors which are
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included in the radiative heat transfer relationships. 1In
practice the medium between the bodies can have an important
effect in the overall heating process, except when direct
combustion methods are used, the most important absorbing medium

in drying applications is water vapor.

The .capability of a body to emit or absorb radiated energy
is determined by 1its characteristics as expressed in terms of
“"emissivity"” and “absorptivity” of its surface. These
characteristics are affected by the wavelength of the field and

the temperature, i.e. the energy state, of the body.

‘Since emission and sabsorption are based on the same
physical phenomena involving the structure of matter, the
capability of a particular body to emit or to absorb radiation
is also similar if the wavelengths of the electromagnetic fields
involved are the same, Hence it can be assumed that, for a given
wavelength, the emissivity and absorptivity of the material are
equal, irrespective of its ‘temperature. This is Kirchoff's Law
of Radiation. This concept can be abplied in practice provided
that the emmissivity and absorptivity of the real materials do
not refer to radically different temperature levels since, in.

guch s case, the wavelengths of the corresponding fields would

be gquite differant.
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Thermal radiation and radiative heat transfer can be

confusing terms since heat, as such, 1is neither radiated nor
transferred in the process. However these terms are in

widespread use and are employed throughout this Report.

When radiative heat transfer 1is used for heating thin
layers of materials which have a high thermal conductivity the
heat is readily econducted through the body and the temperature
gradients inside the material are negligible. However when
materials with low thermal conductivity asre subjected to these
mechanisms the heat is not easily conducted from the surface of
the body and the surface‘ will reach & high temperature. This
limitation in through heating of poor heat conductors can be a
major problem in drying applications (see for example the
drawbacks reported by Metaxas [107] when drying carpets)
although the technique can make a major contribution to the
heat treatment and curing of these materials. Since the
penetration of the radiatiocn in the body is very small, and the
power densities are considerable, infrared finds its major
applications in the rapid heating of very thin layers. Among
these applications are the .thrbugh heating of thin métallic
bodies (see for exsmple classical metal 'heating applications in

(511), surface treatment of relatively thick (and poorly



144,

conductive) materials'(see for example wood heating applications
in [52]% drying or curing paint and =similar substances (see for
example [82]) and meisture profiling of paper {(see for example

[54]) are those most commonly found.

The radiation incident on & body can be expressed in ternms
of three components: reflected, transmitted and absorbed, the
latter 1is responsible for the temperature increase at the
surface. The ratios between these and the total incident
radiastion are the reflectivity (pr), transmissivity (1 )
and absorptivity ( @ ) respectively, these properties are
referred to as the Toptical" <characteristics of the material.
The sum of the above ratios must equal ﬁnity for any particular
wavelength of ﬁhe incident field and temperature of the body.
Since the penetration of the radiation in the material is so
small, transmissivity is ususally neglected with a few exceptions
such as air and glass which are transparent to infrared at
certain wavelengths. Rough surfaces give rise to a diffusive
behaviour causing the radiation to interact more than once with
the body, hence a greater aﬁsorptivity is obtained with these
than with polishéd or smooth surfaces. Thus the optical
properties of the material are not only dependent on the
wavelength and temperature but are alsoc affected by the physical

characteristics of the surface. In what follows it is assumed
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that the transmissivity of the pProducts -of interest is zero
(this is based on experimental evidence, see for example [105]),

which yields

a +pr = 1 (4.1)

Using classical formulae resulting from Stefan-Boltzmann
and Planck theories it is possible to conclude that the total
rate of energy emitted from a body per unit time per unit

surface area at a given temperature T is

PA(T) = {?(A,T){cx—S/[eXp(d/ AT)~133dA (4.2)

Evaluation of the above integral.is difficult in practice
mainly due to the 1lack of information concerning materisal
properties and radiation: sources. If sufficient data is
available the expression .can be sapproximated to a series of
integrals in which an average emissivity is used for the
particular wavelength range of interest. Some authors have
assumed that the radiation source is a black body or has an
emissivity nearly equal to unity (see for example [12]). The

emissivity, and therefore the absorptivity, of agricultursal
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products is quoted as lying between 0.8 and 0.7 [B83]. Surfaces
for which an average emissivity or absorptivity can be used
over‘ ﬁ given spectrum are said to behave like Grey Bodies in
that spectrum, and the total rate of radiated energy per unit

time per unit surface area is given by

Pdg = egT4 W/m=2 (4.3)

In what follows it is assumed that both the product and
source can be approximated to grey bodies over short wavelength
bands. Hehce, instead of using a constant value for the
absorptivity and emissivity (which 1is the standard procedure
where a grey body is concerned) different values have been
asgigned to these parameters within the main wavelength range of
operation of the sources involved, i.e. where the bulk of the
radiation is emitted from the source 1in accordance with Wien's

Law;

AT

it

2.8E-3 mK (4.4)

The data on the optical characteristics of the material,

i.e. afXx ), pr (A ) and ¢ A ) (which is negligible) were

obtained from [1053. Data for source emissivity wgigxbbtained

.

from the curves presented in a previous report [71]. In order to
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use the latter in the present analysis a regression snalysis was

performed with the data resulting in a set of equations for the

source emissivity as functions of the wavelength as noted below.

An alternative to the spproach used in the present report
is to consider an approximate constant value for the
absorptivity and emissivity as follows. Since Rirchoff’'s law
states that the emissivity of a body at a temperature T is equal
to its sabsorptivity for each wavelength, the absorptiyity (or
emissivity) of the equivalent grey body can be calculated using
eqs (4.2) and (4.3), when the properties of the real material

are known, i.e.
d = ( { el A,T){er-5/[exp(d/ AT)-11}dr )/ oT4 (4.5)

However, in practice, only the variation of absorptivity
with wavelength is usually known. Thus it appears justified to
adopt this approximation (eq (4.5)) when the properties of the
real bodies, i.e. the sources and loads in gquestion, do not
exhibit large variations within the wavelength range of
interest, which 1is alsoc the condition required for considering
the grey mspproximation. Nevertheless it appears from [105] and
[71] that this is not the c¢ase for the products and socurces of

interest here, for which a more rigorous approach 1is adopted in
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the following analysis.

In the above the emission relationships for real and
grey bodies have been discussed. However a relationship is
required'for the radiative exchange between bodies, i.e. the net
energy transfer which takes place per unit time. Two extreme

cases of radistive heat transfer between grey surfaces can now

be considered.

First consider the radiation exchande between two large
grey parallel surfaces, i.e. the area of the plates 1is very
large when compared with the distance between them. In this
case all reflected radiation returns to the original source. The

net exchange of radiation per unit time is given by t721:
Qe = [1/(1/ey + 1/e, - 13]A o(T19-T24) W (4.8)
When two small and well spaced grey surfaces exchange
radiation it is assumed that no reflected radiation returns to

the original source. The net exchange per unit time 1is then

given by [38]:

Qe = [ e,°c2]A o(T1%-T24) W (4.7)
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where the generalised view factors for the particular

configurations are enclosed in square brackets.

At first glance it may be thought that egs (4.8) and
(4.7) lead to quite different results in all practical cases of

interest, this is not the case as shown in table 4.1

Enissiviti q lized V3 F

Small Surfaces Large Paralell Plates
€1 €2 €1%€; 1/{(1/e 1+ 1/e,- 1)

0.10 0.10 0.01 0.05

0.30 0.30 0.08 C.18

0.60 0.30 0.18 0.25

0.90 0.10 0.09 0.10

0.80 0.60 0.54 G.56

0.70 0.70 0.489 0.54

0.80 0.80 0.81 0.82

1.00 1.00 1.00 1.00

Table 4.1 Comparison between view factors in two extrene

conditions of radiative heat transfer.

It can be concluded that, if one of the surfaces has =a

large emissivity, either eq (4.8) or eq (4.7) can be used. It
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will be noted below that in the short wavelength range of the
spectrum both the emissivity of the source and the load are low.
Therefore, although eq (4.7) can be uéed_satisfactorily for
most cases of interest in this report, it is eg (4.8) which
describes most closely the physical configuration of the system
and this has been used below. Hence the net radiation per unit
time from an infrared source with area A and temperature Te

to a load at temperature Tm is taken as
Q@ = [1/(1/6 + 1/e - 1)]JA g{(Ta4-Tma) W (4.8)
s m

where € and g Are the emissivities of the source and the
material respectively. The above equation does not include the
effect of an absorbing medium. If water vapor is present, as in
drying applications, & term (l-av) can be included on the
RHS of egq (4.8), where o+ is the absorptivity of water
vapof. In practice it is important to ensure that the water
vapor between the source and the load has =a low absorptivity in
the range o avelength fn which the infrared‘source delivers
its maximumzﬁgwer. The radiation efficiency of the source will
always be less than 1.0, due to conduction and convection
losses. In some cases this efficiency can be as low as 0.5-0.8
in the longer wavelength region. These losses have not been

included in eq (4.8) but +they c¢an be accounted for by the
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inclusion on the RHS of eq (4.8) of a term Nr, the
radiation efficiency. It can be argued that in a well designed
system, if the drying zoné is enclosed by reflecting walls with
good external insulation, almost the entire heat transfer given
by eq (4.8) will eventually be absorbed by the load after many
wall reflections, the remainder being transfered by convection

to the air, this also performs a useful heat transfer function,

A further assumption in eq (4.8) is that both the source
and load have similar areas. Although this is perfectly feasible
at longer wavelengths it is less so in the medium and short
wavelength bands even if appropriate reflectors are incorporated

in the sources.

Most of the radiation emitted by short wavelength sources,
i.e. infrared lamps and quartz tubeé:;% produced in the 0.5-2.0
band, with a maximum around :1.8pm . The report of Hardiman [71]
indicates that the emissivity of tungsten varies between 0.3 and
0.45 in the band referred to. The same author notes that
Inconel, which is a metallic alloy commonly used in the
manufacture of the external metal shedt of resistance heaters,
has an emissivity of 0.8-0.7 within the band 2.0-4.0pmand
0.7-0.4 between 4 and 9Yum . Hardiman’'s data can be wused to

arrive at the following 1linear relationships which closely

Um
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reproduce the emissivity of short wave {(tungsten) and metal

sheathed (inconel) infrared sources:

m
1

0.51-130.13E3,0.5< A<2.0um

0.92-81.99E3),2.0<= Xx<8.0pp

m
i

These relationships are used below to describe the

emissivity of the sources, i.e. the ¢ term in eq (4.8).
S

4.3 Infrared Absorption in the Drying Zone

Although the interior of the materiasl contains most of the
moisture in the material .it only receives a fraction of the
radiation absorbed by the product, most of the heat being
dissipated at the surface. Therefore _it can be argued that only
the surface optical characteristics of the product should be
taken into account, i.e. either the surface moisture or the hull
present considerable absorptivity. The absorption

characteristics of thin layers of water are shown in figure 4.2.

The absorption characteristics of moist air will now be

considered. Absorption increases with the thickness of the air




153,

layer between the source and the load and with the relative
humidity of the air. The absorption characteristics of a layer
of water vapor 0.4 metres thick at 127 C and atmospheric
pressure are shown in figure 4.3. Since moist air is a mixture
of dry air and water vapor, and in a real dryer the separation
between the heat source snd the load is not likely to exceed 0.4
m if the unit is to be as compact as possible, the values shown
in figure 4.3 can be taken as maximum 1evels of absorptivity in
practical drying applications. If appropriate ventilation is
provided inside the drying chamber the humidity of air will not
reach saturation and the vapor absorption will be lower than

that referred to above,.

The values of reflecti&ity reported by Massie and Norris
(105} for msize, rice, wheat, soya and other agricultural
products are in the range 0.4 to 2.0 jm . These authors suggest
that the reflectivity is little affected by the moisture content
af the product slthough it may experience a slight increase
when the moisture content is reduced. They conclude that, for
all products, the lower values of reflectivity are found around
2,00 ym , the transmissivity is negligible particularly at the
end of the band examined. Dagerskog and Osterstrom ([40]
investigated the reflsctivity of food products between 0.8 and

2.4uym , and found that it 1is low between 1.5 and 2.4;m
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although the minimum values are obtained beyond 2 ym .These
results have been summarised in table 4.2. Since radiative heat
transfer is greaily affected by the scurce tempersture the
values for 0.5 um have beeﬁ included in the table. Infrared
sources are limited to about 3,000 K which means that such
systems cannot emit maximum radiation below approximately 1.0um.
Nevertheless, in the context of this Report, it is necessary to
consider solar radiation which, for practical engineering

calculations, can be taken as a black body at 5,800 K (see for

example [57]), i.e. € = 1.0 in this case.
a WATER
A(um) Liguid  Vapor Ax A= -Drp,

Maize Rice Wheat Soya Maize Rice Wheat Sovya

0.50 0.04 0.00 0.186 0.28 0.18 0.22 0.84 0.72 0.84 0.78

1.00 0.10-0.13 0.10 0.65 0.71 0.83 0.82 0.35 0.29 0.37 0.37
1.50 0.11-0.40 0.00 0.22 0.45 0.25 0.25 0.78 0.55 0.75 0.75
1.85 0.10-0.85 0.18 0.15 0.33 0.18 0.15 0.85 0.67 0.82 0.82
3.60 0.90-1.00 0,22 0.20 0.45 0.25 0.25 0.80 0.55 0.75 G.75

Table 4.2 Absorptivity ( ¢ ) and reflectivity (px)
of water and crops as a function of
wavelength (A ). For 3 um it has been assumed
that the reflectivity remains within the
range observed over 1.5 um as can be
concluded from the results reported by [40].
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Some of the above wvalues of absorptivity of water vapor
apply to only a very narrow wavelength band as shown in figure
4.3. Therefore a considerable amount of radiation will not be
absorbed by the water vapor at the maximum level referre?(in
table 4.2. In practice an efficient infrared unit should be well
.insulated and some way of recovering the heat available in tha
exhaust air should be incorporated not only because 6f the
absorptivity of water vapor but also to recover the convection
losses as will be discussed later. From table 4.2 it can be seen
that +the absorption chargcteristics of agricultural products
vary little over the range éonsidered except around 1.0um where

this type of material is highly reflective.

Since infrared/have been considered in this Report as grey
bodies at different“wavelength ranges eq (4.4) can be used for
estimating the source temperature at which the bulk of the

radiation corresponds with the wavelengths of table 4.2, thus

Te = 5,800 K for A= 0.50 m
Te = 2,900 K for A= 1.00 m
Te = 1,933 K for A= 1.50 1m
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Ta

1,487 K for A= 1.95 um

Ta

9567 K for A= 3.00 um

Using eq (4.8) and incorporating the relationships for the
emissivity of the infrared sources for each wavelength range and
the maximum absorptivity ranges. of ‘water vapor (8y) as
diven in table 4.2, it is possible to estimate the maximum (i.é.
considering that the load is being irfadiated by a source of
equal surface ares) heat transfer- at the above temperatures
(Te) to the load, which is assumed to be at ambient
temperature, i.e. Tm = 283 K. If the temperasture of the
Source is greater than 400 C this approximation‘involves an
error no greater than 4 ¥ as compared to the corresponding
values obtained when Tm is assumed as the maximum level
allowed in the product, i.e. 80 C. |

In the solar case (Ts 5,800 K, A=0.5um) not only the

1l

term (1- %) should be included in the right hand side of eq
(4.8) but alse 5, which ig a factor that depends on atmospheric
- congditions and the position of the sun relative to an observér

on earth, this point will be returned teo later.

Considering first electrical sources, it is possible to
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obtain the following vaslues for the heat transfer:

Product 2,800 K 1,933 K 1,487 K 867 K

Maize 8§04 229 56 24
Rice 710 ‘198 52 18
Wheat 832 228 _ 55 23
Soya 8486 228 58 23

Iable 4.3 Estimated maximum radiative heat transfer per unit
time per unit surface area from infrared sources to

agricultural products (kW/ m2).

Alternatively, if the material 1is extremely wet, as may be
the case in the initial stages of the pre-drying of washed
coffeé, only =a thin layer of water is being irradiated.
Therefore the spectral characteristics of this water are the
factors to be taken into account (see figure 4.3). In this case
the following values for the maximum radiative heat transferred
per unit time per unit surface to & very wet layer of material
are obtained when the corresponding values for g(of water) and
& are taken from table 4.2 and the relationships for the

emigsgivities of the sources are considered:
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310 kW/m2<Qmax<387 kW/m2 for Te = 2,900 K

70 kW/m2<qQmax<169 kW/m2 for Te = 1,833 K
18 kW/m2<qmax<56 kW/m2? for Ta = 1,487 K
26 kW/D2<Qmax<28 kW/m2Z for Te = 9B7 K

Although the radiative heat transfer may vary in accordance
with the thickness of the water layer in damp conditions, it is
evident .from above that the short wavelength sources
(Te=2,900 K, A=lum) are the most appropriate for heating
the material if large energy transfers are required irrespective
of the state of the material. Hence in order to cobtain high
levels of radiation a high temperature source should be used
even though the mate:ial may present considerably higher levels

of reflectivity in the wavelength band concerned (see table

4.2).

It is possible to increase the effective absorptivity of
the load if it is enclosed in & reflective container, polished
aluminum can be used, polished steel is also an alternative

due to its low emissivity (comparable with aluminum).
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In practice however the lévels of radiation estimated above
for short wavelength sources are too high for applications
involving the drying of non conductive materials which can be
easily damaged by excessive temperature 1évels (e.g._ food
products). The radiation levels which can be tolerated by this
type of material are closer to the lower range of the figures
estimated above. Hence for these applications it is not
necessary to have an emitting surface with the same area of that
of the load, thus the radiation séurces (e.g2. metal sheathed
elements) can be placed apart from each cother in order to cbtain
the appropriate radiation levels (these are quoted later in this

Chapter) on the surface of the material,

It appears that it would not be satiéfactory to use
infrared sources which produce most of their radistion beyond
approximately 4 um (this corresponds to using metal sheath
elements below 500 C€) since within the range 5 - 7¥m the
absorption of water vapour is excessive (see figure 4.3) and the
temperature difference between the source and the material
becomes insufficient to produce acceptable levels of radiation,
most of the heat beiqg transferred by convection. The
emissivity of the source is also reduced. This also applies
even if the absorptivity of the 1load iz assumed to reach the

maximum possible value, i.e. 1.0. Us}ng eq (4.8) for €n = 1 and
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the relstionship e =0.92-61.99E3 A we obtain the following

maximum rates of heat tranéferred to the product per unit time;

10.2 kW/m2 for Tez=725 K ( &%=0.00)

O
11

q = 0.5 kW/m2  for Ta=483 K ( %.=0.83)
q = 0.2 kW/m?2 for Te=363 K ( &=0.03)

As noted below, it is possible for a mediumrwavelength
infrared system (2-4yum ) to replace a typical cross flow dryer,
the former requiring sapproximately 50 m2 of floor spsace
with an installed power of nearly 10 kW/m2 depending on the
energy efficiency of the system. The use of low temperature
levels at the surfaces of the metal sheaths would require far
greater floor space in order to maintain the same throughput.
This would affect the economic feasibility of the infrared
system since it would result in a much lower throughput per unit
of investment. In this case if might be preferable to use sclar
radiation which, although still a throughput-limited drying

system, involves no running costs as far as energy is concerned.

Solar energy is in widespread use for drying agricultural
products but, as can be seen from the curves for naturally dried
coffee shown in figure 4.4, the drying periods are considerably

greater than those achieved by mechanical methods (see Chapter 1
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and Appendix I1). Therefore, as noted in Chapter 1, it is cleaf'
that if the agro-industrial business can accept the costs of
mechanical methods of drying these are to be preferred on the
basis of increased production. Desrosier and.Sivetz f42] feport
solar radiation measurements at Hatagg in Sao Paulo (éfgféﬁ
Brazil, during part of the coffee hafvest season. They'\fbuﬁd
that the maximum daily radiation on & c¢clear day was
approximately 978.7 W/m2, the correspondiﬁg value in =
cloudy day being 418.8 W/m2. The average taken over an
entire daylight period of 11 hours was 607.8 W/m2 when the
day was clear. Thus an average S factor can be estimated for the
atmospheric conditions and geographic location (south latitude
of 21.5 ) referred to, as follows. If eq (4.7) is evaluated for
€3 =€, " 1.0 (i.e. the maximum energy absorbed from the sun, =
black body) and considering ¢@v=0 (see table 4,.2) we have

Qg = B642ES5 W, hencs
5 = 607.8/(B42E5) = 9.5E-8
Therefore the radiative heat transfer per unit time per unit

surface from the sun to a damp laver of coffee in the above

lacation can be as low as
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807.8x(a ) W/m2

el
1l

607.8 x 0.04 W/m=2

= 24.83 W/m2
which might be increased to
q = B807.8x(03.8) = 486.2 W/m=2

as soon as the remaining water is contained within the beansg

(and the Falling rate drying period begins).

Even if the effective absorptivipy‘offthe load is improved
(e.g2. by using a solsr heat trap, hh;ck cannot however make q
greater than 1.0) the resulting solar heat transfer will be much
lower than the radiation levels which can be obtained with short
and medium wavelength infrared sources. With the latter it would
be possible to dry a layver of coffee in approximately one hour

(see [140]1), whereas the corresponding period for solar is in

the range of several days (see figure 4.4).
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The incandescent lamp uses the flow of current through a
tungsten wire and can operate over 8 wide range of temperatures,
it is fairly efficient, approximately 85 % of the power input is
converted into radiation. The maximum levels of radiation
obtained are limited by the bulb and reflector arrangements
resulting in installed powers of no more than 25 kW/m2 [44,
54, 88]. When used as individual units they producé a very non
uniform distribution of radiation in the space available [54,

821, this can be improved by adjusting the separation between

sources and between the latter and the load.

Quartz tubes have replaced the conventional incandescent
lamps over the 1last few years, although they are more
expensive. Quartz glass has & higher transmissivity dver longer
wavelengths than normal glass hence these sﬁurces can also be
effectively used to radiate energy at medium wavelengths. The
devices are based on nickel-chrome or tungsten alloy wires
enclosed in a quartz envelope. Installed powers range between

100 and 300 kW/m2 [54, 88], and the shape of the quartz
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tube isg very convenient for achieving a uniform distribution of
the radiation over the material, particularly if it is used in =

conveyor system where the load moves perpendicularly to the axis

of the tube. The radiation emitted is approximately 85% of the

power input in the short wave sources and between 80-85% in the

longer wavelength types [31].

Medium wavelength quartz tubes have been mentioned above;
however it is also possible to produce such radiation with the
more robust metal sheathed heaters as used in convective heating
applications. The maximum temperature which can be tolerated by
the nickel-chrome heating element inside the heater is
approximately 1,300 K, however when the temperature drop across
the internal insulation is considered this reduces to no more

than 1,100 K at the metal sheath (see for example Hardiman

[71]). The wavelength for peak emission is between 2.5 and 3.5/1

and each element may be rated from 0.8 to 8 kW, the maximun
installed powers obtainsble are of the order of B0 kW/m2
[31]. These radiation sources are said to be the most convenient
types for heavy duty operations [170], they have longer

lifetimes and produce a far better distribution of radiation

over the material [54].
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4.4.2 Guidelines for Designing an Infrared Drver

Infrared drying equipment will ﬁlways ‘incorporate an air
flow to extract the moisture, the temperature must not be lower
than that of the load surface, since gained ensrgy would be lost
and lower raetes of ~temperature increase would be obtained. In
practice it may also be important to reduce natursl convection
losses, this can be done if the material is admitted to the
drying =zone through the minimum opening possible. Reflective
materials should be used to construct the internal walls of the
dryer and effective insulation should be provided for the
equipment. The heat available from the cooliné of radiation
sources can be directed to the material hence carr&ing out

useful work instead of being lost to the exhaust.

Hall and Headley [62] carried out an experiment in which
the drying of a stationary single kernel 1layer of maize was
invéstigated under two directions of a 0.1 m/sec air flow, the
material being subjected to radiation from an infrared lamp.
They found that a much faster drying was obtained when the air
flow was in the same direction as the radiation, i.e. from the
source to the 1load. The authors explained this by concluding
that the heat absorbed by the water vapor is removed from the

region between the infrared lamp and the material, then it is
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forced to flow through the material, thus enhancing the
convective heat transfer. This would not be so if the air flow
was in the opposite direction, in which case it wduld.cool the
materisl and carry away much of the sensible heat gained by the
product. An additional point, not mentioned by the authors is
that the convective heat available from cooling the lamp is

being utilised since it interacts with the material.

In most infrared heating applications, a substantial amount
of heat is produced in the surface layer of the product, much
more than in conventional convection processes. This leads to
high temperature gradients between the interior of a poor:
conductor and the surface so opposing the drying mechanisms as
explained in Chapter 2. Ginzburg {54] recommends the use of
intermittent irradiation of the material, this will lessen the

severity of temperature gradients within the materisal.

Hall and Headley extended their experiments on the infrared
drying of maize to the condifion where no forced convection was
applied. They used 2,500 K incandescent lamps with the load
placed approximately 30 c¢ms away from the source, the product
depth was varied from a single Kkernel to 5 cm thick and a
vibration of 1,200 cycles per minute with an amplitude of 0.6 cm

was impsrted to the layer of material. Data were obtained for
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three levels of radiated power, using one, two and three 375 W
lamps. The effective installed power per unit surface area was
not given by the authors, the radiative heat transferred was
messured using the amount of evaporation from samples of water
2.5 cm deep. Three levels were thus defined, 1i.e. 2.4 kW/m2
(one lamp), 3.4 kKW/m2(two lamps),‘ 5.1 kW/m= (three
lampg). It appears that these rates of heat transfer correspond
closely to the actual installed power since the absorptivity of
the water samples can be estimated as between 0.95 and 0.96 (see
for example [38]). It can be seen from the results obtained that
if the product 1is not to be dameged, stationary layers of maize
cannot be dried with the above radiation levels from an initial
moisture content of 25 ¥ w.b. down to 13 ¥ w.b. When the grain.
was vibrated it was Ffound possible to dry 9 cm thick layers with
no visual damage being observed. However Hall and Headley did
noet estimate the maximum radiation level for a given initial
moisture content and depth of product, information which would
have been useful for design purposes. The data obtained by Hall
and Headley can be used to construct the curves of figure 4.5
which show the relationship between depth of layer, drying times
and radiation levels used, and therefore constitute a simple

infrared drying model for the conditions referred to above.
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4.4.3 Review of Infrared Drying Plants for Agricultural
Eroducts

An  installation engineered by Siemens is reported by
Ginszburg [54]. The drying system consists of = receiving hopper
into which the product is fed, and several vibrating sections.
transporting the material to a receiving bin storage section.
The material is effecﬁively intermittently dried sincé the
infrared sources are not placed uniformly over the system and
the product experiences periods of zero radiation, during which

the moisture is extracted through suction boxes. The throughput

is adjusted by means of varying the inclination of vibrating

sections, this is done by a lever mechanism, the power input to

the infrared sources can also be varied.

Infrared drying of rice has been undertaken experimentally
in Italy by the Veneria di Lignana Agricultural Institute [54].
The material is loaded and then placed on a metallic 5.6x0.8
m? conveyor belt, the thickness of the layer of rice being
carefully controlled. The product first experiences irradiation
on the conveyor belt, it 1is then transported by a bucket
elevator and screw conveyor to a further infrared treatment
depending on its initial moisture content. The throughput of

the pProcess can be controclled by the speed of the
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bucket elevator and screw conveyor and by varying the power
input to the radiation sources. The recirculated product

experiences intermittent drying in this system.

A comprehensive study inte infrared and convection
drying of coffee and cocoa was carried out by Buxo and Felipes
[24] in which layers of product from 8 to 15 ¢m thick were
continuously stirred. The stirring of the product asimed not only
to achieve better drying uniformity but also to polish the cocos
beans, =& practice which has been carried out over the years by
the feet of labourers. The infrared lamps were mounted
approximately 30.5 em from the product and a 24 kW resistance
battery used to heat the air (approximately 0.4
m3/sec per m2 of material) up to 77 C. Since 36x250W
lamps are used the installed power per unit surface can be
estimated, this turns out to be approximately 1.9 kW/m2. No
problems were reported in drying coffee but cocoa suffered
serious damage, drying was not uniform and infrared was thought
to produce case hardening of this product, so making it very
difficult to continue the drying process below 18 % w.b. Other
problems  were also reported, chiefly the cementing with gum.of
the bottom layers of cocoa and breakage of the besans by the
rotating ploughs. Following these tests the infrared drying of

cocoa was abandoned. The quality of the finally dried coffee was



assessed locally and abroad and it was found that the infrared

dried product attained better characteristies than the sun dried

one,

Combined infrared and RF roasting of cocoa beans has been
experimentally analysed in the U.R.S5.5. and is reported by
Ginzburg. The roasting system consists of twe conveyor sections,
the first is used to pre-heat a sigle kernel layer of the
material under infrsred action up to approximately 860-100 C, the
material is then passed through a perforated plate RF system
operated at about 20 MHz where it wundergoes the last phase of
the roasting. The upper plate system is connected to the RF
unit, the lower electrode is the same conveyor belt which is
properly earthed. The low thermal conductivity of cocoa beans,
due to the high fat content, was seen as cone of the main reasons
why infrared should be uspd rather than convection., This is
surprising since conduction is involved in both and, as has been
discussed in Chapter 2, the higher temperature gradients
produced inside the material when infrared is used (which are
to a great extent due to the 1low thermal conductivity of the
material) can actually present problems, as was presumably the

case with the system of Buxo and Felipes,

The pre-heating of cocoa with infrared could probably be
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Justified by ssavings in the higher costs of high freqﬁénc?
energdy. Nevértheless the question in this case would appeér to

be whether to pre-heat the product with convection or radiatibn}

It ig worth noting that the mﬁterial may leave the_.conveétion
phaéé at a high temperature befors being admitted to the'next
stage of roasting. Hence even thoﬁgh a.new ihfrared—diélectric_
roasting ﬁnit might be an adeguate alternative for érobessing a
givén product it may not turn to be a feasible investment if the-
convection equipment already installéd is to be used in this.n
application instead of radiaﬁion. Mqreover; as will bé noted in
‘the next section, infrared does not appear to be eompetitive-
with convective techniques for drying cereal products, hence it
i5 unlikely that an &gfo—industrial dielectric roasﬁing plant in
conjunction with an infra-red pre-heating system will be

attractive to the industry.
4.4.4 Comparison between Radiation and Forced Convection

The effective radiation per unit time per.unit surface to

& vibrating layer of maize is
Q = PieNr  (1- dv)

Pir 1is the installed capacity per unit surface, nr. is
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the radiation efficiency of the source and g is the
absorptivity of maize. Considering a laver of maize 5 cm thick,
and taking P1r=10 kW/m2, which can be obtained with
metal sheathed elements (Mr=0.85, the bulk of the
radiation lies between 2.5 and 3.5 pym, which results in ¢=0.8
and @+=0.22 from table 4.2) qQ can then be estimated as
approximately 4 kW/m2. This does not £ake into account the
contribution of convection losges to the total heat transferred
to the material since Hall & Headley f{62] (on whose
experimental results the analysis below is based) did noﬁ use

any air flow on their drying experiment.

A model 'of the infrared drying of =agricultural products
such as those described in dhapter 2 for convective drying has
not yet been developed. The kind of experimental work which is
needed in order Lo study in more depth the feasibility of
radiative heating techniques involves the quantifying of the
effects caused by the intensity of radiation and perhaps the
temperature, relative humidity and velocity of air. Ideally the
intensity of infrared would be expressed as net energy transfer
per unit time per unit surface. It iz possible to use the
results obtained by Hall & Headley and which yieldedrthe
infermation shown in figure 4.5. From the latter it ¢an be

estimated thet a 5 cm vibrating layer of maize can be dried in
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nearly 53 minutes when an infrared system with 10 kW/m2 of
installed power (metal sheathed slements) is dsed (4 kW/m=2

effective as estimated above).

The corresponding throughput per m2 can be estimated

as
S5E-2 m3/0.88 h = 5,7E-2 m3/h

Consider a throughput of 2.7 m2/h. In order to achieve

this the area and installed power required are
(2.7 m3/h)/(5.7x10~2 m3/hr/m2) = 47.4 m2, and
47.4 m2 x 10 kW/m2 = 474 ¥

Infrared requires a relatively large érea. in this example
a conveyor belt 2 metres wide needs to be nearly 25 metres long
in order to dry 2.7 m3/h of material without product
recirculation. Considering a batch volume of 20 m3® of

maize then 7.4 hours are required to dry the product.

At this point it is appropriate to consider the effects of

the technical and economical parameters on the economics of
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retrofitting a convective plant to infrared. The economic.

feasibility of the replacement can be assessed in terms of the
compounded payback period (PBP) of the investment. This is the
time in which the new plant investment and running costs can be
recovered from the profits, If it is greater than the useful
life of the equipment or the period in which the organisation
requires to recover its investment then the project will.not be
cost effective. If the reverse is the cass then the project
will be worthwhile. The PBP may be found using the following

equation in which profits are equated to financial costs
PBP HR(EoCc~-EixC1x)/tav = {InvP1i,A/[{1-(1+1)-FBP]} PRP

The terms - Eeo and Eir are, respectively, the
total energy requirement for dryving the volume v of material in
the cross flow dryer and that which is needed in the infrared
systen, HR and tav are, respectively, the hours of
operation of the drying plant in 8 yesar, and the time required
for drying the volume v of product. Ce, Ciryr, Inv and
i are, respectively, the unit energy costs for the convective
and infrared plants, the unit investment cost of the infrared
plant and the annual interest charge. A is the surface area
needed to dry the material. The investment cost of the infrared

plant will be affected by the cost of the equipment and
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associated installation costs and also by the costs incurred in

increasing the floor space required, if necessary.

It is first necessary to'consider the operating conditions
of the convective dryer, namely the temperature (T;) and
flow (é) of the drying s&air and the flow of product in the
columns of the dryer. This information, together with the
initial moisture content, temperature and other characteristics
of the product, dimensions of the. dryer and ambient
conditions, used in conjunction with a simulation program for
the crossflow dryer can be used to obtain the moisture content
and temperature of the product and the absolute humidity‘and
temperature of éir along the height of the dryer. Thus it is
possible to determine, by re-running the program several times
if necessary, the time for the whole volume of material V to be
passed through the columns of the dryer and discharged at the
bottom at an appropriate final moisture content, this is the

drying time tav.

This analysis can be illustrated as follows. Consider the
comparison between an electfic infrared unit and a convective
dryer with different relative energy costs. For example, the
crogsflow dryer may be supplied with a relatively expens}ve

fuel such as diesel o0il or with cheap biomass residues obtained
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from crops and firewood. 1In the analysis the mechanical energy
regquirements of the fans are negleoted when compared with the
heating loads. Take for example a crossflow dryer 4 metres high
and 3 metres wide with two 0.3 m thick drying columns. The
total frontal area of the bed of material is 2x3x4=24 mnZ,

and the total cross sectional surface area of the dryving

columns is 2x3x0.3 = 1.8 m?. If the veloeity of product

through the columns is adjusted to 3 m/h this yields & flow of
product of 1.8x3 = 5.4 wmn3/h. The temperature and flow of
the drying air can be taken as, respectively, 80 C and 25,000
m2/h, the ambient temperature and ébsolute humidity as 20
C and 0.01 kg/kg respectively. The initial temperature and
moisture content of maize are 20 C and 25 % w.b. With these
drying conditions the following results are obtained for the
product at the bottom of the drying columns using the crossflow

dryer simulation program supplied by Centreinar (Brazil) [138].

i

1st Pass: Moisture Content = 18.8 % w.b. Temperature

87.5 C

11
i

Z2nd Pass: Moisture Content 12.8 % w.b. Temperature

71.3 C

This means that the material needs to pass twice through

the drying columns in order to reach approximately 13 % w.b.



The time required for drving v m® of maize can thus be

estimated as

2V (5.4 m3/h)
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which vields 7.4 hrs for v=20 m3, i.e. a throughput of 2.7

m3/h.

The energy required to operate the crossflow dryer

be:
Ee = CpatirPairtav@(Ta-Ts)

Coair 1is taken as 0.28 Wh/kg/K [B4], Ti is the

wou ld

ambient

temperature. Similarly,for an infared system in which convection

is not used;
Eir = APssytav
Agro-industrial plants have a low load factor

seasonal operation, in what follows a value of about

used, 1i.e. approximately 2,900 hours of operation

due to
0.3 isg
8 year

[28,27). A typical cost of capital is taken as 0.2 per year

[86]. Under these conditions the curves shown in figures 4.6-4.9
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are obtained which represent the pay-back period of the
replacements as a function of the ratio K between the cost of
the alternativé fuel for the convective dryer and that of the
energy used in the infrared dryer. Four scenarios have beeéen
studied, the first can be considered as the “standard ", and is
based on the calculations performed in this Section (figure
4.8). The cases* shown in figures 4.7 and 4.8 represent,
respectively, a reduction to 80% and 85% of the installed
infrared eguipment with the dryer still performing the same
drying task, i.e. these reductions can be interpreted as a more
efficient utilization of the infrared sources (e.g. convection
losses are used to increase the drying rate), It is important to
note that figure 4.8 represents the ideal cage in which the
infrared sources operate at maximum possible efficiency, i.e.
nr=1.0. Finally, figure 4.9 1illustrates the c¢ase where the
"standard” infrared system 1is compared with a cross flow dryer
in which a reduction of 20 % in energy consumption is obtained
by means of air recirculation. Bakker-Arkems =t a1l [10] and
Bakshi et al [11] report on energy savings of.up to 30 % when a
cross flow dryer is fitted with an sir recirculation system (see
also table A.4, Appendix I1). In the above calculations it has
been assumed that the energy cost of the 1infrared dryer is
Cir= US$ SE-2/kWh which is a typical charge fer industrial

use of electricity.
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Figure 4.6 Compoynded payback for retrofitting a 2.3 m /h
throughput crossflow dryer into an infrared
conveyor dryer. Load factor of the plant=0.3,
installed infrared capacity=474 kW, return on
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Figure 4.7 Compounded payback for retrofitting a 2.7 m3/h
' throughput crossflow dryer into an infrared
conveyor dryer. Load factor of thHe plant = §.3,
installed infrared capacity = 379 kW, return on
investment = 0.2 per anum, C, =US$5E-2/kWh,
Inv = investment costs in infrared dryer, C_=
energy costs of crossflow dryer (US$/kwh).
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Figure 4.8 Compounted payback for retrofitting & 2.7 m3/h
' throughput crossflow dryer into an infrared
conveyor dryer. Load factor of the plant = 0.3,
installed infrared capacity = 308 kW, return on
investment = 0.2 per anum, C, = US$ 5E-2/kWh,
Inv = investment costs in infrared dryer, C.=
energy costs of crossflow dryer (US$/kWh).
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Figure 4.9 Compounded payback for retrofitting a 2.7 m3/h
' throughput crossflow dryer into an,infrared
conveyor dryer. Load factor of the plant = 0.3,
installed infrared capacity = 474 kW, return on
investment = 0.2 per anum, C,_ = US$ 5E-2/kWh,
Inv = investment costs in inffared dryer, C_=
energy costs of crossflow dryer (US$/kWh). <
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The effective unit costs of firewood and other biomass
fuels sare determined by .the energy efficiencies of the
combustion.equipment and by the costs of the raw fuels plus
storage and handling costs, which in this case are a relatively
large portion of the total. From previous work, [26, 27] the
costs of firewood can be expecfed to vary betweén Us40.5E-2/kWh
and US$3.SE~2/RWh taking a thermal efficiency in the range

D.2-0.8 for the combustion system.

The investment cost of the infrared unit will be affected
by equipment and installation costs and, possibly, by the
associated costs of physical extensions of the plant., It was
indicated 1in the previous Chapter that resistance battery
systems using metal sheathed elements costed approximately US$
70/kW in 1982. The infrared conveyor units proposed here also
require metal sheathed heaters in their construction, these
conveyor dryers however will require more metai barts than the
compact resistance heaters used in convective applications since
in the latter case the entire bank of heaters is installed in a
relatively small section (see figure 3.3) of the air duct systemn
already existing in the plant. In the above infrared estimations
the range US$ 50~15ﬁ/kw has therefore been used for the

infra-red plant investment to compensate for this.
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In practice this infrared substitution is not attracti#e,
even at relatively low investment costs, unless K » 1.0, i.e.
the unit energy costs of the convective dryer wmust be higher
than those of the infrared unit. This 1is an improbable
gituation =ince the cross flow dryer can alwayvs be supplied by
the same type of energy scurce used in the infrared system .or
with even cheaper fuels. It 1is evident +that the key factor
for infrared systems to be more attractive 1is the attainable
throughput per unit aresa, this can be increased by using higher
radiation levels on thicker layers of product in &
vibrating conveyor. In this case the aim would be to attain in
the infrared unit, without damaging the product by excessive
temperature levels, a throughput which would require too much

air flow in the cross flow dryer (and therefore higher energy

consumption) However, from the analysis presented here it
appears that the  convective dryer can always mahch the
throughput of an eqguivalent infrared dryer by means of

increasing the air flow and the depth of the column.

An additional argument which might be raised against the
use of electricity for the abave infrared drying applications is
the fact that the same results can be obtsined by using

combustion of biomass gases. The theoretical maximum flame
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temperatures sachievable are in the region of 2200-2400 K
slthough in practice these levels are not reached due to losses
in the flames, moisture in the gases and the presence of
non~combustible products in the mixture (see (37, 55, 803}. The
flames have & high emissivity and can be approximated to a grey
body,.using eq (4.4) it will be seen that these gas sysztems
correspond to radiation sources in the range 1.0 ~ 2.0 ym. Thus
electric infrared equipment would be competing in unfavourable

terms against biomass combustion systems which can produce the

same levels of radiation at much lower running costs.
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5. CONDUCTIVE HEATING SYSTEMS

Thermal conduction is governed by Fourier's Law, the rate
of heat flow per unit time is proportional to the area of flow
(measured: normal to the direction of flow) and to the

temperature gradient along the heat flow path, i.e.
g = - k(T1 - T2)/ (X1 - x2) W/m2 (5.1)

The negative sign allows for the different directions of
temperature and distance. The constant of proportionality k is
the thermal conductivity of the material between x1 and

Xz2.

If the diameter of each particle in a product bed 1is

x4 then the steady state rate of heat flow per unit _time

through the thickness of the bed is (assuming that the<iig%er'

much greater than xi1 and x1 is very small),

qQ = (T1-T2)k/x1 = (T2-Tadk/xz =

N .
= (Ta-Tn+2)/0C § x1)/k] (5.2)
iz
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N
where X xi is the thickness of the bed
i=1

=
i

number of particles in the direction of the heat flow

]

Ti-Ti+1 temperature difference across each particle

T1-Tn+1 = temperature difference scross the bed

If a substantisal heat flow is required the thickness of the
bed must be small and the temperature differences largs. Iﬁ this
case if a 1large amount of product is to be processed the
required volume of the dryer and the heat transfer surface
within it would have to be large. Alternatively large
temperature differences would be necessary if the thermal
conductivity of the material is low and this, in turn, mnay

damage the product.

In some dryers a limited degree of conduction is applied to
the product in order to increase the drying rate, especially at
the final stages of the drying process, in doing this the energy
efficiency of the dryer is also increased, since less air is
used to heat the material to accelerate the diffusion of the

internal moisture., The Guardiola tumble dryer allow some
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conduction to occur 'between the walls of the dryer and the
material, these units have been fairly popular in the coffee
drying industry throughout this Century though they require a
substantial floor space in the plant and only produce small

throughputs due to the temperature limitation of the product.

The requirement of a large surface area for conduction to
be effective in the applications of interest can be illustrated
as follows. Consider the cylindric conveyor dryer shown 1in
figure 5.1. This system could be placed 1in the position of a
standard screw conveyor at the bottom of a cross flow dryer. The
outer shell of the screw dryver could be heated by electric
means, e.g. by direct resistance or induction methods. If a
temperature difference of 80-20=60 C is maintained across the
moving laver of product then s maximum transference of (from eq

(5.1) and figure 5.1)
Q = kAB0/0.075 Watts .

ig available for drying the msaterial, where A is the surface
area of the outer shell. Assuming k = 0.18 W/m K (value for
cereal products, see [112]) and a 3 metre long screw dryer, no
more than 270 watts could be transferred between the outer shell

and the screw along the entire length of the dryer. As will be
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shown later, this is far too 1low for the drying applications of

interest (Chapter 8).

Hence, if conduction wers used, only single kernel layers

of the product could be heated (e.g. in a tumble dryer). A

technique which could directly heat the metal parts of the

tumble dryer results in some advantages over conventionsl
rotary methods (e.g guardiola) since only the minimum required
amount of air flow would be supplied to the rotary dryer. Such
an 4alternative is being pursued at the Electricity Couneil
Research Centre (U.K.) using inductipn heating techniques (see
{65]}). This equipment is therefore equivalent to a - tumble
Guardiola dryer in so far as heat transfer to the product is
concerned salthough it may vield s more energy efficient process
since only the internal metal surfaces of the dryer are heated.
However the limitation in the throughput of such a dryer remains
as the main barrier when compared with convection (e.H.

erossflow) plants.
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6.1 Introduction

There are two basic methods for producing heat in a body.
The first makes use of the conventional heat transfer mechanisms
of conduction, convection and radiation. The second includes
induction heating, direct resistance heating and dielectric
heating. The first two of these are used for heating materials
which have a low electrical resistivity, 1i.e. those which are
good electrical conductors, such as metsals and, in certain
circumstances, glasss and water. With both induction and direct
resistance heating the energy is converted to hesat inside the
workpiece through thg Joule effect but this is not @%Té&fﬁ&
effective  in insulators, 1i.e. dielectric materials. Such
materialé have high resistivities which would require much
laréer applied voltages, these will certainly exceed the
insulator and surrounding air’s breakdown 1limits. Most
insulators however are subject to considerable polarisation
effects when situated in a high frequency electric field and, as
a consequence . of this, the materisal becomes heated. The
remainder of this Chapter is concerned with dielectric heating
which relies on the transfer of snergy through &an

electromagnetic field between a source and a load and then
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dissipating this energy, as heat, within the bulk of the load,

In the case of dielectrics the mechanisms of interaction
with the field responsible for the heating effect produced are
normally explained in terms of displacement of electrons with

respect to the nuclei of atoms, displacement of atoms within

molecules and reorientation of molecules. The latter component '

is due to the existence of permanent dipoles in the molecular

structure of some materials ([110].

The heat 1is produced in the dielectric, thsrefore if the
surrounding medium and the enclosure in which the product is
contained are not receptive to the field, the entire‘ energy

supplied is used in the load.

In considering the dielectric heating characteristics of

materials it is not necessary to analyze the internal structure

of the product since macroscopic quantities can be measured in

the laboratory. These parameters are the lumped equivalents of
all the interactions between the spplied field and the material
under the specific conditions in which the experiment is
carried out. The parameters so0 obtained are the dielsectric
constant e and the loss tangent tgs , the loss factor e" is the

product of these two quantities.In this respect, the loss factor
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measures the heating produced by all internal mechanisms [110,
1427. The dielectric constant e’ represents the response of the
internal polarization mechanisms to the external field, i.e. the
ability of the material to store potential energy by molecular
and atomic interactions. This parameter is familiar to
electrical engineers, it is the ratio of the magnitude of the
current produced in a dielectric under the action of an external
field to that which would exist if the same field were applied

to & vacuum.

The internsal power disgipated in &an infinitesimal
volume when an electromagnetic field is applied can be obtained
from the integration at that point of the Poynting vector

defined by
P=Ex# W/m2 (6.1)

where B and ﬁ are the electric and‘magnetic components of the
field. From the definition of vectorial product, the vector
defined by eq (B6.1) 1is perpendicular to both £ and B. The
magnitude of this vector expresses the power available per unit
of transversal sarea therefore the computation of the power
dissipated in & given material involveé the integration of this

vector within the product along the direction of the field
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propagation. Thus both the direction and magnitude of the
electric and magnetic components of the field define the
magnitude and direction of the Poynting vector and also
establish the available power which can be transfered in a given
volume. The general form of the energy dissipated per unit time
ﬁithin a dielectric volume v for a constant-magnitude internal

field is given by Metaxas & Meredith [110] as:

Qd = 1/2 weee" [ Ep2dv W (8.2)
Vs
where Eo is the permittivity of vacuum and
Ep ig the magnitude of the internal electric field
ﬁp, the latter being a8 peak wvalue, w is the angular

fpequency of the field and Vv iz the volume of the body whose

effective loss factor is e".

In practice the equations defined in egs (6.1) and (6.2)
are not evaluated for each particle. If it is assumed that
the  bulk material experiences & constant magnitude and
spatially uniform, i.e. a similar field is experienced by all
particles in the drying =zone then simplified formulas can be

obtained from eq (6.2),

Qd = 1/2 weoce"Ep2'v W (6.3)
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where v is the volume of the bulk materiasl in the drying zone.

Writing the above expression in terms of RHS values of the
field instead of peak quantities and substituting the value for

eo We have

Qd = 0.558E-10fe"E=2V W (8.

E being now an RMS quantity.

In some cases, it is difficult to obtain the above
conditions hence in general the values obtained from egs (8.3)
and (6.4) are only =a first approximation to the real system
although in somse circumstances they are adequate as will be
shown later in this report. They are not satisfasctory, for
;xaﬁplé; if thé magnitude of the field reduces considerably as
it penetrates the material and these equations should not be
used if the penetration of the electromagnetic radiation is

small as compared to the thickness or depth of the material to

be processed.
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6.2 Dielectric Properties of Adricultursl Products

The dielectric constant sand loss.factor are respectively
the real and imaginary components of the complex permittivity,

i.e.

The capacitive effects are included in the real part of the
permittivity and the dissipative or resistive effects are
incorporated in the imaginary component. The magnitude of the
permittivity, and consequently the dielectric .constant, may be
expressed in absolute values in which case very small values are
involved, the units are farads/metre. However this magnitude is

normally . expressed in relative terms taking as reference the

ﬁermitﬁivity of vacuum, e€o, 1in this c¢ase the wvalue of the
dielectric constant is always greater than 1. This procedure is

adopted throughout this Report unless otherwise stated.

The dielectric properties of sagricultural products have
been studied by 5.0. Nelson and others in an attempt to
correlate a characteristic of the material such as moisture

content or ripeness with these properties and in order to study
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the response of the material to the heating effects. The
majority of the technical literature in this field 1is concerned
with cereal products though some data is available fof
peanuts and soya (see [121] and [124]) and for fresh {fruits
f118]). No information appears to be availsble for cash crops
such as coffee and cocoa. The available data on the loss factor
and dielectric constant of agricultursal products is usually
given in the form of tables, graphs or charts, which pose some
restriction on its effective utilization. When data points are
given they are usually few in number, thus it 1is difficult to
use this information as a basis for statistical analysis. Since
these properties are of particular importance for this Report it
was considered that, as a first step, some of the available data
should be transferred into analytical form, this was done using
linear and non-linear regression analysis. In addition, an
extensive program of experiments was carried out to measure the
dielectric constant and loss factor of rice, coffee, maize, soya
and wheat in the radiofrequency band. It was not possible to
obtain the most popular yellow-dent maize in this Country to
éarry out the experiments for méize, therefore pop-corn was
used. However the results obtained for the dielectric properties
of this product lie closely to those reported by Jones et al
[89] and 8.0. Nelson for yellow-dent maize. More details on the

experimental work and results are included in Chaptér 8 and
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Appendix 1IV.

The moisture cgntent of the product ét g given frequency
band is the most important influence on the properties of
interest although there is some evidence that the temperature
and bulk density also have an effect (see [327, ([(89], [119],
{1207, {1213, [122], {1231, [1241). In the experiments described
in Chapter 8 it was noted that the effect of température on the
dielectric constant of the products of interest is much smaller
than that caused by the moisture content. The corresponding
effect on the loss factor is minimal. In the freguency band of
interest, i.e. between 10 and 2,500 MHz the loss factor and the
dielectric constant are inverse functions of frequency. At 8
moisture content of 25 % w.b. the decrease in the loss factor of
maize when the frequency is increased from 10 MHz to 2.5 GHz,
i.e. 250 times is around 70 %. Hence if it 1is required to
increase the power dissipated (for a given field strength) it is
advantageous to increase the frequency as can be seen from egs
(6.25-(6.4). Alternatively, for = given dissipation, the field
strength employed can be reduced if the frequency is increased
so reducing the probability of electrical discharges occuring,

as will be noted below.

Since the dielectric properties of the materials of
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interest are measured in bulk it is only possible to obtain the
characte;istics .of an individual particle by means of
extrapqigtion,ﬁ'some data for such dielectric constants is
presented by Nelson [118, 120, 123]. More recently Nelson has
obtained the dielectric constant of maize {123], wheat [120] énd
soya [121] in terms of frequency of the field, moisture content
and  bulk  density of the material, the corresponding
information for the loss factor is not yet available. The effect
caused by the variation of the bulk density due to ﬁressure was
‘not considered to be important in the context of this work. In
this case only the variation of the bulk density with moisture
content is likely to be of importance, although it is known to
be small [111], this was confirmed in the present study. However
in industrisl heating applications where the granular product
may be submitted to different pressure conditions along its path
through the dryer this effect may become worth considering. The
most recently published dielectric constant results by S5.0.
Nelson for wheat and maize have-been used in this report to
eétimate the dislesctric constant of individual particles as =a
function of moisture content and frequency. This is possible
since the same author had previously presented iﬁformation on

the variation of the kernel density with moisture content.

However it should be noted that the variation in the
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dielectric properties among different types of the same species
can be of the order of 18 % [122], and can even vary
considerably smong different lots of the same product [124] when
obtained by the same experimental methods and apparatus. Scome
variation cgn‘ also be expected when working with material from
different source and with different measuring techniques. The
considerable variation in the dielectric properties of
agricultural products 1is expected sihnce it is known by
agricultural engineers that the characteristics of agriecultural
materials vary among types of the same species, place of origin
and year bf harvest. Hence in practice it may be necessary to
produce . individual data for each particular product and
application under consideration. In Chapter 8 the latest results
of 5.0. Nelson and those of Jones et al [B3) are compared with

the experimental values obtained in this report.

é.SUE N 'c 1 ”] ki ¢ Estahlished 2 —industrial
Drying Processes

If a general dielectric drying model were available and the
maximum power levels which could be applied wers knownjit would
be possible to design s dryer in which a given amount of product
. at a particular initial moistufe content (M1) would need to

remain for a certain period of time in the drying zone to reduce
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its moisture content to Me. Hence the throughput of the
system could be estimated and, knowing the specifications of the
éﬁuibméﬁt;'it Gould be possible to calculate the corresponding
investment and running costs. With the aid of the drying model
it would be possible to vary the design parameters in order to
optimise the performance and minimize the overall costs
associated with the process, etc. However, as we have noted in
previous Chapters, drying 1is a very complex process for which
repetitive experimentation 1is the only practical way of
assessing the feasibility of specific sapplications. This
involves the design of appropriaste experimental procedures and
the installation of specialized rigs. In the case when many
alternative systems can be used it is considered that the only
method by which meaningful results can be obtained is to devisse
a8 method for pre-selecting the most promising techniques. This
is necessary for dealing with dielectric heating applicators
gince many options appear to be sappropriate =at first glance. In
the following sections the criteria used for selecting the
alternatives are pressnted, those techniques which appeared to

be most promising were subjected to further study.

The ensrgy reguired to raise the temperature of the
- materiasl, and the water which it contains and evaporate water,

can be determined by éstimating the required mensible and latent
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leat to heat up the wet material and evaporate the water. Over
and above this additional energy is required to provide the

energy to carry away the wmoisture, this component is however

supplied by the ventilation equipment and is =a smali_ fractfon
of the total, furthermore it is similar for all the
alternatives considered since it depends on the weight of water
to be evaporated. In terms of energy'required to drive the
internal mechanisms of'drying, the total needed is directly
related to the mass of product, the temperature rise involved,
the specific heats of the dry material and water, the latent
heat of water and the initial and final moisture contents. Thus

the energy needed per unit volume of finally dried product ig
Eg1 = [AT(Cpa+HiCpw)+the(M1-Me)] QSWh/mS ' (B.53)

where the moisture contents are expressed in per-unit dry basis

terms. Rearranging eq (6.5)
Esr =0 (ATCpwthv)Hi+(8TCpa-tehv) p, Wh/m® | (8.6

Therefore, for given values of temperature increase, specific
heats, latent heat of water, final moisture content and bulk
density of dry material the energy required is & linear function

of the initiasl moisture content M:i. The properties were
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obtained from the references (e.g. [3]), [111], [112], [421) ahd
are presented in appropriate units in table 6.1. Substituting
these values leads to the developments of eg (8.8) for each of
the products concerned (egs (8.7) and (6.8)). If has been
assumed that the final moisture content is 12 % w.b. This
corresponds almost to the equilibrium moisture content of the
products when stored. In egs (6.7) it has alsc been assumed that
the temperature rise for cereal produots except coffee is AT =
80 ¢, for coffee the value of 40 C hasgs been used. Thése
correspond to maximum temperature rises, from émbient level to
the temperature limits of +the products, these are gquoted in thé
corresponding technical literature (see [20],. [42]) and various
assessments {25, 27]1. In eqgs (6.8) it is assumed that the
.temperature differences are one tenth of these, i.e. 6 and é C
respectively. . Bofh cases are considered to represent a wide
range of operating éOnditions, i.e. the product could be
admitted to the dielectric drying plant at ambient temperature,
or only after the end of & conventional conveective drying phsse
in whiéh the product has attained a temperature very close to
that of the drying air. The specific heat and latent heat of
evaporation of water have been taken as 1.18 Wh/kg/ C and 645.7

Wh/kg respectively.

"Egq -(2.33) shows that the product of the specific heat and
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bulk density of the haterial will affect the réte of temperature
increase during drying, hence the latter has also been included
in table 6.1 in terms of the dry material. As mentioned above,
the differences due to molisture content are small and the same
applies for the specific heat (gsee fdr example {111] and {11271).
It was observed in the experiments (Chapter §8) that the
~variation in the bulk density remained restricted to no more
than 10 %. The published vslues for the density of maize and
wheat (table B.1) agree very closely with the range observed in
the experiments, although this was not the case for the otﬁer
products. The differences for rice and soya were of the order of
25 % and those for coffee as high as 35 %. It i1s possible that
such variations were due to different types of product. The
average values from the experiments have been used for table 8.1

in the case of rice, soya and coffee.

Eroperty Caoffee Haize Sova Rice Wheat

Sp. Heat (Cpa)

(Wh/ka/ C) 0.48 Q.40 0. 44 Q.30 031

Bulk density ( pg)

(kg/m3) 820 755 845 793 801
Cpd ps
(Mh/m3/ C) 285 302 284 228 248 i

Table 6.1 Specific heats and bulk densities of dry crops.
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the initial and final moisture contents and the throughput
required. Given that there is a limit on the maximum valus of
field strength which can be used at = particular frequency, then

the minimum drying time for a specified amount of material with
known drying requirements can be found. This, in turn,
determines thg maxXimum throughput of the process. Alternatively,
for a given throughput, the power input to the dryer needed to
avoid excessive field strengths can be determined. However the
field strength is not the only factor which needs to . be
considered. There are limits to the ~enerdy dissipation within
the product if physical damage, such as rupture and cracking, is
to be avoided. The appearance of the product and its milling’
properties must also be acceptable, Hamid et al [(67] and Wear
{1663 suggest that the gross power densities used in the
microwave drying of materials such as wheat and maize should
not be higher than 400-500 kW/m2®. Some products may accept
higher values without damage, that for rice for example, might
be up to an order of magnitude gresater. This can 53 deduced from
experiments carried out by Wratten {175])] to measure the
dielectric properties of rice. Fanslow ana Saul [46] carried out
éxperiments on the microwave drying of maize using a range of
power densities and different air flow rates to cool the

product. The results showed that, for a given power density, the

time for the first audible sound of cracking increased as the
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air flow increased. For example, with a8 gross power input
density of 500 kW/m2, the first sound was notéd after 266
secs when the air flow was equivalent to 44 nm®/h but this
increased to 430 secs when the flow rate was doubled. When the
gross power input was increased to 2200 kW/m® the times for
flow rates of 44 and 88 m3/h were 32 and 62 secs
respectively. It is unfortunate that these experiments were not
extended to determine the maximum power density which could be
“used to cope with the entire drying process. However the work
demonstrates the importance of surface cooling, an effect which

will be examined later in this Report,

To obtain the actual power density within the material it
is necessary to assume in the above previous results a value for
the conversion efficiency from mains to high frequenéy energy.
It is assumed here that all the available energy in the field is
eventually absorbed by the product - after many reflections in
some cases. Taking a typical value of 50 ¥ for this efficiency
the actual maximum allowable power density in the product
becomes 230 kW/m3 for maize and wheat and 2,300 k¥W/m3
for rice. Wratten dried riece using an RF applicator under
practical conditions, the rice being subjected to a range of
tempsrature increase rates from 1.8 C/min to 130 C/min without

exceeding the maximum temperature limitation of 80 C. No damage
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to the quality of the product was observed. The'approximate nét
power densities used by previcus workers are given in table B.Z2.
Values taken from the experiments described in Chapter 8 are
included, the power density figures refer to the average values
from the start of the process to the point where the maximum
temperature is reached. In the case of the experimental datsa

obtained for this Report the conversion efficiency from mains to

load was actually estimated during the drying runs.

Taking the values in Table 6.2, the following maximum rates
of energy dissipation per unit volume of material appear to be

appropriste

350 kW/m® for coffee and soya
270 kW/m?® for maize
240 kW/m2 for wheat

1,000 ¥¥W/m3 for rice.
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Pressure
Reference Power Densitv(k¥W/m3> Mi(¥Zw.b.) Product Damage (torr)
Hamid et al
18689 185 20 Wheat No Atm&s.
Wear 1877 280 25 Maize Yes 25-50
Wear 1977 2,300 Rice No 25-50
Wratten 1950 2,300 18 Rice No Atmos.
Fanslow & Saul
1871 1,000 18~23 Maize Yes Atmos.
Fanslow & Saul
1971 270 18~-23 Haize Yes Ltmos.
Butler & Gardner
1982 90 22 Maize No 25-50
Butler & Gardner
1982 40 18 Rice No 25~50
Experiments;
(Chapter 8, 1987)
1350 189-33  Rice No Atmos.
300 25-38 Haize Yes Atmos.
270 , | 35-40 Wheat Yes Atmos.
380 44-62 Soya Yes Atmos.
-380 44-85 Coffee Yes Atmos,

Table 6.2 Dielectric power densities for drying crops.
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The drying energyrrequirements are given by eqs (B6.7) and (6.8).
If it 1is sassumed that each m2 of dry product must not
experience more than a specified energy dissipation then the
minimum drying time can be defined as the ratio between_the
energy values from these equations and the maximum power levels
quoted. The maximum flow or product throughput is then the ratio

of the volume to the minimum time required for drying, i.e.
T = v/[egs(8.7) or (6.8)/Qdmax] (6.9)

It is clear from the above expression that the lower energy
requirements, i1.e. those from eqs (6.8), give a higher limit for
the maximum throughput. The ratio between the energy terms given
in eqs (8.7) and those of eqgs (8.8) is affected by the initial
moisture content, this ratio varies between 1.1 and 1.8 over the

following M+ ranges:

3 - 18 % w.b. for maize, rice, wheat and soya

and 50 - 30 % w.b. for coffee.

Thus if eq (B.8) is used to eztimate the maximum throughput of a

agricultural dielectric dryving plant the wvalues for the

throughput may range from, say, 1.1 (at a high Mi) to
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approximately 1.6 (at a low Mi) times the values computed

using eq (6.7). Substituting eqs (6.7) in eq (8.9), we have

for coffee : 380/(428M1-43) m3/h (B.IOa)
soya : 350/(461M1-40) m3/h (6.10b)
maize 270/(540M1-48) m3/h (6.10c)
rice : 1,000/(838H1~-53) m3/h (6.10d>
wheat : 240/(373M1-55) m3/h (6.10e)

which leads to the values given in table 6.3,

Produect  Maximum Thronghput (m3/h)

(w.b.) Hi=80% ___ Mi=50% Mi=40% Mi=30% Mi=20%
Wheat 0.7 1.2 2.3
Haize 1.5 3.1
Rice 5.6 12.3
Coffee 0.8 0.9 1.4 2.9 5.3
Soya | | 2.3 4.8

Table 6.3 Maximum throughputs limited by power density
{qualitative considerationsa) (drying =zone

volume 1 m3),

The corresponding minimum drying times are given in table B6.4. -
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Since the drying periods refer to any amcunt of material these
values are independent of the dimensions. The values in

parentheses refer to the experimental results at 38.5 MHz

{Chapter 8). The good agreement of the idealized figures with__

the real, i.e. experimental results must not be taken as an
indiecation that in practice the drying times will always

approach the ideglized figures. The latter assume a free

‘evaporation surface where it is only necessary to supply the

réquired gsensible and latent heat components. It has been shown
above (Chapter 2) that in reality the situation involves a.
complex mass and heat transfer mechanism which induces moisture:
higration from the interior to the surface of the product. This
is evident when, for example, the drying times of the cereal_
products are compared with those for sova or coffee. I1f drying
Were\ simply an evaporation process with no internal hindrances
then from table 6.4 one would conclude that soya and coffee dry
faster than rice and maize 1if the same electric field strength
were used (the figures given in tablsey 8.3 and 8.4 for maize and
soya correspond to 26 kV/m, peak). However in practice soya and
coffee are much slower drying masterials (see Chapter 8), this
may be due to the fact that these are o0il bearing products and
the internal méisture finds it more difficult to diffuse through

the particles.
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Product Minimum Drying Times (min)

M1=50% w.b. M3=30% w.b. M1=20% w.b.
Wheat 50 21 |
Maize 4@ (41%) i9
Rice 11 (9%kx) 5 (Skxk)
Coffee 24 11
Soya 28 13

Tahle 6.4 Minimum drying times governed by power density

limitation due to guality considerations.

Experimental results (Chapter 8): * drying from
27.4 to 12.8 % w.b, at 2B kV/m; ** drying from 32.9
to 11 % w.b. at 31 kV/m; *%%% drying from 19 to

10.7%4 w.b. at 31 kV/m.

The Ilimitation imposed by qualitative considerations 1is

dependent on the intended usage of each product.

6.4 Dj . 1C :d . { Field Di . .

The total throughput of the system depends on the

dimensions, i.e. cross sectional surface area and the speed at

whiech the product pssses through it., If the dimensions of the
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drying 2zone are limited by the space avaiiable, and the cross
section is too small, the velocity may be unacceptably high and
this, associated with a given minimum drying time may result in
the drying zone being too long. Recirculation of the product
will help but only at the cost of reducing the throughput for a
given powsr input. Other considerations which need to be taken
into account include drying uniformity which is of the utmost
importance. Refering to eqs (2.7) and (2.33) it can be concluded
that, in so far as dielectric heating 1is c¢oncerned, thé' same
internal heating effect must be experienced by all particles if
they are to have similar drying characteristies. Hence the
design must be such that each particle experiences a similar
field distribution. In addition to +this, the concept of power
penetratioh depth, or simply penetration depth, implies that,
with a homogeneous substance, 83 % of the energy is dissipated
within this depth. Thersefore, for uniformity, the thickness of
the material should be no greater, and ideally much less, than
this wvalue. Otherwise the only mechanism likely to ensure
uniformity is conductive heat transfer. Dryden [44] has defined

the penetration depth as:
d = 3.4E7/{f{e' ((14(e" /e )2)1/2-1)]1/2} npetres (6.11)

where f is the frequency of the applied field. This expression
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is based on an incident planar wave and the equations for the
field penetration depth given by Von Hippel [185]. The power
dissipated 1is proportional to the square of the field strength,
thus the attenuation factor of the power is twice that of the
field. This concept is applicable for microwave fields since in
the radiofrequency band the electric field is contained between
two electrodes and the_ phenomena involved is similar to a
circulating electrical current in the electrode system. Using
the &8bove equaticon it is possible to estimate the permissible
thickness of the layers of product, the depth at which x % of

the surface powsr is attenuated:
l = «d ln ( x/100 ) metres (6.12)

where, for a given frequency of the applied field, d and

therefore 1, are dependent on the moisture content.

8.5 Electrical Breakdown

Electrical discharges developed across & gas may have
useful applications, however here we are concerned with the
adverse effects of such phenomena and the need to keep field

strengths down to a value low enough to prevent them from
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occurring. This limitation has significant implications in so
far as the power déveloped’in the load is concerned. Damages to
the product, and also to the equipment, may ensue and discharges
-of any type must be avoided. The breakdown field strength of
clean, dry air under reasonable uniform field conditions and at
atmospheric pressure and low frequency is approximately 3,000
kV/m. The value is s&affected by pressure but here we are usually
concerned with pressures that are near atmospheric, it is also
affected by frequency. However the most significant effect as
far as dislectric drying is concerned is likély to be that
caused by non-homogeinities, i.e. dust and moisture droplets in‘
the environment and applicator and low électrioal resistance
pathts occuring for one reason or sanother in the bulk of the
material. It will be noted from the experiments (Chapter 8) that
breakdowns in the surrounding environment are likely to ocecur if
the field strength in the surrounding air exceeds 200 KV/m
(peak). This, therefore, is the maximum value adopted here. The
corresponding rms value is approximately 141 kV/m, this is less
than a tenth of the 1idealised figure gquoted sbove. The
approach used here was to estimate the field strendth in the
product for a particular value of power dissipation using eq
(6.4). This internal field strength was then related to the
"external field”, 1i.e. that in the surrounding medium which is

where the breakdown is 1likely to occur. Thse internal and
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external fields in and around an isolated sphere, cylinder or

slab are related by the expressions [14, 18, 151]:

ECe +2)/3  (sphere) o (6.13a)

Eatr =
Eair = E{e'+1)/2 {(cylinder) {(B.13b)
Eans1r = Ee’ (slab) . (6.13c)

In the above .relationships the value of e” has been
assuﬁed to be much lower than that of e’ as it invariably is in
practice. Using the models developed for e’ and e" in Chapter 8,
it can be shown that even 1in the worst case conditions, i.e.-
when the ratio e"/e” is at its maximum value, this approximation
will only cause an error of 5 ¥ which is much smaller than thap
invelved in measuring the dielectric constant and very much less
than that c¢aused by using the idealised relationships of eas

(6.13) in terms of a definite breskdown level.

Thus it is possible to express the maximum allowable
applied electric field in terms of the power employed, the
freguency, the volume of product in the drying zone and the
dielectric properties of the material. Substituting eg (5.4) 1in

eqgs (8.13),
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[Qd/(0.556E-10fe"v)]272(e +2)/3 (sphere) (B.14a)

Easr =
Eair = [Q@d/(0.556E~10fe"v)127/2(e " +1)/2 (cylinder) (6.14bh)
Eair = [Qd/(0.55BE-10fe"v)]1/72e" {(slzab) (B.14c)

6.6 Filling Factor

The filling factor is defined as the ratio of the volume of
naterial to the volume of the applicator. The density of the
material may be expressed 1in either of' two wéys, the bulk
density is the weight of the material filling a container
divided by the volume of that container. The alternative is to
consider the specific dengity, i.e. the ratio between the weight
and the volume of a single particle, in this c¢ase the voids
between particles are not taken into amccount and therefore the
shape of the particle becomes important. Assuming that the
particle is spherical and of radius "a" then the maximum Filling
factor in an applicator whose shape is a'rectangular cuboid is
the ratioc between a sphere of volume 4/39a® and a cube'of.
volume (2a)®, i.e. 9¥1/8 (assuming that "a" is small compared
with the dimensionz of the aspplicatoer). This implies that even

with applicators involving other shapes the error is negligible
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since a large applicator can.be taken to be the sum of very many
small cubes. Thus the maximum filling factor in bulk terms is
1.0 whilst, using specific density it is 9/6. Bulk density is
used throughout most of this report, since the dielectric and
other properties of the material were obtained from tests on
bulk samples rather than individusal particles. Hence the filling
fasctor can vary between 0 and 1. For the purposes of this_
analysis the cases of a full (FF=1.0) and a partly full (e.g.
particles moving in a rotating enclosure) (FF: 0.8) have been

considered.

6.7 Frequencies Used

Specific freguency bands are allocated for use in
industrial dielectric heating equipment, this is done in order
to avoid interference with communications and similar apparatus.
The frequencies concerned are not related to the dielectric
properties of the .particular material and therefore there is no
guarantee that optimum freguencies can be chosen for a
particular applicatien. In the past ~ the freguency bands
available have been centred on 6.78, 13L58, 27.12, 40.88, 434,
915 and 2,450 MHz although the wvalues §8.78, 40.68 and 434 MHz

have not normally been used since they are subject to local



222.

agreements, more recently the 815 MHz band has also been placed
in this category. In what follows several alternative systems
are analysed in terms of the most sappropriate frequency bands
although it is recognised that the majority of the commerciﬁl
high frequency Heating units manufactured today are operated at
either 27.12 (radiofrequency) or 2,450 {(microwave)} MHz. However
since the application involved here represents a potential new
market it has been considered important to assess the feasibilty

of all promising alternatives.

Both microwave and RF heating are based ‘on' the same
electromagnetic field phenomena and the effects are described by
the same parameters, i.e. dielectric constant and loss factor.
The main differences between them are the types of frequenc&
converter and the design of the applicator. The RF freguency
converter is ushally a8 valve oscillator whilst for microwave
heating it is normally a magnetron. The operation of the latter
is well described in a comprehensive paper by Stuchly & Stuchly
[153]. At RF frequencies the field can be contained within an
open electrode system and can therefore be described as a static

field [14] whereas at microwave frequencies the field propagdates

through space and must be contained within a metallic enclosure

if it is to be useful in the heating context. The two, RF and

microwave, are considered below.
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6.8 Hicrowave Applicators
6.8.1 Introduction

When the microwave electromagnetic field is established
within an empty applicator the spatial distribution of the
electric and magnetic components will be determined by the
frequency of the field and the geometry of the applicator. If
the latter is partially or entirely Ffilled with a dielectric

material then this will also affect the field distribution. The

power dissipated within the applicator is given by the

intedration of eq (6.1) and this will demand a certain amount of
energdy to be delivered from the source. Perfect matching of the
source-applicator-load combination implies that all the energy
from the source passes into the 1load and a 100 % heating
efficiency is obtained., This is not possible to achieve in
practice since psart of the incident radiation is reflected
depending on the dielectric properties of the material. Thus not
only is 100 X% efficiency 1likely to prove impossible but also
some means must be found of disposing of the surplus reflected .

energy which otherwise may damage the source or be transmitted
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to the environment,

The field patterns within the applicator are complex and
also dynamic¢ in nature. However they are not random since they
must satisfy the Haxwell equations at all points in gpace and
time. Assuming a sinusoidal excitation of the field then tﬁe
wave pattern can in general be expressed as the. sum of an
infinite number of single frequency waves or ”modesg. This large
number however is 1limited by the sability of the source to
produce such a range, by the sbility of the coupling system and

applicator to transfer them into the load and by the bapaoity of

the lead to absorb them. For any two sets of ‘source—applicafor

combinations having slightly different parameters there will be

different field distributions in each.

6.8.2 Waveguide Applicators

These are normally based on & single mecde corresponding to
one of the solutions of the Maxwell equations. For a given
combination there is, however, a fundamental freguency, the

cut-off frequency, below which no modes at all can propagate.

The modes are classified as follows (where the magnetic and

electric fields in each of the coordinates directions are
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denoted by Hx, Hy, He and " Eux, Ey,

Ez respectively), propagation being in the z-direction:

i TE nodes where Ez=0 and Ex, Ey, Hx,
Hy and Hz are not necessarily so. Thé
components of the electric field all lie on a direction
normal to that of propagation, i.e. the axis of the

waveguide. These are transverse electric modes.

ii) . TH modes where Hz=0 and Hx, Hy, Ex,
Ey and Ez are not necessarily so. The
components of the magnetic field all lie on a direction
normal to that of propagation, i.e. the axis of the

waveguide. Theze are transverse magnetic modes.

iii)y TEM modes where Eg = Hg = 0 and Ex, By,
Hx and Hy are not necessarily so. These are
transverse electromagnetic modes and do not exist in
rectangular waveguides but they can be present in cosxial

waveguides.

6.8.2.1 TEmn Bectangular Waveguide Fields

The fields in = rectanguiar waveguide operating in the TE
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mdde are shown in figure 86.1.
The cut-off constant is given by [8]:
ke = mRY12/82 + n2q2/h=z . (6.15a)
where m and n are integers, a and b are the dimensions of the
broad (x direction) and narrow (y direction) sides of the
waveguide respectively.

The phase constant is given by (ibid):

B = (pew2-Kke2)is2 (6.15b)

.and 1is positive for a forward travelling wave, e is the

permittivity of the medium in absclute .terms (which can be
approximated to eze ea if the dielectric materials of
‘interest are filling the waveguide), w 1s the fundamental
angular frequency of the field and u is the permeability of the
medium (equal to that of <vacuum for air and non-magnetic
wmaterials). The limiting condition for propagation occurs when

82=0 {9] hence the cut-off frequency is found from:

Wa = Ke/{ pe)is2 (8.15¢)
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Equations (6.15 a and <c¢) indicate that thél lowest cut-off
frequency occurs when n = 0, m = 1, i.e. the TEio mode.
This  mode implies that the Ex, Hy  and Ee
components are zero with the electric field having a maximdm at
¥ = a/2, hence the load should be placed at this point if the
naximum power dissipation is to be achieved. The presence of a
long load inside the waveguide gives rise to an attenuation of

" the wave in the direction of propagation.

6.8.2.2 IMmn Rectangular Waveguide Fields

THon fields have the form shown in figure ©6.2.
Equations (6.15) are also valid for | THwnn modes., In
figures 6.1 and 6.2 the electric field (continuous) lines are
shown, the intensity of this field is indicated by the closeness

with which these lines are packed together,

6.8.2.3 Circular Waveguides

Waveguides can alsoc be circular in shape and a large number

of TE, TM and TEM modes can be supported in such a geometry.



229,

The possibilities include c¢ircular pipes, coaxisl lines and
elliptical waveguides. The field patterns are again described by
mathematical expressions obtsined from the solution to Maxwell's

equations with appropriate boundary conditions.

The field patterns for TEmn and THmn modes in

circular waveguides are as shown in figures 6.3 and 8.4. From

figures 6.1-6.4 it will be noted that the higher the mode of
oscillation the more  high-field regions are produced. Theée
excessively high field regions may be useful in certain
applications in which, for example, filamentary loads are
feqﬁired to be heated but are likely to be less succesful in the
present context which is concerned with producing a uniform
field intensity over as large a volume as possible., There is the
obvious possibility of passing the product down several low-loss
tubes each centred on one of the high field regions but this
would add extra c¢osts and reguire moré space Lo obtain a
significant throughput, It would 8lsc present considerable
problems in moisture extraction éinee the tubes would need to be

perforated.

6.8.2.4 TE1n Rectangular Waveguide Convevor

Metaxas and Meredith [110] recommend a travelling
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waveguide applicstor for hesting laminar 1oads (e.g. paper){
which can be used with a conveyor belt, the latter running in a
pléne parallel to the shorter walls at x = a/2 (i.e. in the
region of wmaximum electric field strength), as shown in fFigure
6.5. The energy iz fed from the magnetron at one end of the
waveguide and the surplus passed to a dissipative load at the
othef. This arrangement allows for ventilation and, 1if a
perforated belt 1is wused, an effective through air flow in_the
granulated material can be achieved. Starting with the selection
of the "b" dimension (see figure) it is possible to use the .
reference which indicates that the width of the conveyor must
not excéed 3/8 of the free space wavelength if the TE1io
mode is to be maintained as the dominant field component in the
waveguide. Thus the greatest width possible (equivalent to b),
i.e. at the lowest available microwave frequency of 434 MHz, is
26 cm. In order to select the "a" dimension the folldwing

relationship [135] can be used:
1.2a ¢ ko < 1.8a

Where )o is the free space wavelength (= 3E8/f) in
metres, which means that +the TEio mode only is propagated.
If using the above relationship a is made equal to 0.4 metres

the bulk of the material would be at x = 20 ecm. Referring to
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figures 6.1 and 6.5 and considering now the penetration of
energy in the y direction, eq (6.12) can he used to estimate
the permissible thickness for a 90% energy penetration in wheat

. and maize.

Praduct d (metres) X 1 (metres)

M=12% w.b. M=24% w.b. % M=12% w.b. M=24% w.b.

- T i e T TEY B R MR R e e e o e L S W W hm e bw b L e TR s e e = me w —

Table 6.5 Penetration depth (d) and depth of product at
which x % of the dielectric power is absorbed

(13(£=450 MH=z).

Table 6.5 and figure 6.1 indicates that the electric field
changes direction along the saxis of the waveguide, thus the
width of the 1load on the conveyor belt c¢an be made 21
{approximately 8 cm). The maximum depth of the layer of material
on the conveyor 1is determined by the wvariation of the Ey
component along the x, 1.e. b direction. Ey is given by

[(8]:

Ey = j{-w m9/ako2)Hisin{(mIx/a)cos(nTy/ble-3B= (6.16)
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If the lead has a thickness of 6 cm it is found from eg

(6.186) that the (field intensity varies between Emax and 0.864

Emax across the thickness. When the latter field variation is
squared to give power figures it can be estimated that in a & om
thick bed of product the energy dissipation will net wvary in
more than 10 %. Hence the cross-section of thé layer is 9xB6=54
cm?. The electriec field is alseo attenuated along the length
of the waveguide (z-direction). The attenuation constant is

given by Marcuwitz {103]:

e = ( Thge” )/ do® nepers/metre (6.17a)
where 1 neper = 8.88 dB. Marcuwitz presents a method of
calculating Aa , the waveguide wavelength, for the
configuration of interest, 1i.e. a8 waveguide containing a

dielectric slab. The result is that l is close to 1 m
which, when Ksubstituted in the =&8bove relationship for das
together with the regressions for 2 ' wheat and
e"meaize derived from data presented by Nelson {122, 125}
Nelson and Stetson [127] and taking the sttenuation in dB per
unit length give the results shown in table 68.8. The efficiency

values do not include wall dissipation, the power transfer ratio

Pi/Po per unit length is calculated using [110]
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tge. = 10 logioc (Pi/Po) (6.17b)

where Pi is the input power to the waveguide and Po is the power

available per unit length.

( in 50 ecm )
(% w.b.) M=12% M=24% M=12% M=24% M=12% M=24% w.b.
Whesat 1.87 2.99 0.865 0.80 88.4 96.8

Haize 2.23 3.80 0.80 0.44 92.2 98.4

Table 6.6 Attenuation, power transfer and efficiency for
the TE1io0 rectangular waveguide conveyor

operating at 434 MH=z.

The limits on throughput imposed by the need to stay within
the electric field strength limits are shown in table 6.7. The
internsl electric field 1is calculated over the first 0.1 metre
of the waveguide length (i.e. where sapproximately 50%¥ of the
waveguide powér ig dissipated), the maximum power which can be
dissipated in the first 10 em of the waveguide before breakdown

occurs is obtained from eq (B8.14c¢c) taking the volume occupied by
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the materizl as 0.06x0.09x0.1 m® and an external‘ field of
141.kV/m at 434 MHz. The actual maximum power per 0.5 metre of
the waveguide is twice the wvalue - in the first 0.1 metre, very
little energy being available at lengths gdreater than. 0.5 m as
noted from the efficiency figures 1in table B6.6. The maximum
throughput is calculated using the allowable value of
Qdmax and eqs (8.7) and (6.8). The applicater would not
appear to be capable of processing the reqguired amount of

Product.

Eroduct ~ Odmes (KWY  Maximum Throughoul (m3/hd
(%w.b.) M=12% M=18% M=20% MH=247% M1=16% Ma1=20% H1=24%
Wheat 18 18 17 15 0.4 0.2 0.1

Maize 24 21 19 18 G.4 0.2 0.2
Table 6.7 Maximum throughputs for the TEio rectangular

waveguide conveyor limited by breakdown

considerations and operating at 434 MHz.
6.8.2.5 Circular Waveguide Applicators

In this construction the TEii1 mode is dominant [103]

and, as shown in figure 6.3, the electric field is highest, and
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relatively uniform, near the central axis. There iz, however, an
angular as well as s radial wvariation and also & gz-variation,
i.e. along the direction of propagation. If an appreciablse
quantity of product is to be proceséed under uniform conditions,
it would be necessary to move the product relative to the
cross-sectional components of the field, possibly by using an
agitator manufactured from low loss material, the whole works
being contained in an internal tube mounted along the axis. The
internsl tube could be perforated as to =allow air to be blown
through to assist. in moisture evaporation from the surface of
the product. The final construction would be very similar to
the system shown in figure 5.1, and thus part of the screw _
conveyor of &a cross-flow dryer could be substituted by'éuch:dn‘

applicator.

Hamid et al [889] proposed a sterilizer which might also be
used to dry granular materials (fig 6.68). The product is fed
from a hopper into the annular space between a double walled
circular waveguide and an inner 1low loss perforated tube as
shown in the figure. Both microwave energy and air are fed in
through the inner tube and the air is extracted through
perforations in the waveguide. The exhaust air is passed through
a heat exchanger and used to pre-heat the drying air to improve

the efficiency. The authors do not comment on heating uniformity
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and it may be that a screw conveyor such as that of figure 5.1
would be needed in order to obtain accéptable resulté. The
external radius of the  inner dielectric lcylindér in the

equipment proposed was 3.55 cm and that of the wavaguide was

5.89 cm,

Figure 8.3 (TE11 dominant mode) and eq (6.1) show .that
the Poynting vector is always directed to the axis of the
waveguide, therefore the penetfation depth of the radiation is.
critical along the length. The values of penetration depth and
losd thickness (i.e. that in which 90% of the power is

dissipated) are given in table 6.8 for a frequency of 2,500 MHz.

Broduct d {(metres) l (metres)

M=12 % w.b., M=24 % w.b. =12 % w.b. M=24 % w.b.

S s s T e G S WL e A S el A e e M e e L S AR W o hr e W e o MR S e e e . T A e e in Sk i e v iy .

Wheat .12 G.06 c.01 0.01

Maize D.12 0.08 0.01 0.01
Table 6.3 Penetration depth (d) and depth of product at
which 80% of the dielectric power is absorbed

(1(f=2,500 MHz).

The attenuation constant can be obtained by using the
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informaﬁion given by Marcuwitz [103] for a circular waveguide
with dielectric filling although the relative dimensions of the
cylinders in this c¢ase are in the ratio 2:1. If the applicator
dimensions are approximated to 10 c¢m and 5 cm the values shown

in table 8.9 are obtained. These values &are affected by the

dielectric properties, the cylinder ‘dimensions and the
frequency.

Waveguide Y Efficiency
Broduct Wavelenght (m)} (dB/10 cm) . Po/Pi(l10 cm) (per 0.3 m)
(M, %w.b.) 12% 24% 12% 24% 12% 24% 12% 24%
Whest 0.08 G.07 3.64 8.52 0.43 0.14 92.0 88.7
Maize 0.08 0©.07 3.64 6.37 0.43 0.23 gz2.80 98.8

Tsble 6.8 Attenuation, power transfer asnd efficiency for a
TEi11 dominant mode circular waveguide screw

conveyor operating at 2,450 MHz.

Table 6.9 indicates that most of the power is absorbed in the
first 10 ecm. The 1limit on throughput, imposed by the possibility
of electrical breakdown, are given in table 6.10, The external
field is calculated for the first 10 cm of the waveguide where

between 57 and 868 % of the power input is dissipated. A £illing
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factor of FF=0.8 in the space between the concentric cylinders
iz assumed which gives a total volume of material over the first
10 em as 0.00141 m3, The maximum power ig found using eq

(6.14¢c) at 2,450 MHz

Qdmax = (€"/e’2) 5,373 kW

and the maximum throughput from egs (6.7) and (8.8).

Assuming an effective flow cross section of 0.0141 n2
the throughput speed required to vield 4 n3/h would be
approximately 284 m/h (4.7 m/min) which jg feasible for a screw
conveyor. One such dryer could be fitted on each side of the
crossflow dryer, the total. output would thus be doubled. It
should be noted however that due to substantial attenuation of
the radiation in the waveguide it would not be possibkle to .
achieve the required residence time for drying in one pass

through the applicator (see table 6.4)
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Product = Qdmaex (k¥) Maximum Throughput (m3/h)
M=12% M=18% M=20% M=24% Mi=18% M31=20% M1=24%

ARt e M et v e b o Ak M e e M e ey e ey ony e M P Mt Ly W WA A i e M A RL e e AT R ALl Al e e YRS TWE mm T EE e e e e e

Wheat 213 254 283 203 3.9 2.4 1.7
8

Haize 387.77 318,64 302.63 310.47 2.

Table 6,10 Maximum throughputs for a TEii1 dominant mode
circular waveguide screw conveyor limited by
breakdown considerations and opersting at 2,450

MH=z.

K.C.Gupta [58] has suggested a method of increasing the
field uniformity, involving the insertion of an annular cylinder
made from low-loss dielectric between the waveguide walls and
the lossy load as shown in figure B.7. In this case the
central tube containg the load is 8.5 cm diameter, the annular
dielectric layer being 0.34 em thick. According to Gupta this
thickness is critical. The product flows through the centre of
the waveguide as opposed to the arrangement due to Hamid where
it passes betwesen the c¢ylinders. The product could, if required,
be enclosed in a second low loss tube so0o avoiding contact
between it and the dielectric insertion. The outer dielectric
layer is likely to be 8 good thermal insulator but it must have

2 high dielectric constant as compared with that of the product,
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very little power would be dissipated within it and the
efficiency will be high. Gupta has produced two estimates for
the power distribution in the equipment which is designed to
operate at 2,450 MHz. The first involves air as the load, i.e.
the waveguide ig empty aspart from the low less internal laver
made from polystyrene with e’ = 2.5. In the second case the
guide contained frozen beef (e"=4) with an alumina (e’'=9)
dielectric layer. 1In the first case the power variation along
the inner dielectric radius, 1i.e. the load, was 2 % as compared
with 8 # in the second. The attenuation in the waveguide can be
estimated from data available in Marcuwitz and is shown in table
6.11 together with the waveguide efficiency neglecting wall
losses. It has been assumed that, in general, the.ratio of the
dielectric constant of the =annulsr layer to that of the
agricultural products is 2.5. Hence, using the corresponding e’
models it is found that the dielectric constant of the required
annular c¢ylinder is approximately 8.0. The actual values in
tables 6.11 and 6.12 are not quoted because Marcuwitz does not
provide data when the ratio between the radii of these cylinders
is so small, i.e. when a thin insulating 1éyer is .used.
Nevertheless the trends indicate that the true values will be

either smaller (<) or larger (>) than those shown.
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Waveguide da Waveguide Efficiency ‘
Eroduct  Wavelength(m) (dB/10 cm) Pos/Pi(10 em) (per 0.3 m)
(% w.b.) M=12% M=24% M=12% M=24% HK=12% M=24% M=12% M=24% ‘

e e e W e G A AR e MR AR R e e e ek b e e el L Ly g e o o e mar v e T S mm e T T e e ke ima A e i SR e e e e e e =

Wheat >0.05 »>0.086 >2.28 »10.92 <0.59 <0.08 >79.5 »98.9 !

Maize >0.04 >»0.08 >1.82 > 5.48 <0.88 <0.28 »71.3 »97.8 ‘

Table 6,11 Attenuation, power transfer and efficiency for a

TE11 dominant mode circular waveguide pipe

operating at 2,450 HH=z.

Gupta's estimates of the power uniformity suggest that an
internal agitator would not be required to moving the product in
the spplicator. The +throughput 1limitation imposed by breakdown ‘
considerations is shown in table 6.12, a filling factor of FF =
i.O has been assumed implying that a 10 cm 1ength (where more
than one third of the power input is dissipated) inqludes a
;olﬁme” of 0200089 m3, Using eq (6.14¢) the maximum

allowable power limit in the waveguide is

Qdmex < (e"/e’2) 2,984 kW




245,

Product Qdmesx (kW) Maximum throughput (m3®/h)
(%w.b.) M=12%  M=16% MH=20% M=24% M1=168% M1=20% M1=24%
Wheat <118 <141 <157 <188 <2.2 <1.3 <0.8
Maize <108 < 89 < 84 ¢ 88 <1.8 <1.0 <0.7

Iable 6.12 Maximum throughputs for a TE1i1 dominant
mode circular waveguide pipe limited by

breakdown considerations and operating at 2,450 MHz.

This type of applicator could be arranged vertically, i.e.
attached to ﬁhe side of the vertical dryer, and operated in
conjunction with the bulk elevator. AAgain, the required
residence time of the particle in the applicator implies that a
multipass arrangement would be needed to give the necessary

drying rate.
8.'8'3 Resonant Applicators
6.8.3.1 Intraoduction
The main difference between resonant applicators and

waveguide systems is the “static" ag opposed to the

propagating, electromagnetic field pattern in the former which
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is produced by multiple reflections at the cavity walls. The
field distribution within the resonent applicator is difficult
to predict, however if the characteristics of the 1load do not
change during the heating cycle, the field pattern is constant
in time unlike the waveguide systems where the field
propagates. The field within the resonant cavity is highly
non-uniform, the non-uniformity being more pronounced when the
cavity is such that few oscillatory modes are sustained. A
more uniform distribution is obtained when several modes are
present since the field patterns due to esch combine. Single
mode cavities can be used to produce high heating rates in the
load provided that the shape of the latter is such that it can
be placed within the high field region, If uniform heating is
required in a multimode cavity, then the 1load in the cavity
must be moved relative to the field, by using a “"mode stirrer”
(which is similar to a rotating fan) which presents a variable
reflective surface to the waves entering the cavity, a
rotating antenna or by using several sources feeding into the
cavity at different points. Kashyap and Wyslouzil [81] propose
several methods for improviﬁg the field distribution in
multimoede cavities, some of these produce reasonable good
results but, in general, this type of applicator always

suffers from the drawback of non-uniformity.
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Maxwell s equations must be satisfied at all points
within the cavity and at the boundary surfaces. The resultant
field distribution is the sum of all the incident and

reflected waves produced by the different oscillatory modes.

Resonant applicators c¢an be used in either batch or
continuous processes. Heat dissipation in a material composed

of = large number of small particles depends on the

uniformity, or otherwise, of the physical properties of the
particles as well as on the field distribution. The particles
can be considered identical, at least to a first
approximation, but the assumption of electric field uniformity
is likely to lead to error. Since the particles are small the
internal field within each can be regarded as uniform since
the penetration depth of the energy is large compared to the
dimensions of an s&average particle. In a continuous process
the field can vary in a direction along the direction of"
movement without necessarily detracting from the uniformity of
drying although wvariations in the plane perpendicular to this
direction are likely to cause problems. In batch processes the
product should be moved in all directions if uniformity is to
be achieved, i.e. 8 fluidized or tumbled system should be

established in order for 2all particles to be exposed to
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similar field patterns.

The resonant freqﬁency is a characteristic of a
particular oscillatory system, ideally it does not depend on
any energy absorbing components in the systen, their‘effect is
to decrease the amplitude of the resonant peaks. The
"sharpness"” of the resonant peak is expressed in terms of the
Q@ factor, one definition of which is the ratioc of the resonant
frequency to the bandwidth corresponding to the frequencies at
which the stored energy in the system 1is half of the totsal
possible. An alternative definition is the ratio of the stored
energy at resonance in the system to the rate of energy
dissipation 1in the system. In the general multimode case a
large number of resonant oscillations are -produced each
corresponding to a particular resonant frequency and @ factor,
The load is the energy dissipative component in the system and
its introduction into the cavity causes a decrease in the Q

factors of all the modes within the cavity.

Since the @ factor is proportional to the ratio of the
energy stored to the energy dissipated in the cavity, the
ideal situation for achieving high energy efficiency 1is to
design for high @ factor values when the cavity is empty and

low @ values when the load is inserted. It will be noted below
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that the first requirement can be met by using high
conductivity materials and snsuring that low rescnance
frequencies are not established within the cavity. The loaded
@ however is iargely dependent on the properties of the

material which change during the process.
6.8.3.2 Multimode Regonant Applicators

These are designed to produce a8 large number of resonant
modes saround a particular mean frequency. The electric field
distribution, and consequently the heating effect, is improved
as the number of modes is increased. The full theoretical
analysis of these systems is very complex, hence designs are
largely based on empiricism. However a simplified analysis is‘
given below which serves to illustrate the gdeneral trend.
Considering a TEini mode in a rectangular cavity (the last
subscript indicates the number of variations of the resulting
field in the z-direction, i.e. 1 in this case), Atwater [8]

gives the following expression for the resonant frequency:
Wr = [1/(ue)is2](1l/a® + 1/d2)1/2 (6.18s8)

The field patterns are illustrated, in figures 6.8 and 6.8. The

E-field has only a component in the y-direction snd is greatest
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at the centre of the x-z plane, the magnetic fleld has two
components, | Hx and He, this mode is based in the

TE;o waveguide mode.
In genersal d is given by [60]:
d = prg/2 | : (8.18b5
Alte:natively, for ﬁhe TEiul mode, (ibid);
d = Ar/{2[1-(Ar/2a)2]1/2} - (6.18c)
Ar is the resonant wavelength. In the general case for a

cavity of dimensions a, b and d the resonant frequency 1is

obtained from [8]:
WRmnp = [1/Cue)1/2](m2/a2 + n2/b2 + p2/d2)i/2 (6.18d)

where m,n and p are integers. Thus the lowest resonant frequency
is that corresponding to the TEi01 mode but higher'
frequencies are desirable since these reduce the possibility of
breakdown and the wall losses (so increasing the unloaded @

factor).
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Circular cross-section cavities are also possible, the
sinplest mode is the TMoio, this is discussed below in the
section on single mode resonators. The characteristical
dimensions and field patterns are shoﬁn in_figures 6.8 and 6.10,
they are similar to those established in rectangular TEio:

cavities. The resonant wavelength is [80]:
‘x = 2.681 a (6.19)

where a is the radius. The length, d, of the cavity is arbitrary

to a certain extent, as will be seen in the next section.

As explained earlier, the Q@ factor is one of the most
important parameters, a reasonable approximation [18] to this

QUantity (unloaded) is
Qo = VW (ASa) (8.20)

where V is the volume of the empty cavity (m3), A is the
- wall area (m2) and S is the skin depth {metre) of the
induced currents in the walls. The latter is dependant on the
properties of the- wall material and on the frequency, it
decreases (and the unloaded Q@ factor increases) as the fregquency

and/or the conductivity increases. The unloaded @ factor of a
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cavity operating in thé TEioix1 mode and rectangular in shape

is given by [B0]:
Bo = [T(Hoee€a)2/22b(a2+d2)2/2]/{4Ra(ad(a2+d2)+2b(a3+d2)]} (6.21)
where Ra 1s the surface resistivity of the walls.

The unloaded Q@ factor of the THoio mode circular

cavity is [80]:

.- . Qo = (a8/8s)/(1+a/d) (8.22)
Metaxas _and Meredith [110] have devised a simplified

expression for the § factor of a cavity containing a spherical

load. They assumed that the load occupied a significant portion

of the cavity and that wall losses were negligible, the

following were alsc assumed

i) The microwave energy was fully absorbed by the load.

ii) The load dimensions were equal to, or greater than, the

the free space wavelength within the material.

iii) The external and internal fields were uniform and related



254.

to each other by the dielectric constant of the load as

expressed by eq (8.13a).

These conditions could be considered to be satisfied in the
applications of interest here if a large number of small
particles are being agitated in a rotary cavity or the hbulk of
the material is passed through & cavity fed from several
gources, i.e. all the particles experience a similar heating
effect provided that the penetration depth of the radiation is
large enough as compared to the thickness of the product. The

resultant @ (loaded) is given by
Gr. = (e’ /e")[1+(e"+232(1~-FF)/(8e ' FF)1] {6.23)
where FF is the filling factor.

Thus, in order to obtain a low loaded Q, the filling factor
must approach unity. This has disadvantages however, there is
for example, the problem of penetration depth which requires
that only a small amount of material should be placed in the
cavity if heating uniformity is to be mantained., This effect has
been noted by Wear [166] when drying grain in a cylindrical
cavity. It must be remembered that ventilation is necessary and

hence the c¢avity cannot be completely full of material.
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Nevertheless, as noted below, when much lower Ffrequencies " are
used, i.e. in RF applications, it 1is possgible to retain the
material between two electrodes in which an unity filiing factor

can be obtained.

There are four multimode resonant cavity technigues which

might be considered for this particular applicaticn:

i) Rotating cavity partially filled with materisl

ii) Multimode conveyor

111) Pneumatic or fluidised bed systems

iv) Moving bed drying systems.

Alternatives (i) and (iii) are very similar as also are (ii) and
(iv). The first two only will be considered here since it is
considered that the results are equally applicaeble to the other
two, the latter are however briefly commented on latef. The
rotating cavity is appropriate for batch processing wheress the
multimode conveyor 1is essentially a continuous hegting system
using a perforated low-~loss conveyor belt to allow ventilation.

In the case of the rotating cavity an air extractor fan, to
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remove the moisture, c¢ould be located on the axis of the
rotating cavity opposite to the microwave source and air inlet.
The drying air would enter through a slot in the waveguiae which

feeds the power into the cavity.

Figure 8.11 shows the conveyor system. Since the power
feed is at the top of the cavity and the conveyor belt is full
of material there is little reflection from the bottom, i.e. the
inferior walls of the cavity. The permissible depth of product,
cbtained from tables 6.5 and 6.8, ranges from 1 cm at 2,450 HHz
to about 8 cms at 434 MHz. The allowable width of the bed of
product at 2,450 MHz is very small and microwave sources are not
generally available at 434 MHz which is no longer a standard
frequency for power applications. The figures for the
penetration depth and =allowable bed depths at 1,000 MHz are
presented in table 8.13 from which it is noted +that a 3 cm
product layer is appropriate for obtaining a high degree of
heating uniformity. No problems of non-uniformity are
anticipated with the rotating cavity at higher frequencies since
the incident radistion reacts with each of the small particles

and total penetration would be achieved.
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Figure 6.11 Resonant Conveyor[Gl].

A 2

Figure 6.12 Commertial 60 kW microwave conveyor for

crop processing (after Magnetronics, UK).
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Product e’ [~ d (meﬁraﬁj 1 {(metres)
(% w.b.) 12% 247% 12% 24% 12% 24% 12% 24%
Wheat 2,75 3.7%5 0.27 0.50 0.23 G.18 0.02 0.02
Maize 2.77 4.17 0.22 0.35 0.35 0.28 0.04 0.03

Table 6,13 Penetration depth (d) and depth of product at
which 80% of the dielectric power is absorbed (l)

(f=1,000 MHz).

The cavity dimensions which give the TEipi mode at a
frequency of 915 MHz can be determined from eq (6.18a), once
one of the dimensions is established. If 8=2 m then the length
of the cavity calculated from eq (8.18a) is d = 0.17 m which is
obviously wvery small for practical purposes. This dimension can
only be increased by using lower frequencies and a smaller "a"
dimenéion. Putting a = 1 m and considering f = 188 MHz for the
lowest resonant frequency then d = 2 m, this value increases to
d = 4 when a minimum frequency of 185 MHz is accepted, and so
on. The height b, is not relevaﬁt in the case of the TEioa
mode since there is no electromagnetic field variation in this
direction although it is, of course, important if other modes

are established in the cavity. In sny event the height should

not be too large relative to the depth of product since this’
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reduces the filling factor and hence results in a larger 9 of

the loaded cavity and alszso greater wall losses,

From Metaxas and Meredith [1101 the maximum overall

efficiency (mains to load) can be estimated asz:
n = Ng Ne(1-Qr/@a) | (6.24)

where TNg 1is the efficiency of the microwave source and
Ne 1s the transmission efficiency from the magnetron to the
cavity, i.e. the connecting waveguide. It 'is assumed that
optinmum matching has been achieved. HNote that n can be
calculated for given values of neg and ne when the
values for Qo (eaqs (B.21)Y or (8.22)) and QL -(eq

({8.23)) are substituted in eq (65.24).

Table 6.14 indicates the limitations in throughput of the
multimode conveyor when operated at 915 MHz, the product volume
has been taken as 1x0.03x4 w3, the corresponding power

relationship is found from eq (8.1l4c),

Qdmax = (&"/e’2) 122E3 kW
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Product Qdmaex (kW) (in 4 m) Maximum throughput (m3/h)
(% w.b.) M=12% M=z16% M=20% M=24% Mi1i=16% M31=20% M1=24%
Whesat 4,410 4,644 4,574 4,407 82 50 35

Haize 3,615 3,350 2,814 2,313 51 32 18

Table 6.14 HMaximum throughputs for a rectangular
multimode convevor limited by breakdown

coniderations and operating at 915 MH=z.

The results in the table assume no variation in the field
intensity along the length of the dryer, this is justified if a
number of sources plus mode stirrers feeding into the cavity at

different points along its length are considered.

The actual dimensional constraints for an . increased
throughput sare less dependent on the limitations imposed by the
cavity than on the space available within the plant since, by
varying the speed of the conveyvor, large guantities of material
will pass through the drying zone. Nevertheless, too fast a speed
of the conveyor will require long drying sections or multipass
systems. Consider for example the case in which the coenveyor

speed is such &g to mantain the throughput at 4 m3/h. The

product would need to be passed through a cross sectional ares
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of 1 x 0.03 m2 which implies a speed of 2.22 m/min. The
time which a g€iven portion of the materiasl spends in the drying
zone is the ratio of the dryer length to the conveyor speed,
i.e. 4/2.22 = 1.8 min, which is not enough to complete the
drying operation as shown in table 6.4. It is evident that if
recirculation is not used this would require very larde dryers
geven when the 1initial moisture content is low (see table §.4),
therefore a multipass system would need to be provided for all

those products,

A rotary multimode cavity woﬁld operate in a similar
fashion to a guardicla dryer. The product would be loaded into
the cavity and microwave power applied until the required
conditions Wwere achieved. = Considering the same minimal
oscillatory modes as above, 1i.e. 155 MHz for a 4 m long
conveyor, the cavity dimensions, and the filling factor would
need to be chosen to give the reguired throughput and drying
time. The cavity radius can be estimated from eg (6.19) as
0.742 m, If a length of 2 m with a filling factor of 0.6 is
taken then a 4 m3/h, throughput is achieved with a Jdrying
time of 31.1 min whiqh may be satisfactory for all of the
products in table 6.4 if the initial moisture content level
approached the 20 % w.b. mark. The throughput limitation can be

estimated taking the materisl wvolume as Tx0.7422x0.8 =
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2.075 m3 and considering an input field at 2,450 MHz and

using eq (6.13a),
Qdmex = 5.BEB e"/(e'+2)2 k¥

from which it is noted  that breakdown limitations are not
gsignificant, the throughput is limited by quality and

dimensional considerations,

Batch and continuous multimode would both appear to be
feasible for drying the above products although both would

require some modifications to the drying plant.

The installation of a 60 kW conveyof unit for crop
heating, i.e. sterilising,.pasteurising, etc. has been reported
recently by Heredith [106] as shown in figure 6.12. This unit is
said to be capable of processing between 1 and 2 ton/h of
relatively dry product through a tempersature rise from ambient
to 80-110 C. These throughput levels correspond to something
between 1-2 m3/h of maize or wheat heating, and mnuch less
if the energy requirements for drying are taken inte account.
The floor space reguirements are not small (it is reported that
the total 1length of the unit will exceed 10 meters), these

excessive lengths may be due to the Ffact that the unit has a
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single 60 kW magnetron (which would causze the field to be
coneentrated in a section of the length) and also due toc other

cperations carried out in the product.

An Australian company has recently claimed to have produced
the world's first multimode microwave dryer, commissioned 1in
June 1888 [117]. The demonstration model is 15 m long, 2.3 m
wide and 2.3 m high, and uses & 1.5 m wide convevor belt. It is
powered by 64 magnetrons giving a maximum capacity of 400 k¥.
This wunit has been used for drying.agricultural products and

mineral materials such as ssand, coal and clay.

5.8.3.3 Single Mode Resonant Applicators

Many types of single mode resonant applicators are
possible. The only one studied here is the TMoio circular
cavity shown in figure 8.13. The filling factor of such cavities
is inherently small and they are not suitable for processing
large diameter loads since this results in large dimensions
and high loaded Q factors. Thus if large quantities of material
are to be processed then large dimension cavities would be
needed so increasing the cost. Hetaxas [108, 1039] has examined

the THMoio circular cavity thoroughly. As noted before the
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field strength is 8 maximum at the centre and falls to zero at
the walls. The field is symmetrical in the radial direction and
does not change with the angle. The energy is launched into the
cavity via a TEip rectangulasr waveguide, The diamater' of
the tube must be very small compared with that of the cavity if
uniform heating is to be achieved. The work carried out by
HMetaxas did not involve dismeters that would be required for
this application but the theory is applicable to the heat
treatment of two coaxial dielectrics and results in a
conditional equation for resonance in which both sides are
dependent on the radii of the two cylinders, their
permittivities and the frequency. The results are plotted in
figure 6.14. Although the cavity length may be chosen to fit the
application, it does have an influence on the Q factor, the
latter increasing as the length is increased as can be inferred.
from eq (8.22). This would help in enhancing the efficiency of
the cavity, but it would produce a sharper resonance and
therefore a small load radius is required to obtain sascceptable
heating uniformity in the material. There is nc point in ﬁsing a
long cavity when the attenustion of +the field salong it is
significant. In the following analysis it is assumed that the
length is 0.2 m. The minimum radius of the internal tube depends
on throughput considerations and can be calculated by assuming

that the product falls freely through the tube, i.e. it achieves
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a maximum velocity equal to
(2gh)1r2

where h is the distance bsiween the top of the elevator and the
cavity. If the 1latter is mounted 2 m below the top of the
elevator then the minimum radius for achieving a 4 m3/h
throughput is r=(1.1E~-3)/[9(2x9,.8x2)1r2]2/2=-(0,75 cm
(1.1E-3 m?/sec is equivalent to 4 wm3/h). It would not
be realistic to envisage an adequate flow of most of the
products of interest through a tube less than 1.5 ¢m in

diameter.

Since moisture needs to be extracted from the internal
tube, air would have ¢to be used as the external coaxigl
dielectric {ea’'=1). When air is chosen as the outer

dielectric the values of y (fig 6.14) become
y = 21fr/c (6.25)

'Reference to figure ©6.14 indicates that as the dielectric
constant of the product <(ew’') increases the value of vy
decreases and therefore a lower value of the radius r needs to

be adopted. Hence taking the large value of 4 for maize at 2,450
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MHz with an external to | internal radius ratio (Rd/Rw)
of 20, we obtain (fig 6.14) vy = 0.12 which, when substituted in
eq (8.25) for f = 2,450 MHz gives r = 0.23 cm, which i3 not
enough to allow the product to flow of te obtain an acceptable
throughput. If the fregquency is reduced to 915 MHz the value of
r becomes approximately 0,82 cm and 1.32 cm at 430 MHz. However
the wuse of low fregquencies has the disadvantage of lower

efficiency and a reduction in the ratio of the radii implies a

greater variation of the power density across the load tube, .

although this should not be too important since the material

would pass through the applicator several times. The minimum
acceptable value of this ratio is difficult to determine since
it is affected by the particular heat and mass transfer
developed in each material. The average used by Metaxas when
heating filamentary loads was around 15. Based on the
diélectric properties of the materials at 1,060 MHz and
considering fig (6.14) and eq (86.25) it is found that at 815 HH=
the internal radius required is 0.8 cm with a cavity radius of
12 em. The length would be ss assumed before, 0.2 m, which is
in accordance with Metaxas who uses a value which ig a little
less than the cavity diameter. The maximum power, limited by

breakdown considerations, ig estimated from eq (86.14b), i.e.

Qdmax = e"/(e '+1)2 41 k¥
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The limits in throughput are shown in tsble 6£.15 from which
it is clear that this eylidrical cavity is unsuitable for the

application concerned.

ExQdgcih__Qdmnx_LhHl_Lian*Zm)ﬁ"_“__ﬂﬁximum_LhngughQuLLmEth
(% w.b.) M=12% M=16% H=20% M=24X% Mi=16% Mi=20% M1=24%

Wheat G.8 0.8 0.9 0.9 15E-3 9E-3 BE-3
Maize 0.7 G.7 0.6 0.5 13E-3 7E-3 - 4E-3

Table B.15 Maximum throughputs for a THoio cylidrical
cavity limited by breskdown considerations and

operating at 915 MH=z.

8.9.1 Introduction

There is relatively 1little informaticon in the literature
directly related to RF heating as compared to, for example,
microwave hesating. What is available is mainly concerned with
wood and plastic joining processes land, more recently, with
paper and textile drying. Most of the work reported relies

mainly on empirical design techniques although progress has been
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made at the Electricity Council Research Centre (UK) in the
modelling of dielectric heating processes and in the design of
egquipment for laminar materials 'as well as the measurement of
the relevant properties of the materials concerned. In addition
to this, mocurces such as Brown et al [21] discuss the field

patterns obtained by using particular electrode systenms.

Lower frequencies result in more uniform field_.

distributions, though RF systems alsoc require higher field
strengths for an equivalent power dissipation and electrical
breakdown msay become a problem. The most usual fr;quency is
27.12 MHz, although 13.56 MHz 1is salso in wuse. Huch lower
frequencies have been used in the past for RF heating purposss,
and higher fréquencies were also popular (e.g. around 40 MHz).
Uniform field distributions over much larger volumes are
possible with RF and this effect is enhanced as the frequency is

reduced .

A potentially gericus problem which ecan oceur with RF is
with the voltage standing waves which can be set up in the
applicator. The distance between peaks decreases as the
frequency increases and at RF it is a fraction.of‘a metre. The
effect is increased if a dielectric other than air exists

betwesn the electrodes. If this dielectric has a relative
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permittivity of e then if s voltage Vo is applied at one
end of the system the voltage at a distance "x" from the source

is [14):
Vx = Vo/[cos2T(el’2x/)o)] (6.28)

Eq (6.28) applies for a transmission line, but similar
results can be obtained in rod and plates systems. The effect is
therefore influenced by the moisture content of the product and
by the frequency. Table 6.16 shows the value of x (in cms) if

the voltage variation is limited to 5 ¥%.

Product x(em)(13.56 MHz) x{cm)(27.12 MHz) x(em)(40 MHz)

(%w.b.) 12 21 30 39 48 12 21 30 39 48 12 21 30 39 48
Wheat BS 55 47 35 28 25 25 20 17
Haize 58 50 45 30 28 23 22 18 18
Rice 64 55 48 33 29 25 23 20 17
Coffee 64 55 48 35 30 26 23 20 25 21 18 18 14
Soya B5 53 44 ' 35 28 23 24 20 18 14 12

Table B8.16 Distance at which the variation between
applied voltage (Vo) and terminal voltage

(Vx) is 5% in an open electrode system.
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These dimensions are small for practical drying
applications.. However if the electrodes are fed at different
points, for example, at the centre, i.e. at %/2 and agasin at x/4
and 3x/4, the length which can bé used is, in effect,
gquadrupled. These feeds should all be the same length and also

be as short as possible.

The relationship between the losd and the generator in RF
systems 1is important since the two must be tuned to obtain
maximum performance. The system contains equivalent resistances,
inductances and capacitances which, at the high frequencies

used, have distributed characteristics.

Consider an effective voltage V in a radioffequency
applicator in which a constant interelectrode Separation d’ is
maintained. The equivalent of this system is shown in figure
8.15, the total current I can be separated into two components:
fr (which acéounts for the energy dissipated as heat
in the material) and I., & purely reactive current which
circulates through the system. The energy dissipated per unit

time is given by

fe

Qd V Ir W (6.27)
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Figure 6.15 Equivalent circuit and phasor

diagram of a loaded parallel
electrode RF system.
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tgd is the ratio of the magnitudes of the resistive and reactive

components of the total current, i.e.

I»r = Ictg$ _ ' (8.28)
The magnitude of the reactive current is,

I. = VwCpL | (6.29)

where CL is the effective capacitance obtained when a

material with dielectric constant e is inserted, i.e.
CL = goe’(v/d " )(1/d") (6.30)

and v is the volume of the material. When eaqs (6.28) to (8.30)

are substituted in eq (6.27) we have,
Qd = (V/d’ )2wece vtgd ' (6.31)
which reverts to eq (8.4) if we define an effective internal

field strength in the bulk of material, E = V/d', and if e’ tg$

is gsubstituted by e".
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The reactive power (i.e. that which is not converted into

heat) is given by

Qroactive = V2y CL (8328.)

Substituting eq (6.30) in (6.32a) yields

Qraactiva = v weage 'E2 . (832b)

The quality factor of the loaded RF system can be
expressed as the ratio of the two gquantities in eqs (8.32b) and

(6.31),

Qu = e’ /e" = 1/tgé T (8.33)

Eq (6.23) tends to the above relationship when the filling
factor approaches unity, as expected. Qi is the load @Q
factor, since the load fills the entire volume available in the
applicator, although in practice the electrodes and connections
will have &an effect on Qn which has not been considered
above. Alternatively, the loaded § factor can be defined as the
ratio between .the reactive power in €3, =and the rezl, or

active power in Ri (see figure 6.15), which yvields



275.

"

QL (V2wCvr)/(V2/RL) (6.348)

QL

wCLRL 7 (8.34b)

Thus the quality factor of a given loaded RF spplicator is
directly related to the ratio between Ie and Ir, 1i.e.
the reactive current required per uhit of resistive current, the
iatter is responsible for the production of the required heat in
the material. Hence when the material is placed in the RF system
it should draw és much resistive current as possible as compared
to the reactive component (i.e. a low loaded Q factor). This
clearly means that the efficiency of the aspplicator is improved
since less "unproductive"” current is involved and therefore
lower energy losses are produced in the RF feed lines and
connections, Alternatively, smaller feeders and ancillary
equipment are required to handle the same amount of useful, i.e.

active power.

In the above the applicator and load stage has been
discussed, in general the complete system consists of an RF
oscillstor, a coupling circuit, the applicator and the load to
be heated. A short discussion of the RF system follows below.
This refers to tank c¢ircuit resonators, which s&sre the most

commonly used type of construction, other systems are described
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elsewhere (mee for example ([43]1). The oscillator is supplied
with a DC wvoltage usually obtained by transformation and
rectification (see figure B,18). The system is cbmposed by the
rectification section which feeds the wvalve(s) &and the tank
circuit, the latter is a resonating L-C circuit in which the RF

oscillations are produced. The resonant frequency is:
WwR = 1/(LrCr)is2

where Cr and Lt are the equivalent capacitance and
inductance of the tank circuit. For resonance to be maintained
at wr the tofal impe@gnce across terminals 1-2 should
remain resistive, i,e. the current drawn from these terminals
should be in phase with the a.c. voltage Vs (figure 6.16),
Figure B.15 indicates that if a direct connection is made from
the oscillator terminals to the welectrode system the resctive
component Cr “takes the system out of rescnance. In praetiée

the resonant frequency is determined by the combined effect of

all the inductances and the capacitances in the system connected .

to the oscillator terminals., This frequency must remain stable
under loading conditions and the design should be such that the
energy efficiency is as high as possible. The source can be
matched to the 1load by adjusting the parameters of the coupl;ng

circuit, and varying them during the operating cycle |if
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Figure 6.16 Diagram of RF Power Generator.
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necessary, the amount of adjustment being determined by the
extent to which the wvariation of the parameters of the load
affect the desired resonance. The RF power can be fed directly
into the applicator, such an arrangement is a simple solution
when the parameters of the load do not vary apbreciably during
the heating cycle or if the change produced in the resonant
frequency can be tolerated. In practice the frequency shift
can be minimized by using a large tank capacitor Cr
compared with the dielectric load capacitance. The applicator
efficiency is affected by the term (1-Qn/da) where.
Qo, the unloaded @ factor, is determined by the applicator
arrangement and the materisal fromrwhich it is constructed, it

can be written as:

Qe = WwrCoRo (835)
where WR is the resonant frequency. Co and Ra
are, respectively, the capacitance and resistance of the

unleoaded applicator system.

In addition to the above, the efficiency of the total
system will be affected ‘by the 1losses in the tank circuit and
the electrodes and by the currents circulating in the low

frequency part of the equipment. If high values of Cr and
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Co are used to obtain a better frequency stability and a
large Qo (see eq (8.35)) and thus attain a higher
efficiency, then the resulting RF current will increase due to
the lower reactance which is "seen" at the oscillator
terminals and tank circuit. This will not only cause thé losses
due to the Joule effect to increase, but it will also require
high currents from the mains to supply the rectification
section, tank circuit and applicator even though the latter may
be lightly loaded. In this case, if the RF generator is
supplying & batch drying process, a low overall energy
efficiency will be obtained during most of the operation (see
Chapter 8). The valve efficiency is likely to be of the order of
70 % (see for example [114]), a theoretical maximum of 75 % has
been_ suggested [77]._ When the complete system is taken into
account, 1.e. transformers, rectifiers, RF valves and tank
circuit, eiectrodes and load, an overall efficiency of 40-80X is

likely (see Chapter 8).

It is possible to use a coupling circuit with variable.
compeonents (see for example the variable coupling circuits
presented by [14], [43] and [77]). Many arrangements are
possible but 1ideally the overall effect is equivalent to the
introduction of a wvariasble reactance into eq (8.34a)} which

vields
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QL = [VRZWRf(LCijj/Po (6.36)

where Vr and Po are the oscillator 'output voltage and
power in RMS wvalues and f(rLcrw) 1is é capacitive component
which accounts for the equivalent capacitance of the appliéator
(including load) and also for the variable reactances of the
coupling c¢ircuit. This term is affected by the inductances,
capacitances, resistances and frequency of the system. The
resulting systém at the terminals 1-2 of the oscillator can

therefore be represented by an equivalent circuit in which the

load resistance Ri is in parallel with =a capacitor
f(Lcrw). Hence for a given frequency tolerance and
ioad variation the wvalue of Q.. can be optimised by

adjusting the reactance X of the coupling circuit (figure B6.17)
in order to produce the requirea operating conditions and
optimumn energy efficiency. I1If the operation is to be
satisfactory throughout the dryving process then the method
adopted to make the necessary adjustments to the L-C componentis
of the coupling circuit must have a response which is fastef
than the change in load parameters. The adjustments 1in the
coupling circuit will have to respond to a control strategy,

probably bazed on 2 microprocessor system,




r———-—=————= - Coupling circuit

Figure 6.17 Diagram of RF Coupling

and Applicator/Load Circuit.
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Consider finally the circuit shewn in figure 6.17 which
represents the general circuit seen from the oscillator
terminals when a variable coupling network is used. In order for
the resonance of the tank circuit to be maintained in theory the
impedance across the terminals must be s pure resistance. After
the required aldebra is carried out it 1is found that the value

for the coupling reactance X must always be adjusted to
X = [(WCLRL)R}/[1+(wCLRL)Z] {6.37)
Considering eq (86.37) and calculating the voltage V across
the load as a function of the voltage at the ogscillator
terminals, we have

¥V = VR{RL/[1+(wCLRL)Z]~-3X}/{RL/[1+(wWCLRL)Z2]+J(X-X)}

Substituting eq (6.37) and the expression for Qi as given

in eq (6.34b) in the above eguation for V results in
V = Ve(1-3Qu)
which is equivélent to

v = Va (l+Quz)rrzll | (6.38)
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where |y = -tg-1(e /e").

Hence the wvoltage in the load V lags the voltage Vr at
the osciliator terminals by the arctg of e’ /e". Moreover, the
magnitude of v is (Qr2+1)1/2 times greater than
the terminal wvoltage Vg. Beth this magnitude and phase

difference are solely dependant on the dielectric properties of

the material.

6.8.2 Crogs Flow Conveyvor Systems

Most RF conveyor  applicators fall into one of the
categories illustrated in Ffigure ©6.18. They have been applied
succesfully in drying paper and textiles but in such cases the
material is very thin. Thin materials often  employ a
"strayfield"” system in which adjsacent electrodes have opposite
polarity and a significant horizontal component of the field is
produced. This system produces a horizontal field component
which is particularly useful in the case of paper‘and.other.
fibrous materials which have a higher loss factor in -this
direction. If the plate system is to be used in drying
applications, an airgasp between load and the upper electrodes
must be used or, slternatively, the plates could be perforated.

In any case, if the material is carried on a conveyor belt, an
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airgap needs to be present.

It has been reported that if the diameter of the rods is
more than 1/3 of the spacing "S" and the thickness of the
material is less than 0.9 (d'-D) (=zee figure 6.18b) then fhe
field produced by the rod system is very similar to that created

by flat plates [14].

Consider the case of a rod system with 8 feeding points in
a bar which is connected perpendicularly to the rods as shown in
figure 6.19. With this arrangement an acceptable length (table
6.16) for each rod would be 0.5 metres 1if the energising
frequency is 27.12 MHz, the corresponding figures for a 13.58
MHz system would be 4 feeding points on the centre bar and 1
metre length for each rod. This arrangement is shown in figure
6.18 with the lower electrode earthed. A conveyor belt whose
length is 4 m and whose width is 1.0 m can then travel through
the rod or plate system, whichever is used, provided that the
frequency of operation is 13,56 MHz.lIn this case _the depth of
the product on the conveyor is 'not determined by the power
penetration depth, it is controlled however, by the need to

obtain a reasonable flow of air over the surface of the

particles. In the analysis of the following RF systems it is o

assumed that the depth of the bed is 0.1 metres.
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Fipure 6.19 RF Crossflow Conveyor

System,
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The throughput limitations Aimposed by the need to avoid
breakdown are given in table ©6.17 for 13.58 HHz =at which
frequency the maximum power 1limit is (a bed of material

1.0x4.0x0.1 m® has been considered)

Qdmex = (e"/e’2) BE3 kW

Wheat 158 138 116 1.4 0.8

Maize 138 - 148 132 1.4 0.7

Rice 187 200 194 2.2 1.1

Coffee 244 272 280 275 262 3.4 1.7 1.1 0.7
Soya 205 287 287

Table 8.17 Maximum throughputs limited by RF breakdown

for a conveyor operating at 13.58 MHz.

The corresponding values for 27.12 MHz and 40 MHz are shown in
tables 6.18 and 6.19, in &all cases the bed dimensions were
0.1x1.0%4.0 m?., The effect of standing waves becomes more
severe as the frequency iz increased, this may pose difficulties
in the design of the electrodes. The maximum power and

throughput values in tables 6.17-6.19 are, for a given
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thickness, dependent on volume,

Wheat 318 280 241 2.8 1.3
Rice 374 390 383 4.1 2.1
- Maize 280 300 265 3.0 1.4
Coffes 452 8537 570 570 548 6.4 3.2 2.0 1.3

Soya 423 573 8623 5.1 2.7

Table ©6.18 Maximum throughputs limited by RF breakdown

for a conveyor operating at 27.12 MHz.

Wheat 469 418 362 4 (8) 2 (13)
Rice 532 585 561 B (4> 3 (8)

Maize 457 457 395 5 (5) 2 (11)

Coffee 625 777 845 855 830 9(3) 4 (5 3(8 2 (1)
Soya 633 878 963 8 (3) 4 (8)

Table 6.19 Maximum throughputs limited by RF breakdown

for a conveyor opersting at 40 MHZ.

Tables 6.17-6.19 show that, as expected, higher frequencies

are to be preferred. The figures in parentheses in table 6.18
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are the estimated minimum drying times (in minutes).imposed by
breakdown limitations at 40 MHz. These have been obtainsed as
discussed in Section 6.3 and they involve the energy terms of eq
(6.7) and the maximum power levels which can be spplied in the
applicator from initial (Mi) to final (Me=12) moisture
content as indicated in table 6.19. Table 6.4 and the
experimental results for 38.5 MHz (Chapter 8) indicate that the
estimates presented here for coffee and soys are optimistic
since these are very slow drying materials. As opposed to the
other products, it appears that the drying of rice is limited by
breakdowns and not by quality damage. The RF conveyor will be
capable of drying rice at large throughputs, e.g.in excess of 4
m3/h without recirculation of the materiasl. The residence .
time in the dryer would be sapproximately 6 min (M1 between
20 and 30 %¥ w.b.) with a conveyor speed of 0.87 m/min. For the
other products recirculation will be a more acceptable
alternative, due to the dimensions involved, than a single

pass system.
The electrode voltage required can be obtained from [14]:
V = E (dage’'+ d") (8.39&)_

where E 1is the .éffective field strength in the bulk of
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material, deg 1is the airgap thickness and da is the
thickness of the material. Expressing the field 1in  the airgsp,

Ea1r», 1in terms of E using eq (6.13¢c) and substituting in

eq (6.39a) vields

VY = Eair (dage '+ d")/e’ (6.39b)

Thus the airgap should be as small as possible if the electrode
voltage is to be kept low. Assuming an airgap of 1 cm the
electrode voltages, at 27.12 MHz, are given by the following
(the values are obtained using eq (6.38b) in which Eair is

substituted into eq (8.14de¢):

V = (ga/0.556E-10x27.12EB8e" )1/2(0.01le’'+0.10)

.where qd is the net dielectric power density in the
product. The values of the electrode wvoltage for qaz250

kW/m? are shown in table 8.20.
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Product Electrode Voltage (RMS, kV)>

(Zw.b,) ~ M=12% M=21% M=30xX M=39% M=48%
Wheat 3.9 3.1 2.7

Rice 3.3 2.6 2.1

Maize 5.2 5.5 6.6

Coffee 3.2 2.3 1.8 1.6 1.4
Soya 3.3 2.1 1.5

Table 6.20 Electrode wvoltages in a RF conveyor when
operating at 27.12 MHz with & dielectric power

density of 250 kW/mS

The voltage at the oscillator terminals (Vmr)
with variasble coupling arrangement can be obtained using egs
(B6.39), (6.38) and (8.33), which results in the values given in

table 6.21.

E_mdu_c_t__.,____.___QsLLllm;_Yal_tﬁgﬂ (RMS: kYD

(Z%w.b.,) M=z12% _ M=21% M=30%  M=39%  M=48
Whesat 1.6 2.4 2.5
Rice 1.9 2.3 z2.1
"Maize 3.5 5.1 5.4
Coffee 1.7 2.1 1.8 1.5 1'.4
Soyas 1.8 2.0 1.5

Table 8.21 Oscillator wvoltage required to wmsaintasin the
electrode voltages in table 6.20
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8.9.3 Cross Flow Yertical Svstem

Consider & crossflow dryer, 3 m long and 4 m high. If & rod
system of the same dimension is placed on each side of such a
unit, with a gap between electrodes of ;0 cm, then a substantial
quantity of material could be processed with the need for only
limited additional space. Alternatively, this system could
use a set of perforated capacitor plates or even two metallic
mesh sheets. The air for carrying away the moisture could be
obtained from the outlet of the crossflow unit. The rods could
be mounted horizontally with an insulating mesh between the
electrodes to hold the product. Each rod would then be 3 m long
and would have three feeding points at 13.56 MHz and six at
27.12 MHz. These feeds could be supplied by perpendicularly
mounted high voltage busbars using the arrangement shown in
figure 6.20, i.e. three of those bars would be required at 13.586
MHz and six at 27.12 MHz, Earthed bars, similar to those shown
in figure 6.19, would be attached ¢to the dryer outlet and the
" whole structure grounded. The air could be extracted through the
outer electrodés using an insulated extracticn unit. This air
could be mixed with fresh air from the environment before it
re-entered the dielectric unit. The waste heat from the
electrode system and that from the cooling of the yalvés and

tank coils could be used to supply psrt of the heat required for



Fan

To the hopper

/

:,:,Er_

7

Insulation

Exhaustion

Fan

XX XELIEE]]

L

A’?onrroued moist
atr valve

I

|

|
_____‘Svolraqe bars

[ Crossflow dryer with one vertical
| RF system

| Monft air

|

Rods system and high

-

U

Air inlet

v

Fipure 6.20 RF Vertical Crossflow System with

Heat Recovery

P |
° Earthed|
H u bars
. D) |
L]
-
. |
2
»
: \
H
:o0
: I !
Screw /|
‘ Conveyor
N
T ] I ] 1 |
Moterial tiow p—p—t—p——p—L——T1
Control , T : ] : I r i
: I I I —
] T I r { I Ll 1
 S—
1 II I L[ L
1 I 1 1 T
— Pam———  —
I 1 T I

Arrangement,




294,

the convective part of the process. The system is ag shown in
figure 6.20, the product would be fed from a hopper which
received the material from the elevator after having been
carried in the screw conveyor at the bottom, The operation of
the system with, say, coffee would be as follows. The crossflow
dryer starts full of wet product, the convective or pre-drying
stage then begins and the partially dried product is discharged
at the bottom and recirculated if required. As soon ‘as the
moisture content has been reduced to the required level for
dielectric heating to be used, then the product could be
conveyed to a hopper above the electrode system from which it
would move to the dielectric drying section. In the meantime the
crossflow dryer would be filled with a new batch of wet product
and the process repeated. Both the convective and dielectric
drying operations would be carried out simultanecusly but with

different batches of material.

The throughput limitatiocon imposed by the need to savoid
breakdown is shown in tables 6.22-6.24, The maximum power is
obtained using eq (B8.14c¢c), taking the volume of productlin the
drying =zone to be 0.1x3.0x4.0 mw?, in the 13.568 WHz case the
expression obtained is

Qdmex = 18.1E3 e"/ e’2 kW
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The corresponding expression for 27.12 MHz is

Qdmu.x = 36.2E3 e"/ a2 kW
~and, for 40 MHz;
| Qdmex = 53.4E3 e"/e’2 kW

In this case the maximum power and throughput are three

times those obtaiﬁed in the cross flow conveyor configuration.

This is due to the fact that in the latter the volume of
material is one third of that considered for the cross flow
vertical system. Both ‘arrangements are, however, eguivalent in

, terms of throughput per unit of material being dried.

Wheat 473 409 349 4.2 1.8

Rice 591 801 581 8.5 3.3
Maize 414 439 386 ' 4.3 2.2
Coffes 732 817 841 825 787 10.3 5.2 3.2 2.1
Soya 816 800 860 7.5 3.9

Table 8.22 Maximum throughputs limited by RF breakdown

for a vertical c¢rossflow system operating at

13.58 MH=z.
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Product  Qdmex (kWY = = Maximpum Throughput(m3/h)

(%w.b.) M=12 M=21 M=30 M=39 M=48 M1=21 M1=30 M12=39 Mi=48
Wheat 955 840 723 8.8 3.8
Rice 1.1E3 1.2E3 1.2E3 12.4 6.3
Haize 871 Q00 798 g.1 4.3

Coffee 1.4E3 1.BE3 1.7E3 1.7E3 1.B8E3 19.1 9.7 5.9 3.8
Sova 1.3E3 1.7E3 1.8E3 15.4 8.1
Table 68.23 Maximum throughputs 1limited by _RF. breakdowns
for a vertical crossflow system operating at

27.12 MH=z.

Product = Odmex (kW) =~ = Maximum Throughput(m3/h)

(%w.b.) =12 M¥=21 W=30 M=39 N=48 Maz21 Ma=30 He=39 M1=48
Wheat 1.4E3 1.3E3 1.1E3 13(B) B(13)

Rice 1.6E3 1.7E3 1.7ES 18(4) 9(8)

Maize 1.4E3 1.4E3 1.2E3 | 14(5) 7(11)

Coffee 1.9E3 2.3E3 2.5E3 2.BE3 Z2.5E3 28(3) 13(5) 8(8) 5157
Soya 1,8E3 2.8E3 2.9E3 23(3) 1Z2(5)
Table 6.24 Maximum throughputs limited by RF breakdowns

for a vertical crossflow system operating at 40 MH=z

The values in parentheses in table B.24 are the estimated

minimum drying times.
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This sapplicator would be capable of giving a considsrable
throughput, e.g 4 n3/h, in one pass through the electrode
system. For the interelectrode cross sectional ares of the abovs
equipment, the corresponding velocity of the product is 0.22
m/min which, considering the height of the syétem, implies that
each particle stays in the drying zone for 18 min. Table 6.4
and the experimental results (Chapter 8) indicate +that all
cereals could probably be dried in one pass through the system.
If one applicator is mounted at each side of the drysr, the
velocity required for maintaining the same throughput would be
0.1 m/min in each unit which means that the product would need
to stay for a little over half and hour in the drying zone. By
doing this, wheat and maize may be dried from higher initial
moisture contents. The drying of rice would present no real
problem, but coffse and soya would vyield much smaller
throughputs and require recirculation. Consider,. for example,
the case of coffee when drying from 50 to 40 % w.b. at near
breakdown conditions and 38.5 MHz. From Chpater 8 it can be
estimated that it would take 25 mins to dry each particle,
therefore for s 4 m3/h  throughput to be obtained the
product would need to pass gix times through a8 single RF
vertical system as sbove and three timeé if a twin arrangement
were adopted. |

The voltage required on the electrode system for constant
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power c¢an be estimated from eqgs (8.l1ldc) and . (6.38b) with
dag=0, vielding the values shown in table - 6.25. The
corresponding voltages at the output of the oscillator are shown

in table 6.26.

Broduet  Flectrode Voltage (RMS, KV) .
: =125 =21%  M=30% M=39% M=48% .

Wheat 3.1 2.3 1.8

Rice 2.6 1.8 1.4

Maize 2.5 1.8 1.5

Coffee 2.6 1.7 1.3 1.0 0.8

Soysa 2.8 1.5 1.9

Table 8.25 Electrode voltages in a RF vertical crossflow
when operating at 27.12 MHz with a dieleotric
powar density of 250 kW/m?3

Product ~ _~ Osmecillator Voltage (RMS., kV)

(Zw.b.) H=12% M=21% M=30% M=39% ﬂ:48%
Wheat 1.3 1.7 1.7

Rice 1.5 1.6 1.4

Maize 1.7 1.8 1.4

Coffee 1.4 1.5 1.2 1.0 0.8
Soys 1.4 1.4 1.0

Table. 6.26 Oscillator voltage regquired to maintain the

electrode voltage in table B.25.
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6.9.4 Cylindrical Systems

Cylindrical applicators were discussed earlier in this
Chapter in connection with microwave systems where the
dimensions are critical. These constraints do not apply in the
case of RF although the ventilation arrangements must be
adequate and the required electrode voltage not too high. The
field uniformity in a perforated 1low loss tube full of
dielectric material (as in figure 8.21a) can be arranged to be
fairly uniform if suitably shaped electrodes are ﬁsed, assuming
that the voltage is. constant &along the plates and that the
properties of the material are also constanﬁ. The former c¢an be
compensated for as indicated above and the variation due to the
properties of the material should not be too significant if the
electrodes are as shown in figure 6.21b, which shows that the
shape of the plates required to produce an uniform field in the
material is not greatly sltered if the dielectric constant
changes from, say, 2 to 8, which 1is the maximum variation
expected in this application (see the models developed for
e’ in Chapter 8). A perforated, low~loss tube, 20 ¢m in
diameter could maintain a throughput of 4 m3/h if the
product velocity was 2.1 m/min, which gives a residence time of
2 mins for the particle to be dried in one pass. It will be

noted from table 6.4 and Chapter 8 that, 1in most cases, this
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would imply product recirculation unless a smaller moisture
reduction was involved. The tube would need to be placéd between
two curved electrodes of an approximately 0.2x3 m2 ares.
The internal electrode would be earthed and the external
supplied from the RF source via 3_feeding'points if the working
frequency were 13.56 MHz (6 if the frequency were 27.12 MHz).
The plates would need to be insulated and adequate ventilation
would have to be provided (figure 6.21a). The voltage bsetween

the electrodes can be estimated from [21]:

V = E(e’+13{d"'r/D"- [(e’~1)/(e’+1)] D'r/d"} (6.40)

where D’ is the diameter of the tube, d° is the maximunm distance

between the electrodes and r is the radius of the tube.

The throughput limitation imposed by breakdown
considerations is shown in tables 6.27-6.29 when the product
volume is assumed to be Tx0.12x3 m3 and the

relationships for maximum power are based on eq (B8.14b), i.e.

Qdmex = 5.7E3e"/(e"+1)2 kW for 13.568 MHz

Qdmasx =11.3E3e"/(e’"+1)2 kW for 27.12 MHz
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Qdmex =16.7E3e"/(e’'+1)2 kW for 40 HH=z

Congsider eqs (6.13) and (8.14). For s given maximum field value
in the air gap (which in this Report 1is considered to be 200
kV/m peak), the corresponding value in the bulk of material will

be larger in the cylindrical case than in the slab, thus a

greater throughput can be obtained in the former arrangement.
The formulae above apply to a dielectric oylinder and the
accuracy increases as the distance between the electrodes
increases for a given 1load radius. Hence the values in the
following tables are likely to be somewhat higher than those
which might be obtained in practice, since the relationship
between 1internal and the external field in a dielectric

ceylinder allows a larger value of field strength in the bulk of

material to be greater in a given limit to the external field.

Wheat 83 84 80 0.9 0.4
Rice 106 123 130 1.2 0.6
Maizse 81 96 83 0.8 0.4
Coffee 131 187 188 188 188 1.8 0.9 G.6 0.4
Soya 108 168 203 1.3 | 0.7

Table 8.27 Maximum throughputs {(limited by RF breskdown)

for a cylindrical system operating at 13.56 HHz.
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Product Qdmax (KW Maximum Throughput(m3/h)

(%w.b.) M=12 M=2] M=30 M=39 M=48 Miz21 Ms=30 Mi=39 Miz48
Wheat 155 164 159 1.8 0.8

Rice 193 232 252 | 2.1 1.1

Maize 162 181 183 1.7 0.9

Coffee 220 307 388 397 407 3.1 1.6 1.0 0.8
Soya 208 345 428 2.5 1.3

Tahle 6.28 Maximum throughputs (limited by RF breakdown)

for a cylindrical system operating at 27.12 MH=z.

Wheat 218 237 234 2.2 1.1
Rice 267 329 364 3.0 1.5
Maize 241 281 2686 2.5 1.3
Coffee 287 426 526 583 605 4.0 2.0 1.2 0.8

Soya 298 515 649 ' 3.6 1.8
Table 6,29 Maximum throughputs (limited by RF breakdowns)

for a cylindricsl system operating at 40 HH=z.
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Except for coffee and soyam, the above tables indicste that
the 20 cm tube is not adegquate to cope with the levels of

throughput needed if breakdowns are to be avoided.

In practice, however, coffee and soya will dry much more
slowly (see Chapter 8) than any of the above materials, hence it
appears that a single cylindrical system attached to the side of
the crossflow dryer would not compare with a medium throughput

conventional plant.

In addition to this the required voltages for this system
are far greater than those needed for the cross flow systems
presented above. The electrode and oscillator voltage at 27.12
MHz and qa=250 kW/m® for a system in which d’=0.25 m

and D’'=0.20 m are shown in table 6.30 and 6.31 respectively.
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Prodyect = Electrode Vgltage (RMS, kV)

(Zw.b. ) H=312% M=21% M=30% M=39% . Mz48%
Wheat 9.8 8.4 7.7

Rice 8.6 7.0 6.2

Maize 8.8 7.3 6.9

Coffee 8.3 6.3 5.2 4.8 4.3
Soya 8.5 5.7 4.5

Table 8.3 Electrode veltage required in a RF cylindrical

system when operating at 27.12 MWHz with =

dielectric power density of 250 kW/m?®

Produet ==~ Osgcillator VYoltage (EMS. kV)

(Zw.b.) M=12% M=21% M=30% H=39% M=48%
Wheat 4.0 6.5 7.2
Rice 5.0 8.2 B.0
Haize 5.8 8.7 5.8
Coffee 4.5 5.8 5.1 4.6 4.3
Soya 4.9 5.4 4.5
Tahle 6,31 Oscillator wvoltage needed to maintain the

electrode voltage as in table 6.30; RF
eyvlindrical system with wvariable-coupling

operating at 27.12 MHz.
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6.10 Other Applicatorg

Other possible dielectric drying systems, some of which
have been mentioned earlier, are described below. The microwave
moving bed and fluidised dryers are, respectively, similar in
operation to the conveyor and rotary types described ébove. The
moving bed, with or without a vacuum feature, has been proposed
in the past. The fluidised system does not appear to have been
used for dielectric drying applications although Perkin [132]
reports on two U.K. patents involving this principle. All would
require a comprehensive re-design of conventional drying plant

which brings them ocutside the terms of reference of this work.

8.10.1 Microuwgve Moving Bed Dryer

This was suggested by Hamid et a8l [68] as a development of
an earlier.proposal by the same authors {66, 67]. The original
objective was to use high frequency energy for pest control of
agricultural products, the experiments being carried out with
relatively dry grain. The authors suggested that layers greater
than 10 cm thick would present penetration problens ﬁhich they
originally suggested might be overcome by agitating the material
during the process. The initial development was based on the

arrangement shown in figure 6.228 which used &8 verticsl
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waveguide with the product falling through a series of plaétic
baffles, this solved ths penetration problem but led to
increased tuning difficulties. The next prototype (figure 6.22b)
had only one baffle and the tuning problems were claimed to be
gsolved. The final development was the application to grain
drying using microwave in combination with hot air (figure
6.22c). The authors have also proposed an RF alternative to the
latter arrangement. This 1is equivalent to the cross flow

vertical system already discussed above.
6.10.2 Yacuum Drver

The main feature of vacuum processing is that the boiling
point of the water is lowered so as to allow moisture extraction
without the need for high product temperatures. Thus, the
material can be dried at this lowered boiling temperasture in
this way avoiding damage to the product. When dielectric heating
methods are used for drying, the temperature of the materisal
could well exceed the maximum level tolerated by the product if
an acceptable throughput were to be achieved. This 1is a
limitation in the use of dielectric heating for drying'
temperature sensitive products. In such applications, if high
power densities are required, the only way to prevent the

temperature from exceeding the limit is to stop the heating for
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brief periods of time, i.s. intermittent drying, during which
the material is force cooled. From Chapter 8 it will be seen
that the products involved here respond differently to the same
applied field in regard to the temperature rise. This
restriction is not applicable when a vacuum is used, Moreover,
the addition of air to the wvacuum drying chamber is not

required and this avoids the wastage of powered granules.

Dielectric heating has been used in vacuum drying as an
alternative to radiative and conductive techniques although the
problem here 1is one of electrical breakdown which, at the
pressures used, might be expected to occur at field strengths as
low as 1/3, or even 1/300, of the values required at atmospheric
pressure (see for example [110]). This constraint limits the use
of RF techniques in these applications since it reduces the
throughputs which can be dealt with. Nevertheless, the process
might still be attractive as compared with trﬁditional
conductive and infrared wvacuum techniques since floor spsace,
labour, investment costs and maintenance sre all reduced for a
higher quality product (see for example [34], [53], [70],
{781, [79], [157)). However, in most cases, such equipment would
be difficult to combine with an existing drying plant and a

complete re-design would be necessary.
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At present the equipment  costs appear to be too high to bé
accepted by the market. A prototype microwave vacuum dryer
working at pressures of between 25 and 50 torr has been built
and tested for drying agrigultural products. The system operates
with two or 4 6 kKW, 2,450 MHz wmagnetrons but handles only a
small fraction of the output of an average crossflow dryer. The
performance details of this prototype have been presented in
many publications (see for example [23], (145], (16861). When the
initial experiments with the prototype were carried out the
results obtained were not particularly good and showed evidence
of considerable heating non-uniformity. In the wunit finally
chosen the internal tube carryingd the material has a much
smaller diameter than that of the cavity and the‘microwave
sources are positioned such that reflections are maximised
before the energy is passed into the tube (figure 86.23). The
processed volume is smail and major modifications in existing
drying practices would be required [145] if it were to be used.
Energy requirements for drying maize from 22.4 to 13.5 X w.b.

are 4.2 MJ/kg of evaporated water (1 kWh = 3.6 MJ) [23].
6.10.3 Fluidised Bed asnd Pneumatic Drvers

In these systems the removal of moisture is accomplished by

diluting the material in & stream of heated air. The process is
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carried out in an enclosure whers the material is mixed with the
air and which incorporates a collecting device to separate out
the dry product. Heat and mass transfer are very effioient and
the residence time is short as compared with normal convective
techniques although some product damage may result. Moisture
content and temperature levels of individual particles are
fairly uniform throughout the #fluidised bed (see for example
[162]}), which is not the case in deep bed convection plants as
noted above (Chapter 2). Desrosier and Sivetz [42] have reported
on failures using the fluidised bed technique applied to coffee
possibly due to wide differences in the size of individual
particles., Whilst it is likely that the saddition of dislectric
heating would bring about an improvement, a radical re-design

of existing plants would be needed.
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7. MS@SMQMWMS_AMMQE_QEW
7.1 Energy Applied from Qutside the Product

As far as convective heating systems are concerned,
resistance units using metal sheated elements are convenisent.
They can be sccurately controlled and provide & high degree of
flexibility and reliability for the drying process. They c¢an
easily be adapted to existing plants and save valuable space in

the latter.

Another electroheat option 1is to supply the heated air by
means of a central electric boiler supplying steam to several
heat exchangers in the plant. Although this is not so flexible
and convenient as resistance heaters, it results in =
considerable economy of scale and, if high voltage units are
used, it may be possible to avoid using transformers by

connecting the boiler directly to the distribution voltage.

Electrical equipment required for convective hegting
applications is already developed and highly efficient systems
are available at relstively 1ow costs per unit of installed
power. This technology does not offer major contributions in

terms of enhancement of heat transfer in the process itself
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apart from the well known advantages of electrical syvstems when
compared with the combustion alternatives. Its use ig
nevertheless attractive when low prices of elsctricity are
offered to industry. The relative prices of energy products is
therefore the main variasble to be taken into consideration
since, as noted above, the investment costs of this type of
electrothermal egquipment are much lower than petrol and biomass

fired combustion systems.

The relative advantage of electrothermal processes over
combustion éystems has induced =some confusion to the evaluation
of many retrofitting projects. Convective electric heating
equipment is sometimes seen as the only electrical alternative
to combustion and as a novel technigue for drying. This is not
50 since, as far as convection is concerned, the most important
varisbles are the temperature and flow of air independent of the
energy source used toc heat up the air, There still is much work
toc be done in enhancing the performance of most convective
dryers. This work, however, 1is likely to be concentrated in the
development of more energy efficient processes by means of
mathematical modelling to simulate schemes for drying different

products.

Radiative heating technigques are an alternative to many
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convective heating plants, it is possible to obtain very high
rates of heat tranafer to the material with short and medium
wavelength sources, far greater than when solar radiation and
natural convection sare used. Forced convection systems are
limited by the maximum temperatures and velocities of air which
can be achlieved in practical dryers. Where agricultural products
are concerned, the use of infra-red is limited tc¢ only =a
fraction of its potential (e.g. table 4.3) due to the
temperature limitations and the low thermal conductivity of the
product. This constraint removes from infrared the major
potential advantage which is to increase the throughput by means
of increasing the rate of heat transfer to the product up to the
point where the amount of heated air required by convection to

match infrared would be prohibitive.

Even though infrared might be more effective than
convection at s given stage in drying a particular product,
the rates of radiative heat transfer which can be achieved with
flames produced by combustion of biomass gases are equivalent to
those from infrared eléctric equipment which emits the major
part of its radiation in the rasnge 1.0-2.0 pm . Therefore the
conditions in which the latter is to be prefered are equivalent
to those discussed above for convection systems. In the case of

infrared systems, however, the use of e¢lectrical equipment
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instead of combustion is more difficult to Justify since in
the latter case only the burner systems are required and the

heat exchange sections are not needed.

Taking into account the above and considering that
conduction is not convenient for drying most of the products of
interest due to their low thermal conductivities and
sensitivity to high tempersature levels, it is considered that as
far as the scope of this report is concerned, internal heating
is the only option which should be purswed further as a

potential alternative to convection in drying applications.
7.2. Energy Dissipated Within the Product

Several alternstives for the dielectric drying of granular
products were presented in the previous Chapter. There are so
many unknown variables to be taken inte account that a precise
evaluastion of the options is not possible based on quantitative
eriteria alone, HMost of the applicators proposed have not been
developed and there is a substantial lack of information
concerning the performance of the systems even at. an
experimental level. The maximum throughput levels which can be
achieved in each application will be determined by the final use

and characteristics of the product as well as the dielectric,
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thermal and physical properties which have been used in the
assesment presented above. Nevertheless it is considered that
the criteris previcusly proposed can be applied to the
pre-selection of the best drying systems. By incorporating the
different models for the dielectric properties of the materials
into the formulae and criteria developed in Chapter B it is '
possible to analyse seversl operational characteristics of the
proposed syétems. These characteristiecs can be studied under
different conditions of the electric field breakdown strength
and frequency, filling factors, thermal and physical proberties
of the materials, temperature increases from beginning to end in
the drying process, maximum levels of dielectric power density,
constructive details of the applicator, etc. The calculations
required in Chapter 6 are tedious and laborious but the results
can be conveniently examined on a computer spreadsheet in which
all the parameters refered to can be easily modified so giving
increased analysis capabiiity. The tables displayed 1in the
previous Chapter come from this analysis considering the mosf
likely conditions.

Based on the above results the following systems appear lo

be the best slternatives:

1. Circular waveguide conveyor;
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2. Microwave multimode conveyor;
3. RF cross flow conveyor;

4., RF cross flow vertical systenm.

Considering first type 1, the screw conveyor appears to be
more appropriate than the tube, in both cases eq (6.14c) has
been employed due to the difficulty in deciding which formula
should be uséd to relate the internal to the external field
during breakdown. This choice may give a conservative estimate
of the maximom throughput which <c¢an be achieved (see a
discussion on this effect in Section 6.89.4). The same can be
said in regard to the vertical cross flow system. However, for
the latter there is experimental evidence that using eq (6.14e¢)
for this configuration gives fairly good agreement with the
actual breskdown occurrences (see Chapter 8). In any event, if
eq (6.14¢) gives conservative throughput levels, this will
result in an inecreased advantage with options 1 and 4 sabove.
Type 1 applicators would require a single microwave source.
Although, in theory, a perfect matching of several sources would
produce a desired mode of oscillation at microwave frequencies,
in practice this 1is difficult to obtain. This affects
dramatically the economics of single;source microwave drying
systems because the price of an installed kW of microwave power

increases with the power levels required. Thus, at present,
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large power (greater than 100 kW net output) microwave heating
units need to be based on the use of multiple power sources in
multimode cavities. This is convenient in economic tefms and
also enhances the uniformity of the field distribution in the
drying zone. In practice a circular waveguide (type 1) is
limited to a fraction of the maximum power levels considered in
the previous Chapter (table 6.10) since a large source would

result in a non-feasible investment.

The single-source circular waveguide conveyor is s
promising alternative for small and medium size plants in which
each dryer would process scomething in the range of 500 tonnes. of
rice per year (considering a 0.3-0.4 m®/h unit operating
2,000 hours per per vear). In this case a single 80 kW magnetron

could be used for the circular waveguide.

RF valves sare supplied with output power levels in excess
of 400 kW (at 27.12 MHz) (see for example [43] and [114]).
Therefore, no problems are anticipated when processing large
volumes of material since either single or multiple power units
could be used if necessary. This is not a problem since Brown
Boveri Ltd has been selling'for many years RF heating equipment

rated at 900 kW for chipboard manufacturing industries.
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One point concerning the RF crossflow systems described
above is the relatively low voltage levels which are fequired on
the electrodes even when large dielectric power densities are
employed. If this power density is in the range of 300
kW/m3 the voltagde on the electrodes does not need to exceed
é few KkV. This rgsults in very low oscillator voltages indeed,
especially if a variable-coupling system is'incorporated between
the oscillator terminals and the electrodes. Low voltage
oscillators require lower anode voltages on the valve resulting

in cheaper RF power components, rectifiers and transformers.

Hamid et al {68] estimated the «costs of a complete RF.
drying system at 40 ¥ of those of an equivalent microwave unit.
Perkin arrived at similar figures when comparing RF and
microwave power sources larger than 180 ‘kw, he assumed
the lifetime of RF power sources to be twice that of microwave
units [133]). In a more recent report the same author states that
whenever the two alternatives, i.e. microwave and
radiofrequency, could be used in a given application, RF is to
be preferred due to the lower investment costs and system

simplicity [132}.

In terms of flecor space requirements, the crossflow

vertical system appears to be the most favourable option,
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followed by the two types of conveyor. It is considered that
both microwave and RF conveyors would need approximately the

game space and require some modifications to the plant.

The four types of applicators listed above can achieve
relatively large throughputs, the ﬁF systems are capable of
drying certain materials (e.g. cereals) with no recirculation.
The processing of coffee and soya woﬁld have to be dbne using -
several passes through the 1latter applicators since those
products are much slower drying materials (see Chapter 8). The
-multimode <conveyor is the unit which gives the largest
throughputs per unit of material in the drying zone. This,
however, may only be important for materiasls which can
withstand high levels of internal energy dissipation, since
other products would be limited, by qualitative considerations,
to levels of throughput smaller than those defined by electrical
breakdown considerations. The RF verticsl cross flow system is
also capable of processing large amounts of product, a twin
vertical system is a convenient alternative for obtaining high
throughputs in limited space. In practice it should be
competetive with the multimode conveyor as far as throughput is
concerned, provided that the products are not dried from
extremely ﬁet conditions. For example, if coffee was

introduced at Miz 48% w.b. into the RF cross flow system,
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the throughput of the apparatus would have to be reduced to one
fifth of that which could be obtained if the beans were
introduced at, say, Mi= 21%¥ w.b, if breakdowns are to be

avoided,

Considering the factors discussed above, it is possible to
rank the four pre-selected applicﬁtors in decreasing order of
merit in accordance with the criteria shown in table 7.1. The
numbers refef to the order of the applicators in the list at the

beginning of this section.

Criterias Order of Merit
First Second Third

Cost of power source (3,4) 2 1

Life of power source (3,4) 1 2

Large throughput with

limited floor space 4 (2,3) 1
Need for recirculation ‘ (3,4) 2 1
Energy efficiency of the

applicator and source 1 {2,3,4)

Table 7.1 Ranking of Dielectric Drying Systems.
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Options 4 and 3, i.e. the cross flow RF systems, appear to
be the most &8cceptable alternatives, they are extremely
flexible, capable of handling large ranges of throughput in the .
same spplicator and, being electric equipment, they could easily
be controlled or automated. Onc¢e the basic applicator, i.e. the
electrodes and ancillary systems is installed further changes
in the power levels would only require the installation of more
power capacity and adjustment to the voltage levels and tuning
components. The dielectrie drying capacity could evolve more in
the drying plant in response to changing economic scenarios. If
the pre-drying, or convective (heated air), part of the
operation is supplied by combustion it would be important fo
prevent the passage into the high field zone of carbon rich
particles and gases which would incresse the probability of
breakdown. A heat exchange system would eliminate most of these

risks.

A more in-depth examination of the feasibility of options 3
and 4, i.e. the drying by dielectric (RF) techniques assisted by
cross flow convection is thus Jjustified by the arguments
presented above. It will be shown below that although the
results obtained can be direectly applied to the RF cases, they

would also be wvalid for an ideal cross flow microwave
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system in which sufficient power uniformity were achieved. In
most cases this would require the use of multiple source feeding
and alsc that the thickness of the bed of material in the drying
zone be much smaller than the power penetration depth. In the
next Chapter the experimental methods and apparatus used are
presented, the drying rig was developed for use with high

frequency energy socurces operating in the radiofrequency band.
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8. EXPERIMENTAI WORK

8.1.Measurement of Dielectric Properties

8.1.1 Introduction

The dielectric constant and loss factor of the materials
involved are important parameters in this study. They have been
used throughout this Report in the evaluation of the operational
characteristics of dielectric drying systems and, in conjunotion
with other experimental data, for designing the experimental rig

and in the study of the performance of the drying process.

8.1.2 Experimental Eguipment and Methods

The dielsctric properties of soya, maize, coffee, rice and
wheat were measured in the radiofrequency band using a TF 328G
Marconi Q-factor meter and a dielectriec sample holder (figure
8.1) which was specially constructed as a coaxial capacitor
following similar methods and procedures suggested by other
workers (see, for example, [21], [88]). Three centre frequencies
were selected for the measurements: 13.5, 27 and 40 MHz. These
are the most important frequencies for radiofrequency heating

applications although the first two, and especially the second,
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are more usual in present day applications. Most of the existing
data refers to cereal products, namely wheat and maize, a few
data points for rice are also found in [175]. There 1is also’
recent information on the dielectric constant of soya [121] in
addition to the results presented by Jones et al [88]. The model
used by Nelson for fhe dielectric constant of soya requires the
density of the material s&as a function of moisture content to be
known. No data has been found in the literature for coffee, this
iz understandable in view of the fact that almost all the data
published is for crops produced in the U.S.A. It was not
possible to obtain significant quantities of the most common
yvallow dent type of maize in the UK and pop-corn was used
instead. The dielectric properties of this material are,
however, very close to those of yellow dent maize obtained by
Jones et al [88] and S.0. Nelson as will be seen below. Maize,
rice (long grain), wheat and soya beans were obtained from local
shops, the unroasted ("green”) coffee (identified as
"Brazilian”) was also acquired from a local coffee rocaster, The
experiments were carried out between the Autumn of 1388 and the

Spring of 1987.

Some authors have used freshly harvested products for
drying studies (for example [150]) and the measurement of the

dielectric properties of the materisl (see for example [1751).
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In this procedure the material is usually collected and then
frozen until required. Most workers however have added water to
the dry product and then stored it at low tempersatures (between
4-10 C) to obtain a moisture -equalization and prevent
fermentation or mold attack (see [16], [32] and [122]. Nelson
[122] states that the differences between the properties of
rewetted agricultural products and freshly harvested ones are
minimal. The method followed in this study was to sosk the dry
products for 36 hours at 15 € after which the water was drained
and the materisl stored in sealed glass Jjars for 3-10 days at 5
C. The product was stirred several times during the soaking
period and agitated for a few minutes every 8-10 hours dﬁriﬁg
the first day of storage. After the storing phase the jars were
opened and the measurements begun as soon as the temperature of
the product reached equilibrium with the external ambient value

(18-24 C).

The moisture content of the material, expressed on a

per-unit wet basis (w.b.), is
M = [(Wuat+wd1-h)‘(udry*'Wdiuh)]/[(Wwet'*'Wdis_h)“wdinh]

Where Wwat, Wdry and Wdisn are the weight of

the wet and totally dry material sample and the weight of the
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dish used to hold the sample on the balance and to dry it in an
oven. A balance with a minimum reading of 0.1 g was used and the
weight of the totally dried sample was obtained after the

material hsd spent 72 hours in an oven at 110 C.

The capacitance and @ factor measurements were performed
for various moisture content and temperature ievels. in each
experiment at least 14 pairs of values were obtained for the
dielectric constant and 1loss factor from very wet to almost
totally dried (down to 2% w.b.) materisgl at ambient
temperatures, and from ambient to high temperatures (up to 115
C) with the dry product. The same experiment was repeated at
least 5 times when studying the variation with moisture content,

and at least 3 times in the temperature effect study.

The experiments investigating the effect of temperature
were carried out after the product samples had been heated by an
air blower and placed in the coaxial c¢apacitor which
incorporated an insulated cover and cap. These modifications to
the sample holder may have contributed to the small difference
{less than 5 X a8t 40 MHz and approximately 1.5 ¥ at 27 MHz)
between these results and those obtained from the average values
of the unloaded holder Q factor observed in the earlier moisture

variation experiments. No differences in the two sets of
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results were observed at 13.5 MHz. These small variations were
accounted for in the c¢alculations and all the initial
capacitance and @ factor measurements at different frequencies
were repeated for each individusal temperature variation

experiment.

The cap was provided with three small holes at different
positions through which a temperature probe was inserted at
three points along the diameter of the sample holder. The final

temperasture was defined as the mean value of the three readingds.

The readings taken from the experiments were fed into a
microcomputer spreadsheet which calculated the dielecﬁric
constant and 1loss factor using as inputs the values of weight,
volume and temperature of the product samples together with
capacitance, @ factor and dry weight. A sample printout of the
spreadsheet used is shown in Appendix IV. The experimental

arrangement is shown in figure 8§.2.

8.1.3 Experimental Results snd Discussion

For a given product and frequency the same experiment was
repeated several times with different ssmples of material. The

resulting figures for e’ and e" will not &ll fit in a smooth




Figure 8.2 Experimental apparatus used for measuring

dielectric properties.
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curve since, as noted above, variations should be expected when
working with different samples of non-homogeneous materials and
also due to the measuring method used which incorporates in the
calculations small differences of electrical parameters. These

in themselves are very sensitive to stray capacitance effects.

In order to fit the data to a mathematical expression, two

approaches were adopted in studying the moisture effect.

First, the points remote from the bulk of the data were
excluded from the regression analysis. This procedure was not
followed with the temperature dependent data since many fewer
data points were obtained in these experiments. The exclusion

of data points involved a certain degree of subjective Jjudgement

which may affect the final results. Several curve functions
were examined, namely linear, inverse, exponential, quadratic
(parabola) and cubic. The resulting models were then compared

in terms of the standard deviation (Se) and the square of
the coefficient of correlation (L=2), Se is the mean
of the differences between observed and predicted values. It
measures how closely the model describes the actual observed
gquantities. The units are the same as those of the dependent
variable. I2 1is a ratio that expresses the degree in which

variations in the values of the dependent variable can be
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explained by those of the independent ones, its value ranges
from O to 1. The wvalues for I2 need to be carefully related
to those of Se. For example, a given correlation may yield
a very low Se and I2 and still represent a good result
despite a low wvalue of I2 (which ideally should approach
1). This would be the case of a constant, when the value of the
dependent variable is certainly not affected by those of the
independent ones. The models finally chosen are presented in
Appendix IV. In this Appendix the corresponding graphs showing
the variation of e’ and e" with moisture content at 40 MHz are
also shown. The a,b,c and d entries in the tables A.6-A.13 refer
to the constants in the equations which are usually of the cubic
type, 1.8, e ,e"=a+b(M/100)+c(M/100)2+d(M/100)2 but in
some cases a more simple straight line a+b(M/100) was found to

be adequate. The moisture content, M, is expressed in % w.b.

The variation in the dielectric properties with
temperature is far less (at 1least one order of magnitude) than
that caused by the moisture content. The dielectric constants
of all the products studied increases by up to 25 % when the
temperature is increased from ambient to 100-115 C. In the case
of soya this variation is of the order of 10 %. The effect on
the loss factors is much less and is generally negligible with

the exception of wheat in which case the variation in the loss
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factor is of the same order of that of the dielectric constant,

i.e. around 25 % in the temperature range considered above.

Secondly, it was considered that expressions which
described the wvariation of the loss factor and dielectric
constant of each product with moisture content (M) and frequency
(f) of the applied field would give a more general type of
model, although some degree of precision might be lost. In this
case all the data obtained from the experiments were used with

no exclusion of extreme data points.

Two families of multiple regression models were used to fit

the data: the parabolic type, i.e.

e ,e"=bi+bzf+buf2+baM+bvH2

and the straight line,

e ,e"'=bi+bzf+bal

in both cases the frequency, f, is in MHz.

For each of the above forms several transformations were

applied, e.g. natural logarithmic (LN(x)), cubic, etc yielding
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various curvilinear model combinations. The straight line type
of models proved to be an acceptable choice, these are listed in

Table 8.1 below.

Product Moist.Range Model Sa 12

Maize 7-35 %w.b. e'=(2.50-3.03E-2f+0.14M) 0.46 0.868
Maize T-25 e"=(8.68E-3-2.97E-3f+0.29LN(H))3 0.05 0.976
Rice 4-26 e =(1.42-6.25E-2LN(f)+1.88E-2M)2® 0.38 0.830
Rice 4-28 e"=(0.687-7.38E-2LN(f)+1.70E-2M)3 0.43 0.720
Soya 4-286 e’ =(1.40-9.25E-2LN(f)+2.35E-2M)2 0.35 0.913
Soya 4-28 e"=(0.48-7.56E-2LN(f)+3.26E-2M)® 0.38 0.828
Coffee 12-45 e =(1.56-0.12LN(f)+1.71E-2M)2 0.37 0.918
Coffee 12-45 e"=(0.83-0.14LN(f)+2.17E-2M)3 0.51 0.723
Wheat 8-26 e’ =(1.45-9.71E-2LN(f)+2E-2M)3 ~ 0.50 0.857
Wheat B8-286 e"=(0.85-7.87E-2LN(f)+1.41E-2M)® 0.41 0.771

Table 8.1 Expressions for the variation in the dielectric
constant and loss factor of agricultural products
with moisture content and frequency. Frequency
range: 13.5-40 MHz. Temperature range: 18-22 C

for soya, coffee, maize and rice; 20-24 C for wheat.

Inspection of the equations in Table 8.1 indicates that the

dielectric constants and loss factors increase with the moisture
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content and decrease with the frequency of the applied field in

all cases.

The mathematical expressions obtained for the dielectric
constant of maize and wheat were then compared with those
developed by S.0. Nelson. These consider the frequency and
moisture dependence as above and also the effect of bulk density
[120, 123]. There appear to be no published models of the
dielectric constants of other products which can be included in
this comparison, nor is any model for the loss factor available.
Some data obtained from the curves derived by Jones et al [89]

were also included in the comparative analysis.

On inspection of the variation in e’ with moisture content
at the three major RF bands, i.e. 13.5, 27 and 40 MHz it was
noted that, above approximately 16-18 % w.b. the models
depending on both frequency and moisture practically coincide.
At low moisture contents, 10-12 % w.b. the difference between
the two is a maximum, in general of the order of 20-30 %. The
moisture dependent models for esach frequency (presented in
Appendix IV) exhibited similar percentage differences compared
with the Nelson’'s results. For wheat the moisture dependent
expressions are in closer agreement with Nelson and for maize

this is +true of the models depending on both frequency and
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moisture (presented in table 8.1). The data reported by Jones et
al is, generally, 1in very good harmony with both models
developed in the present work. For maize the frequency/moisture
model is in close agreement with the earlier workers. In the
case of wheat the moisture dependent models &are marginaslly more

appropriate.

8.2 Diel ic Dryi E :

8.2.1 Introduction

High frequency methods sppear to be promising techniques
for many drying processes but there is still a need for more
engineering design data related to the performance of these
systems before costly prototypes are built. Power, temperature
and breakdown limitations of the processes may limit the
throughputs for certain materials and the effects produced by
different air and ambient conditions together with the high
frequency field parameters also need to be examined with regard
to their effects on the resulting drying rates. For these
reasons an experimental dryer was constructed and used in actual

drying tests as described below.
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8.2.2 Experimental Apparatus

An experimental high frequency drying system was developed
using RF generators operating at around 40 MHz. The rig was
designed in such a way that convection, environmental and high
frequency parameters could be determined for incorporation in
the design of drying equipment. The unit was designed and built
between the Autumn of 1886 and early Summer 1887 and has been
succesfully operated since that date. The main objective as
far as the work reported here is concerned was to analyse the
feasibility of the process and to arrive at design methods and

parameters for future prototypes.

For the radio-frequency system the power density term
f(E,H) can be found from eq (6.31). It is affected by the
electric field, frequency and moisture content. In order to
avoid deep-bed air drying effects affecting the situation, a
small thickness must be used, in this study a layer of
product 5 cm thick was adopted in order that the air
conditions could be assumed to be reasonably uniform across the
bed. The following variables are required in order to predict
the drying time of a specified product in the dielectric heating

system:
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E; electric field strength in the bulk of material (kV/m)
M+; target moisture content of the product (% wet basis)
Mi; initial moisture content of the product (% wet basis)
M; moisture of product at time t (% wet basis)

t; time (mins)

The target moisture content 1is defined here as that required to
give the required product quality. In air drying studies the
equilibrium value can be used but where internal heating methods
are involved as here, then, in theory, the material can be dried
down to =zero moisture content regardless of the ambient
conditions. For coffee, for which equilibrium moisture
equations were unavailable, a constant target moisture content
of 13 # w.b. was used. In the case of the other products Mt
was taken as the ideal equilibrium moisture contents for storage
under normal ambient conditions (temperature and relative
humidity) prevailing in the laboratory. The equilibrium moisture
contents were evaluated using the Henderson type models given by
Chung et al [33]. For this purpose a Casella Assmann Hygrometer
was used to assess environmental conditions during the

experiments.

In all the dielectric drying experiments carried out in

this study the sir temperature was the ambient wvalue and the
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air flow was maintained approximately equal to that found in
typical agricultural drying plants. Any heating of the surface
of the product affords no enhancement to the internal drying
mechanism, it merely increases the amount of energy supplied to
the surface (see Chapter 2). However increasing the flow of air
may help to force c¢ool the material although it will not
increase dryving in the falling rate period. The same is true of
the relative humidity of the sir in the drying zone since only
in extremely desmp conditions are its effects significant (see
for example Allen (5]. Many previous workers have only
considered the effect of the relative humidity on the
equilibrium moisture content but when dielectric heating is
used, the equilibrium moisture contents cannot be defined. Hence
the importance of the relative humidity of air is likely to be
reduced further 1in most applications. In any event the
experimental drying apparatus used here was designed in such s
way that all the above effects could be studied 1later if

reguired.

The prototype was designed around s pair of capacitor
plates between which the material was contained (see figures 8.3
and 8.4). This was the only practical method which was found
possible to simulate a real plant which, in practice, might be

of the conveyor or moving bed (vertical) type. The results
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obtained are considered to be directly applicable to the RF
cross flow drying systems examined in Chapter 8 and also valid
for an ideal <cross flow microwave system in which sufficient
power uniformity can be achieved. The latter would require the
results to be expressed in terms of the dielectric power
densities instead of the electric field strength. This is
discussed further later in this report but to be fully relevant
to the microwave case then a multiple source feeding arrangement
would be required and also the thickness of the bed of material
in the drying zone would need to be much smaller than the power

penetration depth.

The dimensions of the capacitor plate system need to be
small to guarantee that the standing voltage effect 1is
negligible for all the frequencies likely to be used in the rig
and the frequency used should not be so low as to cause
electrical breakdowns when operating the unit at the required
power levels. Depending on the dielectric properties of the
granular material under consideration and on the throughput
required, the equipment finally developed could be used in the
frequency range of, say, 5 to 5850 MHz. The higher frequencies
are limited by the dimensions of +the plates and at lower
frequencies breakdown is the major problem. This could be

overcome by increasing the spacing between the plates or by
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reducing the voltage levels although this would considerably

reduce the drying rates obtained.

The plates must be larger than the cross sectional area
of the product sample in order to avoid field distortions at the
edges. From table 6.16 it is seen that 0.3x0.3 m2 is
an appropriate dimension for the capacitor plates if the
voltage variation has to remain below 10 % when the RF feed is
connected near one extremity of the plate. The plates also need
to be perforated since air must flow through the product to
carry away the surface moisture (see figure 8.4)., A duct system
was designed to carry the air and connected to the perforated
plates which form the electrode system. The cross sectional area
of the duct from the air intake to the outlet of the drying zone
is identical to that of the sample of material, i.e. 1is

0.2x0.2 m=2,

The plates were made from stainless steel. One of the
plates, and the associated section of air duct, was connected to
earth, the other electrode (the high voltage plate) and duct
section were insulated (see figures 8.3 and 8.4). The earthed
plate and duct section are movable in order to allow the
interelectrode spacing to be varied. The earthed section of duct

incorporates the =air intake and the instrumentation which 1is
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mounted here in order to avoid interference from the RF field.
The duct is manufactured from aluminum. The second duct section
begins at the junction of the drying =zone outlet and the high
voltage plate. It carries the exhaust air from the drying =zone
and is manufactured from P.V.C. The duct system and plates are
Joined by fixing screws in order to allow for ease of electrode

replacement

The air flows used correspond to those found in typical
convective dryers, i.e. 0.25-0.41 m3/sec/m2, With a
Cross section of the duct equal to 0.2x0.2 m2 then the

air flow needs to be within the range of:

(0.25-0.41 m3/s)x0.2x0.3 = 0.01-0.02 m3/s,

which is equivalent to an average velocity of

(0.01-0.02)/0.04 = 0.25 - 0.50 m/s

The thickness of the 1layers of materisal in typical convection

plants would be larger than those which would probably be

adopted in high frequency units. As mentioned previously in this

report, typical cross-flow beds can be as thick as 30 ¢m or more

and it is unlikely that in a full-sized dielectric drying plant
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the bed of granulated material would be so thick, as this would
require higher applied voltages (see Chapter 6). In turn this
would mean that a given installed ventilation plant would be
able to produce a greater air flow due to the lower resistance
of the material bed. Hence, in practice, the air flow velocities
would be somewhat greater than those given above for typical

convective dryers.

This range of air velocity is too low to be measured with
a Pitot Tube (see for example [1], pgs F13.14,15). A thermal
anemometer would be preferible. An AVM501TC Prosser velocity
meter was used in this case. This type of instrument measures
the velocity of air by determining the electric current regquired
to keep constant the temperature of the sensor element in
response to the heat transfer which takes place between the

element and the air flow.

In order to retain the product between the electrodes
and to allow the weighing and other experimental procedures to
be carried out, it was necessary to design a suitable container.
The dimensions of the container were fixed according to the size
of the plates and the separation between them, the construction
material needed to have zero, or very low, loss. Before finally

selecting the container material, several alternatives were
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considered. As well as a low loss factor the material is
required to have a relative permittivity close to that of the
product and be able to withstand temperatures of the order of
150 C. Several nylon products were tested but failed on the
temperature requirement. It has also been reported that the loss
factor of Nylon changes excessively with temperature (see for
example [110] and [165]). A study of the data for the dielectric

properties of materials given in Von Hippel [165] indicated that

bakelite, mica, silicon based plasties, and polyvinyl resins
would be adequate as far as dielectric properties and
temperature requirements were concerned. Experiments with

bakelite proved however that this material could not withstand
the temperature levels required, the same occurring with many
commercially available plastics including PVC. PTFE was then
tested. A 1 cm thick block was placed for several hours on a
metal plate whose temperature was maintained between 230 and 250
C. The surface of the material in contact with the hot plate was
kept at approximately 205 C, the opposite side reaching nearly
100 €. The PTFE experienced no physical deterioration and
therefore it was concluded that this material was adequate for
use in the construction of the container and other insulated
parts of the experimental rig (see figures 8.3 and 8.5). PTFE
proved to be an ideal material. The same container was used

throughout all the experimental drying runs and at the end of
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these it was still sound. The only PTFE replacement required was
after nearly 60 drying runs when a severe electrical breakdown
melted part of a thin section of +the material between two
ventilation holes. This required the substitution of one of the
perforated sides of the container. This same section had
previousls withstood the high temperatures produced by at least
half a dozen breakdowns. PTFE is, however, difficult to machine
and, since all the parts of the container, including the joining
screws, needed to be made from this material, this part of the

Wwork was time consuming.

The container was held tightly between the plates to
prevent air gaps and consequent breakdowns. It was important to
ensure that the cross-sectional area of the material
perpendicular to the air flow did not exceed the dimensions of
the air duct. This was done in an attempt to ensure uniform
drying conditions in the material. Initially when using the
container it was found that condensed water on the sides
perpendicular to the plates produced local electrical
discharges. In order to overcome this a plastic fin was included
in the design. This increased the electrical breakdown distance.
For convenience this fin was first made from a strong commercial
PVC plastic but this had to be changed to PTFE since, after a

few drying runs, the PVC was heated by the RF field and this
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induced further breakdowns.

As shown in the figures, the RF experimental rig was
enclosed in a metal-walled compartment. This was done not only
for convenience and electrical safety but also to 1isolate the
system from the outside environment in so far as radiofrequency
radiation was concerned. In order to allow the experiments to be
carried out under different ambient temperature and humidities,
the compartment was, 1in fact, a Gallenkamp Humidity Cabinet. An
exhaust fan for the cabinet was added. This was quite separate
from the much larger exhaust fan wused to extract the air from
the drying zone which is omitted from the diagrams since it is
installed away from the cabinet near to +the window of the
laboratory. The smaller exhaust fan was installed in order to
extract toxic gases from the products and, possibly, the PTFE
following electrical breakdowns. The front glass door through
which the electrode system and load could be inspected included
a metal screen which was effective in limiting RF emissions as

discussed below.

Interlocks were fitted to interrupt the RF power supply

when the door of the cabinet was opened.

After the mechanical and structural problems had been
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solved the next step was to choose an adegquate high frequency
power generator. A 27 MHz power source was not available but
two alternatives were possible: one at 2 MHz and the other at
nearly 40 MHz. The former was an induction heating source which
was particularly attractive +to the present application due to
the closeness of its nominal RF power output to the estimated
maximum heating requirements of the process. However, it was
considered that the frequency was too low and that breakdown
problems may have arisen. Therefore an Intertherm DHBS/Z water
cooled unit, with a nominal resonant frequency of 38.5 MHz and
capable of supplying a8 maximum of 6 kW RF output was used. This
RF generator required a nominal 12 kW three phase supply plus
earth and neutral lines in addition to an adequate water supply

to cool the valves.

Once the high frequency €generator was installed it was
necessary to decide on the feeding arrangements for the RF
electrode system. The use of & +transmission line was first
considered. This presented advantages in terms of quick
replacement of RF generators but transmission line theory shows
that the load must be correctly matched. The load value which
allows maximum energy transfer when the load is connected to a
generator by a transmission line is the square root of the ratio

between the inductance and the capacitance (defined between the
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two conductors) of the line. Deviations from this value, which
is known as the characteristic impedance, will cause wave
reflections and resultant standing voltages on the line greater
than the voltage on the generator terminals. This effect is
likely to produce overheating and possibly breakdown on the line

so reducing the energy transfer and overall efficiency.

The use of coaxial cables capable of delivering RF
energy rated at 6 kW at several thousand volts was investigated.
These <cables are normally manufactured with characteristic
impedances of 50 or 75 ohms as compared with the load impedance
which, in this case, varies from 100 to more than 4,000 ohms
as noted below. The use of these cables would require the design
and construction of a wvariable coupling unit between the end of
the line and the load, this was not considered to be a practical
solution in view of the 1limited time available. It was finally
decided that the terminals of +the RF generator should be
attached to the capacitor plates by means of an
electrical connection as short as possible. This was achieved by
mounting the high frequency unit of the RF generator at the back
of the humidity cabinet (see figure 8.7). An opening was made on
the back of this cabinet through which the two terminals of the
RF generator were introduced, the teminals were connected to the

electrode system using copper strips. One of the terminals of
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the RF generator was earthed to the metallic body of the
oscillator, this was also connected to the earthed electrode

plate.

The RF voltage on the electrodes was varied by means of a
three phase variac which changed the mains A.C. and conseguently
the high voltage supply to the full-wave rectifier bridge which
supplies the D.C. input to the anode of the RF valve (see figure
8.6). Care was taken to supply the ws&auxiliaries of the RF
generator system with their nominal voltage. A wattmeter was
connected after the auxiliaries across two of the 1lines which
supplied the rectification stage. A domestic energy meter was
also incorporated (between one of the 1lines and neutral) 1in
addition to a removable ammeter which monitored the current in

different feeders.

Figure 8.6 shows that the coupling from the tank circuit to
the electrode system is not direct but 1is carried out through

what is, in effect, a coupling coil.

Ideally both the wvoltage and the frequency at the
electrodes should be continuously monitored but the voltages
involved here are too high for direct measurement with

conventional RF voltmeters. Several alternatives were considered
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Figure 8.7 Connection between the RF stage of the high frequency
generator (left) and humidity cabinet (right).
3 : Location of E-field probe (see table 8.2).




356.

for measuring this voltage by voltage division, many of these
were not reliable and would have presented some hazard to the
operator. An RF field probe was finally adopted, this was
terminated in an inductor «c¢oil which was used to detect the
electric field. The probe was introduced in the cabinet, and
placed in the electric field adjacent to the electrode system.
The small RF voltage produced could then be related to the
applied high wvoltage on the plate. Voltage and frequency were
then measured using an oscilloscope connected to the probe by
means of a B.N.C. connector and coaxial cable (see figure
8.3). The best possible placement of the probe inside the
cabinet was dependent on the direction of the axis of the coil
and 1its distance from the electrode system. This was due to the
variation of the dielectric properties of the material during
the heating cycle, which affected +the pattern of the stray
fields surrounding the electrodes and consequently the probe
measurements. Ideally there would be minimal differences between
these measurements when the electrode system is empty or loaded.
In order to find the best location for the probe, seven
alternative positions were studied, for each one of these
voltage measurements were taken with the oscilloscope at three
different voltage 1levels on the plate with the system both
loaded and unloaded. The 1load 1in this test was a plastic bag

filled with water. Even in the location finally selected the
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voltage reading was found to vary over a 2:1 rande depending on
the stray field effect and the coil direction relative to the
field. As will be seen below these readings do serve a useful
purpose but they should not be taken as reliable absolute

values.

More details of the experimental &apparatus and 1its

arrangement are shown in figures 8.9-8.15.

8.2.3 Yoltage Calibration and Radiation Tests

Once the experimental equipment and the high frequency
generator was installed and ready for use safety and RF

interference tests were carried out.

It 1is generally accepted that a level of radiation
equivalent to that emanated from the human body in a normal
sedentary state (100 W/m=2) is safe for permanenet
exposure, although some authors quote exposure levels of 10
W/m2 between medium and high RF frequencies (30-300 MHz).
This reduction in the allowable limits is due to the increased

receptivity of the human body within this band [13, 56, 110].

A HI-3001 Holaday meter was used to assess the radiation
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levels on the exterior surfaces of the equipment and in the
surrounding working area. This instrument was supplied with two
electric field probes plus &a set of earphones which produce a
sound proportional to the meter reading. Two sets of
measurements were taken: One with no load and the other with the
container full of product. In both cases the RF generator was
operated c¢lose to its maximum output and with the highest
possible voltage on the electrode system. The electric field is
highest, and so is the concentration of the field lines, where
the permittivity of the medium is greater. Hence it was
considered that the largest stray field effects would occur at
no load conditions, this causing the maximum levels of radiation
from the equipment. The results obtained are presented in table
8.2. Only the maximum values of field strength were recorded.
The conversion from E-field to effective power gquantities is
based on a table supplied by the instrument manufacturer. The
numbers in parenthesis refer to the wvalues with the container
full of product and those in brackets correspond to the figures

in which the probe locations during the measurements are shown.

It 1is evident that the equipment does not emit excessive
levels of radiation even when operated at full voltage and no
load. When the drying runs are being carried out the emissions

are greatly reduced as can be seen from the table. The greatest
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source of stray field radiation is the connection made at the
generator terminals, the maximum levels occur when the RF
generator is at full voltage but no power is being drawn from
the tank circuit. When the 1load 1is connected to the generator
terminals the level of radiation is very 1low. In this case the
power rectification stage (D.C.) of the RF generator is the
major emitter. The effectiveness of the RF metal screen in the
window, which faces directly on to the electrode system, is

evident from the Table below.

Probe Location E-field Strength (V/m) Effective Power (W/m2)
1.0n the Window {8.10} 28.3 (3.9) e (0.04)

B

.On the Air Intake {8.3} 70.7 (3.9) 13 (0.04)
3.0n Generator and

Cabinet Joint {8.7} 173.2 (44.7) 80 (5.3)
4.0n Door Joints {8.10} 100.0 (15.8) a7 (0,73
S5.Working Area (in

between Variac

and Cabinet) {8.10} 4.5 (3.9) 0.05 (0.04)
6.Rectifier Valves {8.10} 104.89 28
7.Water Hoses {8.10} 67.1 12

Table 8.2 Radiation emitted from the equipment.
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Following the above safety tests the interference
problem was next investigated. The RF generator used operates
at a frequency which is no longer approved for ISM purposes and
therefore interference with local communication systems was seen
as a potential difficulty. The radiation emitted from the rig
was in the band between 38 and 39 MHz and 1its effects were
detected around the experimental equipment. Tests were carried
out in the adjacent parts of the building using a radio
receiver. The operational characteristics of the equipment were
varied during these tests but nothing was detecteéd which could
be attributed to the experimental rig which was then cleared for
operation. The system was operated almost every day for three
months during which no complaint regarding radio interference

was received.

Before starting the experiments, the tank circuit elemnts
were adjusted to avoid as much as possible harmonics and
amplitude modulation in the RF signal; this setting was left
unchanged during all the following voltage <calibration and
drying runs. The tank circuit design allowed for minor
variations in the operating conditions. The generator was able
to produce an output between approximately 35 and 38 MHz,
depending on the relative positions of the internal inductive

and capacitive components. This adjustment affected the waveform
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of the output signal from the tank circuit. It was concluded
that the optimum conditions for operation were near to 38.5 MHz
which was the setting adopted. The setting 1is shown in figure
8.6 in terms of four physical positions of the adjustment:
13 1z, la and la. The corresponding details
of the tank circuit arrangement are shown in figure 8.8. 1la
is the distance (220 mm) between the connection of the RF
coupling capacitor (point P in figure 8.8) to the tank circuit
inductor and the metallic wall (at earth potentiasl), 1lz is
the distance (70 mm) between the inductor and the coupling coil,
la (32 mm) and la (20 mm ) are the distances between

the adjustable tank capacitor plates.

In order to estimate the applied RF high voltage on the
electrode system, calorimetric experiments were carried out with
plastic bags filled with water. The bags were made from a thin,
heat resistant low-loss polyester similar to those used for
containing food being cooked in domestic microwave ovens. The
bags were somewhat larger than the internal volume of the PTFE
containers and, when filled with water, occupied almost the
whole internal volume available except that needed for the bag
seals. These seals experienced no heating effect nor did the
PTFE parts of the container which were not in contact with the

water even though all parts were subjected to similar electric



Figure 8.8 Tank circuit of RF generator; the coupling coil is

connected to the electrode system (right). Dimensions:

11= 220 mm, 12= 70 mm, 13= 32 mm, la= 20 mm.




Figure 8.9 RF Valve and tank circuit's inductor and coupling

capacitors as seen at the coupling coil's position.



Figure 8.10 Experimental drying system. The power (mains and

rectification) section of the high frequency generator
is shown in the RHS of the Picture together with
various instruments and the variac. 1 . oy e T

Location of E-field probe (see table B.2).



Figure 8.11 Experimental drying rig inside the humidity cabinet;
the air velocity sensor and temperature (dry and wet

bulb) probes are shown inserted in the earthed (RHS)
section of the air duct.



Figure 8.12 Internal details of the air duct system, electrodes,

PTFE container and placement of probes. The connection
between the electrodes and the terminals of the RF

generator (i.e. coupling coil) is noted behind the system.




Figure 8.13 Arrangement adopted in the dielectric drying

experiments to estimate the various load parameters.



Figure 8.14 PTFE vontainer used to hold the granular material.




Figure 8.15 PTFE container used to hold the granular material.
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field conditions.

The bag containing water was put in the PTFE container
which was then placed between the electrode plates. Different
input voltages, using the input variac, were then sapplied for
fixed time periods. The temperature rise of the water
(Te-Ti) was measured in each case and the energy used

to heat up the water was obtained from:
Ew=cpwpw(Tf'Ti)Vw ¥h (8.1)

where Cw, Py and V) are, resbectively, the
specific heat, density and volume of water. In the temperature
range used in this experiment the specific heat and density of
water are virtually constant, i.e. 1.18 Wh/kg/ C and 1,000

kg/m3 respectively,

Considering the water as a homogeneous dielectric, an

sequation for the energy term can alsoc be written as (eq 6.3):

-

Ew= Tfeo(Vp/d )2e"wWkAt Wh (8.2)

where f and Yo are the frequency and peak value of the RF

voltage between the electrodes, d° is the separstion between the
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capacitor plates and At the period of time for the individual

test.

Ideally the RF voltage on the electrode plates_would be
perfectly sinusoidal with its amplitude, Ve, affected only
by the input voltage from the mains. Unfortunately, this is not
the case in practice and although the RF signal was sinusoidal
during light load operation, under other conditions it contained
a small percentage of harmonics. However the major problem ﬁas
an amplitude modulation of the RF voltage which was first noted
when the setting of the tank circuit elements was being made.
Changes in the position of the tank circuit elements had some
effect on the harmonic components of the signal and these
effects .were kept &ss small as possible but the amplitude
modulétion could not be reduced by any adjustments.  made to the
tank cireuwit. The only way this modulation could be
eliminated was to use input voltages in the nominal range
recommended for the RF generator (380-415 volts). Since the
amplitude modulation appeared to be produced by a 300 Hz source
it was concluded that it was caused b& the full wave (8 diode
valves) rectifier bridge. This applied a far from ideal DC
voltage to the valve when the mains input was outside the

recommended range,
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The sbove effect was takén inte s&account in ea (8.2) by

considering that only a fraction of that eﬁergy would'bé

available. The fraction was expressed mathematically using an

amplitude modulation, or modulation depth factor, K..m..
This parameter, estimated from os=scilloscope readings, is the
ratio of the area under the curve of the modulated RF signal to
thet of the ideal unmodulated signal (i.e. Vp(1/f)). The

energy finally available is then given as
Bw= 9 feo(Vp/d )2(Ka.m. )2e"wvA; At Wh (8.3)

After combining eqs (8.1) and (8.3) and inserting the
values Ffor the wvarious parameters (At being expressed in

minutes) we have for Vp:
Ve=(435.3/Ka.n. Y[ (Te~T1)/(e"w At )]272 Volts (pesk) (8.4)

The electrode voltage, Vo, was determined from the
results of almost 70 calorimetric tests for various mains input
voltages, Ka.m. was assessed for each one of these
experiments, it was noted that this parameter was substantially
constant during the heating o¢vycles but varied linearly with the
applied mains voltage. Ka.m. is discussed further below,

in the drying runs it varied not only with the voltage aspplied
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but also with the chande in the dielectric properties of the
load. Correlations for Vp as a fﬁnction of the input mains
voltage, the voltage on +the RF field probe, the variac setting
and the mains input power are also presented Jlater in this

Chapter.

It should be noted that Ve is expresééd in téfms of
peak value and should not be confused with the RMS5 'values used
elsewhere in this report. Under ideal conditions there would be
a definite constant relationship between these two figures, this
not being the case here due to the effects reported above.
However, using eqs (8.2) and (8.3), it is possible to define an
amplitude Vesin for the unmodulated sinusoidal RF voltage
which would produce the same effective heating ss that of the

modulated wave, i.e,
Vosin = VpKt.m-

The RMS wvalue of this energy-equivalent sinusoidal wave is given

by
Y = VpKa.m./(2)172

This quantity reduces continuously with the decrease of
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Ke.m. during the dryving runs.

8.2.4 Experimental Procedure

Several product samples were rewetted by sosking them in
water for 36 hours after which the surplus water was drained off
and the material étored in hermsatic 1 litre glass jars at =a
maximum temperature of 10 - C, Each drying run required
approximately 2.5 1litres of granular product to fill the PTFE
conta;per. Before commencing the sxperiments, the jars were left
open to reach ambient temperature after which the PTFE container
was filled, closed and placed between the capacitor plates. In
the meantime the water cooling system of the RF valve was turned
on and the air temperature and relative humidity measurements
made at the air intake section. Following these measurements,
the velocity of the air flow to the material was measured,
taking care to adust the air speed probe with its axis parallel
to the air flow. This probe needed to be inserted in the duct
for each measurement and withdrawn afterwsrds due the likelihood

of damage by the stray RF field,

After performing the above procedure, the contaliner was
taken out of the rig. and the air flow switched off. The

temperature and weight of the material in the container were
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measured with the temperature probe on top of the scale dish
(see figure 8.13) in order to observe the temperature without

delaying the weighing operation. The weight of the temperature

probe was compensated for in the moisture content computations

as was that of the container. The height of +the product in the
container was then measured. This was reguired in order to
estimate the product volume shrinkage during the drying proecess.
This approximate method gave an error of up to 10 % when

compared with more precise volumetrie measurements,

Unfortunately, it was not possible to make more accurate .

measurements in the few minutes available to take the readings,
as this would have required removing the yproduet from the
container which would have affected both the weight and the

temperature of the samples.

The above measurements were defined as having taken gplace
at zero time. The container was then placed in the electrode
system and the initial resding of the energy meter was taken. A
mains voltage input value was selected, taking note of the
variac position, this voltage was maintained constant during.the
drying run. The generator was then switched on and an interval
allowed for the valve heaters to reach operating temperature.
The airflow was then started and the RF applied to the electrode

system. The stop watch was then started and the first stage (of



376.

up to 19 in some cases) of the drying begun.

During the drying operation a series of measurements were
made with the oscilloscope. These were voltage amplitude and
frequency on the RF field ﬁrobe, frequency of the modulation and
amplitude modulation factor (Ke.m.). At the same time the
input power was also monitored by means of the connected

wattmeter,

At the end of the initial period the D.C. supply to the
anode was switched off and the PTFE container was taken out of
the rig and placed, with the tempersture probe in position, on
the balance. The air flow supply was slso disconnected. Weight,
temperature and volume measurements were taken again after the
maximum temperature had developed, as the surface took a few
minutes to resch its final value after the air flow was removed,
These measurements were considered to have taken place at a time
given by the elapsed intervsl measured by the stopwatch from
the starting time. After the maximum temperature reading had
been recorded, the container was replaced in the electrode
system with the warmest side facing the air intake section of
the duct. This was done to enhance the temperature distribution

in the bulk of materisl. The RF generator was started and & new

drying period commenced.
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All the measurements were repeated for as many drying
stages as necessary until the RF generator tripped out due to
high anode current caused by overload, electrical breakdown or

too light a load.

Once the drying run had been completed, the air_speed probe
was inserted once more in the air intake section of the duet and
a final air speed reading taken. This was done to check the air
flow change due to varistion in the product wvolume, The final
reading on the energy meter was recorded and the container then

emptied. The product was examined for signs of damage (figure

8.15) and then placed in the oven at appréximately 110 C for.“'

three days to establish its dry weight.

The above procedure was followed 1in each one of the sixty
drying runs carried out with the experimental dryving systen,
Depending on the product, the initiasl moisture content and the
field strength used, each drying run took from half to a full

day to complete.

The measurements taken during the experiments were fed into
a nicrocomputer spresdsheet in order to calculate the

performance parameters, i.e. RF plate voltage, moisture content
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variation, initial sand target moisture contents, volume (in
absolute and relative (p.u.) terms) and bulk density of the
product, gross and net dielectric power densities, power
utilization factor, load resistance, capacitance, impedance and
Q~factor, equivalent RMS electrode voltage, amplitude modulation
factor (Ka.m.), instantaneous and average = energy
efficiencies and throughput. Much of this information could only
be determined for each particular test when the weight of tﬁe
dry product was obtained but other data is directly obtainable
during the drying runs. A sample printout of the spreadsheet

uged is shown in Appendix IV,

8.2.5 Experimental Results and Discussion
8.2.5.1 Electrical Parameters

The results obtained from the experimental dielectric
drying unit yielded abundant data concerning the process most of
which is summarized in the following paragraphs. However, as
noted above, the ahplitude modulation problem produced some
uncertainties which are likely to affect the information
obtained. The consequence of this modulation was a continuous
reduction in the RMS electrode voltage as the drying cycle

progressed as evidenced by the decrease in Ka.m. wWith
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diminishing loads. This effect is produced by the rectifiers and
is accentuated by the faect that the RF source used was not
designed to cope with such an extensive rangde of 1load
conditions. For most of the time only a small fraction of the
nominal capacity of the generator was emploved. In terms of the
ratio between the measured input power and the nominal 12 kW
input the nominal power utilization varied from as low as 5 %
up to 75-80 X for short pericds. For most of the time the
generator did not exceed about one third of its capacity. This
problem is largely due to the fact the the process was one of
batch drying which 1inevitably resulted in a large 1load
variation. In the resal continuous érocess situation  esach .
oscillator will see a very nesarly constant load scross its
terminsls which is very nearly constant. This will avoid the
above problems and will allow each generator to be tuned to

operate under optimal load conditions.

The amplitude of the voltage measured by the RF field probe
changed during the drying experiment. This was probably due to
the change in the stray field pattern as the load is reduced,
i.e, as the material is dried. The probe voltage was
considerably affected by the relative angular position between
the axis of the coil on the probe and the electrode system and

also by the distance between the probe and the eletrodes. The
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best possible configurstion was kept constant during the

experiments. The above factors had no effect on

conditions. Some correlations cbtained for Ka.m.

presented in table 8.3. In order to obtain these the

since this obviously affects Ka.m.. The choice

voltage Vi and the load resistance RL were chosen

Ka.m. E)
which was only influenced by the input voltage and loading

are -

input

as

independent variablies. The selection of Vi is inevitable
of Ry

is based on the fact that the RF generator appears to “"lose” the

load when this is too small and this phenomenon is followed by

a reduction of Ke.m..

- Model Sa 12,
Ka.m.=-0.29+8.11E-3V1-3.31E-5V12+4.28E-8V13 0.12 0.502
Ka.m.=0.3641,30E~3V1-6.32E-5R . 0.10 0.541
Ka.m.=0.93+1.23E-3V1-9.28E-2LN(Ry) 0.08 0.555
0.586

Ka.m.=0.32+2.18E-3V4-2,.23E~-5V12~1.25E-4Re+1.52E~-7RL2 (.09

Table 8.3 Amplitude modulation factor as a function of

the applied mains voltage (Vi, wvolts

and load resistance {(Ri, Ohms)

A relatively low Se was obtained Ffor all the

nodels of the amplitude modulation factor. ZXa.m.

RMS)

abaove

was
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measured on the oscilloscope, an estimate of the areas had to be
made at each drying stage and s very short time was available to
do this. Over four hundred of such readings were taken in the
experiments, &all of which have been included in the above
regressions. However, the coefficient of correlation is
relatively low and the inclusion of the load registance in the
above models enhanced the correlation by only s small amount. It
is, therefore, difficult to finally determine =at this stage
which parameters affect Ka.m. apart  from Vi. The
problems may lie between the rectification and the ﬁigh
frequency sections of the oscillator in response to the’

decreasing load levels,

A variation on the magnitude of Vp of the same
proportions as that observed for the voltage on the RF field
probe was not considered to be feasible, the load was small in
relation to the capacity of the generator and the electrodes
were directly connscted by short copper strips to the generator
terminals. For a given input mains voltage, and therefore =8
constant D.C. valve anode voltage, the resultant (RF) voltage
and ecurrent in the resonant tank circuit should not change
appreciably, as demonstrated by the fact that the mesassured D.C.
current drawn from the rectifier to the anocde of the valve is

kept constant. The same is slso the case for the messured input
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_power to the rectification section, which remains .fairly
constant onde the mains voltage is set on a given level. A given
level of anode voltage and current (D.C.) in the valve yields, a
definite value for the internal resistance of the valve, i.e.
the effective resistance between the anode and the cathode. This
can be found from the manufacturer’'s data. Hence, the change in
the load (which is continuosly decreasing, i.e. the effectiﬁe-
resistance and impedance increase) will be the only factor
affecting the current drawn from the tank circuit. Since this
current will decrease during the drying process a smaller (RF)
voltage drop will be observed betwsen the tank cirecuit and the
electrodes. This will csuse an effective increase in the plate
voltage (and not a decrease), the magnitude of which is

difficult to determine.

Regression formulse for the amplitude of the electrode
voltage Ve (kV, peak), RF field probe voltage Vpr
(V, peak), input power Pi (kW), 1input voltage Vi (V,
rms) and variac setﬁing P.V. (%) are shown in table 8.4. The
first expression in the .table is the result of the
calbrimetrical experiments already discussed. A very high
correlation coefficient was obtained, salthough the scatter,
measured by Se, was not neglidible. If this calibration is

adopted for the amplitude of the electrode RF voltage as =
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function of the input voltage and correlate the iatter with.the
variac setting and the RF field probe voltage, then the next two
expressions for Ve in table 8.4 can be obtained. The
correlastion with the variasc setting is much better than that
with the probe voltage, the 1latter being the amplitude of the

maximum recorded voltage.

Model Sa 12

Ve=-0.18+1.17E~2V+-2.83E-5V12+2 92E-8V13 0.24 0.858
Ve=0.38+0.44Vp»-0.08Vpr2+4 , 34E-3Vp? 0.18 0.835
Vp=-3.4+0.;6?.V.-1.81E—3P.V.2+5.71E-8P.V.3 0.03 0.998
V1=21.0848.85Vp+232.24Vp2-73.08Vp? | 56.79 0.955
V1:=-542.34+20.82P.V.-0.16P.V.2+4,24E-4P.V .3 10.25 U.Qgé
V1=63.23+68.18P1-5.21P12+40.17P1® (for all products) 21.00 (0.896
V1=87.91+62.08P1-5.22P12+0.21P13 (for cereals) 5.81 0.9998

0.887

Vi=81.74+52.71P1-0.88P12-0.11P12® (for coffee & =oya)18.24

Tahle 8.4 Experimental relationships for the variation in
amplitude of electrode voltage with changes in input

voltage,

Neither the frequency of the amplitude modulation
(approximately 300 Hz) nor that of the RF voltage (38.5 MHz),

i.e. the ‘“carrier" of the former =signal, varied during the
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experiments. The high stability of the RF frequency under such a
wide load varistion implies that the tank circuit capacitance is

very large as compared to that of the losad.

8.2.5.2 Load Parameters

The load varied widely during the experiments, This was
mainly caused by the change in its dielectric properties and in
a lesser degree due to the volume shrinksge within the PTFE
container as noted from egs (8.15) and (8.8) below. The volume
was greatest at the beginning of the dryiné cyele and decreased
as the moisture content dropped, the range observed being as
shown in table 8.5 in p.u..terms. The figures in parentheses'

refer to the corresponding moisture content.

Eroduct Maximum Volume Minimum Volume

Rice 1.0 (33 % w.b.) 0.7 (10 % w.b.)
Haize 1.0 (36 % w.b.) 0.7 (14 % w.b.)
Wheat 1.0 (38 % w.b.) 0.7 (18 % w.b.)
Soya 1.0 (80 ¥ w.b.) 0.8 (30 % w.b.)
Coffee 1.0 (60 ¥ w.b.) 0.8 (31 % w.b.)>

Isble 8.5 Maximum volume variation during drying (p.u.) and

associated moisture contents,
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The electrical characteristics of the load ¢an be expressed
| in terms of its effective resistance, capacitance, impedance and
@ factor. The load resistance can be defined by equating eq

(B.31) to V2/RL, which gives

RrL=d "2/wege"V Ohms (8.5)

The expression for the losd capacitance is obtained from egqg

(6.30):

CL-eoce \/d 2 Farads _ (8.8)

Apart from the effect produced by the variation of dielectric
properties, BRin and Cu are also affected by the change
in volume, the frequency of the RF field, the electrode
separation and their dimensions. The load & factor was

calculated by using eqs (86.34b), (8.5) and (8.8).

The maximum variations in the capacitance and impedance of
the load are as shown in table 8.6. The moisture range is shown
in psarentheses. The capacitance increases with the moisture
content following the increase in the dielectric constant (eq
(8.6)), whereas the impedance 1is 1lower at higher moisture

content. Higher values of capacitance and lower impedances were
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obtained during the drying experiments, but it was not possible
to estimate these values beyond the moisture range for which
the models of € and e" have been defined. The same holds for

the resistance and @Q factor of the load, the changes in these

parameters are shown in figures 8.16 and 8.17.

Rice 6.5-8.2 (11-32 ¥ w.b.) 635-255 (11-32 % w.b.)
Maize 12-44 (12-36 2 w.b.) 338- 88 (12-36 % w.b.)
Wheat 4.5-6.2 (18-40 % w.b.) 2841-465 (18-40 % w.b.)
Soya 8.1-8.6 (30-48 % w.b.) 578-251 (30-48 %X w.b.)
Coffee 18-30 (27-48 X w.b.) 248-130 (27-48 X w.b.)

Table 8.6 Maximum variation of the load capacitance and
impedance during drying and associated moisture

content values.

8.2.5.3 Qther Characteristies of the Dryving Process

The drying experiments were carried out at various
electrode voltage levels with air flows ranging from 0.7 to 1.1
m3/sec per m2 of the c¢ross sectional area of the § cm
thick layer of granulated material. This range includes the

conditions for all the five agricultural products ceonsidered in
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this report and also the air velocity increase due to the
shrinkage of the material in the container. This 1latter
. variation was less than 10 X¥. The air temperature varied from 18
to 23 C during the period in which the experiments were carried

out and its relstive humidity ranged between 0.4 and 0.5.

It was found that the cereal products could be dried in the
equipment over a wide range of moisture conténts. Maize and
rice were dried from as high as 33-38 % w.b. down to 10-12 ¥%.
The corresponding drying range for wheat was 40-17 % w.b. Coffee
and soya were dried from as high as 60 % w.b.. It was not
possible, however, to continue the drying process with these
products below approximately 27-30 % w.b., as the generator
would stop oscillating. Details of the drying parameters are

shown in table 8.7.

Q4 has been calculated using the wattmeter readings
and eq (B8.31). Since the latter regquires wvalues for the
dielectric properties of the material, it was not possible to
calculate the levels for soya and c¢offee above approximately
45-48 % w.b. Although changes in Ve produced a
considerable effect in qa, the latter 1is much more affected
by the large changes in rig efficiency and the dielectric

properties of the product as the moisture content changes. The




390.

maXimum temperature reached by the material was &alsoc strongly
dependent on the value of Vp used. There is also evidence
that, for a given moisture range, nNa increases  as Vo
is increased but it is difficult to assess how much of this is
due to the reducing efficiency of the equipment ags the 1load is
reduced and how much is caused by an enhancement of the dryving

process itself.

Product Vo (kvolts) ga (KW/m3) Na (p.u.) Im (CO
Rice 0.85 - 1.66 1 -1,002 0.12-0.30 1z - 111
Maize 0.85 - 1.54 1 - 764 0.03-0.21 15 - 127
Wheat 1.02 - 1.686 12 -~ 552 0.10-0.53 18 - 97
Soya 0.85 - 1.54 8 - 1,371 0.23-0.48 12 - 80

Coffee  1.24 - 1.80 42 - 2,173

o

.28-0.81 12 - 86

Table 8.7 Maximum variations in eleétrode voltage
(Vp), net dielectric power density (da);
average drying efficiency ( ma) and temperature
of the material (Tm) during the drying

experiments,

The drying efficiency MTNa has been calculated for
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each drying run and is the ratio of the energy requirements as
given by eq (8.8) to the energy consumed during the drying run
as measured by the wattmeter and energy-meter. Since the
variation in input power Pi during drying was small the
calculations based on the power and energy meters were
practically identical. The resultant efficiency is an "average"
value obtained by considering the whole drying run from an
initial moisture content M1 to the final Me, the
latter being the minimum level Jjust before the RF genersator

stopped operating.

An alternative form of energy efficiency has also been
considered. This is the instantaneous value at a given point in

the drying cvcle, which can be written as

Ne= Teo(Vp/d )2(Ka.m.)Ze"YPs (8.7)

This latter quantity has been used to estimate the net
dielectric power density applied at a given point in time. The
variations in Ne with moisture content for each product is
shown in figure 8.,18. 8Since the efficiency iz considerably
affected by the loading conditions of the RF generator, it was
considered that a parameter involving the load variation should

be used as 8n independent variable in order to estimate the
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efficiency of the experimental rig regardless of the product
used. Among the alternatives RL and @i were examined
as possible candidates, With the help of figures 8.16-8.18 it
was possible to select the most convenient parameter, primarily
by investigating if a correspondencse existed between the
intersections of +the Ri and QL families of curves and
those of Ne over similar moisture content ranges. Whilst
the | results were clearly divergent when QL and
Ne were considered, this was not the <c¢ase when the latter
was related to Rw. This correspondence was very close if
the ceresals were considered as a separate group. The regression
analysis performed shows a very definite dependence of the
efficiency on the effective load resistance. The finsal
relationships between Ne and RL are shown in figure

8.19 and are summarised in table 8.8.

Product Model So 1=,

(a) Ne=0.39-4.40E-4RnL+1.62E-7RrL2-1.84E-11RnL® 0.042' 0.985
(b) Nex0,83-2.38E~3Rr+2.18E~-BRr,2-6.58E-10RL® 0.042 0.9883
(e) Ne=0.32-3.05E-4RL+9.77E-8R2~1.01E~11Ry3 0.017 0.984
Table 8.8 Equations for the instantaneous energy efficiency

of the rig as a function of the equivalent load
resistance. (a): sll five products; (b): soya and

coffee beans; (c): cereals (rice, maize, wheat).
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Considering the two efficiencies discussed above, Ta
and T, if the high frequency energy absorbed by the
product at any given moment (which defines ™) is totally

used to heat up the material and evaporate water (which d:fines_

Na), the following relationship must hold under idesal
conditions;
ta
na = 1/tad nedt | (8.8)

Hence, the wvalue of na approaches that of the averagde
valﬁe of nNae taking into consideration the drying .period
ta if no experimental errors have occurred. However, in
practice, errors may be incurred in the determination of several
of the parameters which have been used to caleculate nNa and
Na. Amongst these paramneters, Na uses the specific
heat, bulk density and volume of the completely dried product.
In this Report +the published values for the specific heat havé
been used and some variation might be expected. The published
values for the bulk density of dry maize and whegt agree very
closely with the range observed in the experiments and,
therefore, the former values were used. This was not the case,

however, for the other products, the differences for rice and
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soya were of the order of 25 ¥ and theose for coffee as high as
35 %. The average values obtained from the experiments were
preferred in these cases. The volume used in the calculations
was that of the product at the end of the drying run, which was
measured (approximately) as described sbove. In any event, it

should be higher than that of the totally dried material.

With regard to Ne, three variables are of utmost
importance: Ke.m., Vo and e". The first two have an
increased effect since their square is used in the calculations,
The wvariation of the amplitude modulatien factor has not beén
entirely predicted in this Report and individual measurements
were used instead of the smoothed model obtained by redression
analysis. The value of Ve 1is also not very precise,
although the calorimetric method seems to be the best presently
available. Finally, the models for e” are accurate for moisture
contents of up to, say, 35-40% above which the Q‘factor and
capacitance method gives & high diversity in the results, ‘some

readings indicating much higher values for the e" than those

finally predicted by the regression analysis,

Although a detailed study of the above eguation and
associated errors, taking into account the experimentsl data,‘

has not been carried out in this Report, it is evident that the
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value of na 1is denerally between the extremes for Na
in a particular drying run. Apparent exceptions to this rule,
are the cases when MNa 1is higher than the maximum recorded
value. for TNe, might have been caused in part by the
factors discussed above. For example, the real value for Ta
may be lower than that caleculated in the sexperiments due to

imprecision in the estimation of the specific heat, the volume

and the bulk density of the dried product. Similarly, Na
may have been undervalued due to e”, Ve and
Ra.m. . The effect caused by imprecision in the estimates

for Ke.m. seems more likely, as the variations show no
particular trend. When a drying run was repeated, any
differences ‘appear to be attributable to changes in the values
of Ke.m. in the two experiments. In any event, it is not
alwayé possible to interpret a difference between WNg and
e as being caused by such errors. It was not possible to
estimate e for moisture content 1levels above those for
which the experimental models of e¢" were defined. The first
{and highest) wvalue of Na 3is obtained &8t the end of the
first stage of the drying run. In most cases this takes up a
relatively long time with the product losing s considerable -
amount of water within & moisture range where drying appears to
be more efficient. The misleading effects of these factors is

evident when one examines the tests performed with shorter time
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intervals between measurements or lower initial moisture content
levels. In these cases the resulting values of 1na were

much closer to or even within the nNa range.

The efficiency given by the manufacturer of the high

frequency #generator is 0.5 from A.C. mains to RF output.

Mullard [114] quotes the efficiency of the valve used in the
experiments (Mullard TY7-6000 W) as 87 ¥%. Hence, it can be
assumed that about 25 %X of the energy input is lost before the
valve stage, i.e. in the rectifying section, and the remainder
in the tank circuit. These losses are produced by the stray

components of the RF field and by Joule losses in the tank

circuit, the latter being dependent on the RF penetration depth =

in the metal cowponents. Since we have an indirectly coupled RF’

output, in theory it would be possible to vary the impedance
seen by the valve, i.e. the combination of the tank circuit,
electrodes and dielectric Iloads. Ideally, for best operating
conditions, this value should be matched as closely as possible
to the internal resistance of the wvalve, i.e. the effective

resistance between =anode and cathode. Physically this matching

could be done by varying the separation of the coupling coil and

tank circuit components and by introducing adjustable reactive
components between the tank circuit and the electrodes. The

construction of such a tuning system would improve the operating
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conditions of the wexisting experimental equipment, since it'
might be used to reduce the effects of extreme load variations.
The design of suech & unit, which would néed to use empiriecsl
methods, could incorporate a computerized control system. This

is a subject for future work,

Turning to the temperature rises during drying, it was
noted that, betwesen 1.24 and 1.54 KV (electrode voltage
amplitude, Vp), the temperature of rice exceeded 80 C at
the end of the drying process, but this did not appear to affect
the quality of the product. Drying rice at levels higher than
1.68 kV did, however, cause a few kernels to crack. Previous
work reports on the high resistance of this product to the
levels of dielectric power used in these experiments. It may be
concluded that the high temperatures reached caused‘ this
eracking rather than the dielectric power density (gQa)
itself which was less than 1,000 kW/m®., The temperature of
maize exceeded 80 C at lower Vp levels (1.24 kV). Since
both products have similar loss factors at 38.5 MHz this
presumably occurred due to the lower (specific heat x bulk
density) product (Cpdpae) obsérved for maize (see table
6.1) which, according to eq (2.33), will produce a greater
temperature increase. The maize quality was, however, not

affected up to approximately 1.4 kV after which cracking began
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resulting in a few damaged kernels. This cracking of the maize
kernels always occurred at an estimated qa greater than
200~250 kw/mS. At approximately 1.44 kV the whest
temperature reached wvalues higher than 80 €, although the
product suffered no damage, at least up to 1.54 kV, which in
this case corresponded to qga levels as high as | 500"
kW/m3 . From table 8.1 it is noted that
Cpd Pa is about 20 % lower for wheat than it is for
maize. When the loss factors are considered, however, the values
for maize are much higher than those for wheat (38.5 MHz),
especially within the moisture range (greater than 22-24 % w.b.)
where the maximum rate of temperature rise occurs. It would only
be possible to quantify the contribution of these opposing
- factors to the temperature increase rates if information
regarding the conduction of heat within individual particles
were available <(eq (2.33)). In any event, the highsr values of
the loss factor of maize causes it to be more responsive than

wheat to the high frequency field.

When drying soya and coffee beans it was noted that,
above approximately 1.33 kV, the temperature of the.former
exceeded the 80 C mark. This occurred at approximately 1.41 KV
for coffee. 1In both cases, however, the maximum levels reached

were much lower than those in the case of cereals. Since soya
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and coffee have approximately the same CpaPa .'vglue.
(table 6.1) this difference in the temperature incréaées
may be attributed to the larger loss factor of soya at 38.5 MH=z.
In comparing soya with maize it is noted that Cpape is
of the same order for the two products although the loss facfor
of maize at 38.5 HHz appesars to be greater than that of soya
above 30 % w.b., which is the drying range for soya and coffee
in the experiments. The wvolume of soyas shrunk. considerably
during the drying process, this was the only apparent change in
the product up to approximately 1.41 kV and 400 kW/m3. At
this stage the surface of some of the beans became scorched and
this was followed by burning and breakdown. In the case of
coffee, some of the beans split when working af voltage levels
of the order of 1.24-1.34 kV with aa at 500 k¥W/m2.
This corresponded to temperatures slightly higher +than 80 C,
which was taken as the maximum allowable level when drying this
product by convection methods. The volume of the coffee beens

also shrunk considerably during the drying process.

It was evident from the experiments that all the products
were affected, to some degree, by the maximum tempersture
reached during the process. It was also noted that the
material initially exposed to the sir flow developed much lower

temperatures than the maximum levels reported sbove. On the sair
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intake side of the PTFE container the Vtemperature ocf the
material ranged from a 1little higher than ambient to no more
than 50 % of the maximum value reached on the opposite side.
This was compensated for in the experimental procedure bﬁ
changing the exposed side of the container at the end of each
stage to ensure that all particles would be subjected to similar

heating effects,

With regard to the energy usage in the high frequency
drying process, the energy required per unit of evaporated water
lessens as the 1initial moisture content increases. Higher
voltage levels on the electrodes will also reduce the specific
energy consumption, although c¢are must be taken not to exceed
the maximum levels referred to above. Drying rice at 1.24 kV
from 25 to 14 ¥ w.b. requires 6.3 MJ/kg of evaporated water. If
Ms 1is incresased to 33 % w.b., the consumption decreases to
3.7 MJ/kg. These energy consumption 1levels are within the range
reported in commercial crossflow dryers (see for example [10]

and table A.4).
8.2.5.4 Drving Models

As & final result of the expefiments one wWould 1like to

arrive at models prediecting the times involved in the high
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frequency drying of a particular product. Ideally these models
would be as general as possible in ordep to increase their
future usefulness. As noted above, the amplitude modulation
effect observed in the experiments not only increased the
complexity of the ecalculations but also caused the results to be
less generally applicable. Another experimental drawback was
that the RF generator was not able to dry coffee or soya
beans below relatively high moisture content levels. The results
presented below, therefore, are conservative estimates for the
drying process and should only be applied within short moisture

content ranges.

The drying time estimﬁtes are conservative since they are
based on variables such as the RF electrode voltage which in the
ideal case would not have imposed amplitude modulation and thus
8 particular value of Vp would produce a constant field
strength and not a continuously reducing one which was the case

in the experiments reported here.

In order to arrive at the models, the data obtasined for thg
moisture content variations over time Wwere subjected to
regression snalyses in which the common empirical air drying
models given by eqs (2.14) were all considered. It was found

that the exponential type of model was the most appropriate, i.e.
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(M-Me)/(Hi-NHe)=exp(-kata a ) (8.9)

It might be worthwile in further dielectric drying studies
to explorev a new concept £for the value of Mc as has been
done in the air drying case noted above, where the equilibrium
moisture content has been substituted by a "dynamic" wvalus. This
adjustment could well improve the precision of the dielectric
drying model. The moisture ranges for each product are given in
table 8.9. The resulting (average) correlation factors and
standard deviations when the data are fitted to eq (8.9) are

also included in the tsable.

Broduet = Ma (¥ w.b.>  Me (Zw.b.)  Me (Xu.b.) S«  I2
Rice 19 - 33 11.5 down to 11 0.16 (.93
Haize 25 - 38 13.7 down to 13 D.14 0.80
Wheat 35 - 40 8 - 11 down to 18 0.12 0.83
Soya 44 - B2 11.5 down to 30 0.10 0.80
Coffee 44 - 65 13.0 down to 29 0.11 0.78

Table B.8 Ranges of initial moisture content. (M1), -

target moisture content (Me), final moisture

content (Me), standard deviations and squatre

of correlation coefficients for the high frequency

drying models (38.5 MHz) (eq (8.8)3.
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From eg (8.8) above it is noted that when =0 then
M=H41. Horeover, when t + e« then M > He. Therefore Me,
the target moisture content, is the wvalue of M in the limit,
when t -+ . In air drying studies this limit value 1is the
equilibrium moisture content MNe of the product at the
corresponding temperature and relative humidity. As noted above
some authors have introduced the concept of a ‘"dynamic
egquilibrium moisture content”, as opposed to the true value as
defined in Chapter 2. The former is simply the value of Me
which fits best the data to eq (2.14). In the dielectric case,
however, the final moisture is not limited by the equilibrium
value with air, but it can continue to any required level, even
M = He=0. The zero limit has not been wused in the present

study for HMe due to the following reasons:

i) The available RF generator stops working at =a much higher
moisture content than the ideal zero limit, hence if the latter
value had be taken this might have distorted the fitting of the
above equation, which in the ideal dielectric case (i.e. iIFf it
were possible to dry the samples in the dielectric rig down to

M=0) would have Me=0,

1i In the present case Nt should be in accordance with a
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practical minimal value, i.e. the eguilibrium value for storage.

Using the above analysis, the resultant values for the
dryving constants ka and Ka can be correlated with the
electrical parameters of the experimental sytem, i.e. amplitude
of the RF electrode voltage, input mains voltsge and power and
variasc setting. This was done by obtaining a regression formulae
for the drying constants as a function of the input mains
voltage Vi and then substituting Vi by one of the
expressions given in table 8.4, e.g. those involving Ve or

Pi1. The latter gives very high correlations with Vi.

Linear, gquadratic and exponential models were tried for
both drying constants. They all gave good correlation but the
exponential model was selected since this was considered to be
more useful for extrapolation purposes and also for practical
reasons. The cubic, and to some extent the quadratic, models
give good results in the mathematical sense but may fail in
practice due to the fact that these expressions have a gresater
degree of freedom. Hence, even though the coefficients are
calculated for minimum errors, often the finsal reéult has no

practical significance.

The following expressions were therefore chosen to estimate
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the values of ka and kg:

kazaaexp{-ba/Vi) ' (8.10a)

kg=aqexp{(-bqa/Vs) (8.10b)

The results of the corresponding regression analysis are

Drving C ; ion Coeffici 12

W W
W
W

ka, Coffee 8a = 0.14, ba = 84.2 4.7E-3 0.70
kg, Coffee kg = 0.35

ka, Maize ag = 0.9%, ba = 275.3 86.8E-2 0.87
ka, Maize ‘ aq = 0.50, bg = 33.4 1.6E-2 0.75
ka, Rice aa = 1.18, ba = 262.8 2.4E-2 0.99
ka, Rice ag = 0.53, bg = 42.3 5.1E-3 0.88
ka, Soya 8a = 0.18, ba = 127.2 1.5E-2 0.75
kg, Soya kq = 0.35

ka, Wheat aa = 0.48, ba = 215.3 1.4E-2 0.91
ka, Wheat aq = 0.44, bg = 23.8 6.9E-3 0.76

Table 8,10 Regression sanalysis data for the models of the

dielectric drying constants (38.5 MHz)(egs (8.10)).
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Taking egs (8.8) and (8.10) in conjunction with the
coefficients given in table 8.10, it is possible to predict the
drying times when the experimental system 1is operated at 38.5
MHz. Some results are shown in tables 8.11 and 8.12. Some higher
voltage results have been obtaihed by extrapolation. The
moisture wvalues in tablse 8.9 are the maximum used in.the
experiments, the drying models may not be valid outside these
limits. A much greater precision in the predietions results when
the models are used with shorter moisture ranges and for higher

voltage levels,

Rice 33 18 12 1.2 2z2.2 135
Rice 30 18 4 1.8 33.3 170
Rice 25 18 4 1.2 22.2 95
Rice 25 18 35 0.8 14.8 60
Rice 25 18 2 1.6 29.8 125
Haize 35 18 44 1.2 22.2 140
Maize 30 18 10 1.8 33.3 203 ‘ 185
Maize 25 18 14 1.2 22.2 112 140
Wheat 40 30 8 1.2 22.2 130
Wheat 40 30 3.5 1.5 27.8 165
Wheat 40 30 12 1.0 18.5 110
Wheat 39 18 78 1.2 22.2 120
Wheat 35 20 18 1.8 33.3 180

Table 8.11 Dielectric drying times (taq, mins) at 38.5
MHz for cereal products at various initial (Mi)
and final (Me) moisture contents (%w.b.),
electrode voltages (Ve, kvolts) and field
strengths (Ep, kvolts/metre). Max Epeir is
the estimated maximum field strength in the
surrounding sir: (1) considering the dielectric
constant of the material individually for seach
particle (sphere), and (2) congidering the
dielectric constant of the material in bulk (slab).
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Eroduct M4 Mse te ' Ee (23 Max Epeixr
Soya 50 40 16. 1.2 22.2 170
Soya 50 40 10 1.8 33.3 255
Soya 55 45 33 0.8 14.8 125
Soya 55 45 11 1.2 22.2 185
Soya 55 45 8 1.6 29.8 250
Coffee 50 40 31 1.2 22.2 170
Coffes 50 40 21 1.8 33.3 260

Iable 8.12 As Table 8.11 but for soya and coffee,

The above Tables show, that for a giveﬁ field strength,
rice is the product which is processed fastest, followed by
maize and wheat. Soya and coffee are seen to be slow drying
products in high frequency terms. This may be due to the fact
that these products contain a substantial amocunt of o0il and tars
which might hinder, to some extent, the diffusion of moisture.
The slownsess of soya and coffee drying is evident when the
values in table 8.12 are compared with those for wheat. Fronm
these results it is noted that reducing the moisture content by
10% takes much longer for coffee and soya than it does for
wheat, although the drying érocess is faster when carried out at

higher moisture content levels.
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Soya &and coffee are nét only slow drying materials but
they also appear to be less responsive to changes 1in electrode
voltage 1levels. Consider, for example, the case of rice being
dried from 25 to 18 2 w.b. and soya from 535 to 45 X% w.b.
initially with Ve=0.8 kV. An increase of 50 % in Vp
causes & considerable reduction in the dryving times of both.
With soya this reduction is about two-thirds of the value at 0.8
kV whereas for rice it is reduced to 11 ¥ of the former value. A
further increase of 33 ¥ in Vp will produce approkimately a
30 % reduction in the drying time of soya, the correéponding
effect on rice will be a 50 ¥ reduction. Coffee shows & similar
response to electrode voltage changes as soya in the range

considered.

Another factor which has & considerable effect on the
drying times is the value of the initial‘moisture content level
MHi1. When Mi of rice is increased from 25 % to 33 X%
w.b, it triples the time reguired for drying the material down
to 18 ¥ w.b. at Vp= 1.2 kV. An increase of only 20 % in the
initial 25 % w.b. value requires a 50% increase, to 1.8 kV, in
voltage, in order to achieve the same drying time. This doubles
the maximum field strength level in the surrounding air which
increases the probability of breakdowns occuring. A similar

effect is observed for maize, e.g. at 1.2 kV an increase of 40 %
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in the initial moisture content level of 25% w.b, triples the

drying time,
8.2.5.5 Breskdown Qccurrence

Rice and wheat were dried with & maximum Ve level of

1.86 kV, the maximum for maize and soys was 1.54 kV. In the

latter case electrical breaskdowns imposed the restrietion on -

increasing voltage levels, whereas for maize +the splitting of
the kernel was the key factor. Coffee was dried using up to 1.8
kv on the electrodes and, although breakdownsloccurred in some
cases, it was still possible to safely perform many drying runs
at such high voltages. With soya this was not possible since any
attempt to go beyond the 1.5-1.6 kV value caused a breakdown.
Breakdowns were apparently induced by two different mechanisms:
Partial carbonization in the drying zone and also due to high
values of the dielectric constant of relatively cold material

samples.

The first type developed with soya and, especially, ceoffee.
It was characterized in Lhe case of soya by a smell at the air
exhaust end also by the visual evidence of a minor burning on
the surface of some beans. The lattser occurred first. Some soya

drying runs wers performed at 1.4 kV at which this light
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superficial burning was evident but breskdown did not develop.
Breskdown always ocurred with soya at 1.54 kV and moisture
contents of 50-45 ¥ w.b. With coffes, breakdown developed only
in some cases above approximately 1.6 kV. Here this was clearly
induced by o#erheating of the product and combustioh of tars,
the latter producing smoke at the exhsust outlet a few seconds
before the breakdown. Moisture content of the product was in the
range of 45-40 % w.b, Other coffee drying runs were carried out
with no problems at higher voltages and moisture contents. An
interesting case occurred when &a breakdown was induced at 1.8
kV, 'not due to carbonization of the product (the maximum
temperature was 80 C) or high moisture content (55-50 % w.b.)
but caused by the burning of the PVC container fin. This was

subsequently replaced by & PTFE component.

Soyé produced examples of breakdowns directly csused by
high values of the dielectric constant. One case occurred at
1.54 kV half a minute after drying started when the temperature
of the product was at ambient and its moisture content of the
order of 45 % w.b. When drying wheat a similar breakdown
occurred only once, at 1.868 kV, when the moisture content was

close to 40 % w.b,

An estimate of field strengths 1in the air surrounding the
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material is given in table 8;13 for the cases discussed in the
above paragraphé. Similar to the wvalues presented in table 8,12,
the results may be conservative when the moisture content:is
higher than 35-40 % w.b. due to the measurement limitations of
the capaciténce~Q factor methods for estimating dielectric

properties over that range of moisture content.

Broduct  Hoisture (4 w.b.) Vp (kvolts) Max Fgaesr (kvolts/m)

Soya 45 ' 1.54 200
Soya 1 50-45 1.54 220
Coffee 50-45 1.68 240
Coffee 45-40 1.54 185
Wheat 40 1.86 185

Table 8.13 Estimation of the field strength in air

preceding breakdown development.

It would appear that the probability of breakdowns
developing 1increases when the field strength in the surrounding
air exceeds the 200 kV/m (peak) mark. This value has been taken
as the maximum allowable level for a breakdown-free drying

process in the calculations performed in Chapter 6.

JETRCTE
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9. CONCLUSIONS AND RECOMMENDATIONS

This Report has explored the possibilities of using novel
drying techniques to obtain potential improvements over
conventional processes, which are usually based on convection
methods. The work has been ooncgntrated on electrotechnologies,
in which methods for evaluating the feasibility of new
techniques, especially high frequency drying, have so far not
been well developed. Both economic and technical factors are
introduced and used to establish criteria and to develop
experimental methods and equipment in order to make s particular

contribution to the study of drying by high frequency methods.

It has been shown that in order for infrared to compete
economically with c¢onvection in crop drying applications the
levels of throughput per unit of radiated area must be increased
over those which have been proposed in technical literature so
far. This requires applying much higher radiation levels per
unit volume of material than what has hitherto béen done. This:
has not exceeded 5 kW/mZ2 of effective radiation on a thin
layer (up to 5 cm thick vibrated layer). This will be difficult
to attain bearing in mind the temperature sensitivity and low
thermal conductivity of the materials concerned,. which are

eagsily damaged at 80 C or even B0 C in some cases, Ags far as
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applications in agro-industry are concerned, electrical infrared
presents an additional disadvantage, the same levels of
radiation c¢an be obtained at a lower cost with biomass gas
systems. Conduction gives rise to similar problems when dealing
with poor hest conductors and the thickness of the laver or bed
of the material must be kept low. Ideally tHe heat should be
applied to single gdranules and the temperature levels need %o
be high. This would reguire .large dryers to process an
acceptable amount of material and would invelve 1long drying

times due to the temperature limitation.

The cost of industrial high frequency heating equipment is
high, in part this is due to the restricted nature of the market
relied vpon so far. Research and development in this field is
very limited and most of the new applications proposed are based
on well established designs. The high frequency drying rig
developed in this work 1is a _valuable tool for future
pre-prototype study at an affordable cost to the research
worker, The experimental work has focussed on the study of a
erossflow dielectric configuration which appears to be the most
convenient for drying granular materials in a large throughput

continuous mode. The reasons for selecting this configuration

are discussed in Chapter 7 and are based on the analysis

presented in Chapter 6. Basically this is due to lower
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investment costs, longer life and greater throughputs of the
crossflow dielectric scheme for & given dimension of the drying
zone ., The arrangement uses dislectric power assisted by
crossflow convection, the frequency being in the low or

medium RF band, i.e. in the range 10 MHz to more than 40 MHz.

The design, construction and operation of the experimental
dryer involved a consideration of electrical (mains and RF),
mechanical and thermal variables. Other factors were also taken
into account, e.g. safety reguirements relating to human
exposure to RF voltage and radiation and interference with radio
communication systems. The assessment of RF breakdowns and
maximum dielectric power density levels were also considered.
The rig was used to study the high frequency drying process
under different operating conditions, e.g. a range of RF voltage
and input power levels. Amongst the variables studied were
drying times, moisture content and temperature variation, volume
shrinkage, dielectric power density, energy efficiency, energy
usage and electrical parameters of the load. In order to
evaluate the performance of different dielectric dryers and
to design the experimental system it was necessary to measure
the dielectric properties of all the products used over the
frequency, temperature and moisture ranges of interest. The data

have been presentesd in the Report and wused to develop
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mathematical models of the parameters in terms of the moisture
content of the product and the frequency of the electric field.

Most of this information is hitherto unpublished.

The factors which most affect the economic feasibility of
drying a given product with high frequency techniques can be
determined with the aid of the methodology introduced in
Appendix II. By far the most important factor is ;he reduction
in drying time as compared with <convection. The dielectric
dryving time is greatly saffected by the electric field strength

or dielectric power density levels, but it cannot be reduced

beyond definite values if electrical breskdowns orfdamagg_tpithe‘ o

sample 1is to be avoided. The specific minimum drying times of
different material samples as limited by breakdown and gquality
considerations are given in Chapter 8 and 8. The values given in
Chapter © are obtained on a theoretibal basis but sappear to
agree very closely to the experimentai figures (Chapter-B) for
cereals. In the case of soya and coffee, the theoreticsal
approximation‘ vielded optimistic results. This is due possibly
to the o0il rich material hindering the diffusion of internal-
moisture outwards., It is shown in Appendix II that the unit
investment costs and energy efficiencies of the convection and
dielectric plants also affect considerably the feasibility of

the latter type of equipment. A comparison between the energy .
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efficiency of different convective and dielectric drying plants
is given in Appendix II. A more detailed study of the energy
efficiency of the experimental high frequency dryer is found in

Chapter B.

The experimental system developed allows processes to be
examined, especially those involving products which dry rmuch
more quickly in an electric field as compared with conventional
methods. Amongst the materials studied in this work rice
appears to be the only one with a real promise of being dried
economically wusing dielectric techniques, aven then a
considerable reduction in investment costs will be required. In
the conservative estimate made in Appendix II it was found that,
in the case studied, the unit investment costs would have to be
reduced down to levels presently found in the domestic microwave
segment of the market (approximately US$ 200/ kW). In practice
this reduction may not have to be so0 drastic, but more exact
figures can only be obtained with the help of accursate data on
the drying of rice in commercial crossflow plants. Reliable and
already checked information is availsble for maize but it was
not possible to obtain the seme for rice. Further studies are
needed with this material, in the experiments it was not
possible to study the process at its highest throughput mode

(minimum drying time), i.e. just before breakdown or quality
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damage occurs. This was possible with all the other four
materials under consideration but the ekperimental RF unit was
not capable of providing a power density of more than
approximately 1 MW/m® in the bulk of the product. There is
experimental evidence that rice withstands far greater
dissipation levels than thome attained in Chapter 8 (see Chapter
8). Rice dries much quicker than other materials under thé same
conditions, e.g. at 38.5 MHz and a field strength of 33 kV/m the

drying time is reduced to 14 % of that for coffee.

The experimental results concerning the dielectric drying
times were obtained using a sample of material held between =
perforated RF electrode system operated at 38.5 MHz. Different
RF field strength levels were applied to the electrodes and the
effect on the drying time and other variables were recorded and
expressed mathematically in empirical equations. This
arrvangement aimed to give a et of technical and economic
eriteria which can be used at the pre-~prototype level in order
to decide if further developments stand s real chance given the
material drying characteristies. The results would be, at the
moment, the best possible approximation of ~the high
frequency drying in the final prototype, which may he of the
conveyor or vertical crossflow dielectric types (see Chapter B).

The latter are continuous rather than batch systems, hence the




420.

experimental results (batch) simulates the conditions prevailing
on a section of the real dryer with given RF and other
operational conditions. Therefore, the same results can only be
expected in the overall drying zone of the real apparatus if
similar conditions occur throughout the same. Different pressure
conditions of the bulk of wmaterial in a large, commercial
vertical arrangement may have an effect on the dielectric
properties of the material (Chapter 6). This was not included in
the experimental work. Different ambient and air conditions can
be changed 1in the experimental rig developed with & few
modifications in the latter. This was not possible to do in this
research due to time and resource limitations, but they are
likely to have minor effects in the dielectrie drying process
itself (Chapter B8) except perhaps in excessively damp ambisnt
conditions, when breakdowns around the electrode system would
present a problem. This latter effect is worth studying in
detail if this technology is to be usgd in tropical latitudes.

The maximum field strength levels prior te breakdowns were

estimated in the experiments and adreed very closely with the:

technical literature (around 200 kV/m peak).

Amongst the measurements of wvarisbles perhaps the most
critical of them are the high BRF wvoltage levels on the

electrodes, which could not be measured directly with the
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commercially available electric instruments. In this case
calorimetric estimations are commonly used. Nearly 70 of such
experiments were carried out to calibrate the unit,‘they‘yielded
a highly correlated set of datas although the scatte:ing was not
negligible. It 1is important to note, however, that all
calculations involving the RF voltages yielded sound results,

including the air field strength for breakdown assessment.

The experimental work used a 38.5 MHz standard power
source already availablé in the laboratory. In the future this
counld be adapted to improve the source/load ?ower transfer and
to obtain more information on R¥ parameters prior to the drying
.stage. The drying equations at other fregquencies can be obtained
with the same methodology presented in Chapter 8 if appropriate
power sources are made available. The dielectric properties were
measured over the 13.5-40 HMHz band and these results are readily
available to be used in other studies invelving drying in this
frequency range. Alternatively it may be instructive to consider
dielectric power densities (ga) rather than, as here,
voltage or field strength. This would yield a more general type
of medel which would be independent of freguency over a large
range, and not, as was the case here, limited to the 38.5 MHz
band. In order to carry out such experiments a procedure

similar to the one carried out here might be followed with the
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addition that, at every measuring stage, the input power level
would be adjusted, this wéuld require a very flexible RF source.
The electrical résistance of the load can be estimated using the
models for e” and eq (8.5) and used to determine the
instantaneous energy efficiency making use of regressions
formulae similar to those presented in table (8.8). The required

input power level would need to be adjusted to:
P1i = aaVWne

where dd is the dielectric power density at which the

drying run is being performed.

The experimental apparatus could also be used in more
fundamental types of research, for example in checking part
of the theoretical solution of the heat and mass transfer
equations presented in Chapter 2 once =all the thermo and
physical parameters are Known (egs (2.27) and (2.33)). This
might be done as part of a research programme whose objective'
Was to meésure the mass difusivity and thermal gradient
coefficient. It might be preferable to begin the research with
materials having an uniform microscopic structure aﬁd progress

te more complex substances such as biologicsl products.
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The work reported here is especially relevant to industrial
energy planning strategies in those countries which have a
particular economic dependence on imported oil, but which have
abundant hydro and other primary energy sources which need to be
converted to electricity in order to be used in industrial
process heating applications. At the microeconomic 1level,
they are of industrial importance in the conversion of existing
heating processes to new technologies so increasing sppreciably
the throughput and the revenues from the business. This work has
presented a methodology which can be used for checking, up to
the pre-prototype level, the feasibility of introducing the
proposed equipment 1in a&accordance with the developing macro ﬁnd
micro economic scenarios. This methodoleogy made possible the
evaluation of different techniques, including the technical and
economicsl points for and &against each and why the crossflow
dielectrie, and particullarly RF configuration, was chosen to

further research and development,

.
S
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A.1 _Energy Resources and Usage

The so-called o0il crises of 1973 and 1978 produced a
remarkable impact in the economy of the World which, for the
first time in recent history, reslised that fossil fuels were
extremely valuable commodities, Those not having significant oil
reserves or geopolitical power saw their development jeopardized
by the inevitable effect on the terms of trade relating their
export products to imported oil and capital goods. Some Latin
American and African nations were particularly affected by the
economic conditions estéblished after these two crises,
especially those countries whose economies were largely based on
imported o0il products. The question was; How to pay for the
ever increasing costs of imported capital goods, produced in the
inflationary economy of the develcped countries and how to cope
with the additional burden of expensive fuel for running the

gconomy 7

Those developing nations which possessed large o0il reserves
had the opportunity to create considerable capital reserves and

initiate their own independent plans for industrialization.
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Political conditions allowed them to obtain advantages from the
petrol multinationals and to acquire increased support from the
developed nations in which +the oil-rich countries deposited
much of the capital accumulated during the oil boom of the 70°s.
With such large amounts of money available for investment the
overwhelming majority of banks turned to the developing nations,
offering attractive credits with the ultimate objective of.

promoting social and economic progress,

The major investments were concentrated on the
modernization and expansion of industry and in ;he
infrastructure required for this sector of the econonmy, e.g.
roads, electricity, ports. Some countries undertook large energy
projects in order to become less dependent on energy imports.
Amongst the Latin American countries, Brazil and Costa Rica made
significant investments in the development of internal energy
resources., Brazil, for example, developed a significant
sugar-cane alchohol programme and alse accelerated the use of
its hydro electric potential. These two nations, Brazil and
Costa Rica, shared similar energy crises but within.diffarent
political, economic and social scensarios. Both have large hydro
electric and biomass potentials, the former also has uranium

deposits and Costa Rieca possesses some geothermal energy.
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The Brazilian government has estimated that hydroensergy
will account for most of +the electricity produced in tﬁe
country, at least until the ysar 2015 [86]. There is still =
large-portion of the country which has no electricity supply,
especially in rural areas. It has been reported that, although
the average rate of increase of electricity consumption in rufal
areas wés 23 % per annum between 1976 and 1981; onlyIIO %‘of fﬁé

total number of settlements is supplied with electricity {4].

Costa Rica is a small nation and electricity is close to
almost all towns and settlements of the country. Only a few of
the major agro-industries are not connected to this service. It
has a population of almost 2.5 million with, basically, an
agricultural economy. It is dependent in imported capital goods
and has no known petroleun resources salthough its hydro
-potential is remarkable considering the size of the country,
only 50,000 km2, More than 8,500 MW of identified and
feasible hydroelectric potential is estimated to be available,
although only 500 MW of this capacity has been developéd.
Hydro electricity provides approximately 98 % of the electric
energy demand in this country [88]. The official estimates
given by goverment institutions place the renewable biomass
potential very close to that of hydro electricity. In 1966 the

participation of biomass in the consumption of enerdy in
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industry accounted for nearly B0 % of the total. In 1881 this
participation was just 35 %, whereas in the same period the
contribution of petroleum products went up from 35 % to 50 % and
electricity from 7 % to 1B %. This process of energy substition
is shown in table A.1. In 1881 13 % of Costa Rican. imports

were petroleum products (ibid).

Energy Source 1866 1971 1881
Coal & Coke 0.1 % 0.1 % 0.1 %
Biomass 57.8 48.2 34.6
Electricity 7.3 10.1 | '15.5.
LPG .3 0.8 1.1
Kerosene - - 1.1
Diesel 0il 10.0 18.95 11.3
Fuel 0il 24 .7 23.5 36.6

Table A.l Energy Consumption in Costa Rican Industry [26].

As far as the consumption of petroléum products in Costa
Riecan industrial sector is concerned, the major wutilisation is’
for fuel o0il with a relatively small use of diesel, mainly used
in burners, for drying cereal grain products. In 1882 it was

estimated that one third of the fuel o0il consumed by industry
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was used for @generstion of stesm and two thirds for direct
heating processes (10% for medium tempersture applicatibns,
mainly drying, and 58 % for high tempersture furnaces, largely
concentrated in the three cement plants operating in the country
at that time). Practically the entire consumption of fuel oil
used for generation of steam and medium tempsrature processes
was located in the Central Valley, a relatively small region and
therefore quite convenient for allowing the reinforcement of
electric distribution 1lines which would be required if s
nationasl programme of substitution of petrcleum by elesctricity

were carried out {2B8].

Brazil is over 8.5 million km2 in area and has a
population of 130 million. Its hydro electric potential is the
largest of all the Latin American countries, more than 213,000
MW. By the end of 1884 the installed slectric generation
capacity was 41,000 MW, B85 % of this being in hvdro electric
plants [16803. It has been reported that 92 % of the electric&ll
energy demand was supplied from these plants [41], a more
recent report estimates this figure as 897 % [88]. Petrol
reserves are small, the national production covers only a
fraction of the consumption. In 19840 9 %¥ of the energy used in
the country came from petrol and 75 % from biomass. Hydro

electricity and coal accounted for the rest. In 1881 petrol
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asccounted for 41 %, biomass for 29 % and hvdro electricity for
28 % of the total (see [95]1). This change is shown in table A.2Z,
the resulting importance of imported oil on the trade balance is

shown in table A.3.

Energy Product 1941 1971 1981
Coal & Natural Gas 7.0 % 4.0 % 5.0 %
Biomass 76.8 36.8 25.7
Hydroelectricity 7.0 ' 19.0 28.8
Petroleum 9.2 40.2 40.5

Table A.2 Energy Consumption in Brazil [85].
Economic Variable 1970 1876 1881

Increase in GNP (%) 8.8 9.7 -1.9
Exports (US$ thousand million) 2.7 10.1 23.3
Imports (US$ t.m.) ' 2.5 12.4 22.1

Petroleum Imports (US$ t.m.) 0.3 3.8 11.3

Table A.3 Impact of Petrol on the External Trade of
Brazil [95].
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As far as the use of petrol for thermal processes is
concerned, fuel o011l 1is =sgain the major component in Brazilian
industry [22]. Half of this is used for steam generation, of
which a major part is emploved in drying processes (see for
example [85]). In terms of coffee and cereal grain drying, it
hes been reported by CESP (Enerdy Company of the State of Sso
Paulo) that, in the early 80's, diesel was no longer used for
process heating, 75 % of the fuel. 0il was used for stean
generation and the rest, together with the whole consumption of
firewood, in direct hesating processes, i.e. generation of hot

air.

When the price of petrol increases, industrial consumption
tends to concentrate on the heavier o0il products which are
usually cheaper than the more refined oilg. This tendency is
Justified on the grounds that, in most cases, the change from
light to heavy o0il products enly involves the replacement of.
burners and auxiliary equipment. Even when the modifications are
nore complex the substitution is usually economically
Justifiable, therefore fuel-o0il 1is the real reference against
which any substitution of petroleum products by indigenous fuels

should be compared.

There has been a noticeable substitution of imported oil in
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Brazil, this is motivated by the dependence of fhe country on
imported fuels as shown in tables A.2 and A.3 and also due to
internal political and eccnomical factors and a temporary
surplus of hydroenergy. ;n the transport sector the production
of alcohol from biomass has resulted in a situation where more
than 80 X of all new automobiles are produced to burn this fuel
rather than petrol. In industry the substitution of a
considerable amount of o0il by biomass and electroheat was
carried out during 1980-1985. However, the adoption of
electroheat techniques occurred due to reduced electric tariffs
and not to the promotion of more efficient systems which might
have led to & cost-effective technological ignovation iﬁ

industry.

During 1980-1886 new tariffs were designed to
increase the consumption of electricity as a substitute for
petroleum. These ﬁariffs offered substantial reductions in
energy and maximum demand charges, the latter was actually
eliminated in some cases. The supply of cheap electricity was
usually guaranteed for a limited period of time although some
contracts offered no such guarantee, 1i.e. the utility could
interrupt the service at any moment (the customer then needed
to maintain the original equipment as a stand-by). All of

this certainly promoted investment in low cost equipment with
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a short pay-back period. Lenza has called this the
“resistancialisation de 1°electrothermie” in Brazil [95]. Ii did
not lead to any improvement being made in the industrial procéss
itself. A considerable substitution occurred and the Government
was able to sell most of the surplus hydroelectricity. However,‘

it may well be that the opportunity presented by the so4cﬁlléd“
enerdy crisis in Brazil was largely misused since, with the
level of Goverment intervention at that time, it would have been
relatively easy to promote the research and aﬁplication of more
advanced electrotechnologies in industry. In other words, a
short sighted solution was adopted for what appears to be a
chronic cause of problems. Infrared and high frequency heating
techniques experienced no significant increase and it is
estimated that 70 % of the replacements were in the form of
electrical boilers. Lenza reports that the normal price of
electricity for industrial customers was between 2.6 and 3.3
cents per kWh whereas the price charged for each kWh used in

electroheat plants was 0.6 cents or less.

Most Costa Rican coffee and cereal grain plants use hot air
directly produced from combustion ovens and burners. Although a
large smount of cereal grain (i.e. rice and maize) is still
dried by diesel powered burners it has been reported that ‘the

residues from such plants are enough to dry the whole production
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of the country [47]. The energy potential of rice huské has been
discussed elsewhere (see a review presented by Mao & LePdri
{102]. Coffee plants using wood were retrofitted to diesel oil
in the last decade and then from the latter to fuel o0il as
a consequence of the continuing increase in petrol prices. In
the eérly 80°s & further substitution, this time a reversion to
wood, was observed. The conversion of oil-fired heating
equipment to elsctricity was not encouraged in industry. This
coincided with a fuel o0il subsidy due to political and
economical conditions. It was noted that the local petroleum
refinery was producing a considerable excess of fuel oil which
needed to be mostly absorbed by the internal market. The country
was able to produce more electricity thsn it required, the
Government solved this problem by selling the surplus to
neighbouring Centrsl American countries. The price charged for
each kWh of electricity used in electroheat plants was as
shown in figure 3.4 where it is noted that the minimum price
which an average agro-industrial plant with 0.3 load factor
(e.g. coffee drying plants [27] would expect to pay was, even
under very restricted conditions (off-peak and seasonal
operation only), substantially higher than that being offered in
Brazil. This difference becomes even greater if one considers
that the tariffs quoted by Lenza are based on the official

exchange rate for the dollar, which is normally less than the
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spot price level that was used in the above reports.

The <Costa Rican Government did not encourage the
electrothermal solution. The trend was towards an increased
use of biomass technolegy which is understandable in view of the
country’'s resources, agricultural structure and'economic status.
This is so0 because, although a large hydro and geothermal
potential is available, the rescurces needed for developing it
are mainly dependent on external borrowing. The major investment
required in electrical equipment is not in the industrial
sector, 1i.e. in the transformation of secondary energy (e.g.
electricity) into useful work (e.g. process heating) since this
is seen as relatively small per unit of installed kW as far as
conventional electroheat techniques are concerned. Biomass
technology may allow for a more uniform development and share
of the benefits obtainable from & national program of oil
subgtitution in this particular Country in which
agro-industrial co-operatives have been succesful over the past
few years. The Government of the Country has financed studies
which recommend that these rural co-operatives extend their
involvement into forest development projects. It should be
noted however that & great deal of planning of production,
distribution, storage and handling of biomass products will be
required. This is in contrast to with the already well developed

electricity utility industry [28].
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A.2.1 Introduction

Below the feasibility of the process presented in Chapters
6 and 8 is examined based on the c¢ase of the commercial drying
of crops. The latter has been used in the present study as a
vehicle for developing the analysis and apparatus. It should be
noted that the experimental drying results were obtained at a
frequency of around 40 MHz although the dielectric properties of
the materisls examined showed little variation in the wider
13-40 MHz RF bsnd. Other applications invelving similar granular
materials may be analysed following the same methodology used in
this Report. The factors which will produce a successful
application of dielectric drying are not only related to the
change in energy source from the original fuel to electricity
although, in fact, such changes enhance the technological lével
and increase the reliability and productivity of the plant. The
energy consumption 1is not particularly low 1in dielectric
installations as shown in table A.4 where the requirements of

different drying methods ars compared. Additional benefits such
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as the roasting and sterilizing of food products may be
important and can be taken into sccount by the user interested

in this feature {(see Appendix III).

Mi, Mr Energy Regquired
Source = Product Tvpe of Drver (¥ w.b,)  MJI/ke .

Bakker-Arkens Standard

et al 1879 Cereal crossflow 25, 18 7.2
Bakker-Arkems Crossflow &

et al 1879 Cereal air recycling 25, 15 5.1
Laferriere Prototype |

et al 1886 Cereal mixed flow 26, 18 - 3.3
Butler & Prototype

Gardner 1882 Cereal microwave vacuum 22, 14 4.2
Experiments, Experimental RF:

1887 (Ch.8) Cereal 25, 14 8.3

Coffee 56, 39 3.2

Table A.4 Energy requirements for various drying methods

(1 kWh = 3.8 MJ).

Although each application has to be considered

individually, it is possible to analyse the effect which the
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many quantifiable variables have on the economies of the
substitution. The technologicsal parameters include the
dimensions of the drying zones in the dielectric and convective
plants, the strength of the field to be spplied in the material,
the initial and final moisture contents of the product and the
convective drying mechanism in the conventional plant, Economic
factors may also have an effect, e.g. the investment costs and
the useful 1lives of the conventional and dielectric units,
the energy costs in both systems and the level of interest rate
obtainablie. In any event, there should be 8 major advantage in
moving from an external to an internally produced heating
effect. 1t has been noted in this Report that this variation in
the energy transfer method may increase the speed of the
drying operation which will increase the throughput. However,
the response to the internally generated heating effeﬁt changes
with the charascteristics of the material. Hence it will be
regquired to chech each individual application under

coensideration as shown in Chapters 6 and 8.

The question remains as to whether the throughput increase
will offset the large capital and running costs associsted with
8 high frequency plant. In so far as the type of materials
referred to above is concerned, this is a problem which can be

properly addressed with the help of the experimental procedures
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discussed in Chapter 8 together with the dats for a conventional

drying plant.

The criteria must be applied carefully since, as mentioned
above, an internal heating technique will probably yield an
incressed throughput. It is customary when considering a plant
replacement or extension to compare the alternatives in equal
cutput terms considering ﬁhe ‘input required or, in this case,
the costs required to produce a given product. This means, in
strict terms, that the type of analysis in which two components,
energy and throughput, of the conventional system are compared
with the dielectric option might give misleading results. In
doing this we may not be comparing two alternative projects on
equal econcmic terms, i.e. we might be overlocking the changdes
which might be made 3in the conventional technology. Thus, ih
order to be consistent, given a throughput increase obtained-
by the dielectric method, it 1is necessary to determine the
changes required to equalize the two systems., In many cases this
procedure will be difficult, given the impact of the innovation
involved, but, nevertheless, every effort should be made to
compare the two alternatives on an equal basis. A more detailed
discussion of this aspect can be found in engineering sconomics

textbooks such as [137] and [158].
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A.2.2 Methodology

Here the two alternatives, i.e. the convective (crossflow)
and dielectric technique are compared on an equal throughput
basis by considering a given drying =zone volume in the
dielectric plant and then estimating how large the corresponding
volume would need to be in the crossflow case to give the same

level of production.
The following methodology can be used:
a. Given the dimensions of the column in a typical crossflow

dryer, then it is necessary to determine the volume of the

drying zone in a similarly sized RF system. The latter is

assumed to be the same as that in the columns of the crossflow

unit. In Chapter 8 the dielectric drying of a relatively thin
layer of material was considered primarily in order to obtain as
uniform drying conditions as possible in the product. The major
problem in using thicker layers may well be the deep bed drying

effect discussed in Chapter 2. However, since the convective

phase of the operation will be present in both the_dielectric,,.

and the crossflow alternatives, the sabove assuﬁption is
~considered to be reasonable. In the dielectric process studied

in this report convection has only a limited function, i.e. the
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carrying away of the surface water coming from the inside of the
particles when an electric field is sapplied. In the crossflow

system, however, convection is the major drying element.

b. Select the maximum field strength in the material Ep in
accordance with 1its quality and breakdown characteristics (see
Chapter 8). For a given reduction in moisture content, i.e.
(Me-M1)  the  drying time ta (mins) can be found

using the methods described in the Report,

¢c. The velocity of the material passing through the applicator
is the ratio of the length of travel through the field and the
drying time estimated above. The throughput, with no
recirculation, is the product of the velocity- and the total

cross sectional ares between the elsctrodes;

T =(\Wta)xB60 m3/h

d. Estimate the drying column capacity (in volumé terms)
required to equﬁlize T as above. The additional floor space and
associated costs involved are small as compared with the drying
capacity investment in most sagro-industrial applications. A

convenient way to express the capacity expansion is in terms of
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the column height in the ceresal drying simulation (e.g. [1386]).
For other products actual data need to be obtained (e.g. [25],
see a summary of this in point f Dbelow). ©Once the required

height is found the additional column capacity is;

ACap=HeightxThicknessxTotal Length

e. Evaluate the ratio of the annual running and capital costs of
the dielectric and crossflow systems, the result must be less

than unity for the retrofitting to be acceptable,.

{HRPa1eCu1a+InvaiePd1ei/[1-(1+i)~n]}/{HRPcCeo+InveACapi/[1-(1+i)-"]}

Po and Pagie are the installed heating capacities in
the conventional <(crossflow) and dislectriec plant, Ce and
Cd41e are the unit energy c¢osts in the plants and HR is the
hours of operation in a year. Inve and Invadie are the
unit investment costs in the crossflow and dielectric units, i
is the minimum acceptable return on the investment (higher than
the interest level in the market) in an annusl (per-unit) basis,
and n is the anticipated life of the equipment which is assumgd

equal for both systems.

Various possible energy cost scensarios can be considered
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from extremely cheap fuels for the crossflow dryer to fuel
costs comparable to those of electricity. The former ﬁould be
the case when the wunit is being fed by the crop residues. Rice
drying can be made an energy self-sufficient process if the
hulls of the material are used as a fuel (Flores and Zeledon
[47) Mao and LePori [102]). In coffee processihg part of the
energy for combustion needs to be supplied by sources other than
the hull residues (Caldas [(27]). The other extreme condition
occurs when electricity is used to heat the drying air in the
crossflow system. For a given drying operation both the latter
and the dielectric alternative have similar energy requirements
(see table A.4) and it is only necessary for the term
ACapInve to be greater than InvdiePaias for  the

dielectric plant to become the best of the alternatives.

f. From the assessment carried out by Caldas [25)], it can be
concluded that a popular cross-flow dryer used in the Costa
Rican coffee industry is the unit shown in Chapter 1 although,
as noted by the manager of FEDECOP (the national association of
all the coffee co-operatives in the Country) only the drying
section of the apparatus is employed, i.e. there is no cooling

section in the system. The following two models are commonly

available;
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- Holds 23 m® of wet coffee (51 ¥ w.b.) in its
interior. |

- Volume of drying columns approximately half 6f the
above, i.e. 12 m3,

- Height, thickness and length of each drying colunmn
as 5.8 m, 0.38 m and 2.8 m respectively.

- Total column frontal area 32.5 m2, total column
cross sectional area 2.1 m2

- Air flow is 80,000 m3/h, or 41 m3/min per
m2 of frontal column area.

- Temperature of drying air in the range B0-85 C.

- Procéssing from 51 to 40 % w.b. 9.2 m3/h of wet
coffee.

- Investment cost is US$ 50,000.
2) III { l!:]'lll

~ Holds 40 m3® of wet coffee (31 % w.b.) in its
interior.

- Air flow is 153,000 n®/h.

- Temperature of drying air as above.

- Processing from 51 to 40 ¥ w.b. 16.8 m3/h
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of wet coffee.
- Volume of drying columns approximately 21 m3.
- Thickness of drying columns as above.

- Investment cost is US$ 100,000,

The total invéstment costs of the crossflow plants show a
negligible variation when the thickness of the drying columns is
~varied from, say, 7 to 38 cm, although the unit investment
cosﬁ per m? of drying column, used in the following

calculations (Inve) is considerably affected.
A.2.3 Economic Analysis
A.2.3.1 Analysis of Drying and_Capacity Expansion

Examining first the drying of maize in the type of élant
specified in £.1 and following the steps a-d shows that, for a
drying =zone volume in the RF plant of 12 m® and maximum
field strength 26E3 V/m, drying from 27 to 17 ﬁ w.b. takes
ta=18 mins, and 37 mins from 27 to 13 % w.b. The

corresponding throughput values for these conditions are;

;

(12/16)>x80 = 45 m3/h
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T= (12/37)x60 = 18.5 m3/h

were the lower values refer to thinner lavers of materisl as

shown below.

The data given below is then entered in a crossflow dryer

simulation program (e.g. [13B6]):

Product initial moisture content; 27 % w.b.

Product initial tempersature; 19 C (as dielectric drying run)
Product density; 755 kg/m? (ibid)

Ambient temperature; 18.5 C (ibid)

Air sbsolute humidity; 0.008 (ibid)

Drying air temperature; 80 C (cereals drying practice)

Air flow; 41 m3/min per m2 of frontal column ares,

together with the following conditions for each individual

simulation:

Sim. 1: Drying from 27 to 17 % w.b. and column thickness 0.38 m,
hence flow of wet product is 16 tonnes/h per m2 of
drying zone cross sectional ares.

Sim. 2: Drying from 27 to 13 % w.b. and column thickness 0.38 m,
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hence flow of wet product is 7 tonnes/h per m2 of
drying zone cross sectibnal area.

Sim. 3: Drying from 27 to 17 ¥ w.b. and column thickness 0.14 m,
hence flow of wet product is as in Sim. 1.

Sim. 4: Drying from 27 to 13 % w.b. and column thickness 0.14 m,
hence flow of wet product is as in Sim. 2.

Sim. 5: Drying from 27 to 17 % w.b. and column thickness 0.07 m,
hence flow of wet product is as in Sim. 1.

Sim. 8: Drying from 27 to 13 % w.b. and column thickness 0.07 m,

hence flow of wet product is as in Sim. 2.

The following results are obtained where the terms in
parentheses refer to the number of equivalent sized crossflow
units which the dielectric plant is replacing in each of tha
cases. As the column thickness is reduced the crossflow system
becomes more effective but even when very thin layers are used
the dielectric system can process at least 4 times as much as

its convective equivalent.

Sim. 1: h=38m; ACap=38x0.38x2x2.8=80m%® (6.6)
Sim. 2: h=28m, ACap=28x0.38x2x2.8=60m3 (5.0)
Sim. 3: h=30m, ACap=30x0.14x2x2.8=24m3 (5.4)
Sim. 4: h=24m, ACap=24x0.14x2x2.8=20m2® (4.5)
Sim. 3: h=28m, ACap=28x0.07x2x2.8=11im? (5.0)



447.

Sim. 6: h=22m, ACap=22x0.07x2x2.8= 8m3 (4.1)

A crossflow drying model for coffee is not vet gvailable,
therefore, the specifications given in f are used instead. The
results are that the maximum field strength would be 24E3 V/m
and from the experimentsal results it is found that drying
coffee from 51 to 40 % w.b., requires nearly 15 minutes which
gives a throughput of 48 m3/h for a dielectric systenm
with the same drying zone volume as the crossflow in f.1.
Comparing this throughput level with that of £.1 indicates that

the dielectriec unit would replace five such conventional plants.

Turning now to the important c¢ase of rice, as shown in
Chapter 8 this material is extremely resistant to internal heat
dissipation and, for a given field strength, dries much faster
than the other products examined. It was not possible to obtain
a reliable crossflow simulation program for rice. The program
for maize [138] has been used extensively for design purposes in
the agro-industries in Brazil and has also been found
appropriate for modelling the crossflow dryving of wheat when the
appropriate data are inserted. Attempts to do the same with rice
data have not vielded good results (ibid). OFf the three cereals
considered in this report, rice is the only one which is covsred

by a hard hull, this makes convective drying process more
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difficult and, no doubt, slower. However, as a first
approximation the crossflow drying estimates obtained above for
maize have been used to evaluate the technical and economic

feasibility of the process for rice.

Although rice would probably stand higher field strengths,
in the experiments described above it was not possible to exceed
the 33 kV/m level with the equipment available. With this field -
it was possible to dry from 27 to 17 % w.b. in 3 mins and from
27 to 13 % in 5 mins. The corresponding throughputs for =a
dielectric plant with a drying zone similar to that in f.1 would

be:

From 27 to 17 % w.b.: "= (12/3)x860

il

240 m3/h

From 27 to 13 % w.b.: T= (12/5)x60 144 m=/h,
where the lower throughput cases are included in the following

simulations.

Sim. 1: Drying from 27 to 17% w.b. and column thickness
0.38m, hence flow of wet product is 86 tonnes/h per

m2 of drying zcone cross sectional area.

Sim. 2: Drying from 27 to 13% w.b. and column thickness
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0.38m, hence flow of wet product is 52 tonnes/h per m2
of drying zone cross sectional area;

Sim. 3: Drying from 27 to 17 % w.b. and column thickness 0.14 m
hence flow of wet product is sz in Sim. 1.

Sim.4 : Drying from 27 to 13% w.b. and column thickness 0.14m
hence flow of wet product is as in Sim. 2.

Sim. 5: Drying from 27 to 17 ¥ w.b. and column thickness 0.07 m
hence flow of wet product is as in Sim. 1.

Sim. 6: Drying from 27 to 13 ¥ w.b. and column thickness 0.07 m

hence flow of wet product is as in Sim. 2.
The following results are obtained; as before the terms in
parentheses refer to the number of equivalent sized crossflow

units the dielectric plant is replacing.

Sim. 1: h=195m; ACap=185x0.38x2x2.8=415m3 (35)

Sim. 2: h=200m, ACap=200x0.38x2x2.8=426m® (38)
Sim. 3: h=150m, ACap=150x0.14x2x2.8=118m® (10)
Sim. 4: h=175m, ACap=175x0.14x2x2.8=137m% (11)
Sim. 5: h=140m, ACap=148x0.07x2x2.8= 58m3. (5)
Sim. B: h=180m, ACap=160x0.07x2x2.8= B63m?@ (5)
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A.2.3.2 Discussion on Economic Feasibility

Although the figures quoted for rice are only approximate
(believed to be conservative), it is evident that the much
greater response of this material to the high frequency field
Wwill have a dramatic effect on the feasibility of =a
dielectriec drying process. The results of applying the final
item (e) of the wevaluation procedure can now be considered,
the analysis was carried out with the aid of a computer
spreadsheet which was thought to be the most practical way of
analysing the effects of several input variables on the final
economics. The values of all the parameters were varied, bearing

in mind the following points:

i) The energy efficiency of the dielectric drying plant

(na) will be in the range 0.4-0.6 {(see Chapter 8).

ii) The hours of operation in a year of a typical single-~crop

drying plant will be sround HR=2,500.

iii) The wunit energy costs of the dielectric plant, Cdie
are those for commercial electricity, e.g. approximately US$

D.05/kWh for a hydroelectric based system.
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iv) The minimum return on investment is considered to be 1=0.20.
which i3 a typical indugtrial figure. In this type of
application it is wunlikely that a lifetime greater than n=5

vears would be considered (see for example [86]).

v) The unit investment costs of an industrial dielectriec dryving
unit are well above US$ 1,000/kW, the lstter level wili be used

here as a reference value only.

At present, the high freaquency drying of maize and coffee
would not be economically sound, although it is technically
feasible. It would cost as much as 30-40 times more to process
maize with dielectric than in conventional crossflow drying
installations with 130-180 the corresponding ratio for coffee.
Even considering an increase of 50% in the‘crossflow system
costs, it would cost at least 20 times more for maize and
approximately 80 for coffee. Although many crossflow units are
required to match the production of a similarly sized_dielectric
unit, the investment required for the latter is still too high.
Considering similar energy costs in the crossflow and dielectric
units for maize it would be necessary to increase na to 0.7
and reduce the costs of the dielectric dryer down to the levels
presently found in the domestic microwave section of the market

(US$2C00/KkW), In the latter case, large volume sales and
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competition have brought the costs of the heating unit down to
much lower levels than in the industrial situation in which
custom built plants are likely to be the common rule, unless a
very high level of Government intervention in this field were to
exist. The thickness of the layer of maize also has a critical
effect. Even in the above very favourable circumnstances, the
dielectric unit would only be a feasible investment if the unit
energy costs of both systems is the same and 1if the column
thickness in the conventional dryer is small (under 10 ecm).
Typical cereal column thicknesses may be much greater (see [20]
for example). The major factors affecting the economics are
Nd (this is not likely to exceed 0.7, see Chapter
8), Inve and Invaie, which at similar unit energy
costs and present Inve levels would have to be as low as
US$ 50/kW to replace a 0.38 c¢olumn thick drver, therefore the
maize high frequency drying application 1is not likely to be
adopted in the foreseeable future. For coffee the prospects are
even worse. Due to the high moisture content levels during
pre~-drying much greater installed powers are needed which,
coupled with the inherent slowliness of the RF drying in this
material (see Chapter 8) would require the investment levels
of the dielectric unit to be reduced to US$ 10/kW at na=0.7
and Ce=Cd1ie ‘in order for the above application to be

feasible. It, therefore, appears that such operations as the
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pre-drying of coffee should not be attempted on a commercial

basis using dielectric methods.

It appears that rice is a more appropriate material for the

technology considered here, although at present the costs are
6-9 times higher than the existing system. Carrying out a
similar analysis to that above and assuming an increase in
na to 0.7 it 1is seen that, as foer maize, Invaie would
need to be reduced to at least US$ 200/k¥W with similar unit
energy costsl but in this case crossflow units with column
thicknesses 823 large as 0.38 m could be economically retrofitted

to produce a mugch more compﬁct high frequency installation.

An economic sensitivity analysis of the present situation
is presented in table A.5 below. These results were obtained by
varying between +50% and -50% the wvalue of each of the input
variables around the more likely wvalues given in i-v above and
noting the corresponding effect on the cost ratic, The annual
hours of operation, the cost of energy, the interest rate and
the lifetime of the egquipment do not significantly affect the
situation, the major factors are the energy efficiency and the

investment costs of the two types of plant.



454,

Cost Ratio Variation

Variables (X) for AM{=+50%,-50% (%)
— (1) (2)
nd -33, + 100 -33, +100
HR n.a. | +12, -12
Cdim n.a. +12, -12
Invdiae _ +50, =50 +34, -34
Inve -33, + 100 -33,. +100
i n.a. -4, + 8
n n.a. + 7, -10

Iable A.S Economic sensitivity analysis for the retrofitting

of a crossflow plant by a high frequency drying
unit. The figures are based on cereal processing

from 27 to 13% w.b. (1): Co=Caie; (2) Coz0.

The economics of drying using high frequency techniques are
not directly related to fuel costs or to the inheren£ value of
the prodnct but to its drying characteristics and the investment
costs and performance of the plant. This demonstrates the
importance of carrying out proper analysis and design
procedures during the pre-prototype Stage of equipment

development program in order to avoid wastage of resources.
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A3 B ficial Side EPf ¢ High F H .
A.3.1 Pest Control of Adricultural Products

Dielectric heating techniques can be applied for pest
control of agricultural products in order to enhance the quality
of the material without the need for chemical treatment. The
advantage of dielectric over other thermal techniques is the
ability to respond to different dielectric properties of the
material and therefore, if the insects contained in the product
are more receptive to the radiation, they experience more

heating than the host material,

As far as agricultursl materials are concerned, the insects
may infest the c¢rops when the latter are still in £he field,
usually by means of laying eggs on the surface of the plants
from which the larvae penetrate into the nutrient parts of the
material. After harvest and during storage the infested material
presents a considerable threat to the rest of product since the
pest is protected from natural harm and can develop almost

uncontrolled. In general the risk of pests is reduced by using
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chemical treatment before and &after harvest and also by drying
the product, although in the latter case the product must be
exposed to thermal drying methods, i.e. it must experience

relatively high temperatures to be effective.

Dielectric heating techniques have been proposed for pest
control of many products, for example insects at all stages of

development in tobaceo shreds were exposed to microwave

‘radiation [76], 100% mortality wass achieved if the temperature

of the product was raised from 20 to 353 C, if the 1initial
temperature was higher, e.g. 50 €, the maximum temperature to
guarantee  complete extermination was 57 C. Thomas [161]
concludes that temperatures of the order of 80 ¢ are fatal to
most biological organisms if they are heated for only a few
minutes, At 50 C the exposure time needed may however range from
a few seconds to hours although insects which attack
agricultural products can be exterminated when their temperature
is mantained &at 60 C for half s minute. This author reports
early studies carried out by Leao in Brazil with pests in
cereal, beans and coffee products 1in which the insects were
exterminated within 10 secs of exposure to dielectric heating

techniques.

Many reasons for this pest destruction have been suggested,




although so far no proof of other than damages produced by

thermal effects has been shown. It is well knoﬁn, for example,
that adult insects are less resistant to dielectric heating than
larvae but Thomas argues that this phenomenon can be explained
by the fact that adult organisms have a more developed central
nervous system., Other mechanisms such as radiation shielding,
preferential electrocution and so on have been advanced as
possible causes by many workers in this field. If the thermsal
effect is the main cause of the phenomenon then the
characteristics of the field ﬁnd the properties of the material
and pest must - be such as to guarantee that the latter

experiences the maximum heat possible.

Consider an elipsoid body whose dielectric constant is
e1’, the body being immersed in a medium with dielectric
constant e’ and subjected to an effective field strength E as
shown 1in figure A.1. Thomas states that in this case the

internal field experienced by the body is:

Es = {e"/{e'+(e1 -e )F ]}E (A.la)

which is equivalent to

Ey = {e’' /(e (1-F " )+es 'F ]}E (A.1b)
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Figure A.1 Simplified model of an insect

with dielectric constant e{
immersed in a material which

dielectric constant is e'[161].

\
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where F° is a parameter which is governed by the ratioc between
the axes of the body as shown in figure A.l1 which is a simple
model of an insect immersed in a bulk of material where the
ellipsoid represents the insect together with an associated
surrounding void and therefore the dielecﬁric constant es’
is the bulk wvalue, 8s is the case with the corresponding

parameter for the product, i.e. e’

Eq (A.1b) shows that the highest wvalue of Ei for a
given value of E and ¥’ is achieved when 61’ 1is small as
compared to e’. When eas (A.l1) are applied to a sphere, i.e.
b/a=1 then ¥'=1/3, in which case the above equations revert to

eq (6.13a) for e’'=1, as expected.

Thomas, and subsequently Nelson, defined a
"differential heating factor"” as a function of the ratioc between
the dielectric power in the pest to that in the product. These
asuthors do not consider other characteristics of the organisms
apart from their dielectric properties, and the insect |is
assumed to be a sphere. It is considered however that both the
specific heat and the bulk density of the materials, in addition
to the effect of different F° factors, should be considered as

follows. Neglecting the internal tempersture gradients in the
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insects and kernels, the heat conduction from the insect to the
bulk of wmaterial, and considering the evaporation effect ss
negligible (or similar in both cases) eq (2.33) shows that the
ratio between the rate of temperature rise in the pest to thst

in the product is given by the following expression
Rheating = [£(E1)/ piCp1l/[£C(E)/ Cp] " (A.2a

where P and Cpi1 are respectively, the density and
specific heat of the insect. The heat transfer relationship has
been applied to a small section of material. If the terms in
f(E), the dielectric powér denéities, are approximated to
9a as in eq (6.4), it follows, when eqs (B.4) and (A.l1) are

substituted in (A.2) that:

Rneating = {e'/[e'+(e1'-e )F " J}2(es"/e")(pCp/paCp1) (A.2b)

This heating ratio is not gffected by the magnitude of the
applied field but depends only 6n the properties of the pest and
product. Three ratios can be distinguished, the first two refer
to the dielectric properties of the organisms and the latter
refers to the thermal and physical characteristics of both. In
order to maximise Rneeting then each of the sabove ratios

must be a maximum. First, in the moisture range of interest the

)
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dielectric éonstant of the produet should be high as compared
with that of the insect. Also, the loss factor of the insect
should be higher than that of the preduct in the moisture range
involved. Ideally the specific heat and the bulk density of
the product should be higher than those of the insect. In
addition to this, in theory, orgsanisms with oval forms, e.g.
larvae, will experience reduced heating if the F’ factor is
increased, i.e. if the organism moves in such a way to place its
major axis perpendicular to the direction of the applied field
This effect will be less important if the particles in which the
insect iz enclosed have a relative motion with respect to the
field. Nevertheless, in a static condition and if the organism

is thin enough, it may benefit from this effect.

An important conseqﬁence of the wvariation of the
dielectric properties of the product and pest with field
frequency is that increased differential heating may be obtained
at certain frequencies. Consider, for example, the case of
wheat. HNelson & Charity (1261 report on the dielectric
properties of dry wheat and rice weevil, considering the range
between 1 and 1,000 KHz it is possible to estimate in which
region Rheating 15 the highest. Substituting the thermal,

physical and dielectric properties in eqs (A.2b) for F'=1/3

(spherical insect) the following is obtained:
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1.4 at 1 MHz

10 MH=z

1ﬁ0 MHz
1,000 MHz
which b/a = 0.3 ):
at 1 HMHz

at 10 MH=z

at 100 HHz

at 1,000 MHz,

oval insect rotates through 90 with

the same direction, then F’'=0.5

1.0 at 1 MHz



463,

b

Rheating 1.7 at 10 MH=z

2.4 at 100 MH=z

Rheating

0.8 at 1000 MH=z.

il

Rhesting

Thus, although the insect would benefit from rotation,

the effect will always be highest in the radiofreguency band.

If it is sssumed that the product and pest are at 50 C when
admitted to the dielectric heating phase and that it is
necessary to 1increase the temperature of the insect toc 65 C to
achieve sterilization in one minute then, we obtain, for the

insect:
aT+/8t = 15 C/(1/60 hour) = 800 C/h
Taking 2.8 (based on the above results) as an average

Rhesting value in the range 10 - 100 MHz we have, for the

product:

9T/ 3t = 8080/2.8 = 346 C/h,
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i.e. over one minute, 1t can be estimated that whilst the pest

is heated up to 85 C the bulk of product only reaches 56 C.

The reqguired field strength for sterilization c¢an be
calculated from the characteristics of the host material, i.e.
from egs (2.33) and (8.4). Considering the dislectric power

density for the RF case we have,

E = [(pCp/0.556E-10fe" )(3T /3t)]1/2

Substituting the values of p and Cp for wheat given in table
8.1, and taking the operating frequency as 27.12 MHz with e"=0.3
{average between 25 and 12 % w.b.), then a field strength of 14
kV/m would be needed to give the required rate of temperature
rise in the insect. For a separation between electrodes of 10 cm
a cross flow vertical system with a minimum electrode voltage
of 1.4 kV would be needed. Table 6.25 indicates that a
dielectric power density of 250 kW/m?® applied between 30

and 12 % w.b. would satisfy this requirement.

The surfsce of the product could be force cooled but the
pest will heat up to the required fatal temperature, and even
exceed this level, if the heat dissipated in the insects is not

conducted to the surface of the kernels. The product stays much
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longer in the dielectric drying zone, which implies that when
the material leaves, it has certainly received +the required
sterilization. After long storage periods the product might be
easily disinfested if it 1is passed through the dielectric
heating equipment for s short period of time. This could be
arranged, for example, in the cross flow vertical syséem.,_by
loading the material in the unit and adjusting the flow of
product in such a way that each particle stays between the

electrodes for no longer than, say, a few minutes.

A.3.2 Dielectric Roasting

Products such as coffee and peanuts are usually roasted
after drying, this normally takes place in a sepérate plant;
Some of the dielectric drying systems discussed in this Report
may offer the opportunity of.roasting the product in the same
agro-industrial plant, no additional investment being required
for this purpose. Here the objective ig to raise the temperature
of the product te¢ approximately 200 C which must then be
mantained for a given period of time. In this case the coupled
mass =a8nd heat transfer system of equations simplify to the
temperature equation alone, since the moisture contained 1in the

material is quickly evaporated in the process, i.e. eq (2.33)

reduces to
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/3t = £(E)/(pCp)+k/(RCP)(32T/9r2+2/r3T/ 31 )

which shows that the temperature increase of the preoduct is
entirely dependent on the dielectric power applied and on the
properties of the material. The effect of convection is
minimised since only a limited amount of ventilation is required.
to disperse the toxic fumes produced. However,  increased .
breakdown problems might be expected in this application as ¢an

be concluded from the experimental results in Chapter 8.



A.4 Supplement to Experimental Work

A.4.1 Regresgsion Models for the Dielectric Copstant —and Loss
Factor (Moigture Content and Temperature Effect)

Frequency
(MHZ) Parameter a o) o) d Sa Iz
13.5 e" -0.44 21.35 -204.2 598.8 0.14 0.9892
13.5 e’ 1.81 g.99 15.5 -21.7 0.15 0.988
27.0 e" ~-0.186 g.76 -868.9 251.4 0.07 0.991
27.0 e’ 0.88 24.49 -180.8 376.9 0.27 0.993
40.0 e -0.10 7.88 -89.0 1986.5 0.05 0.9891
40.0 e’ 1.43 18.45 -55.7 147.3 0.18 0.988

Table A.B Regression coefficients for the wvariation. in

the dielectric constant (e’) and loss factor
(e") of rice with meoisture content. Moisture
range: 4-29 % w.b. Temperature range: 18-22 C,
Frequency
(MHz) Parametar a b c d Sa Iz
13.5 e’ Rice 2.43 2.7E-3 1.3E-4 -8.8E-7 0.08 0.984
13.5 e"' Rice 0.13 1.3E-3 -6.5E-6 -5.4E-8 0.01 {.€18
27.0 e’ Rice 2.17 -5.3E-3 2.2E-4 ~1.1E~-8 0.07 0,987
27.0 e" Rice 0.12 1.8E-4 0 0 0.01 0.087
40.0 e’ Rice 2,15 -1.1E-Z2 3.0E-4 -1.5E-8 0.05 0.g989
40.0 e" Rice 0.074 8.1E-4 1,2E-5 -1.3E-7 0.01 0.982
40.0 e’ Wheat 1.73 4.3E-3 -4.0E-3 2.4E-7 (0.13 0.502
40.0 e" Wheat0.042 1.1E-3 -7.3E-6 5.0E-9 0.01 0.827
Tahle A.7 Regression coefficients for the wvariation in

the dielectric constant (e’ ) and loss factor (e")
temperature.
range: 0-1 % w.b. Temperature range: 20-115 C.

of rice

and

wheat

with

Moisture
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Frequency
(MHz>Y Farameter a. . b c d Sa 1=
13.5 e’ 1.44 33.13 -10Z2.1 153.1 0.47 0.998
13,5 (1) e 0.013 4.81 -30.5 84.5 0.17 0.897
13.5 (2) e" -87.61 347.81 -410.2 271.9 0.94 0.988
27.0 e 1.24 18.17 ~-36.8 60.9 0.40 0.988
27.0 (1) e" 0.041 1.08 -1.0 16.7 D.10 0£.8895
27.0 (2) e" -434.12 34.03E2 ~8.82E3 7.84E3 0.31 0.996
40.0 e’ 1.09 24,74 -53.9 65.0 0.41 0.998
40.0 (1) e" 0.033 2.486 -11.8 31.0 - 0.05 0.998
40.0 (2> e" -106.87 891.38 -2.50E3 2.37E3 0.25 (.9986
Table A.8 Regression coefficients for the variation in
the dielectric constant (e’) and loss factor
(e") of wheat with moisture content. Moisture
ranges: 2-44 A w.b. for the dielectric
constants, (1) 2-39% % w.b. and (2) 39-44 % w.b.
for the loss factors. Temperature range: 20-24 C.
Frequency
(MH=z) Parameter a b C d Sa 12
13.5 . (1) e" D.54 -8.40 58.0 -70.7 0.04 0.998
13.5 (2) e" -B2.72 881.8B7 -3.8BE3 5.1E3 0.28 0.998
13.5 (1) e’ 3.38 -23.81 252.2 -515.4 0.27 0.897
13.5 (2) e’ 14.89 -1.05E2 351.3 -317.8 0.34 0.881
27.0 (1) e" 0.12 0.19 4.8  12.8 0.04 0.995
27.0 (2> e" -23.33 277.83 -1.09E3 1.48E3 0.08 0.998
27.0 (1) e’ 2.24 -4.81 126.9 -288.7 0.25 0.991
27.0 (2) e’ 2.20 2.26 54.2 -~-986.4 0.43 0.702
40.0 (1) e" 0.23 -1.886 14.9 -7.6 0.03 0.9898
40.0 (2) e" -21.79 261.87 -1.03E3 1.38E3 0.09 0.999
40.0 (1) e’ 2.70 ~-15.34 216.6 -481.5 0.22 0.887
40.0 (2) e’ 6.82 -28.07 102.8 -84.1 0.28 0.876
Table A.9 Regression coefficients for the variation in
the dielectric constant (e’) and loss factor
(e") of maize with moisture content. Moisture
ranges: (1) 7-247% w.b. and (2) 24-34% w.b.
Temperature range: 18-22 C.
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Frequency , ‘
(HHz)> Parameter a b ¢ d Sa 1= |
13.5 e” Maize 1.87 2.24E-2 -2.81E-4 1.5E-6 0.06 0.967
13.5 e” Maize 0.13 1.33E-4 -1.1E-6 -2.9E-8 0.01 0.921
13.5 e" Coffeel.059 8.49E-5 0 0 0.01 0.045
13.5 e Coffee 1.82 86.20E-3 -6.22E-5 3.7E-7 0.09 0.817
27.0 e’ Maige 1.32 2.67E-2 -3.88E-4 2.2E-6 0.08 0.935
27.0 e" Maize 0.10 -2.59E-B 0 0 0.005 1E-4
27.0 e" Coffeel.058 7.02E-6 0 0 0.007 0.001
27.0 e ' Coffee 1.82 1.78E-3 2.04E-5 1.8E-8 0.130 0.854
40.0 e’ Maize 1.83 6.58E-3 -4.87E-5 2.0E~-7 (.06 (.843
40.0 e" Maize0.0868 1.55E-3 -1.3E-5 -2.2E-8 0.007 0.820
40.0 e" Coffee.051 4.54E-5 0 0 0.003 0.080
40.0 e Coffee 1.70 2.24E-3 0 0 0.10 0.175

Table A.10 Regression c¢oefficients for the variation in
the dielectric constant (e’) and loss factor
{(e") of maize and coffee with tempersture.

Moisture range: 0-2 % w.b. Temperature range:
20-100 C.
Frequency : _
(MHz) Parameter a b c d Sa Iz e
13.5 e’ 0.99 13.87 13.88 -19.55 0.33 0.9499
13.5 (1) e" 2.72 -44.02 248.5 -390.98 0.15 0,984
13.5 (2) e" -7.07 175.62 -238.57 280.38 0.50 0.689
27.0 e 2.77 -10.12 77.48 -81.85 0.43 0.988
27.0 (1) e 1.43 -22.55 130.6 -201.30 0.08 0.983
27.0 (2) e 10.98 -99.96 314.3 -307.52 0.31 0.787
40.0 e 2.97 -15.51 110.2 -130.35 0.39 0.9%84
40.0 (1) e 1.32 -19.11 101.7 -140.10 0.08 0.394
. 40.0 (2) e" -0.90 g9.886 -20.82 27.85 0 0.832

.28

Table A.11 Regression coefficients for the variation in
the dielectric constant (e’) and loss factor ‘
(e") of coffee with moisture content. Moisture
ranges: 12-44 % w.b. for the dielectric
constants, (1) 12-30 % w.b. and (2) 30-44 X%
w.b. for the loss factors. Temperature range: ‘
18-22 C.
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{MHz> _ Parameter a b c d Sa 12
13.5 e" -0.12 2.562 12.7% ~8.85 0.28 0. 988
13.5 e’ 1.04 21,31 ~42 .42 85,53 0.47 0.998
27.0 a" -0.087 2Z.58 5.21 -0.088 0.2 0.883
27.0 e’ 1.35 5.19 3Z2.086 -34.57 Jg.46 0.887
40.0 e” ~-0.082 2.51 0.42 11.81 0.26 0.886
40.0 e’ 1.59 3.58 42.36 -55.85 0.37 0.988

Table A,12 Regression coeffi

the dielectric co
{(e") of soya with

cients for the
nstant (e’) an

moistur

e

content.

d

variation in
loss factor
Moisture

range: 4-40 % w.b. Tempersature range: 18-22 C.

Frequency

{MHz> Parameter _a b c d Sa Iz

13.5 e’ 2.18 1.3E-3 o 0 0.11 (.055
13.5 e” 0.082 -2.5E-5 0 0 0.004 0.019
27.0 e’ 1.72 8.76-3 -1,3E-4 7.1E-7 0.05 0.800
27.0 a" 0.032 3.BE-5 0 0 0.005 0.034
40.0 e’ 1.3 -2.7E-3 1.1E-4 -8.1E-7 0.035 0.870
40.0 e" 2.39 6.1E-4 -9.9E-8 5.8E-8 0.003 0.712

Table A.13 Regression coefficients for the variation in

The

variation

the dielectric

(e") of soya with temperature,.
0-2 %2 w.b. Temperature range:

constant (e’ ) snd loss factor

- Moisture range:
20-100 C.

of the dielectric constant and loss factor with
moisture content at 40 MHz is shown in the following curves.
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