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INTRODUCTION

Drying is simply the process of moisture removal from a product. [t can be carried out
by various methods for a variety of different substances from solids to gases and even lig-
uids {I]. Drying can be achieved chentically by using cheniical dessicants or by chemical
decomposition of the water in the substance. Freeze drying can be employed f{or water
removal in liquids as well as solids. Water is olten removed from gases by abserplion
as in the removal of water vapour from gases or solids by cappillary action. Drying can
alsa be achieved mechanically by compression, centrifugal forces ar gravity. Thermal dry-
ing, which 15 the form most used commonly for drying agricultural products, involves
the vapourisation of moisture within the product by heat and its subsequent evaporation
from the product. Thermal drying thus involves simmultancous heat and mass transfer.
The sensible heat of air is reduced as it is utilised for moisture evaporation. The total
heat content remains constant, since this loss of sensible heat is regained as latent heat of
vapourisation of 1he moisture now present in the air. Depending on the product, moisture
transfer from within the product Lo the surface (because of nioisture gradient) is as liquid
or vapour, while as vapour only, from the surface.

Conventional drying systems are classified usually (according to their operating tem-
perature ranges) into low and high temperature dryers. In the low temperature drying
systems, Lthe moisture content of the product is brought in equilibrium usually with the
drying air, by constant ventilation, These systems enable crops to be dried in balk or for
long term storage. They are thus, referred to usually as bulk or storage dryers [2}. ‘They
are most appropriate where preservalion of certain nutrients in the product are desired
[3] and for craps intended for re-planting. High temperature dryers are used when {asi
drying is desired and crops require a short exposure Lo the drying air. Temperatures are
such that if the drying air remains in contact with the crop until equilihrium moisture is
reached, serious over-drying will occur, thus the product are dried to the desired moisture
content and cealed later. IHigh temperature dryers are classified into batch or continous
flow drvers. In the batch systems, the product are dried within a bin and subsequently
moved Lo storage [4]. Continous [low systcms, are heated columns through which the
product flows by gravity and exposed Lo heated air while descending [1}. Different heat
sources are employed for the drying of agricultural products, most cornmon being fossil
fuels, electricity and solar. Since ihe mid 1930s, an extensive amount of work has been
reporied on Lhe basic principles and fundamental theories of crop drying. The develop-
ment of these drying concepts [romn earlier models are discussed.

BASIC DEFINITIONS
Moisture Content

The quantity of meisture present in a material can be expressed either on the wel basis
or dry basis and expressed either as decimal or percentage.

The moisture content on wet basis is the weight of moisture present inn a product per nmit



weight of the undried material, represented as,

W, — Wy
My = W, (1)
while the moisture content on dry basis is the weight of moisture present in the product
per unit weight of dry matter in the product and represented as,

W, — Wy
My = —w, (2)
Percentage Mub = Mg > 100 (3)
Percentage Mg, = My x 100 (1)
The moisture content on wet and dry basis arc jnter-related according to the following
cqualions,
l
WMep=1~|—— 5
Mys [(z’lm + 1)} (3)
and )
Vo= |——1 -1 .
e [{1 - Mu.b)} &

The relationship between moisture cantent on the wet and dry basis is illustrated in fig-
ure 1. The moisture content on wet basis is used normally for commercial purposes while
the moisture content on dry basis has tended to be employed for engineering research
designation, becatse the weight change associated with cach percentage point of moisture
reduction en the dry basis is constanl as aginst the wet basis where the amount of water
involved in a moisture content reduction of one percent changes as drying progresses,
because weight of water and total crop weight change {1,4,5).

For drying experiments, where weight losscs are recorded, the instantaneous moistuce
contents at any given time can be compuied according to the following equations;

Moy + 1), .

Mgy = [L-%TL] -1 {7)
= AotV

1 <[ .

Equilibrium Maisture Content

A crop has a characteristic water vapour pressure at a particular temperature and mois-
ture content, This determines if the crop will absorh or desorb moisture an exposure to
air. The equilibrium moisture content of 2 hygroscopic product thus refers o the mois-
ture conlent of the product after it has been exposed to a particular environment for an
indefinitely Jong period of time. At this moisture content, the vapoyr pressure exerted by
the moisture held within the product equals the vapour pressure of the immediate sur-
rounding air. This implies an equilibrium condition, thus the rate of moisture desorption
by the product to its immediate surrounding equals its rale of meisture absorptien from
the environment. The relative humidity of the immediate surrounding air at this condi-
tion (which is also in equilibrtum with its environment) is referred to as the equilibriumn
relative humidity. If the surrounding air is replaced continously by ait of lower vapour
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pressure, a vapour deficit is created and the crop will continue to desorb moisture to
the air. Equilibrium moisture content is affected by such properties as variety, maturity
and crop history {which may significantly change the chemical composition of the crop).
Crops with high oil content tend to abserb less moisture from the surrounding air than
starchy crops [4].

Equilibrium moisture content can be determined experimentally by thermostatically con-
trolling the air temperature in an enclosure containing the crop while the vapour pressure
of the surrounding air is regulated with either acid or saturated salt solution. A fairly
nore accurate, Lhongh more expensive method of delermining equilibrium moistuze con-
tent is by the use of an evacuated comtainer. The temperature and vapour pressure of the
enclosure and the moisture content of the crop are recorded when equilibrium between
the crop and its surrounding is reached, i.e. after moisture diffusion from the crep to the
vacuum has ceased. Equilibrium moisture content plots against relative humidity at con-
stant temperature result in sigmoid curves referred to as moisture equilibrium isotherms

H]-
Latent Heat of Vapourisation

This is the amount of energy that must be absorbed by the product to vapourise moisture
from it. The latent heat of vapourisation is absorbed [rom the surrounding air as it flows
past the product. It depends on the product, its moisture content znd temperture. The
higher the moisture content and temperature, the lower the heat of vapourisation. The
variation of heatl of vapourisation of some grains with moisture content and temperature
[4, 6] is shown in figure 2.

Safe Storage Time

This is the period of exposure of a product at a particular moisture content to a particular
relative humidity and temperature below which crop deterioration may occur and beyond
which the crop may be impaired. To keep losses low, crops must be dried to the sale
storage moisture content (i.e moisfure conten! required for long term storage} within
the safe storage time. At high tempertures and high moisture contents, the crop would
require a short time to dry. High temperatures should be avoided for crops for re-planting.
Figure 3 shows the safe storage period for corn at different temperatures and meisture
contents [4, 6] which indicates that for hot and humid climates where erops are harvested
at relatively high moisture contents, the safe storage time is short. An illustration of the
maxiinum heating time for some grains at different temperatures and moisture contents
that will not impair the grain viability is shown in figure 4 [6].

MOISTURE EQUILIBRIUM MODELS

A number of attempts [T-23] have been made at theoretical, semi-theoretical and empirical
modelling of moisiure equilibrium in crops, though mainly in cereal grians. Theoretical
equilibrium moistute content equations have fallen short of accurately predicling equi-
libeium moisture content of most crups over wide ranges of temperatures and relative
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huinidities due to over simplification of assunptions in the development of the models.
They do however enhance the understanding of the physics of moisture sorption, Purely
empirical equations for specific conditions offer better alternatives until fairly accurate
theoretical or semi-lheorelical models are developed.

Equation {9) describes a model by Kelvin {7] which considers moisture absorption in a solid
based an capillary condensation within the pores of the material. The Kelvin equation
expresses the relationship between the vapour pressure over a liquid in a cappillary and
the saturated vapour pressure at same temperature, thus,

In ( AN 2Vcoze 9

P) T TPRT )

The najor shortfall of Kelvin’s model is its limitation to very high relative humidity range
(> 95%) [4] where capillary condensation eccurs.

The isothermal moisture equilibrium model by Langmuir {8] is based on the classical
kinetic model of halance of evaporation and condensation rates of vapour on a monolayer
of water vapour on the internal surface of materials. This gives the volume of water
absorbed by a product isolhermally at a vapour pressure P, as,

b2,
(1+ bP.,)]

The Limitation of this mode] is that it does not account for multilayer absorption and
the interaction between the absorbed water molecules [4]. Brunauer et al [9] modified
Langmuir’s model to account for multilayer absorption (equation (11})}, by assuming the
internal surfaces of the material as composed of an array of absorption sites capable of
absorbing more than one molecule of water as against Langmuir's assuinption of monolayer

of moisture absorption.
P, 1 c=1 P,
e ——— i — jui—— — 1
"!;.-(Pm - Pv) Vmc + ( Vmc ) (Ptu) ( ”

Equation (12) by larkins and Jura [10] based on the theory of an existence of a potential
field above the material surfaces, considers a balance between the work required to absorb
or desorb a molecule of water and the sum of work against the potential field in bringing
a vapour molecule to the surface and the energy of condensation.

In(P.fP) = d —efV} (12)

Equation (13) developed by Smith [F1] considers sorbed moisture as made up of hound
moisture held by intermeolecular forces which are in excess of forees for condensation and
unbound {normally condensed} moisture. This model assumes the multilayer concept in
Brunauer el al [9] for condensed moisture and uses Langmuir’s model [8] for the relation-
ship between the hound moisture and relative humidity.

Vo= f—gln(l — P,[P,) ()

%=m[ (1)

Henderson's semi-theoretical model [12] which is the maost versatile moisture equilibrium
model yet, expresses the relationship between the equiibrium moisture content and equi-
librium relative humidity at a given temperature as,

| — @, = e*TMF (14)



Figure 5 shows plots of Henderson’s predictions for the fallowing crops:

e shelled corn {k = 1.10 x [07%, n = 1.90 at T = 298K) (13, 14],
o wheat (k= 5.50 x 10°7, n = 3.03 at T = 305.24) 1],

o sorghum (k = 3.40 x 107, n = 2.31 at T = 294.1K’) [16],

o soybeans (k= 3.20 x 107*, n = 1.52 at T = 298K) [17] and

o cotton (k=491 x 10-5,n = 1.70 at T = 298K) [18].

Re-arranging equation (14) gives the relationship between egnilibrivin moisture content
and temperature at constant relative humidity, as,

In{l—¢.) ..,
“":-1:;}-;"" = Me {lf)}

Figure 6 {12] shows that the equilibrium moisture content at a given relative humidity
varies little with temperature over a small temperature range, the net effect being a slight
decrease in moisture content at that relative humidity.

A number of empirical modifications to Henderson's equation have been made to aceu-
ralely account for specific cases. Day and Nelson [19] modified Henderson's equation for

wheat tlus, ek
1 — ¢, = e~ (16)

where § = 5.7336 x 107073978 apd £ = 14863774173
while Thomson's cipirical modification [20] for corn was of the form,

| — Be = e-—-a’(T+50)M§’ (17]

where a' = —3.8193 x 107 and ¥ = 2
A purely empirical equation developed by Ilaynes [21], gave the following relationship for
the equilibrium moisture content of seeds.

Infy =p+pn Py + paln Mo+ pyIn PE + psin 22, 0, (18)
where p; — ps are preduct constants.
Hayne’s equation gives a good agreement with cxperimental results within the relative hu-
midity and temperature ranges the product constants are determined [4]. Bakker-Arketna
et al [22] also developed a set of empirical equations for shelled corn, each correspending

to some short ranges of relative humidity, which gives reasonable agreement wilh experi-
mental data within temperature ranges of 4°C — 60°C [23].
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DRYING RATES

Agricultural products differ from maost other materials dried frequently such as textiles
in a laundry, sand, stone, dust or paper. These latter materials are referred to as nan-
hygroscopic and moisture within them are “loosely” held and regarded as *unbound”
[3). For agricultural products (which are hygroscopic), the moisture held within them
are usually “bound”™ moisture such as moisture trapped in closed capillaries, the water
companent of juices or water held by surface forces as well as unbound waler held within
the material by the surface lension of the water itself. For non-hygroscopic materials,
drying can be carried ont to zero moisture content while for agricultural preducts, there
is always a residual moisture [3].

Wlhen a product is heated at constant moisture content, its vapour pressure increascs.
This results in moisture inovement to ils environment which is at a lower vapour pres-
sure. The rate of moisture flow is only approximately proportional te its vapour pressure
difference with the environment becanse of the crop resistance to moisture flow. There
are two main drying rate regimes for agriculiural products, namely the constant drying
rate period and the falling drying rate period,

Constant Drying Rate Period

During the constant drying rate period (see figure 7 [1]), drying takes place from the
surlace of the praduct and is simply the evaporation of moisture from the free-water sur-
face. Rate of moisture removal during this period is mainly dependent on the surrounding
cotditions and only affected slightly by the nature of the product. During this period,
the product surface is saturated with moisture with its temperature fairly constant and
approximately ecqual to the wel bulb temperature, The end of the constant drying rate
period is marked by a decrease in the rate of moisture migration from within the praduct,
helow that sufficient to replenish the moisture being evaporaled from the surface. At this
stage referred 1o as the eritical moisture content {see fig. 7), environmental conditions
cease to play much role in the rate of drying. For nan-hygroscopic materials, all drying
takes place within the constant drying rate regime. The environmental factors, namely
the vapour pressure difference between the drying air and the wet surface, the surface
area of the product exposed to the drying air, the mass transfer coefficient and the dryving
air velocity are related to the drying rate according to the following [1, 24],

dw _ Kad, AT ~T)
dt ~ R.T L

The thermal conductance of the air film, iy, is a function of the air velocity.

(P.—FRs)= Kk (19)

Falling Drying Rate Period

The critical moisture content of the prodect which is the miniimum moisture content
at which the minimum rate of free moisture migration from within the product to the
surface equals Lthe maximum rate of moisture evaporation from the surface [1], is thus
an equilibrium condition. Beyond the critical moisture content is the falling drying rate
pericd (see fig. 7). This drying rate regime is dependent essentialy on the rate of diffusion

13
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of moisiure from within the product to the surface and also on moisture removal from the
surface. 1t is subdivided usually into two stages, namely [1];

s the first falling drying rate period which involves the unsaturated surface drying
and

¢ the second falling drying rate period where the rate of moisture diffusion to the
surface is slov and is the determining factor.

For agricultural products, the duration of each of these drying regimes, depends on ihe
initial moisture content and the safe storage moisture content. For grains, Lhe initial
moisture content is below the eritical moisture content usually, thus all drying takes place
within the falling rate regime. Iowever, for fruits, most vegetables and miosi, tropical
tuher crops, the initial moisture content is above the critical moisture content usually,
thus the drying of these products would take place within both the constant and falling
rate periods. Both the external factors and internal mechanisms coutrolling the drying
processes in the two main rate regimes are important in determining the overall drying
rale of products.

THIN LAYER DRYING ANALYSIS

An assumption inherent in the moisture equilibrium meodels is that the cxhaust air is in
vapour equilibrium with the moisture in the material. This is a condition of maximum
drying rate which is not the situation usually. Drying rate, thus would vary with other
parameters which the moisture equilibrium drying analysis neglects.

[n the conventional approach to modelling thin layer drying, the assumption is that the
ratio of volutne of air to crop volume is infinitely large. 1L thus, defines a characteristic
drying rale which is only dependent on seed type and size, moisture content and drying
air temperature [5]. The combination of external effects as represented by the driving
force of moisture movemnent and the internal factors of crop resistance to moisture flow
can be represented by re-writing equation (19), thus 1],

d‘l_ Pu“ Pva l\'mAa(Pu_‘Puu)

= - = - 2
dt (/K nA)R.T R.T =0)

(P — P} represents the external driving force due to environmental conditions while
(1/ivmA,) is the crop resistance parameter. A similar equation by Hukill [23], relates the
moisture transfer between a material and the drying air to the drying rate as follows,
diMf
W =—G‘(Pu—Puu) (21)
where
P, > P, imiplies drying taking place
P, = P, implies an equilibrium condition and no net moisture transfer
P, < P., implies maisture re-absorptien fram air by the material.

Assumning a linear relationship between £, and the moisture content of the material and
assuming also that P,, is proportional 1o the equilibrium refative humidity, which is in
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turn lincar with equilibrium moisture content over the range of values in which drying
lakes place {sec fig. 5}, then equation (21) can be re-written as,

— =K' - M) (22)
The negative sign indicates decrease in moisture content with Lime.

Seperating the variables and integrating within time litnits 0 and t, and moisture content
limits M, and M., the solution to equation (22) hecomes,

(M= M) 4y

= ]
(M, = aL) (23)

introducing the shape factor of the crop, a {26}, equation (23) hecomes,
(M= M) e )

(Mo~

A purely theoretical model developed by Luikov {27] for describing the drying of capillary
porous products was based on such physical inechanisms of moisture diffusion, such as
vapour migration due to moisture concentiration gradient (i.e. vapour diffusion), tew-
perature gradient dependent vapour diffusion (i.e. thermal diffusion), water and vapour
migration due to tolal pressure differences (i.e. hydrodynamic flow), surface forces de-
pendent liduid flow (i.e. capillary flow), moisture gradient dependent liquid migration
(i. e. liquid diffusion) and liquid diffusion dependent on diffusion of moisture on the pare
surfaces (i.e. surface diffusion). Luikov'’s model is a set of partial differential equations of
the form,

Ny

ol = V"k“M -+ V’k.;'l' + V’ka (25]
aT 2 2 | z

ﬁ = VU 4 VT + ¥ fraq P (26)
BP 2 2 e 2 B
E =V haM 4 Vi + Vi {l’f)

where
ki1, k22 and ka3 are specific phenomenologicul coefficients and
kuz, kra, ka1, Raa, kay, and ka2 are coupling coefficients,

The application of Luikov’s model has been limited because of ihe lack of knowledge of
the phenomenological coefficients for most agricultural products. The coupling cocflicients
account for the combined effect of moiture, temperature and total pressure gradients on
moisture, total mass and energy transfers. However, since total pressure differences are
only significant at relatively high temperatures {above drying temperatures usually) and
assuming temperature differences within the product are negligable, the pressure and
temperature terms in equation {25) can be droped leading to more simplified form of the
model, thus,

oM
el v SR 2
B 1 {28)
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The phenamenological coeflicient &y, is referred {0 as diffuston coeflicient, D, since mois-
ture migration within most products is agreed to be by diffusion. For constanl values of
I}, equalion (28) can be re-written as,

oM _ @ a dM o
a - Y e (20)

where

a=0 for planes

a=1 for cylindrical shapes and
a=2 for spherical shapes [4].

The initial and houndary conditions usually assumed for solving equation (29) are [4],
M(#0) =M, (30)
amd
M(ro, 8y = M, (31)

Numeraus einpirical equations have been proposed lor the drying rates of a series of
products [4, 20, 28, 26]. ‘Thompson’s empirical model [20] lor predicling the drying time
of shielled corn in the temperature range of §0°C — 149°C s given as,

o [ =M f T(Mo— ALY o
t=A'ln [—(Mn - Me)] + B {ln [m]} (32)

where
A’ = 1.8GITS + 0.00188T
B = 273640000 T

DEZP BED DRYING ANALYSIS

Consider a schematic illustration of a deep layer drying system as shown in figure 3. ‘The
drying air moves from the hottotn to the top of the crop bed. Generally, as the drying
air moves through the crop mass, it abstracis moisture from the crop assuming it is at a
higher temperature and lower humidity. This moisture movement from the crop to the
drying air takes place fargely in a clearly defined depth of the crop bed regarded as the
drying zone, At Lhe commencement of drying, this zone would exist at the bottom of the
bed and moves upwards in the direction of the drying air as drying progresses until the
zone passes throngh the entire crop mass. This thus, keeps Lhe entire crop in mojsture
equilibrium with the drying air.

In figure 3, the established drying zane is midway iu the crop bed. The crop mass below
this zone has reached moisture equilibrium with the drying air and has a2 moisture content
equal to the equilibrium moisture content, Af,. In the crop mass above the drying zone,
drying ltas not commenced, thus the crop still has the initial moisture content, Al,. Air
passing through this zone would still be in equilibrium with the initial crop moisture.
As the drying air passes through the crop mass, no Jurther drying takes place below the
drying zone which is at moisture equilibrium with the drying air. Drying would only
take place within the drying zonc where a motsture diflerence exits until Lhe air gets to

17
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moisture equilibrium with M,, above the drying front. Moeisture abstraction from the
crop is by evaporation resulting in the cooling of the drving air to T,,,. There is thus a
resutling moisture content gradient from Af, to M,, a temperature gradient from T3, to
Tou and consequently a relative humidity gradient @, to Q,u. It is assumed that the
crop temperature along the entire depth is equal to the air temperature at any point. The
moisture gradient created is a measure of the drying rate. For fixed bed drying systems,
the bed depth, air flow rale and drying temperature are critical factors. For shallow crop
beds under high air llow rates, the drying zone may extend completely through the bed
and the desired {inal average moisture content reached before the botiom layer reaches
equilibrium with the drying aic. This ensures that over-drying does not result. However,
for high crop depihs, there is a tendency to have over-drying for regions below the dry-
ing zoue. The temperature and air flow rates should be chosen such Lhat the equilibrium
moisture content of the crop for this condition is the desired moisture cantent. One major
dilference between the decp layer analysis and the thin layer model is thatl the air {low
rate in the thin layer medel is not as critical as in the deep layer model.

Assunting that the sensible heat loss by the drying air to the crop is equal to the latent
hieat of vapourisation for the crop and neglecting temperature changes in the crop. and
condensation which may occur at the upper layers of the crop mass at the start of the
drying process, a heat balance for Lhe drying process can be written as,

PaFCy(Tin — Tour)t = WalM, — AL)L (3%)

Introducing the heat transfer cocfficient, h, from the air {o the wet surface of the crop,
{which is proportional te the air flow rate), as,

Pr:lFCn P
ff = f— 3
| F ()
and including the cross-sectional area of the drying bed, A {in contact with the drying
air at any instance), equation (33) becomes,
dw (Tin— Towt) _ hAdT

L ) (35)

Deep layer drying is usually assectated with two drying rate periods, namely, the max-
imwm drying rate period and the decreasing drying rate period. The maximum drying
rate period is fromn the commencement of the drying to when the drying front reaches the
top of the hed and is represented by the lollowing equation [1],
M, — My AT (Hy — H,)

=——=AF,

t di 117

(36)
thus WM — M)
df Mg — 4t e
l = e ————— 3
T AT, W) 61
The rate of drying during this period is dependent solely on the moisture carrying capa-
bility of the drying air.

The decreasing rate period comences immediately the drying front reaches the top of
the bed as represented thus [1],
dif ., -
-jt— = K'(AT - AT) {38)
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given K' = 2.3/ [1]
1 (Ah — ML)
t’) = — ——— L
¢ T L Ty 39
and

=441 {10)
PSYCHROMETRIC ANALYSIS OF CROP DRYING

The drying process depends largely on the changes which occur in the properties of moist
air (i.e. dry air and water vapour} which constitules the drying air, Psychrometrics is
an organised presentation of these properties. Consider a simple psychrometric chart (fig.
9) reproduced from [3]. The ordinate represenis absolute humidity with the dry bulb
temperature as the abscissa. The dew point temperatures are located on the uppermost
curve which is the saluration line corrresponding to 100% relative huwidity. The con-
stant relative humidily curves are the subsequent curves below the saturation line. The
constant wet bulb hines are the straight lines sloping gently dawnwards to the right while
while the corresponding stecper lines represent the conslant specific volume lines. The
process of heating or cooling at constant absolute humidity are along the horizontal lines.
Relative humidily decreases with heating along this line and increases with cooling. The
wet bulb lines correspond to adiabatic cooling lines (lines of constant enthalpy) resuli-
ing from cvaporative cooling of air flowing aver a wet surface and gaining latent heat of
vapourisalion.

A drying process may employ urheated or preheated air. As the air flows past the produet,
heat is transfered Lo the product from the air. This results in vapourisation of moisture
from Lhe product to the air {sitmullaneots lteat and mass transfer process) and subsequent
increase in the air relative humidity since the process occurs wilh a decrease in the dry
bulb temperature at constant wet bulb temperature, A schematic llustration of the psy-
chrometrics of a typical drying process is shown in figure 10.

Consider an unsaturated ambient air at dry bulb temperature, 71 and wet bulb temper-
ature, Ty and at relative humidity, ¢,, with absolute humidity of },. The moisture
carrying capacity of this air depends on il il is heated or nol. Assuming the air were to he
used in drying without preheating, Lhe process will progress along the constant wet hulb
T adiabatic cooling line AB {in fig. 10). The sensible heat loss from the air evaporates
moisture from Lhe crop. I the process were Lo continue to saturation, it would correspond
to a final absolute humidity of H2. This would imply 2 maximum meislure carrying ca-
pacily of ff; — If;. If however, the same ambient air were to be prehealed (before using
it for drying), at a constant absolule humidity of H\, to a dry bulb temperature of 17,
corresponding to a lower relative humidity, ¢; {line AC in fig. 10), the drying process
would now follow the adiabatic cooling line cotresponding lo the new wet bulb temper-
ature, Tya (line CD in fg. 10). At seturalion, it would have a new absolute bumidity
of H3. This corresponds to a maximum moisture carrying capacity of My — ;. Within
the temperature range Lhat crop drying occurs, the moislure carrying capacity of lkg of
unsalurated moisl air is increased by 3.6 x 10~%kg per °C increase in its Llemperature fL].
The minimum volume of air required to held a certain quantity of moisture can be ecal-
culated, assuming the dryer exhaust air is al 100% relative hunidity, A relatively small
amount of heating can greatly enhance the moisture carrying capability of air. Heating
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air say from a temperature of 20°C’ at 59% relative humidity to a temperature of 35°C
at 25% reiative humidity, increases its moisture holding capability three times (3j. This
illustrates the enormous advantage of preheating air in the drying process.

CONCLUSION

A comprehensive review of the fundamental principles and theories governing the deying
of agricultural products has been presented. A chronological developement of the purely
theotetical, semi-theoretical and empirical models has been outlined. Theoretical madels
have fallen short of predicting accurately the exact processes invelved in drying, due to
over simpiification of assumptions, Empirical iodels for specific products and conditiens,
offer hetter predictions.

NOMENCLATURE

A Dryer cross-sectional area (m?)

A, Crop surface arca (n?}

a Crop shape faclor

b Constani in equation {10); dependent on material and its temperature
C Specific heat capacity of air (Jhg~ ' A1)

c Constant in equalion (I1); related to heat of absorption of water vapour
' Constant; dependent on material

D Diffusion coefficient

d Constant in equation (12); dependent on material and its temperature
e Constant in equation (12); dependent on material and its temperature
r Air flow rate (m3s7!)

o Mass flow rate (kgm™2%571) :

f Counstant in equation (13}; dependent on temperature

£ Constant n equation {13); dependent on temperature

i, Humidity of inlet air

i, Humidity of saturated air in dryer

h Heat transfer coefficient (WK ~Tm™2)

K Constant in equation (14); dependent on product

A Drying constant {s™'}

K" Deep bed drying constant (s71)

Ky, Koz, Raa
Kz, K, Koy,
K Ko, Koz
iy

R

L

ho|

M

i

Ry

Specilic phenomenological coeflicients in equations {23)-(27)

Coupling coefficients in equations (23)-(27)

Thermal conductance of air film (Wm=2 /1)

Mass transler coeflicient of water vapour (kgsfm=3)

Latent heat of vapourisation (Jkg™")

Moisture content {decimal, dry basis)

Average moisture content of crop hed (decimal, dry basis)
Moisture content at end of maximum rate period

in deep bed drying (decimal, dry basis)

Final moisture content in deep bed drying (decimal, dry basis)
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M, Equilibrium moisture content {decimal, dry basis)

A, Initial moisture content {decimal, dry basis)

A, Moisture content at time, t (decimal, dry hasis)

n Constaut in equation (14); dependent on product

P Pressure (Vin~?)

P, Water vapour pressure in a product {(Nm~?)

P Vapeur pressure of drying air (¥Vm~?)

P.. Saturation vapour pressure {N'm™?%)

PL— s Product coustants in equation {I8)

R, Uuiversal gas constant, (Jmef™' 1)

r Distance considered (i.e. within the product) (in}

rs Diameter of the considered particle (m)

r Cylindrical capillary radius (m)

T Absolute temnperature (K)

Ta Drying air temperature (K)

Tin Dryer inlet temperature (K)

Towt Dryer outlet temperature (K}

T, Crop surface temperature {K)

t Time (s)

t Time for maxiinum drying rate peried in deep bed drying (s)

fy Time for decreasing drying rate period in deep bed drying (g)

4 Total time of drying in deep bed drying (s)

Y Volume of liquid moisture (m¥)

Vi Volume of water absorhed when the internal surfaces are
totally covered with a monclayer of water molecule {z4%)

¥ Voluie of waler absorbed by product isathermally at
vapour pressure £,, (1m®)

v Weight of water renmoved (kg)

Wy Weight of dry natter in vhe product (kg)

W, Initial weight of undried product (kg)

Wi Weight of product at time, t (kg)

o Angle of contaci belween the moisture and capillary wall

a Surface tension of moisture (¥m™!)

Pa Air density {kgm™)

e Equilibrium relative humnidity (decimal)

Bin Tntet relative humidity (decimal)

Pout Outlet relative humidity (decimal)
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