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ABSTRACT

Drying of food and grain material for removal of moisture is an important aspect in preserving them or for
extraction of oil. It is a complex process involving both heat and mass transfer. The present work is aimed at
developing a simple mathematical model with governing differential equations and proper boundary
conditions for spherical shaped food material to determine the rate of moisture removal. The differential
equations are solved using numerical technique with the help of a computer Program and the results are
presented in graphical form. The variation of temperature within the seed with respect to time for various
drying medium temperatures considering the partial pressure of water vapor in the drying medium are
presented. The rate of moisture removal with respect to time for different convective environment conditions
and varying resistance within the seed is also presented. A generalized correlation to determine the moisture
rate removal as a function of Fourier number, Biot number and Mass transfer Parameter is developed for
estimation of time required for heating under different hot air conditions for various spherical shaped fruits or
grains. This non-dimensional correlation is helpful in quick estimation of time for drying of any seed and
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hence would be useful in the Agro Industry.
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1. INTRODUCTION

Artificial drying of food and seeds has gain importance in
Agro and food industry to preserve them for a long time, and
is considered as an energy intensive process. There is an ever-
demanding growth in the proper utilization of surplus crop to
meet the requirements during un-season. Unless proper
drying procedures are adopted storage and quality
perseverance is impossible. Understanding and controlling
the drying mechanism is important in the design of heated air
dryers with optimum heating temperature and time otherwise
it may lead to the damage of products. During the process, the
seed is heated by using hot medium giving rise to temperature
gradient and moisture gradient within the seed. The moisture
gradient between the seed and surrounding medium causes
migration of moisture from seed. The humidity and
temperature of heating medium is also important in attaining
the equilibrium moisture content of the seed as desirable. As
it involves both heat and Mass transfer the kinetics involved
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in this process are so complicate. As all the food grains do
not possess same amount of moisture and the atmospheric
conditions in which they are subjected to drying being not
same and the estimation of time requirement varies from one
to the other. Luikov [1] has formulated one dimensional
system of equations to simulate the temperature and moisture
profile during the drying seeds. However, its application was
limited to only few varieties of seeds.

A two-dimensional finite element model was developed to
simulate moisture diffusion into a corn kernel by
Muthukumarappan and Gunasekaran [2]. They observed that
the rate of absorption in first one hour is high and
subsequently declined. Ranjan et al. [3] have presented a set
of one way coupled heat and diffusive moisture transfer
equations by assuming that the moisture diffuses to the outer
boundaries of the food material in liquid form and that
evaporation takes place only at the surface of the food
material. However, the model was solved in three—
dimensional Cartesian coordinate system which is uncommon



for fruits and seeds. To account for the irregular shape of
seeds Agrawal et al. [4] have developed different models to
analyze various geometries to estimate projected area, surface
area and volume. They considered Ellipsoid and Cassinoid
geometry models which divide a random sample
approximately in two halves.

Haghighi et al. [5] developed set of coupled conductive
heat and diffusive moisture transfer equations to simulate
drying of axisymmetric grains. The model considers the
temperature and moisture dependence of the diffusion
coefficient, thermal conductivity, and specific heat. The
results obtained by finite element analysis are compared with
the experimental data of barley kernel and claimed to be
useful for grain quality evaluation and drying simulation

studies. However, the solution is limited only to barley kernel.

Manal and Mohammed Studied [6] air drying of a single
kernel fruit like apple, apricot and grape considering
convective heat and mass transfer between the sample surface
and its drying environment under unsteady heat conduction.
They assumed that the moisture diffusion take place within
the drying fruit without any phase change. The governing

equations were solved by using the finite difference technique.

A set of empirical correlations have been employed to
determine the thermal conductivity, specific heat and
coefficient of moisture diffusion. They found that in the
drying process the temperature of the fruit is increased and its
moisture content is decreased. The numerical results were
compared satisfactorily with experimental results. Shrinkage
and porosity effects are studied during potato drying by
Aprajeeta et al. [7] Subjecting Potato slices to drying. They
observed that shrinkage varies linearly with respect to
moisture content and reduction in radial dimension of potato
slices further the porosity undergoes rapid increase after
attaining certain moisture content in the final stages of drying.

Stanescu et al. [8] have addressed the fundamental problem
of determining best strategies to minimize the specific energy
and the mass flow rate of drying gas for moisture removal
from grains. Mihoubi and Bellagi [9] developed a relatively
simple two-dimensional drying model which takes into
account deformation of the dried material to analyze the
spatio-temporal distribution of the temperature, the moisture
and the solid displacement during the process. The model
assumes a homogeneous, hygroscopic, isotropic and highly
shrinkable medium and was solved numerically by a finite
difference method.

Aviara et al. [10] have compared the five commonly used
moisture sorption isotherm models to predict the equilibrium
moisture content and its temperature dependence of soya
bean. They identified that the heat of vaporization of moisture
in soya bean decreased with increase in moisture content and
the surface potential (spreading pressure) of moisture in the
seed increased with increase in water activity and the effect of
temperature was not much significant. Muchilwa et al. [11]
considered thin layer drying film models for accurate drying
time prediction considering variable diffusivity and
recommended field-based rapid profiling of product drying,
as opposed to universal equation modeling. The drying
kinetics of the red bell pepper was studied and modeled at

different temperatures at a specified air velocity by Vega et al.

[12] The effect of temperature on the diffusivity was
described by the Arrhenius equation and they demonstrated
that the Page modified model produced the best fit for every
drying curve, representing an excellent tool for estimation of
the drying time. Lorenzini et al. [13] employed an analytical
model previously defined and numerically transposed via a
Runge-Kutta 4-th order method to thoroughly describe a
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water droplet travelling in air from a sprinkler nozzle down to
the ground. The study is aimed at understanding the droplet
travel distance, the droplet time of flight, and the final droplet
temperature employing the heat and mass transfer analysis.
Thin-layer drying tests were conducted for soya bean in the
temperature range 45 to 120<C, by Oleg [14] to study the
influence of velocity on drying dynamics and found that it
essentially depends on initial grain moisture content. He
observed that only at high moisture content increase in air
velocity led initially to acceleration in the drying process.
Further the increases in air humidity slow down the drying
process and are related with the increase in value of the
equilibrium moisture content. He has also stated that
dependences of the moisture ratio with time under identical
initial condition did not practically depend on air humidity.

Perea-Floresa et al. [15] studied the drying kinetics of
castor oil seeds during fluidized bed drying at a constant air
velocity and at high air temperatures using diffusion approach
model. The moisture loss from the seeds was described by the
Fick’s diffusion equation, and based on the obtained results
the effective moisture diffusivity was estimated. The
relationship between the temperature and the effective
moisture diffusivity was described adequately by means of
Arrhenius-type equation.

Kamyar and Segerlind [16] have obtained numerical
solution to the simultaneous heat and diffusion equations for
an isotropic spherical seed. The distribution and gradients of
temperature and moisture developed inside the seed during
drying process are developed and compared with
experimental results of a soya bean kernel. However most of
these works are specific to a particular seed and operating
conditions.

The present study is an attempt to apply the basic
principles of heat and mass transfer (viz. combined problem
of thermal conduction in the seed with peripheral
phenomenon of mass transfer to the hot air) to another branch
related to agricultural science and human needs. The survey
of literature presented in this article hardly deals with the
application of thermal transport phenomenon to drying seeds.
In this regard, this is an extension of thought that certain of
agricultural requirements can be solved with the scope of
thermal transport phenomenon. In the literature presented no
such combined approach can be found.

This paper deals with establishing the temperature
variation within the seed w.r.t to time and rate of moisture
removal for generalized conditions. Hence the non-
dimensional parameters are introduced and the governing
equations are solved to develop a generalized correlation to
determine the moisture rate removal as a function of time, hot
medium convective conditions, conduction resistance of the
seed, mass transfer coefficient and vapor pressure on the
surface of the seed.

2. MATHEMATICAL MODELING

The seeds are preheated by hot air to make it dry before it
is subjected to the unit operations of crushing further for oil
extraction. Preheating with hot air expels the moisture from
the spherical surface of the seed by the mass transfer process
of water vapor diffusion from the spherical surface.

The process of mass transfer of vapors at the interface is
assumed to occur due to pressure variation as depicted in Fig
(2). It is the process of thermal convection from the hot air
with further conduction into the seed responsible for the
generation of vapor concentration difference.



The following assumptions are considered while
framing the model

1. Heat and mass transfer is one dimensional, unsteady
state in the radial direction.

2. Moisture diffusivity, thermal conductivity and
specific heat and properties of the seed are taken as constant.

3. Mass transfer from the kernel is due to vapor
pressure gradient.

4, Shrinkage of the seed is negligible.

5. No chemical reaction.

6. No heat generation.

7. The humidity of hot medium is considered constant.

In nature, we find mostly two geometries in the seeds:

1. Spherical shape

2. Ellipsoidal shape

Our analysis holds well for both spherical and non-
spherical seeds, when the equivalent diameter is considered
for ellipsoidal seeds. The equivalent diameter calculation for
ellipsoidal seeds is given in Appendix—I.
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Figure 1. Variation of partial pressures of vapor and air
2.1 Thermal process in the seed

For a spherical shape of the seed the unsteady state thermal
conduction is defined by the following equation

clea il

The seed is subjected to boundary conditions as follows:

(1

r—oo;T =T, =constant:P =P, =constant
r=RT=T(7)

r=0:(0<r<R);T=T,

Forz>0:Atr=R

2

The convective heat transfer at the periphery of the
spherical interface of the seed is given by the Eq(3). as
follows:

(€)

It is required to find T =T,(z) for convective thermal
boundary condition (3) from the unsteady conduction Eq (1).
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2.2 Vapor mass diffusion equation

Mass transfer of water vapor from the spherical interface
i.e. at r=R can be defined as follows according to the model
shown in Figure 1.

dM

. xRN, (pyny ~ P )

“4)
However, as per the model (from Figure 1)

P,=P atr=R

P,=0atr—>wo=p =0
Thus,

POO —
|:pv(r:R)] = { Ro [TI (T)+ 273}1and |:pV(°°) - 0:|
Hence, Eq(4) transforms into

dM

. 47R%h, (pv(r:R))

2 . ©
=47R hm|:R0['l'i (r)+273]}

The following dimensionless parameters are introduced
into the Eqgs (1), (2), (3) and (4).

R T,

oT
F°=M

Eq(1) transforms to

6+ |:R+2 £:|_ [i(R+2T+ ):‘
oR oFo

R
With boundary conditions

(6)

0<R" <1:T* =T*(Fo)
Fo>0:R" =L T" =T,"(Fo)
R"=0:Fo>0:T" =T, (Fo)

T

Fo=0:(0<R"<1):T"=—==T/
T

0
9

Fo>0:atR"=0;T" =T/

Furtherat R* =1:Fo>1

B%L_l - Bi(1-T, (Fo))

Eq(5) in dimensionless form can be written as follows

(7



+ T +273
oM . ( 9 ) ®)
oFo 273+T9Ti+
M
where M* = (T)
M

o]

3. SOLUTION PROCEDURE

The unsteady state conduction heat Eq (6) & mass diffusion
Eq (8) are solved simultaneously to find drying rate of the
seeds with respect to time with the boundary condition for
solving Eq (8) as

Fo=0:M"*=1 ©)
The solution is excepted to be in the form of
. . T
M™ = f|:BI,7Z'm,F0,—':| (10)
Tg

Thus, the objective of the study is to establish the
correlation i.e. Eq (10)

The solution is obtained by Integrating Eq (6) between the
limits R*=0: R*=1 it for the condition R*#R*(Fo)

:|R*_1

For Fo>0, the following thermal profile for T+ can be
assumed satisfying the boundary conditions both at R*=0 and
R*=1. Further it satisfies smoothening conditions at R*=0.

oT”
OR*

d R*=1
— j T'R?dR" = an
dFo .7,

T =(T =T, )R* =T, (12)
Substitution of Eq(12) into Eq(11) yields

1d17 , 4 dT, =4[ =T/ ] (13)
7dFo  21dFo

The boundary conditions are Fo=0:

T =T =T"

i c

(0) prescribed input
Substitution of Eq(12) into Eq(7) after simplification yields

. T, +0.25Bi

= 14
' 1+0.25Bi (14)
Solving Egs (13) and (14) together the following variations
of thermal conditions at the extreme salient points of center
and spherical surface can be established for Fo>0

Bi
T =1-[1-T (0)]Exp{ -84 F
' [ N )} xp{ 7+Bi O}

(15)

T, =T," [1+0.25Bi]—0.25Bi (16)
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3.1 Solution of Eq(8)

It can be accomplished by expressing Eq(8) in finite
difference form with the established solution i.e., Eq (15)

M*(I+1):M*(I)—AF0*7zm
AFo=FoR/J
M*(I =1)=1

(17)

Thus, the Variation of M (1), with 0 < | < J can be
established to obtain a correlation Eq. (10).

4. RESULTS AND DISCUSSION

Thus non-dimensional Eqgs(15), (16) and (17) are
programmed to obtain typical results using FORTRAN
software and are presented in graphical form in the Figure 2
to Figure 9.
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Figure 2. Temperature variation within the seed with Time
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Figure 4 Temperature variation within the seed with Time
Figures (2, 3 and 4) show the temperature distribution as a

function of radius and time inside the seed. Since the heat
transfer took place from the outer surface to the center of the



seed the temperature of the seed at its center is kept
increasing gradually with increasing for number before it
attains its equilibrium value after some time. It is also
observed that with increasing Biot number the temperature
gradient within the seed also increases as it offers more
resistance to conduction heat transfer. It is also clear that the
temperature gradually decreases from the interface of the seed
to its center.

010 015 om

Fo [ FOURER HOp
Figure 5. Variation of M* with ambient temperature

Figure 5 shows the rate of evaporation of moisture with
respect to time until it reaches its equilibrium value for
various hot medium conditions. It is observed that with
increasing hot medium temperature the rate of evaporation
also increases.
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Figure 6. Effect of Biot modulus on dehydration

Figure 6 shows the effect of Biot modulus on rate of
evaporation of moisture from the seed. It is observed that at
lower Biot number the rate of evaporation high due to
relatively low internal resistance offered by the seed.

Figure 7 shows the temperature variation of the seed at its
center and at its surface. At higher Biot number the difference
in temperature at center and surface is found high at any
particular time interval.

atcenter
at interface

TEMPERATURE

T,=100°C:
T.=30%

o0 o 02 o3 04

Fourier umbar

Figure 7. Variation of temperature of seed at center and at
interface
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MM,

Fo (FOUREER NQ)

Figure 8. Effect of mass transfer parameter on dehydration
rate

Figure 8 shows the effect of Mass transfer parameter on
rate of dehydration. It is obvious from the figure with
increase in convective mass transfer coefficient i.e mass
transfer parameter the rate of dehydration is also found
increased.

4.1 Correlation for rate of evaporation

With the aid of the program results are obtained for the
following range of parameters.

70°C <Tg <105°C; 15<T, <25
0.4< 7, <1.75; 0.89 < Bi <50; 0.2 < Fo <1.2

ﬂ:l—O.Ql{
M

0o

273+T,

—_— 18
273+T, (18)

-0.525
0.99 :-0.048 0.968
} 7, Bi Fo

The correlation to determine the rate of evaporation, Eq(18)
is obtained for 155 data obtained from the program by
applying regression with an average deviation of 1.073% and
a standard deviation of 1.406%.

Further, Eq (18) is validated in Fig. 9

MM =1-0.91[(273+To)(273+Tg)]**** °
o <

‘z‘“’i " Bi 0048 Fo.‘ 93 9

&

02 04
1-0.91[(273+To)(273+Tg)
(®,)°% Bi"™ Fo® ™

06

Figure. 9 Validation of correlation

5. CONCLUSIONS

The following conclusions can be drawn from the study

1. The rate of increase of temperature within the seed
during first few minutes is rapid.

2. The variation in temperature at the surface of the seed
and at the center of the seed is negligible at lower Biot
numbers.

3. The rate of moisture loss from the seed is found linear
w.r.t time.



4. With increase in mass transfer parameter the rate of
drying of the seed also increased.
5. With increasing in internal conduction resistance of the
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APPENDIX

In nature, we find mostly two geometries in the seeds:

1. Spherical shape
2. Ellipsoidal shape

Our analysis holds well both for spherical and non-spherical
seeds when the equivalent diameter is considered for
ellipsoidal seeds. The analysis is formulated for spherical
geometries. However, for ellipsoidal geometry the equivalent
diameter as a first approximation is to be employed.

1. Spherical seed

Y

R
Spherical seed radius = R
R=Radius of the Spherical seed:

VOLUME = ‘5‘ TR3: D=2R
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2. Ellipsoidal seed - (equivalent diameter)

where the geometry of the seed is defined by the coordinate
system(—a <X <a): (-b<Y <b)

b
2
Volume of the seed = [ymx? dy

where x2 = a® (1 - ;—z)

Volume = gnbz a

On simplificationD .q = Z(b? a) 13y
Define for non- spherical seed

D=De=2 [b2a] /3
For spherical geometry b=a=R: D¢g= 2R





