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Modeling Cereal Grain Drying with Variable Diffusivity
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ABSTRACT Cereal Chem. 74(6):842-845

The thin-layer drying or rough rice, maize and sorghum at severatoefficient with moisture content was obtained based on considerations
temperatures was investigated. Simulation of the experimental data waéthe energy needed to dissociate water molecules from their sites and of
performed by solving numerically the diffusion equation with variableresistance to diffusion. When the expression for diffusivity was used for
diffusion coefficient for spherical-shaped grain. To account for thispredicting drying behavior of the grains, a good agreement was obtained
variation, an analytical expression for the dependence of the diffusiobetween experimental data and the theoretical prediction.

The thin-layer drying of grains has received different treatments  variation with moisture content. The resulting expression was
in literature. Many authors have accepted that moisture diffusion used to describe the isothermal drying of various cereal grains.
controls the drying of grain, at least at moderate kernel tempera-
tures (Becker and Sallans 1955, Thompson et a 1968, Handy and Formulation of the Model
Barrer 1969, Whitaker et a 1969). Assuming that the seed is a The diffusion equation representing the isothermal drying proc-
spherical body with uniform diffusivity, various investigators  ess can be expressed in spherical coordinates as:
found that the analytical solution to the diffusion equation repro-
duce the general form of the experimental drying curves of vari- om_ 19 Qopmdmd )
ous cereal grains (Bakker-Arkema and Hall 1965, Suarez et al ot ror or
1980, Steffe and Singh 1980, Tolaba and Suarez 1988, Ece aRdte that the temperature gradients have negligible effect on the
Cihan 1993). While excellent fits of experimental data have beepgisture movement in drying of most cereal grains (Fortes et al

obtained using the diffusion equation, it is unlikely that the assumprgg1, parti 1993). Equation 1 is subjected to the following initial
tions made in solving the diffusion equation are valid. Mostyng phoundary conditions:

researchers agree that the diffusivity is moisture-dependent. Chu

and Hustrulid (1968) postulated a model with concentration- m=my at=0and0<r<R
dependent diffusivity, where solution by numerical means is nor- m=me at>0andr=R
mally necessary. A similar approach was used by Aguerre et al omot=0 att>0andr=0

(1985) and Dutta et al (1988) to model drying kinetics of some

cereal grains. diffusion is negligible and, therefore, the moisture concentration

Until now, it seem.s.that no thgoretlcal form of the dependencgn the grain surface falls to the equilibrium value immediately at
of the diffusion coefficient on moisture content has been presentgfle siart of the falling rate period of drying. Introducing the fol-

for seeds. This is not surprising given the differences in expeqbwing dimensionless variables:
mentally determined diffusion coefficients reported by many '

It has been assumed thar at R, the surface resistance to vapor

investigators (differences in magnitude as well as functional form) m-me  __r DM _ Dot

for some starchy materials. Thus, Fish (1958) found that the water M= -m "R DT, and FO'E
diffusivity in potato starch gels increases as the moisture content

increases, reaching a maximum at moisture level of 0.3 kg water/igfluation 1 can be transformed as follows:

of dry solid. On the other hand, Saravacos and Raouzeos (1984) am* 1 o8 O om*0

determined that for corn starch gels, water diffusivity reached a 3Fo =r—*$g*2 D*?H @
maximum value at moisture content=f2-15% (dry basis) and

decreases significantly at lower and higher moisture. A similaiThe initial and the boundary conditions are:

variation of the water diffusivity was observed by Leslie et al _ _ .

(1991) in several starch-based systems with differing amylase to :: :(lJ 2E2;8$§ ?f_r 151 83
amylopectin ratios. @MFIar) =0 a Fosandr =0 29

It is inferred from the foregoing review that although the diffu-
sivity varies with moisture during the drying process of grains, It must be noticed thdd* = D(m)/D, varies during the drying
very few studies have been conducted to support this point @frocess. To estimate this variation, we will make use of the diffu-
view. Therefore, there is a need to investigate on this aspect andsion model for adsorbing solids formulated by Nelson (1986).
establish an approach that can be used for predicting the dryigom that model, the energy required for sorbed water molecules
behavior of grains under determined working conditions. to become dissociated from their sites is calculated on the basis of

Based on thermodynamics approach, an attempt is made heregiguilibrium among the sorbed, dissociated and vapor phases of
formulate a mathematical expression for the diffusion coefficienivater in the adsorbent solid. Nelson (1986) assumed at first stage

a passage of sorbed water to liquid water, requiring an energy
) - , equivalent to isosteric heaq. In a second step, liquid water
lB?\%:gT;?to de Industrias, Facultad de Clencias Exactas y Naturdles, Ciudad o comes dissociated and surface diffusion takes place. Molecules
a, 1428 - Buenos Aires, Argentina. N ) N .
2Departamento de Tecnologia, Universidad Nacional de Lujan, Cruce Rutas 5 y @f dissociated water can move from one adsorption site to another
C.C. 221, (6700) Lujan, Provincia de Buenos Aires, Argentina. due toEp, the necessary energy to separate water molecules from

their sites. Finally, water molecules change to activated state and
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forces; the energy of the activated state is indicated here as E,. If
E is the energy of water molecules in the sorbed, dissociated, and
fully activated states, we can write for D(m) the following expres-
sion (Nelson 1986):

D(m) = Dyexp(—E/RT) = D1exp[-Q« + Ep + EA)/RT] (3)

where D; is a parameter of the model to be determined from experi-

sumed equal to monolayer moisture defined in BET. theory. For
each cereal grain, the calculated values of Qg versus m were fitted
to Eq. 6, and the constants K; and K, were determined by regres-
sion analysis. The corresponding values of K,, K,, and m, are also
givenin Tablel.

RESULTSAND DISCUSSION

mental data. Methodology to estimate Qq, Ep, and E,, isgiven later.
Estimation of Ep and E,

From thermodynamics consideration, Nelson (1986) obtained
an expression for the enthalpy change from the vapor state to the
dissociated state, Hy — Hp, which is:

MATERIALSAND METHODS

Literature values of hygroscopic equilibrium data corresponding
to the desorption branch of sorption isotherm were used: rough
rice at 40, 50, and 60°C (Zuritz et al 1979); sorghum at 30, 38,
and 50°C (Falabella et al 1989); and maize at 40, 50, and 70%here RT/n is the work done by a mole of water in expanding
(Tolaba and Suarez 1988). from the activated state to the vapor state. The parameter n can be

Selected drying kinetics curves of rice, sorghum and maizebtained from spreading pressure-water activity relationship, and
were also taken from the literature: rough rice at 30, 50, and 60°their values were recently reported by Tolaba et al (1995) for the
(Aguerre 1984); sorghum at 30, 38, and 50°C (Suarez et al 198@hree grains under consideration. The enthalpy change from the
and maize at 40, 50, and 70°C (Tolaba and Suarez 1988). vapor state to the sorbed statg,—Hsg, is known to be:

Hv—HD:A—RT/n (7)

Calculation of Isosteric Heat Hy—Hs=Qq +A ®

The commonly used method to calculate the isosteric heat Bubstracting Eq. 7 from Eq. 8 resultsin:
based on the Clausius-Clapeyron equation:
HD—HS=Q5,+RT/n (9)
| ) . . .
E’ﬂﬁ = @) From this expression, the energy required to change from the lig-
pwmg, R uid state to the dissociated state (Ep) is:

The left term of Eq. 4 was estimated numerically, approximat-
ing the derivative by a finite difference. For this purpose the equi- . .
librium data of the materials investigated were modeled by mearis'e vaues of n for the products and temperatures investigated are

Ep =RT/n (10)

of the GAB equation. The variation of isosteric heat with moisturdliven in Teble l.

content was fitted by means of an empirical equation:
Q¢ =Qpe™™ 5

where Q, and a are constants. For each cereal grain these con-
stants were calculated using a nonlinear regression procedure and
theresulting values are given in Table I.

An aternative equation to calculate Qg4 and its variation with
moisture content was used. The equation was derived by Aguerre
et al (1986) based on the experimental verification of the differen-
tial entropy of adsorption as a linear function of the differential
enthalpy of adsorption (thermodynamic compensation effect) for
water sorption by biological materids:

Qq = RK;K,™™ (6

The parameters K, and K, are empirical constants to be deter-

Finally, the energy associated to the activate state (E,) was con-
sidered equivaent to the activation energy for self-diffusion of
liquid water. This assumption seems to be vaid for the diffusion
of small size water molecules through biopolymers, as indicated
by Mark (1942). For self-diffusion of liquid water E5 = 22.175
kJmol.

From the previous considerations it results for D(m) the fol-
lowing expression:

do. | RT 0.0

D(m) = Dleng' EQS‘+T+ 22'175HRTE (11)

From this equation, all quantities except Qg are constants when T

is constant and Qg accounts for the dependence of D on moisture
content. It also results from Eq. 11 that the activation energy is:

. 3 : . h - E(kJ/mol) = Qg + RT/n + 22.175 (12)
mined, while my, is an arbitrary moisture value which was as-
TABLE |
Parameter Values of Equations 5 and 6 for Various Cereal Grains 025
Grain Qo (kJ/moal) a K1 (K) K (K) m, db
Rice 140.212 19.802 12,920 0.2751 0.0712
Maize 104.743 21.600 19,462 0.2740 0.0586 -
Sorghum 142.685 12.764 19,000 0.2560 0.0809 ;;
£
o
TABLE I 3
Parameter Values of Equation 11 for Various Cereal Grains ?
Grain T (°C) n D; x 10° (m?/s)
0.05 +
Rice 40 0.696 3.80
50 0.754 1.45
60 0.804 1.70 o ‘ ; , ; ‘ k
Maize 40 0.596 1.70 (] 50 100 150 200 250 300 350
50 0.688 2.28 t(min)
70 0.782 1.90
Sorghum 30 0.650 215 Fig. 1. Comparison of experimental (symbols) and predicted (ling) drying
gg 8-212 g-gg curves for rough rice. Dependence of isosteric heat on moaisture was cal-

culated by Eq. 5.
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Fig. 2. Comparison of experimental (symbols) and predicted (line) drying
curves for rough rice. Dependence of isosteric heat on moisture was cal-
culated by Eq. 6.
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Fig. 3. Comparison of experimental (symbols) and predicted (line) drying
curves for maize. Dependence of isosteric heat on moisture was calcu-
lated by Eq. 6.
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Fig. 4. Comparison of experimental (symbols) and predicted (line) drying
curves for sorghum. Dependence of isosteric heat on moisture was cal-
culated by Eq. 6.

Comparison of Model Predictions and Experimental Data

must be determined for each drying condition. This was done by
trial and error, comparing predicted and experimental drying curves.

For rice, drying kinetic curves were calculated with the two
mathematical expressions given by Eq. 5 and 6 to estimate the
isosteric heat variation with moisture content. The results of the
simulation are shown in Figs. 1 and 2, plotted using the mean
moisture content of the grain and drying time. A better agreement
between experimental and predicted drying curves can be observed
when Eq. 6 is used to estimate the variatio®gfwith moisture
content. The comparison between experimental and predicted
drying curves for maize and sorghum are shown in Figs. 3 and 4,
respectively. It must be mentioned that those predicted drying
curves were obtained using Eq. 6 for the estimatio@pfThe
corresponding values @, are given in Table Il. For the conven-
ience of the reader, the values of the parametesiculated by
Tolaba et al (1995) are also reported in Table Il for the drying
temperature and material investigated.

To evaluate moisture dependence of the diffusion coefficients,
moisture profiles predicted by the model were used to calculate
mean diffusion coefficients{*) as follows:

Or= foD* (m)mr *2 dr *
fomr *2 dr *

This equation was used to evaluate integral diffusion coeffi-
cients for maize and its variation with the mean moisture content
of the grain (Fig. 5). It is clearly noted that the diffusion coeffi-
cients corresponding to the different drying temperatures decrease
as the mean moisture content of the grain decreases. This is due to
an increase of the energy requirements as drying progresses because
at low moisture contents water molecules are tightly bound to the
adsorbed sites. For the purposes of comparison, the values of
diffusion coefficients reported by Tolaba (1989) and calculated
from the analytical solution of Fick's second law for constant
moisture diffusivity were also plotted in Fig. 5, as shown by the
dotted lines.

A similar variation of the diffusion coefficient with moisture to
that obtained here, was reported by Fish (1958) during water
desorption in starch gels. According to that author, the diffusion
coefficient begin to fall when the moisture content of the gel is
<30% (db). For higher moisture contents, the diffusion coefficient
remained constant, probably due to the fact that the interaction
between water and starch ceases to affect the diffusion process.
For saturated gel >30% moisture content, Fish (1958) found that
the activation energy for diffusion was similar to self-diffusion of
liquid water. This agreed with results found here as derived from
Eqg. 12. As at high moisture conte®y tends to O, the activation
energy of the diffusion process becomes practically equal to the
self-diffusion of liquid water. It must be noticed that the t&fm
is relatively small (for the drying conditions used in this work
values were=3.2 kJ/mol).

On the other hand, Leslie et al (1991) reported a relatively more
complex dependence of the diffusion coefficient with moisture
content during the water desorption in corn starches. As moisture
was removed, the effective diffusivity increases gradually to reach
a maximum at a water content 10-15%. After the maximum
was reached, the effective diffusivity fell sharply as the water
content decreased. According to Leslie et al (1991), such complex
dependence is the result of two effects, the increase of porosity as
well as the physicochemical interactions water-sustrate, as drying
proceeds.

Variations of the activation energ¥)( with moisture content
calculated from Eq. 12 are represented in Fig. 6. In all cases, the
activation energy approaches to the activation energy of self-dif-
fusion and increases considerably as the moisture content tends to

(13)

Equation 2, boundary conditions (Eqg. 2a-c) and Eq. 11 were 0. This is so because the eneEy= Hp — Hs needed by sorbed
integrated numerically using a Crank-Nicholson implicit finite- molecules to achieve the dissociate state increases with the reduc-

difference method. As the parameigrin Eq. 11 is unknown, this
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