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Abstract— Mathematical model and a computer program were developed to simulate the performance of continuous flow grain
dryers. The mass and heat transfer processes were described by a system of four non-linear partial differential equations. This
system was solved by the MacCormack method. Methods of Neumann and Matrix (considering the border conditions) were used
for analysis of the convergence. The source-terms in these equations were defined by auxiliary semi-empirical equations, which
were obtained by experimental data in the thin layer. In order to validate the model, the experiments were conducted in fixed bed.
Simulations were made for various schemes of continuous flow dryers, including energy saving scheme with recycling the air for
cooling and for drying of grain. To determine the initial conditions at the entrance to each section of dryer the iterative process
was used. The computer simulations permitted to evaluate energy efficiency of each scheme, the duration of the drying process

for geometry and initial moisture content of grains chosen.
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1 Introduction

Due to a humid climate during harvesting of soy-
bean the moisture content of seed is very high, up to
24-28 % dry basis, (d.b.). Therefore practically all
soybean crop before the beginning of storage is ex-
posed to process of drying. Considering immense
volumes of a crop, even minor improvement and
acceleration of drying process gives significant eco-
nomic benefit.

To design dryers and develop efficient grain dry-
ing process the mathematical modeling and computer
simulation are widely used (Courtois et.al., 1991,
Franca et. al., 1994). There are various mathematical
models to describe the drying process. These models
consider the heat and mass transfer between grain
and air, the heat and moisture transfer inside of grain,
a deviation from equilibrium state between grain and
drying air, variation of physical properties of air,
vapor and grains with temperature and humidity
variation (Luikov, 1966, Laws and Parry, 1983, Par-
ry, 1985, Khatchatourian et.al., 2003).

Generally these models represent a system of the
energy and moisture transfer differential equations
for an individual grain located in a layer, the heat and
mass transfer differential equations for a surface of a
grain, where there is a contact of air and grain, and
the energy and mass conservation equations of the
humid air (Brooker et. al., 1982, Khatchatourian and
Oliveira, 2006). Nonlinearity of these equations does
not allow to receive analytical solution for interesting
applied cases. Used numerical methods (finite differ-
ence method, finite element method, etc.) represent
integration domain (drying camera) as the subdo-
mains set in which for a finding of any parameter
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during each moment of time is selected a simplified
interpolation equation (usually linear or square-law).
Because of subdomain sizes smallness the parame-
ters change inside subdomain is insignificant; there-
fore for calculation of the local mass flow and heat
flow densities the approach of a thin-layer drying
model can be used (Jayas et. al. 1991, Parti, 1993).
Thus, the goodness of thin-layer drying models es-
sentially defines the simulation results for bulk dry-
ing.
This paper is dedicated to modeling of continuous
flow grain dryers, which widely used for drying of
soybeans in the Rio Grande do Sul State (Figure 1).

Space dimension and boundary conditions of
problem depends on the chosen drying scheme. The
use of exhaust air increases system effectiveness but
at the same time leads to an increase in air humidity
for drying. To properly evaluate the effectiveness of
these conditions is very important to know a wide
range of influence of the initial air humidity on the
dynamics of drying.

The principal objectives of the present work are:

a) to create a mathematical model of drying of
grains;

b) to develop a software for simulation of the
continuous flow dryer with multiple stages;

) to carry out simulations to evaluate the effi-
ciency of some schemes dryers.

2 Method

2.1 Mathematical model

Figure 1 presents one of the investigated schemes
of continuous flow grain dryers with 3 drying stages
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and cooling chamber. Ambient air passes through the
cooling chamber, heats, then mixed with the heated
furnace air and this mixture A enters in 3rd stage. Air
leaving the third stage, mixes up with the heated
furnace air and the obtained mixture B enters in 2nd
stage. Similarly, the mixture C enters in 1st stage,
heats up and dries the grain entering from above in
1st stage and then used air is thrown out in atmos-
phere.

Stage 1
=
t
C -—
Stage 2
IR
Stage 3 || B
Furnace —L
gas = : Cooling T
Al T 4
Lv—‘ N '
Cold air || Cold air
‘ [l [] [l
! furnace gas—»

Figure 1. Layout of continuous flow grain dryer.

In summary, crossflow drying model for these
conditions is:

Ky Ky K__Pa

a ox oy Py

Ty oy Ty T _allur[H +(C,—C )]
a Coax oy p,(C,,+XC,)

(1)
o,y o, o _®al-e)

+V, —+V, —
ot ox oy DP.E

o,y 0T,y 0T _al-e) 0.C.0,-T)+0,
ot ox oy pe C,.+CY

where X is the moisture content; Y is the air hu-
midity; a is grain surface area/volume ratio (m™); H,
is latent heat of the water vaporization (J-kg™); Cpq is
the specific heat of the grain (J-kg™-°C™); C,y is the
specific heat of the water’s vapor (J-kg™-°C™); Cyy is
the specific heat of the water (J-kg™-°C™); p, is the
specific mass of the grain (kg-m?); p, is specific
mass of the air (kg-m™); ¢ is porosity; Vy is the air
velocity (m-s™); Vy is the grain velocity (m-s™); T, is
the air temperature (°C); Ty is the grain temperature
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(°C); @y, is the heat flux (kg-m2-s™); @, is the mass
flux (kg-m2-s%).

The heat flux, @y, was calculated in according
with dependences, presented by Khatchatourian and
Oliveira (2006). As experimental study showed, the
diffusion coefficient has variable value in a radial
direction. Therefore in this work the two-layer grain
model has been chosen to calculate ®,,. The mathe-
matical model is presented by system of two ordinary
differential equations (Khatchatourian, 2012):

IR X, -x,)
X kxx) o

% =—k(X,~X)~a- kz(xgo - XE)H X

where X; and X, are average relative grain
humidities in 1th and 2nd grain compartments re-
spectively, k; and k, are proportionality coefficients, t
is time in s, n is constant, q is factor related with
velocity influence.

Obviously, k is related with a diffusion coeffi-
cient in 1-st compartment and k , unites the effects of
diffusion in 2-st compartment and convective trans-
fer on a surface of grain.

Second equation in system (2) presents the influ-
ence of drying rate from: a) initial moisture content
Xg and, b) air humidity through equilibrium mois-
ture content X.. Applying the inverse problem meth-
od, the coefficients k; and k, were obtained for dif-
ferent initial moisture contents and temperatures at
same velocity V«=0.9 m/s (g=1). As experimental
data show the coefficients k; and k, depend on tem-
perature. The influence of initial moisture content on
k; and k, can be neglected.

The initial and boundary conditions for each
stage depend on the parameters in the output of the
previous stage located immediately above. Further-
more the inlet air humidity depends on the amount of
air recirculation. In other words, these conditions
depend on the number of stages and the scheme of
distribution and recirculation of air.

Two of the various schemes studied in this work
are shown in Figure 2.

For scheme 1 (Figure 2) the initial and boundary
conditions for stage i are described as follows:

The boundary conditions:

Xaa(t, x, 0)=Xg0 (0.19 b.u.); Tg.(t, x, 0)=Tg0
(20°C):Ty(t, 0, y)=Ta; (120°C); Tut, 0, y)=Ta,
(100°C); T4(t, 0, y)=Tas (80°C).

The boundary conditions for variables Xga(t, X,
H1), Ta(t, X, Ha), Xga(t, X, Hi+Hy), Tgs(t, X, Hi+Hy),
Xge(t, X, Hi+Hy+H3), Tae(t, X, Hi+H; +Ha), Yay, Yay,
Ya. are determined during the calculations by an
iterative process.

For scheme 1 the values of the parameters were
taken following: H;=4.16 m; H,=3.4 m; H3=2.9 m;
L=0.167 m; air velocity V,=0.164 m/s.
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The asterisk (*) was used to denote the parame-
The initial conditions: ters with intermediate time steps.

L, operator is defined similarly substituting Vy
Xgi(0, x, y)=Xg0; Tgi(0, x, y)=Tg0; Ya(0, X, and t, by V, and t,. The MacCormack's method with

y)=Ya0; Ta(0, x, y)=Tgo0 (i=1, 2, 3, c). the "time-split" can be presented as:
Outline 1 Outline 2 At At
1 Ut =L = e = oy o
x , 2 y y 2 iyl
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Figure 2. Investigated dryer outlines Predictor:
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2.2 Solution of the partial differential equations

The system (hyperbolic) of partial differential Corrector:
quase-linear equations was rewritten in the matrix A,
form: U ;|:U*"+V +U7 t (UIJ qul):|+AtyF|T (ll)
And again the operator L,:
oU oU oU co
—+V, —+V,—= F(t,x,y,U) @3 Predictor:
ot ox oy
—vs ALV, w] Al
where U =(XgTgYaTa)'. urs=u - [u,ﬂj U+ SR (12)
) 2 )
To solve the system used a 2-D MacCormack's
rln;tg())d with scheme "time-split” (MacCormack, Corrector:
The iterative MacCormack's method with the o
"time-split" transforms the two-dimensional problem U,n;lzl[uf*i +U'"Iy ALYy U U%I)J JALETE S (18)
i, 2 i, i, 2 i-1, 2

in one-dimensional problems. Considering the differ-

ential operator L,, related to the spatial variable x: . . ) )
Two iterative processes were used for simulation:

the first (internal) was used to determine the bounda-

Ulvi =L (Atx)uirjj Q) ry conditions between stages and air humidity in the
side entrance to each stage (which depends on the

the MacCormack's method (1969, 1971) corre- composition of the air furnace + fresh air + air recir-
sponds to the sequence of operations: culation). The second iterative process (external) was
Predictor: applied to calculate the drying time to achieve the

required average moisture content of grain in the

— . AtV ) dryer outlet (13% w.b.), i.e., to calculate the grain
U, =Y/ - AX [U.m - ]+Ath.J ®) velocity, V.
Corrector: 3 Results
U, = l[u n U, - AV (‘Tﬁi)} LALRS(6) Simulation results are shown in Figures 3-5.
‘ B ‘ 2 It can be seen (Figure 3), the drying process in

the initial (x / L = 1) and final (x / L = 0) sections
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occurs the most rapidly. In the middle section (x / L
=0.5) drying curve lags behind the average.

Air and grain temperatures in the different cross-
sections (Figure 4) differ significantly in only 1st
stage. For subsequent stages the temperature differ-
ence decreases.

x/L=1.0
x/L=0.75|
x/L=0.5
x/L=0.25|

4 outlet *} [
~

x/L=0.0
--—-—-average

e ] V4

Grain moisture, b.s.

o12f A 4} ~—

Airflow direction
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Stage 1 Stage 2 Stage 3 Cooling
| L L L L 1

0 2 4 6 8 10 12
Dryer depth, m

Figure 3. Distribution of moisture content of grain in
the dryer 1 at a steady state
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Figure 4. Distribution of grain temperature in the
dryer 1 at a steady state

The simulations showed (Figure 5) that the re-
versing of flow direction equalizes the distribution of
parameters in the transverse dryer direction and ac-
celerates the drying process a little. The recirculation
of air in the system increases the humidity of the
drying air and for cases considered slightly increases
the drying time. Simultaneously, reutilization of heat,
obtained from grain mass in the earlier drying stages,
in this case saves up to 40% of fuel (this value de-
pends on the chosen scheme of the dryer).

| —=— Savings for stage, Scheme 1
—=— Average savings A
—A— Savings for stage, Scheme 2

50 - —a— Average savings

40

30

or \
A

10

Savings, %

L L
1 2 3
Stage number

Figure 5. Comparison of fuel saving because of
the air recirculation for Outlines 1 and 2.
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4 Conclusion

The mathematical model, algorithm and computer
program for simulation of the continuous flow dryer
with the system of recycling of hot air were devel-
oped.

The iterative MacCormack’s method with scheme
"time-split" which transformed the two-dimensional
problem in one-dimensional problems was success-
fully applied for solution of system of non-linear
partial differential equations.

The dryer’s efficiency significantly depends from
reuse of the heated air.

Average fuel savings for the cases considered
were between 30-40% depending on the chosen
scheme.

5 Acknowledgements

Second author is grateful to CNPQ for research
grant (process N° 313706/2009-3).

6 References

Brooker D.B., Bakker-Arkema F.W. and Hall C.W.,
1982, “Drying Cereal Grains”, AVI Publishing
Co., Westport, CT.

Courtois, F., Lebert, A., Lasseran, J.C. and
Bimbenet, J.J., 1991, “Simulation of Industrial
Dryers: Solving Numerical and Computer Prob-
lems”, Drying Technology, Vol. 9, No 4, pp.
927-945.

Franca, A.S., Fortes, M. and Haghighi, K., 1994,
“Numerical Simulation of Intermittent and Con-
tinuous Deep-bed Drying of Biological Materi-
als”, Drying Technology, Vol.12, No 7, pp.
1537-1560. DOI: 10.1080/07373939408962186

Jayas, D.S., Cenkowski, S., Pabis, S., and Muir,
W.E., 1991, “Review of thin-layer drying and
wetting equations”, Drying Technology, Vol. 9,
No. 3, pp. 551-588.

DOI: 10.1080/07373939108916697

Khatchatourian, O.A. and Oliveira, F.A. de, 2006,
“Mathematical modelling of airflow and thermal
state in large aerated grain storage”, Biosystems
Engineering, Vol. 95, No. 2, pp. 159 - 169.

DOI: 10.1016/j.biosystemseng.2006.05.009

Khatchatourian, O.A., Borges, P.A. P. and Vielmo,
H. A., 2003, “Simulation of Soy Grains Drying
Dynamics in Camera of Fixed Bed”, Proceeding
of the 17th International Congress of Mechanical
Engineering, Sdo Paulo, Brazil, pp. 1-10.

Khatchatourian, O.A. (2012). Experimental study
and mathematical model for soya bean drying in
thin layer. Biosystems Engineering, 113(1), 54-
64. DOI: 10.1016/j.biosystemseng.2012.06.006

Maccormack, R.W., “Numerical solutions of the
interaction of a shock wave with a laminar
boundary layer”” — Roc. Second Int. Conf. Num.
Methods Fluid Dyn, Lecture Notes in Physics,
New York, p. 151-163, 1971.

© 2013 SBMAC


http://dx.doi.org/10.1080/07373939408962186
http://dx.doi.org/10.1080/07373939108916697
http://dx.doi.org/10.1016/j.biosystemseng.2006.05.009
http://dx.doi.org/10.1016/j.biosystemseng.2012.06.006
http://dx.doi.org/105540/03.2013.001.01.0016

Proceeding Series of the Brazilian Society of Applied and Computational Mathematics, Vol. 1, N. 1, 2013.

MacCormack, R.W, 1969, “The Effect of Viscosity
in Hypervelocity Impact Cratering”, AIAA,
Vol.9 p.354, Cincinati, Ohie.

Luikov, A. V., 1966, “Heat and mass transfer capil-
lary-porous bodies”, Pergamon, New York.
Parry, J. L., 1985, “Mathematical modeling and
computer simulation of heat and mass transfer in
agricultural grain drying: a review”, Journal of
Agricultural Engineering Research, Vol. 32, No.
1, pp. 1-29. DOT: 10.1016/0021-8634(85)90116-7

Parti, M. (1993). Selection of mathematical models
for drying grain in thin-layers, Journal of Agri-
cultural Engineering Research, Vol. 54, pp. 339-
352. DOI: 10.1006/jaer.1993.1026

Laws, N., Parry, J.L., 1983, Mathematical Modeling
of Heat and Mass Transfer in Agricultural Grain
Drying, Proc. R. Soc. Lond. A., Vol.385, pp.
169-187. DOI: 10.1098/rspa.1983.0009

Filho, E. L. M. (1992). Manual de Redacdo e Estilo,
Maltese.

Huang, H. S. and Lu, C. N (1994). Efficient Storage
Scheme and Algorithms for W-matrix Vector
Multiplication on Vector Computers. IEEE
Transactions on Power Systems, Vol.9, No. 2;
pp. 1083- 1094. DOI: 10.1109/59.317622

Kostenko, M. and Piotrovsky, 1970, L., Electrical
Machines, part 2, Mir, Russia.

Lin, S.L. and Van Ness J.E (1994). Parallel Solution
of Sparse Algebraic Equations. IEEE Transac-
tions on Power Systems, Vol.9, No. 2, pp. 743-
799.

Marquadt, D.W., June 1963, "An Algorithm for
Least-squares Estimation of Nonlinear Parame-
ter" - J. Soc. Indust. Appl. Math., vol. 11, n° 2,
pp. 431-441. DOI: 10.1137/0111030

Monticelli, A. (1983). Fluxo de Carga em Redes de
Energia Elétrica. Edgar Blucher, Rio de Janeiro -
RJ.

Morelato, A; Amaro,M. and Kokai,Y (1994). Com-
bining Direct and Inverse Factors for Solving
Sparse Network Equations in Parallel. IEEE
Transactions on Power Systems, Vol. 9, No. 4,
pp. 1942- 1948. DOI: 10.1109/59.331454

DOI: 105540/03.2013.001.01.0016 010016-5 © 2013 SBMAC


http://dx.doi.org/10.1016/0021-8634(85)90116-7
http://dx.doi.org/10.1006/jaer.1993.1026
http://dx.doi.org/10.1098/rspa.1983.0009
http://dx.doi.org/10.1109/59.317622
http://dx.doi.org/10.1137/0111030
http://dx.doi.org/10.1109/59.331454
http://dx.doi.org/105540/03.2013.001.01.0016



