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Research Note

Mathematical Modeling of a
Cross Flow Conveyor Belt Dryer

E. Mirzahoseinkashani'* and N. Kasiri'

The drying of solids in a cross flow conveyor belt dryer (continuous operation system), in which
particles (thin-layer) move in a wire net conveyor, was theoretically studied. A mathematical
modeling that considers the influence of bed porosity and transient terms in the drying process
was developed and the changes in bed porosity and product density with the moisture content of
seeds have been considered. Also, to have a more accurate model, some changes have been made
to the specific surface of the seed. The finite volume method was used to solve, numerically, the
governing conservation equations. The results of the moisture content of the material (yellow
corn kernel), residence time and conveyor length are presented and analyzed in order to modify
the model, according to bed porosity, product density and the specific surface changes of the
seed. This model can predict humidity ratio, the temperature of air, moisture content and the
temperature of the material throughout the drying process.

INTRODUCTION

Grains are normally harvested while they are still fairly
moist, therefore, they must be dried to minimize water
content and to reduce spoilage problems due to the
action of microorganisms [1]. In recent years, research
on moving bed technology has been intensified, espe-
cially into application regarding agricultural driers [2].
The technology of drying for the preservation of food
and ingredients has been practiced for a long time,
with some of the earliest references being from the
18th century. During this time, there has been a wide
range of technologies developed, hoth for general and
for specific applications [3]. Products are dried using
two technologies: Fixed bed and continuous flow bed
(concurrent, counter and cross-flow beds) [4]. One of
the most common continuous drying flows for grains is
the cross-flow dryer. Nowadays, it is necessary to study
these driers in more detail because of the high cost of
the dryers, in particular, cross flow driers, and their
considerable stress and cracking on the grain kernel.
A large number of researchers have reported
cross-flow dryer modeling. The models consider the
void fraction and/or the transient terms [5-7]. Other
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researchers present numerical studies considering void
fraction and/or the transient terms in the mathemat-
ical model [8]. Experimental studies have also been
reported in the literature [1].

In a general way, the drying residence time of
grain in the drier has been obtained as a function
of the following variables: The grain bed thickness
layer inside the dryer along the air flow direction,
initial and final moisture content, initial temperature,
thermo-physical properties of grains, air flow rate, inlet
temperature and the air humidity ratio [4,9].

The aim of this work is to present a numerical
model, using the finite volume method, to predict
changes in air temperature and relative humidity, and
in the solid temperature and moisture content during
the drying process in a continuous cross flow belt
conveyor, considering changes in product density and
void fraction with the moisture content of the seed and
in the modifying of the specific surface of the seed in
the conservation equation.

The new approaches in this work are to gain a
model with more accurate results, in comparison to the
latest research reported in other references.

In fact, although some efforts have been made
in this field, concerning the modeling of a cross flow
conveyor belt dryer, the models were not adequately
accurate and there was some deviation between the
experimental data and numerical results.

Also, it should be taken into consideration that,
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in the latest work in this area, the porosity and the
specific surface of the material were assumed to be
constant, whereas, in this work, these variables are
modeled as functions of the moisture content of the
bed.

MATHEMATICAL MODELING

In this work, two models have been studied. A primary
model has been developed, assuming constant bed
porosity and material density.

Also, in this model, the specific surface of the corn
is according to the amount given by [8].

A modified model has been developed considering
bed porosity and materials’ density as a function of
the moisture content of the material [10]. To develop
a more accurate model, the corn’s specific surface has
been used as given by [11]. Initially, therefore, both
mathematical models are introduced.

The results are given in the results and discussion
sections.

Primary Model

The development of the conservation equation is based
on the differential element, illustrated in Figure 1. The
following assumptions, as a simplification of the model
in a conveyor belt dryer, have been made:

a) The volume shrinkage is negligible;

b) The temperature and moisture content gradients
within the individual particle are negligible;

c) Heat conduction among the particles is negligible;

d) Heat loss of the dryer to the surroundings is
negligible;
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According to the assumptions, the following partial dif-
ferential equations are obtained to model the transient
cross flow drying process in a belt conveyor dryer:

O Mass
Air:

Apax) = O [ pa-wq pp \ OM
= = 22 ) =, 1
ot * dy < Esolid v Esolid / Ot M

a—]\f = Thin layer drying equation, (2)
where p, is the air density (kg/M?), x is the humidity
ration (kg/kg), w, is the air velocity (M/s), ¢ is the
porosity, p, is the product density (kg/M?), M is the
average moisture content (kg/kg), y is the Cartesian
coordinate (M) and ¢ is the time (s).

O Energy
Air:
0 15} W, A*h (T — )
—(p L)+ — | po—T | =——F7"——,
ot (paT) dy (p Esolid ) €solid (Cq + TCy) (3)

where T is the air temperature (°C or °K), A* is the
surface area of the solid per volume unit of the bed
(M2/M3), h, is the convective heat transfer coefficient
(W/m?2.°K), 0 is the average temperature of the solid
(°C or °K) and ¢, and ¢, are the specific heat of the
air and vapor (kJ/kg. °K), respectively.

Solid:
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Figure 1. Schematic representation of the continuous cross flow belt conveyor dryer differential element.
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where hy, is the heat of vaporization of the prod-
uct (kJ/kg) and cw is the specific heat of water
(kJ/kg. °K) [8].

Brokker et al. [8] report the following thin-layer
drying equation to describe the drying rate:

oM M, -3

— = 5a)
1/2° (
9t 3600 (A2 + L)
A = —1.7054824 6 + 0.00879170,
B = 148.60862 & exp .(—0.059418 6), (5b)

where ¢ is time (s) and M, is the equilibrium moisture
content (kg/kg).

Initial and boundary conditions were used as
follows:

M(y,t = 0) = My, (6a)
A(y,t = 0) = 6o, (6b)
T(y =0,t) = T, (6¢)
2(y = 0,1) = 20. (6d)

The heat of vaporization (hy,) equilibrium moisture
content (M.), specific surface area (A*) [4], dry solid
density (pp) and specific heat of the corn grain (C))
and the void fraction of the bed () are given by [8]:

hy=(2502.2—2.39T).(141.2925 exp 16981 M) k] /kg,

(7a)
. 1/1.8634
A]M-e:L - ln(l I) kg/kg7
100\ 8.6541 2 10-5(T+49.81)

(7b)

C,=1.361+3 97l kJ/kg.K (7c)
P T (14 M) &

pp = 650 kg/M?, (7d)
e =0.44, (7e)
A* =784 M? /M3, (7f)

The specific heat (Ca), density (p,), air relative hu-
midity (UR), absolute temperature (T,;s), universal
constant (R) applied to the air, the saturation pressure
of the vapor and local atmospheric pressure (Pa) are

E. Mirzahoseinkashani and N. Kasiri

given by [4]:

¢, = 1.00926 — 44.04033.10°T + 6.17596.107 T2

—4.0972 2 10'°T3 kJ/kgK, (8a)
e (s0)
Tops = Ty +273.15 K, (8c)
R =8314.34 J/kg, (8d)
Patm = 101325 Pa, (8e)

Datm-Na

UR =

(X, +0.622).py g (%), (8

Pus = 22105649.25 exp{[—27405.53 + 97.5413T sy

—0.146244 T?

abs

+0.12558 £ 1073 2T,,,3

— 048502210 7T, ] /[4.34903T s,

a

—0.39381 2 1072 T,4]}, Pa,
Cy = 1.8830 — 0.16737 1073 T,

+0.84386 z 1076 27?2

abs
—0.26966 © 10797,,5.3 Kj/kgK. (8g)

The heat transfer coefficient was obtained by using the
following equations [8]:

101.4(paw, )0 to paw, > 0.68 W/mQK
he = .
99.6(pawa )% to pow, < 0.68 (9)

After calculating M, 6§, T and z at each position inside
the bed and the drying time, the relative humidity is
obtained. If this value is greater than 1, saturation
or super saturation is assumed and condensation is
modeled. The condensation of water may occur when
a large amount of water vapor is transported by the air
and cooled when it passes through cool grains. The fol-
lowing procedure was used to model the condensation:

a) M, 0, T and x are calculated at a y location inside
the bed, and then p,s and UR are obtained;

b) If UR > 1, a new value of the absolute humidity
x = x—Ax is assumed, so go to passesc. fUR < 1,
stop the condensation and go to a new y location;

¢) Using the new value x, the new values of M, 6 and
T are calculated;
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d) Using the new value of T', we calculate p,; and UR
and return to passes b.

The new value of M is given by:
[ — PaWq Az
M:Mc—i-()asc—x. 10
ot (25 ) (e = (10)
The new value of T is given by:

T =

M(Ca +Cv (xbc _x))Told +ppAy(Cp+CWMbc)§bc

Up

PaWa = (cq + c,)

Up

4 PpAY(cp + CWMbC)gbcpawa(%)hfg(x — Tye)

pawa%:(ca + va) (11)
The subscript “bc” refers to values before condensa-
tion [4,12].
Modified Model

All assumptions and equations in this model are as
the same as in the primary model, but the following
modifications (Relations 12 and 13 are by Subra-
manyam [10] and Relation 14 is by Courtios [11]) have
been considered to develop a more accurate model:

pp = 1353 — 179.4 M + 78.4 M?

0.05 < M < 0.85 kg/M?, (12)
e=0513-0.11 M +0.48 M? —0.56 M?

0.05 < M < 0.85, (13)
A" =729 M?/M?, (14)

where p, is the product density, € is material porosity
and A" is specific surface area.

NUMERICAL SOLUTION

In this work, the finite-volume method was used to
discrete the basic equations integrating under the
control volume and time, as illustrated in Figure 2.

The result of the integration is a set of linear
equations in the discretized form as follows:

O Grain:
Energy:

A8, = A% + SP. (15)
Mass:

A, M, = ASM, + SM. (16)
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Figure 2. Control volume used in this work.
O Air:
Energy:
ApT, = AsTs + AJTY + S¢. (17)
Mass:
Apzp = Aszs + Ajz) + SE + S (18)

A computational code, using the software MATLAB,
VERSION 7, was implemented to obtain the numerical
results. In this model, it is assumed that the grains
within the volume, Az.H, were stationary and, thus T,
x, M and 6 were obtained to the fixed bed drying [4,12].

RESULTS AND DISSCUSSION

Table 1 presents all drying conditions used in the
work. The numerical results of the average moisture
content of grain are compared with experimental data
to the fixed bed drying, in order to validate the
methodology [13]. The comparison is possible because:
up<< w,(up = 0.005 m/s). Table 2 shows this data.

As shown in Tables 3 and 4, the residence time
and length of the conveyor and the moisture content
of the material are presented along the drying process.
These tables also show the variation of the numerical
data in comparison to the experimental data. As
illustrated, the results of the modified model show
fewer ¢t and z errors.

Table 3 shows that most of the ¢ errors are more
than 10% and the 3|t error| is about 107.62. But,
according to Table 4, most of the ¢ errors of the
modified model are fewer than 10% and the X|¢ error|
is about 64.77. Also, the z error of the modified model
is -11.4%, whereas this is -4.7% for the modified model
Z error.
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Table 1. Air and grain conditions used in this work, final moisture content, total drying time and length at the dryer.

Grain Air t (s) | L (m)
No Mo H 6o Mz* Xo Wo To RH
(ke/kg) | (m) | (°C) | (ke/ke) | (ke/ke) | (m/s) | (°C) | (%)
1 0.3 0.1 24 0.180 0.01134 1.6 75 4.7 4907 24.5
2 0.3 0.2 25 0.231 0.00262 1.5 30 10.0 | 8000 40
3 0.3 0.2 25 0.215 0.00458 1.5 40 10.0 | 8000 40
4 0.3 0.2 25 0.177 0.01251 1.5 60 10.0 | 8000 40
5 0.3 0.2 25 0.158 0.01977 1.5 70 10.0 | 8000 40
6 0.3 0.2 25 0.194 0.00076 1.5 50 1.00 | 8000 40
7 0.3 0.2 25 0.195 0.00382 1.5 50 5.00 | 8000 40
8 0.3 0.2 25 0.196 0.00769 1.5 50 10.0 | 8000 40
9 0.3 0.2 25 0.198 0.01559 1.5 50 20.0 | 8000 40
Table 2. Experimental data: When T = 75°C, 6 = 24°C, T — :
0.31 —&— Experimental data | |
My =0.18 kg/kg7 Xo =0.011340700 kg/kg, H =0.1m, k (tl}in layer [13])
Wa =163 m/s 0.29 T Vodined medel ||
No Moisture Content | Time | Z: Length \
(kg/kg) (s) (m) 2 o
1 0.300 0 0 2 0.95
2 0.274 450 - E
= 0.23
3 0.257 900 - g
4 0.247 1350 - ER
5 0.235 1800 - 2
= 0.19
6 0.226 2300 -
7 0.216 2700 - 0.17
8 0.208 3150 - 0.15
9 0.200 3600 _ 0 1000 2000 3000 4000 5000
10 0.190 4050 - Tims (sec)
11 0.185 4500 _ Figure 3. Comparison between the predicted and
experimental values [13] of the, moisture content during
12 0.180 4907.90 24.54 . . A .
the drying process of yellow corn grain versus time.

Figure 3 illustrates the comparison between the
experimental data, the primary model and the modified
model during the drying process. As shown in this
figure, the drying rate curve for the modified model
is closer to the experimental one. In other words,
although the deviation of the primary model is not very
large, the curve of the modified model shows the least
deviation, in comparison to the others.

According to the results and the data that are
included in the tables, the deviation of results from the
experimental data is very small. This shows that this
model can predict the behavior of a cross flow conveyor
belt dryer exactly.

This model can also predict the material’s tem-
perature, moisture content and air temperature, and
humidity ratio and UR. The modified prediction of

these variables is given in Table 5, and Figures 4 to 6
show the variation of these variables versus time.

Figure 4 shows the variation in material tem-
perature during the drying process in a cross flow
conveyor belt dryer. As shown, the temperature of
the material increases rapidly, reaching a constant rate
that is maintained near to the initial air temperature.
In fact, this increase occurs very rapidly and the grain
reaches the inlet air temperature in few seconds of
drying.

Figure 5 shows the variation of air humidity ratio
during the drying process. As shown in this figure, at
first, the humidity ratio of the air increases and then
reduces. It seems that the increase in the air humidity
ratio is because of air contact with the moisture bed.
However, during the process and with a reduction



Mathematical Modeling of a Cross Flow Conveyor

499

Table 3. Numerical data; primary model.

No. Moisture Content Time Z: Length Time Z:
(kg/kg) (s) (m) Error Length Error
1 0.300 0 0 0 -
2 0.274 473 2.3 +4.87% -
3 0.257 902 4.5 +0.28% -
4 0.247 1203 6.0 -10.85% -
5 0.235 1611 6.1 -10.49% -
6 0.226 1955 9.7 -14.9% -
7 0.216 2380 11.9 -11.82% -
8 0.208 2753 13.7 -12.59% -
9 0.200 3163 15.8 -12.13% -
10 0.190 3727 18.6 -7.95% -
11 0.185 4033 20.1 -10.37% -
12 0.180 4357 21.8 -11.20% -11.1%
13 ¢ Error = —97.15%
3. Brror = —11.14%
Y|t error| = 107.62
Table 4. Numerical data; modified model.
No. Moisture Content Time Z: Length Time Z: Length
(kg/kg) (s) (m) Error Error
1 0.300 0 0 0 -
32 0.274 507.95 2.541 +12.87% -
3 0.257 972.30 4.865 +8.03% -
4 0.247 1292.8 6.468 -4.23% -
5 0.235 1731 8.660 -3.83% -
6 0.276 2099.4 10.504 -8.72% -
7 0.216 2555.0 12.783 -5.37% -
8 0.208 2956.2 14.790 -6.15% -
9 0.200 3394.3 16.983 -5.711% -
10 0.190 3998.2 20.004 -1.27 -
11 0.185 43274 21.651 -3.83 -
12 0.180 4674 23.386 -4.76 -4.7%
13 Et Brror = —22.97%
Y. Brror = —4.7%
Bt error| = 64.77

in the moisture of the material, the humidity ratio
decreases and almost reaches a constant amount.
Figure 6 illustrate the air temperature behavior
and shows its variation during the process. As shown,
the reduction of air temperature is not large and
is about just 0.5°C. In fact, the air temperature is
nearly constant and only some decrease (about 0.5-
1°C) occurs that, according to the thin layer bed

assumption, is acceptable.

CONCLUSION
The following conclusions can be summarized:

1. The finite-volume method can be used to simulate
the drying process in a cross flow dryer, due to the
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Table 5. Numerical data; modified model, prediction of material and air moisture and temperature.
M 0 T X t
No. o o UR
(kg/kg) | (°C) | (°C) | (kg/kg) | (s)
1 0.300 24 75 0.0113407 0 0.640
2 0.274 74.983 | T74.958 0.1685 507.95 | 7.608
3 0.257 74.948 | 74.923 0.1375 972.30 | 6.468
4 0.247 74.925 | 74.900 0.1236 1292.8 | 5.927
5 0.235 74.894 | T4.869 0.1094 1731 5.356
6 0.226 74.869 | T4.844 0.1003 2099.4 | 4.974
7 0.216 74.838 | T74.813 0.0911 2555.0 | 4.583
8 0.208 74.811 | 74.786 0.0845 2956.2 | 4.290
9 0.200 74.782 | T4.757 0.0785 3394.3 | 4.020
10 0.190 74.743 | T4.717 0.0715 3998.2 | 3.710
11 0.185 74.722 | T74.696 0.0683 4327.4 | 3.561
12 0.180 74.700 | 74.674 0.0652 4674 3.410
80 0.20
r\¢ >—& & s J
(L 0.16 f\
) ?
v 60 ]
2 S 012
g o0 z
= [ '§ 0.08
= g ’
é 40 E ‘\0\0\‘
s z
< 8 0.04
30 (
@ 4
20 0.00
0 2000 4000 6000 0 2000 4000

Time (sec)

Figure 4. Material temperature prediction versus time.

good agreement obtained by comparison between
numerical and experimental data;

The conveyor belt drying process is strongly related
to porosity, and consideration of the porosity vari-
ation by the moisture content of the grain makes
more accurate results for the mathematical model-
ing of a cross flow conveyor belt drying process;

In recent works, usually, material density was
modeled as a constant amount. However, it is
predictable that material density changes with
time, because of change in the moisture content
of the material, so the constant material density
assumption is not true and modification of the
model, according to material density variation with
moisture content, is necessary. The results of

Time (sec)

Figure 5. Air humidity ratio prediction versus time.

modeling confirm this and more accurate results
have been gained by this consideration,;

The specific surface of grains is one of the phys-
ical parameters of seeds that affect the results of
the drying process modeling. By modification at
the specific surface, more accurate results were
obtained and the ¢ and z errors were reduced;

The grain reaches the inlet air temperature in few
seconds of drying;

The air temperature is nearly constant and only
some decrease (about 0.5-1°C) occurs that, accord-
ing to the thin layer bed assumption, is acceptable;

The humidity ratio of air changes during the process
in two periods. At first, there is an increase and
then there is a reduction in the ratio of the air
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Figure 6. Air temperature prediction versus time.

humidity. It seems that an increase in air humidity
ratio is because of air contact with the moisture
bed, but during the process and reduction in the
moisture of the material, the humidity ratio is
decreased and almost reaches a constant amount.
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