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Abstract

The aim of this work was simulate an object-oriented model of a fixed-bed drying of corn. A model

of a thin-layer of corn was created, based on hygroscopic and physical properties of agricultural

products, and mass and heat balance between the drying air and the product. Then a high level

model, to represent a thick layer, was created by connecting four thin-layer models. The models

and the simulation were done using Dymola
®
 7.4, based on Modelica language. The simulate

results was physically consistent with drying theory. A model validation needs to be done to provide

security of future model uses.
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Introduction

Drying is one of the oldest methods of food preservation. Drying is defined as a operation of moisture

removal due to simultaneous heat and mass transfer (Geankoplis, 1993). It is also one of the

conservation methods of agricultural products, which is most often used and the most energy-

intensive process in industry (Dincer, 1998). Moreover, drying is a difficult food processing operation

mainly because of undesirable changes in the quality of the dried product.

In drying system two fundamental tasks must be performed. First, the system must provide a

means for supplying energy to the product to be dried in order to vaporize the moisture. Second,

the system must provide a means for removing the vaporized moisture (Henderson et al., 1997).

As a result, the drying air, after pass through a thin-layer of product, decreases its temperature and

increases its humidity ratio. Consequently, a thick-layer drying is a complex dynamic system,

considering that the drying kinetics will change due to the changes on air and product properties

during time and space.

In order to reduce costs and stabile control of drying systems, the simulation of the process is
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important, as a mean to measure the dynamics and then optimize the system. Many models were

developed to simulate a fixed-bed drying, all of them based on mass and energy balance of a

differential layer. The most known models are Hukill and Thompson, each one with particularity

considerations (Hukill, 1947; Thompson et al., 1968).

Another point is that drying system has different types of mechanisms such as motors, fans,

transporters, heaters and control devices. Modelica is an object-oriented equation-based

programming language which has multidomain modeling capability, meaning that model components

corresponding to physical objects from several different domains such as, e.g., electrical, mechanical,

thermodynamic, hydraulic, biological, and control applications can be described and connected

(Fritzson, 2003). In this work, a fixed-bed drying of corn was simulate, using Modelica programming

language, by connect a previous thin-layer corn component. The results were compared with

literature ones.

Materials and methods

The thick-layer was considered as a deep-bed of material, composed of a number of layers of finite

thickness (10 – 30 cm) which may be assumed to be dry according to thin-layer drying equations

during a small increment of time. Considering a layer of depth L and area A, for which the air

passing through. A scheme of the layer is presented by Figure 1. A thin-layer model was created

based on the following discussed theory.

Figure 1. Differential depth of material being drying in bulk drier.

The layer connector was assumed as air variables, as presented on Figure 1. The non-flow variables

are temperature, vapor pressure and pressure. The flow variables are air mass flow, vapor mass

flow and heat flow.

The heat flow can be calculated in function of the air mass flow and temperature. The vapor pressure

can be calculated in function of the air pressure and humidity ratio. The equations of heat flow,

vapor pressure and air humidity ratio considered on the model are presented below.

Eq. 1
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Eq. 2

Eq. 3

which, q is the heat flow, J s
-1
; c

pa
 is the specific heat of the air, J kg

-1
 K

-1
; m is the air mass flow, kg

s
-1
; T is the temperature, K; p

v

 is the vapor pressure, Pa; p is the air absolute pressure, Pa; H is the

humidity ratio; and m
v
 is the vapor mass flow, kg s

-1
.

The moisture content of the layer can be determined using the Exponential equation (eq. 4), proposed

by Sherwood (quoted by Henderson et al., 1997). It assumes that the drying rate is proportional to

the difference in moisture content between the material and the equilibrium moisture content of air.

The equilibrium moisture content was calculated using the Modified Henderson‘s equation. The

constants of Modified Henderson‘s equation was found as a = 6.6612 10
-5
, b = 1.9677, c = 42.143

(ASAE, 2001).

Eq. 4

Eq. 5

which, dM/dt is the drying rate, kg
w
 kg

s

-1
 s
-1
; M is the moisture content, kg

w
 kg

s

-1
; M

e

 is the equilibrium

moisture content, kg
w
 kg

s

-1
; k is the drying parameter, s

-1
; rh is the air relative humidity; a, b and c

are the equation constants.

The variation in k with changes in both air temperature and velocity was described by the following

equation, suggested by Young and Dickens (1975). The reference drying parameter used in this

work was 0.1756 h
-1
, with air velocity of 1 m s

-1
 and saturation pressure of 7,38 Pa (Corrêa et al.,

2001).

Eq. 6

which, k
r

 is the reference drying parameter, s
-1
; p

sat

 is the saturation pressure, Pa; p
satr

 is the

reference saturation pressure, Pa; V is the air velocity, m s
-1
; V

r
 is the reference air velocity, m s

-1
.

For practical proposes, in the model was neglected the sensible heat of the grain, and the heat

transference supplied by conduction and radiation from the surrounding grain and bin walls. Thus,

it was assumed that all energy supplied by the air is used to evaporate the moisture from the grain.

All the moisture evaporated is mixture to the air as a vapor mass. Therefore the changes on the air

properties can be related with the product moisture losses.

Eq. 7

Eq. 8
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which, m
v
 is the vapor mass difference at layer, kg s

-1
; p is the product bulk density, kg m

-3
; x is

the layer thickness, m; A is the layer area, m
2
; q is the heat flow difference at layer, J s

-1
; and h

fg

is the latent heat of vaporization of water, J kg
w

-1
.

The pressure variation through the layers was calculated by Equation 9, considering the gain of

vapor pressure and the losses due to friction. The friction losses were calculated by Equation 10,

suggested by Hukil and Ives (ASAE, 2001). The constants of Hukil and Ives equation was found as

a = 20.7 kPa s
2
 m

-3
 and b = 30.4 m

2
 s m

-3
 (ASAE, 2001).

Eq. 9

Eq. 10

which, p is the pressure variation at layer, Pa; p
v
 is the vapor pressure variation at layer, Pa;

p
f
 is the pressure variation due to friction, Pa; a is the constant of material, kPa s

2
 m

-3
; b is the

constant of material, m
2
 s m

-3
; c

f
 is the corrector factor, 1.5.

With the creation of a thin-layer model, a high level model, to represent a thick layer, was created

by connecting four thin-layer models. The layer depth considered was 0.15 m, the product density

was considered as 605 kg m
-3

 and the initial moisture as 0.282 kg
w
 kg

s

-1
. The consideration of the

input drying air was V = 0.167 m s
-1
, T = 40 °C, rh = 25 %. The models and the simulation were

done using Dymola
®
 7.4, based on Modelica language.

Results and discussion

Figure 2 shows the moisture content of each layer drying simulation. The moisture content decreases

during time, and increases with the increase of layer height. When the drying air pass through a

layer, it gain a vapor mass, decreasing the drying capacity of the air to the next layer (Henderson et

al., 1997). When time tends to infinity, the moisture of all layer tend to be equal to the equilibrium

moisture content of

the input drying air.

Figure 2. Product

moisture content of

each layer during

time.
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Figure 3 shows the drying parameter of each layer during the simulation. It is observed that the

drying parameter decreases with the layer height, but tends to be equal when time tends to infinity.

It is happens due to the cooling of drying air when its pass through the layers, decreasing the

saturation pressure, in other words, the potential drying capacity of air decreases.

Figure 4 shows the drying rate of each layer drying during the simulation. It is observed that at

beginning the initials layers drying more quickly, and after 14 hours the contrary happens. As

discussed the potential drying capacity of air decreases with the layer height, that’s why the initials

layers drying more quickly at beginning. However, the drying kinetics also depends of the vapor

pressure gradient. Therefore, after some time, the vapor pressure gradient of the initial layers

decreases compared to the final ones, decreasing the compared drying rates.

Figure 3. Drying parameter of each layer during time.

Figure 4. Drying rate of each layer during time.

Figure 3 shows the pressure of each layer drying during the simulation. It is observed that at

beginning the pressure increase with the layer height, but after 24 hours the contrary happens. The

Sem título-17 30/9/2010, 19:16499



500

friction losses increase with the increase of the layer height (Henderson et al., 1997), but at beginning

the pressure increase due to the vapor pressure show to be higher that the friction losses. During

time the vapor pressure provided by the product decreases.

As a conclusion, the simulate results show be physically consistent with drying theory. However, a

model validation needs to be done to provide security of future model uses, especially high level

models with a high degree of complexity.

Figure 5. Air pressure of each layer during time.
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