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Abstract
within a confined porous media with uniform internal heat generation. The governing equations based on the Darcy

In this paper a numerical method is used to swudy the unsteady state natural convection heat transfer

model and Bossinesq approximations are solved, using the finite difference Alternating Direction Implicit (ADI)
method. The developed program was used to simulate natural convection heat transfer within the grain silos, where
the respiration of the grains generates heat as a result of metabolism of the products. The results of the analysis
show that for short periods (up to 40 days) natural convection is not the dominant heat transfer mechanism and the
maximum temperature is on the centerline. In longer periods (greater than two months), fluid recirculation enhances
and a cold region near the central axis of the silo is created due to natural convection.
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INTRODUCTION

Natural convection in porous media induced by
internal heat generation arises in various physical
problems such as heat removal from nuclear
reactors, underground disposal of radioactive
waste materials and exothermic chemical
reactions in packed bed reactors. Numerous
studies have been reported dealing with the
numerical simulation of natural convection in a
porous medium contained within rectangular
enclosures [1-4]. This paper is concerned with
natural convection during the storage of
agricultural products in silos. During the storage,
wheat, corn or seeds of various plants generate
heat as a result of metabolism of products.
Storage of these agricultural products at about

Journal of Engineering, Islamic Republic of Iran

;.s;l;.,b-ole.sJ;/u,:d.pb) =

0°C, normally provides an optimal condition for
long periods.

Because of heat transfer between the silo
wall and surrounding air, a horizontal
temperature gradicnt is established and this in
turn results a natural convection in the container.
Unsteady natural convection directs air upward
at the center and downward near the walls,
hence this air circulation influences the
temperature distribution within the container.

In the present work numerical simulation of
the governing equations based on the Darcy
model approximations is carricd out using the
ADI finite difference technique in a cylindrical
coordinate system. The numerical model is tested
for some common geometries for which
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analytical solutions are available. Thermal and
hydrodynamic structures of the enclosure are
determined for various periods and the
corresponding maximum temperature within the
silo is plotted with respect to time. In addition,
effccts of scveral parameters such as heat
generation rate and initial temperature of the
products are studied to illustrate their effects on
temperature of the seeds. The simulated model
can be used to predict the cooling period of the
products for any kind of grain storage.

Mathematical Formulation

The physical gecometry considered is a cylindrical
cnclosurc of diameter 2R and height
H containing porous (Darcy) medium as shown
in Figurc 1. By making the Bossinesq
approximation and assuming thermal equilibrium
between fluid and matrix, for a homogeneous
isotropic condition continuity, momentum and
energy equations can be written as:
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In the above equations an effective thermal
diffusivity of solid-fluid mixture o, is used for
the porous medium.

Most silos are very tall, such that it is
rcasonable to assume end effects are negligible
and V, is independent of height. However, V,is
a function of r in a way that the nct mass flow
rate at any section along the z axis is zero.

Equation (2) shows that ¥, is a function of
r and ¢, which is due to the buoyancy forces
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Figure 1. Cylindrical enclosure in mathematical modeling.
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induced by temperature gradient. T, is the
reference temperature selected in such a way
that the net flow rate at any cross section
approaches zero. It is also assumed that due to
symmeltry about the centerline, the unsteady
temperature of the grain is a function of r and z.

Also heat gencration is assumed to be
uniform within the container, but the generation
rale can be different with respect to the kind of
the agricultural products.

Boundary conditions and initial conditions of
the problem are as follows:

For t=0:
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Numerical Methods

The nonlinear coupled partial differential
cquations (2,3) are solved simultaneously by
using implicit methods to avoid large time
consumption in the computer calculations.

In solving the encrgy equation the ADI
(Alternative Direction Implicit) procedure is
used. This method was originally developed by
Douglas and Pcaceman [5] for conduction and
adapted to natural convection enclosure problems

by many investigators [6-8]. It has been shown
that ADI methods which are an extension of the
Cracnk-Nicholson scheme are stable for linear
and mildy nonlinear parabolic and elliptic
systems. In our study the solution is based on
solving two different equations which are used in
turn over successive time—steps of At¢/2. The first
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set of equations is implicit only in the r direction
and the second is implicit only in the z direction.
Numerical solution of equation of motion is
carried out by the simple implicit method. To
obtain finite difference equations at each point
of a grid all spatial derivatives were replaced by
three point central difference approximation and
the time derivative was replaced by forward
difference approximations. For each column or
row of the grids the corresponding set of
equations form a tridiagonal matrix, which were
solved by using Thomas algorithm [9].

For the calculation of buoyancy force in the
equation of motion at each grid point a suitable
local temperature must be selected. According to
the slight temperature variation along the z axis,
this local temperature is dctermined from the
following relation:

Ti=(3 Tij)j (12)
]

The truncation error associated with the
central finite difference method is of order Ar?
and Az? and accuracy of the numerical solution
is affected by the temperature gradient within
the container. For sharp temperature gradients
grid spaces must be reduced to avoid any
significant errors. However, satisfactory
convergence is achieved by using values of
Ar=15c¢m, Az =50 ¢m and time step, Ar = 8
hr for period of 40 days of the enclosure
operation.

RESULTS

The accuracy of the numerical formulation is
tested for some common geometries for which
analytical solutions are available. The models are:

a) Infinite cylinder without porosity and
internal heat generation sources.

In this case, due to the lack of porosity, fluid
flow is zero and according to the infinite length,
there is no temperature gradient along the
z direction. A scheme describing this situation is
shown in Figure 2.

Under this condition equation (3) is simplified
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Figure 2. A schematic of an infinite cylinder.
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Analytical solution of cquation (13) consists
of Bessel's functions and is available in
reference [10]. The analytical and numerical
solution is based on information listed in Table,
1 and corresponding results are compared in
Figurc 3.
It can be secen that the finite difference
method of solution can be used to predict

Table 1. Inputs for the Tested Model of an Infinite
Cvlinder

Parameters Values
Thermal diffusivity 2X110-6 ms
Thermal conductivity 2w/mlc
Heat transfer coefficient 30 W/mz.OC
Surrounding temperature 400°C
Initial temperature 20°C
Radius 10cm

transient temperature distribution in the
container in r direction with recasonable accuracy.
Furthermore, this figure shows that any
reduction in the node spacing results in higher
accuracy of solution.

b) Finite cylinder, without porosity and hcat
gencration sources.

This special case is shown in Figure 4.

Under this condition equation (3) is simplified
to:
2T T
322~ ot

(14)

Ol

Transient temperature distribution within the
cylinder is determined by solving equation (14),
and with paramecters given in Table 2.
Comparison of the analytical and numerical
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Figure 3. Comparison of numerical and analytical results in the case of infinite cylinder.
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Figure 4. A schematic of an insulated finite cylinder.

Table 2. Inputs for the Tested Model of an Infinite
Cylinder

distribution. Also it can be found that where the
temperature gradient is nearly zero, mesh size
has no effect on the accuracy of the numerical
solution. For the present conditions, because of
a slight temperature gradient with respect to
position and time, relatively large node spacing
and time intervals can be selected whereas
adequate accuracy and a stable numerical
solution will be obtained.

The model was also tested for several other
geometrics and very good results were obtained
(111

In order to study thermal and hydro-
dynamic structure of a grain silo, a typical
container in Shiraz is selected with parameters
given in Table 3.

Parameters Values
Thermal diffusivity 2X107 m%s
Thermal conductivity 2w/m. %
Heat transfer coefficient 50 w/m?.%c
Surrounding temperature 300°c
Initial temperature 509
Height 50 cm

results is presented in Figure 5. This figure

shows that the selected finite difference method
has adequate accuracy in predicting temperature

Table 3. Specification of an Actual Grain Silo in Shiraz

Parameters Values
Height of container 50.0m
Diameter 9.2m
Overall heat transfer coef. 5.0 W/m2. O0¢
Grain thermal diffusivity 1x107 m%s
Grain thermal conductivity 0.25 W/m.%C
Heat generation rate 15.0 W/m?
Porosity 35%
Permeability 0.0001 m?
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Figure 5. Comparison of numerical and analytical results in the case of an insulated finite cylinder.
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Figure.6: Typical velocity distribution in the grain silo during several days.
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Figure 7. Typical temperature distribution in the grain silo during several days.
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The data of the grain in Table 3 are based
on measurements and overall heat transfer
coefficient is determined for the silo with 20 cm
thickness and outside convection coefficient of
20 W/m?. °C [11).

For this situation calculations were performed
for several days of storage. During 1-40 days of
operation a symmetrical flow is generated and
the induced velocities within the enclosure are
very small and heat transfer takes place mainly
by conduction. Figures 6 and 7 show both
velocity and temperature distribution across the
cylinder with respect to time. Note, due to
symmetry of flow with respect to centerline of
the cylinder, only one-half of the cross section is
shown. The flow is symmetric about the
centerline, flowing upward at the center and
moving downward near the cold wall, and due
to the presence of the side wall, the velocity
decreases rapidly near the wall. Temperature is
high in the central part of the container and it is
lower near the wall where heat transfer takes
place by conduction to the wall. Bulk
temperature rises linearly with respect to time
and it is nearly uniform about the axis of the
cylinder. The pattern of velocity and temperature

profiles remains the same unless the temperature
gradient increases.

A numerical study is made to determine the
influences of several parameters on thermal and
hydrodynamic structure of the grain silo, such as
surrounding environmental conditions, initial
grain temperature, grains heat generation rate
and finally grain types. Results are shown in
Figures. 8-12.

Figures 8-10, show that surrounding
conditions do not have considerable effect on the
safe storage period because of the relatively low
thermal diffusivities of grains. However, only
after a very long period of time, a small portion
close to the wall is affected.

Effect of initial grain temperature on the
temperature distribution is shown in Figure 11,
after 40 days of storage. Maximum temperature
which is located in the central part, rises linearly
with time for 40 days. The lower the initial
temperature, the longer the safe storage period.

The most important factor affecting the
thermal structure of the grains is the heat
generation rate. Figure 12 presents maximum
temperature in the silo with respect to the time
for different heat generation rates. Note that
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Figure 8. Effect of surrounding temperature on the temperature profile (after 40 days).
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Figure 9. Effect of overall heat transfer coefficient on the temperature profile (after 40 days).

B0 T
|
t
To=30.0°C ',
0~ T=30.0°C
Q =15.0 W/m?
o i
) .
~ T
I 'm
; R
& -
Yy v
= | 8
s 20 ~0~ gew=10.0 W/m? !
.3; —+- Ggow~20.0 W/m< |
—A— Gow=30.0 W/m< |
101~ !
I
]
!
1 1 | i
DO 1 2 3 4 5

Radial Distance (m)

Figure 10. Effect of radiation fluxes on the temperature profile (after 16 hours).

heat generation increases with grain humidity.
Humidity causes the lypase enzyme within the
grains to be activated and the corresponding rate
of respiration reactions to be increased. As a
result of this exothermic reaction, heat is
evolved and bulk temperature of the grains also
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increases, Hence, one procedure for safe storage
is control of humidity of grains and possible
drying before storage.

Grain storage for long periods exhibits
different thermal structure within the enclosure.
For long periods, temperature rises further and
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Figure 11. Effect of initial storage temperature on the temperature profile.
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Figure 12. Effect of generation rate on the temperature profile.

induced air velocity increases too, hence, air With high temperature gradient in radial
circulation is not weak and heat transfer in the coordinate, convection heat transfer increases in
cavity is no longer dominated by conduction. the central part and near the wall of the
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Figure 13. Temperature distribution for long periods.

containcr. However, in the region of about
R/ 2, velocity is zero and consequently,
conduction hcat transfer is predominant and
grain temperature is maximum in this region as
shown in Figure 13,

In long pecriods of storage (more than two
months) numerical solution shows oscillatory
behavior at the top while the bottom is stable.
This is due to the fact that in the upper section,
lemperature of the ceiling is relatively lower and
hence denser than the confined fluid under it.
This behavior indicates that the numerical
solution should be modified for very long
periods of storage by including two dimensional
variation of fluid velocity in the container.

CONCLUSION

A numerical simulation of natural convection
hcat transfer in a grain silo with hecat generation
rate was made to analyzc transient thermal and
hydrodynamic structure of the porous medium
for different periods. It is found that the model
is stable for the periods when vertical
temperature gradient is negligible. For short
periods, about 40 days, heat transfer is mainly

124 - Vei 4, Nos. 3 & 4, November 1991

by conduction and maximum tempecrature
appcars at the center of the centainer, while for
longer periods, i.e. 70 days, air circulation
enhances and the hottest region shifts to about
R/ 2, where fluid velocities are about zero.

"From the various parameters affecting
thermal structure of the grains, initial grain
temperature and heat generation rate have direct
influence on shortening the safe storage period
of grain while boundary conditions are ncgligible.

However numerical simulation can be used as
a tool to predict the period for a safe storage of
any kind of grain in silo with reasonable
accuracy.

NOMENCLATURE

@)
=)

average heat capacity
acceleration duc to gravity
height of silo

permeability

effective thermal conductivity
heat gencration rate

radial distance

time

lemperature

HT T ORARIT®
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T average temperature at any radial point
T,  reference temperature

U overall heat transfer coefficient

v induccd velocity

Greek letters

B thermal expansion coefficient
i fluid viscosity

p fluid density

d porosity

$s  sphericity
Relations
o=(pCp)a/ (pCp) m
o, = Ko/ (0Cp) m

Y=0/7 (pCp) m
b =[1+ Q1 - )/ D.Ds]

Subscripts

a air

b base surface
m porous media
o initial state

r reference state
SwW side walls

t top surface

o0 surrounding
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