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ABSTRACT

A mathematical model, based on the finite-difference method of calculating heat transfer has
been developed to simulate the temperature in a cylindrical metal storage silo. The model was bascd
on a 2 dimensional transient heat conduction equation with the associated boundary conditions. The
model included several sub-models which predicted temperature profiles of solar radiation on silo
wall at anytime of the day, and convective heat transfer coefficient for the silo wall. The main
variables that can be studied using this computer model are thermal properties of the grain and type
of materials of silo wall. To validate the accuracy of the model, two 19.0m diameter metal silos were
used to store maize for observing grain temperature variations. In each metal Silo, 6 thermocouples
were installed to measure the temperatures of grain at different depths and different radial distances
from the metal silo center. The temperatures were recorded daily using a temperature recorder from
the control panel. Each metal silo was filled with 660.56 and 440 metric tonnes of maize to depths of
1.64 and 1.25 metres respectively. Tests were started in May 1997 and ended in September 1997. The
heat flow pattern’ was assumed symmetrical around the vertical and horizontal directions of the
cylindrical silo, that is, the heat flow was radial and vertical and so the problem has been treated as
two- dimensional. Local hourly weather data (air temperature, relative humidity, wind speed, and
solar radiation on horizontal surface) and air-flow rates during acration periods were used as modcl
inputs to simulate the temperatures of grain during storage. Acration in both metal silos were
controlled manually with temperature limit settings. Measured and simulated grain temperatures
were in close agreement for a test period of five months. Results indicated that the model and the
parameter values used in the model are applicable for simulating tempcratures of stored maize with

and without aeration.

viii



1.0 INTRODUCTION

The production of Agricultural commodities is seasonal, whereas the food industries
require a continuous supply of raw matenals. This gives rise to sophisticated storage and
distribution systems. The quality is maintained in storage largely through the control of physical
environment, the lowering of temperature and water activity so that the biological activity of both
the stored materials and potential pests is minimised. In grains, low water activity combined witlh
secondary control over temperature enables long-term storage. A grain bulk in storage is a
human- made ecological system in which living organisms and their non-living environment
interact on each other. Deterioration of stored grain results from interactions among physical,
chemical and biological variables and factors. The main agents that contaminate and destroyed
stored grains are insects, mites and fungi. The rate of reproduction and growth of these organism
is mostly dependent on temperature and moisture content. Heat, moisture and carbon dioxide are
produced by respiration of living organisms during the deterioration of grain. Therefore, grain
temperature, moisture content, and increases in carbon dioxide concentrations in the intergranular
air can be used as indicators of incipient grains spoilage. Metal silo have moisture condensation
resulting from temperature flutuations within the silo and hot spots due to elevated
temperatures. Mathematical models can be developed to predict temperatures and moisture
contents and carbon dioxide concentrations at various locations in the stored grains . The
predictions can be used to decide the location of sensors for detecting incipient spoilage in the
stored grains.

1.1 Modern Methods of Storing Grains.

There are three main modern methods of storing grains. They are storing in a metal or concrete
silo, a crib and a warehouse. Commercial farmers and government use the metal silo which is
the subject of this research mainly for shelled maize, and sorghum throughout the country .
It involves extra handling like shelling/threshing, cleaning, drying and conveying into the silo;
and treatment with chemicals. Silos, which are usually made of metal or concrete can be classified

as horizontal (height is less than diameter) or vertical (height is greater than diameter) and can
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vertical (height is greater than diameter) and can further be described as round, rectangle,
cylindrical and box shaped.

The Federal Government of Nigeria started the construction of metal silos (fig 1) in the
country in 1988. Ten of such metal silo complexes have been completed, across

the country; while eight are in operation. These are Minna, Gombe, Akure, Ogoja, Lafiagi,
Makurdi,Irrua and Jahun silo complexes. These completed metal silo complexes have
been the responsibility of the Strategic Grains Reserve Storage Division (SGRSD)
under the office of the Honourable Minister of the Federal Ministry of Agriculture and
Natural Resources. Except Lafiagi silo complex which has a capacity to store 11,000
metric tonnes of grain, while others have capacitty to store 25,000 metric tonnes. There
are other silos onwed by State Governments and private individuals in the country as
well. Corrugated steel silos are light-weight structures, therefore their strength limitations
dictate how they are filled and emptied. They must be unloaded centrally, to ensure that the
perimental wall load is evenly distibuted. Asymmetric emptying would create local stresses
and metal failure. The speed of loading and unloading must be controlled to keep the
live loads within design limits. The silos usually have a flat floor, with can be emptied by
gravity flow through the central point and assisted by a sweep auger when the grain
reaches its angle of repose. Each sheet of the silo is sealed to its neighbour by coating
the overlap with a suitable mastic sealant. The bolts are fitted with composite washers
of galvainised steel and neoprene rubber, to prevent water seeping through the bolt
holes. A small access door is usually provided, either near the floor level (with an
internal trust plate), or just above the maximum height of fill, or in the roof.

Many storage silos installations in Nigeria and in tropics in general have failed to
perform to expectation because adequate considerations were not given to the storage factors
and anxillaries. The storage engineers and scientists should be involved during construction,
installation and management of the silos. They understand the variables and factors of
deterioration of grains during storage and hence are in the best position to advise on how to

deal with them.
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1.2 Temperature

Temperature is a key factor in the regulation of pest insect populations in stored grains.In
the absence of metabolic heat release by heavy infestations of insects, weather influences are the
major cause of temperature in bulk maize. The effects are transferred through the bulk by
conduction and, where temperature gradients occurred, by convection (Muir, 1973). Stored
product insects can survive at tempertures from 8 to 41°C (Sinha and Watters 1985). Their
development and multiplication are optimum near 30°C and 50 - 70% relative humidity . Mites
can develop at temperatures from 3-41°C with optimum temperature for the development and
multiplication near 25°C. Fungi can develop at temperatures from —2 to 55°C with the optimum
temperature near 30°C . There is considerable variation in optimum condition for different
species. Conditions for optimum development of insects, mites and fugai may occur in localize
regions of stored- grains ecosystem even when the average condition for the bulk prevents pest
infestation. Mathematical models of heat and moisture can play a major role in designing and
evaluating methods of reducing temperature and moisture gradient in stored grains, in predicting
location within the siloswhere spoilage can occur, and in determining rates of deterioration. This
projects considers only the phenomenon of heat transfer in store grain bulks.

Grain may lose quality during drying, storage and aeration due to mould growth, protein
damage and insect infestation. These factors are influenced by the moisture content and
temperature of the grain, which in turn are affected by the air flow pattern in the grain bed.
Within a silo, the factors which affect grain quality most are grain temperature, moisture and
duration of storage.

All living organisms live and flourish within certain limits of temperature. The atmospheric
temperature, temperature of the grain and the intergranular air temperature are all crucial
variables for safe and prolonged storage of grains. Heat from external sources penetrate slowly
into the grain bulk and it has been discovered that at about 300cm depth, the effect of variation in
weather becomes minimal (Adewale, 1995). The metabolic heat production by sound dry grain is
about 71J/m® °K and that of wet grain is 54.34J/m” °K. However, the amount of heat produced

by insects, fungi and mould are considerably higher.
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Therefore the bulk grain storage structure and the specific heat of the grains have to be taken into
consideration. A knowledge of thermal properties and prediction of time-temperature histories of
food products are required in all the food processing, storage and preservation processes. These
are essential and useful for optimum design for process heat transfer equipment. Heat transfer
takes place through one or more of three possible modes: conduction, convection and radiation.
The temperature in various portions of the grain bulk may be different because of heat transfer
through the silo wall, top and bottom surfaces of the grain bulk, as well as the variable heating of
the silo wall due to solar radiation (including the heat emitted at night to the surroundings).

This study presents mathematical designs and numerical analysis to predict the time-
temperature histories subjected to both heat and mass transfer effects. Two-dimensional
conduction of heat transfer equations in radial and vertical directions for cylindrical storage bins
were formulated and solved numerically to predict temperature changes during storage of maize

in this project.

1.3.0 Literature Review
1.3.1 Simulation concepts

Simulation analysis is a natural and logical extension to the analytical and mathematical
models inherent in operations research.It is the only tool that might be used in many situations
which can not be represented mathematically due to the stochastic nature of the problem; the
complexity of problem formulation, or the intractions needed to adequately describe the problem
under study.The word simulation has been usedrather uncare Naylor et.al(1966) defined
simulation as “Anumerical technique for conducting experiments on a digital computer,which
involves certain types of mathematical and logical relationship necssary to describe the behaviour
and structure of a complex real-world system over extended periods of time”.
Simulation has also been described as the process of creating the essence of reality without over
actually attaining that reality itself Recent advances in simulation methodologies, soft ware
availability and technical development have made simulation one of the most widely used and

accepted tools in system analysis. Simulation modelling is often more of an “art”than a
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science. This art is best cultivated rather than taught,although the basic tools and modelling logic
can be gained through deligent study of simulation methodologies. The design of a simulation
model itself is a critical portion of any study but not the only one with which the user must be
concerned.
Simulation process involves:
Pre- Simulation Activities
(Problem definition, system analysis, Objectives and Aims)
\
Development Activities
(Design and Implementation)
\:
Operational Activities
(Tactical design of Implementation)
It is worthy of note that inspite of the availability of simulation as one of theeasiest tools in
management science,it is also probably one of hardest to apply properly and perhaps the most
difficult from which to draw accurate conclusions.

To maintain grain quality during storage, grain must be protected from weather, insects,
and growth of microorganisms. Many investigators have develop mathematical models of heat
transfer for prediction of temperature in the bulk grain (Muir, 1980; Converse et. al., 1973; Lo et
al, 1975; Yaciuk et al., 1975, Metzger and Muir, 1983; Alagusandaram, 1994; Basunia et al
1992). The heat transfer model have been solved for one dimensional, two dimensional and three
dimensional configuration by the above researchers . The heat transfer model has been solved
using analytical (Converse et al., 1975), finite difference (Muir et al. 1980) and finite element
(Alagusandaram, 1994 and Basunia et al. 1992) methods. Investigator (Converse et al., 1995)
also reported experimental data of wheat, barley and rape seeds use for validation of their models.
Bruce (1985) and Sokhansanj (1986) showed that for accurate prediction of moisture and
temperature of grain during storage,and thus grain quality, internal gradients must also be

considered in simulation. In addition to conduction, (Muir et al.,1980) included a sub-model for
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air movement by natural convection within the grain bulk. This did not significantly improve
temperature predictions and computing time increased by about 25 times over that for two-
dimensional conduction alone.

Two dimensional conduction heat transfer equations in radial direction for cylindrical
storage silos were formulated and solved numerically to simulate the temperature variation during
the storage of maize in the study. The temperatures of a sector of cylinderical bin are simulated
using the finite - difference method of calculating heat transfer under transient conditions.
Analytical methods have been developed to study temperature movement in cylindrical bins of
wheat (Converse et. al;1969)but the solutions were limited by initial and boundary conditions.
This led to the use of numerical methods with fewer limitations and more degree of accuracy.

The history of the measurement of heat transfer coefficient in grain beds is one of
increasing estimates; as techniques for reducing moisture transfer effects have been developed.

It is useful at this stage to consider the range of Reynolds numbers encountered in the deep bed
drying and cooling of agricultural crops. Wakao and Kaguei(1982) have brough together much of
the data in this area for both heat and mass transfer. Selectively examining the literature and
correcting the transfer coefficient for the axial dispersion effect at low Reynolds number, the
following correlation was proposed.

Nu=2+1.1Re > Pr"?
Where Nu, Re and Pr are the Nusselt, Reynolds and Prandtl numbers respectively.

In reviewing the experimental data on grain-to-air heat transfer coefficient in a packed bed,
two sources of data are considered. Measurement made specifically on grain are presented first in
the form of the volumetric heat transfer coefficient. Also, the upper-Reynolds number limits on
the correlations examined to assess their suitability for use in the description of heat and moisture
convection in the cooling of high moisture crops, where larger diameters and velocities occur. All
the experiments reviewed employ some form of transient method and attempt to minimise the
effect of moisture transfer. This is achieved by bringing the grain to equilibrium with hot air

stream and then cooling the sample in a sealed container prior to the heat transfer experiment.



The basic computational methods for solving unhomogeneous sets of linear equations are
the Gauss and Gauss-Jordan eliminations. However, a minimal amount of matrix/vector notations
and basic rules are introduced. Then, two related subjects, namely, matrix inversion and the
determinants are discussed. Finally, solution of m equations with n unknowns is described. Where
m is the number of equations and n is the number of the unknowns. The air temperature at any
geographical location has a direct bearing on the grain temperature within a silo. The grain-
temperature with at any point within the silo is governed by the amplitude and the mean of the air
— temperature wave. For locations with a climate that is similar to savannah forest (Middle Belt)
such as Minna, the fluctuations in the grain - temperature wave are small.

1.3.2 Theory

To determine and predict teperature changes in a stored product,it is desirable to know the
thermal conductivity,(K),and the specific heat transfer,( C), of the product. Therefore heat
transfer is an essential operation in providing the energy for evaporation, distillation and drying.
Heat energy is transferred by three mechanisms: conduction,convection and radiation. In many
systems, all three operate simultaneously.

Conduction is primarily a molecular phenomenon requiring a temperature gradient as a
driving force. A quantitative expression relating temperature gradient, the nature of the
conducting medium, and rate of heat transfer is attributed to Fourier who in 1882 presented the

relation

dt
£ k= (Met. and Muir, 1983) 1)
A dx

Where gx = directional heat flow rate in watts,

A = area normal to the direction of heat flow in [m’]

x dt/dx = temperature gradient in the x direction in [m/ %K];and

k = thermal conductivity [W/mK]

The ratio qx/A, having the unit W/m’; is referred to as the x - directional heat flux.
Therefore, the complete expression for the heat flux is

g/A = kAT )




where, q = heat flow vector and AT = temperature gradient in vector form. The negative(-ve)
sign in the above equation is to account for the fact that heat flow by conduuction occurs in the
direction of a decreasing temperature gradient.

According to the Fourier rate equation, heat flux is proportional to the temperature
gradient, this proportionality is represented by k, thermal conductivity; and is a property of a
given medium. Thermal conductivity is an extremely important property of a material or medium.

Convection involves energy exchange between a bulk fluid and a surface or interface.
Two kinds of convective processes exist; (1) forced convection in which motion past a surface is
caused by external agency such as a fan or pump; (ii) natural or free convection in which density
changes in the fluid resulting from the energy exchange cause a natural fluid motion to occur.

Newton (1701), gave a very simple expression known as Newton's law of cooling:

q = hA(Tsurf - Tfluid) (3)

(The heat rate is proportional to the difference in temperature between the surface and the main

bulk of fluid to the surface area).
Where q = rate of convective heat transfer in Watts

A = area normal to the direction of heat in m?

(Tsurf - Tfluid) = temperature driving force in K

h = convective heat transfer coefficient in W/.mK

The temperature driving force determines whether heat transfer is to or from a given
surface. It can be regarded as the conductance k/xf of a layer of the fluid and thickness xf through
which heat can pass only by conduction.

Radiation is the electromagnetic emission of a substance characterised by heat and light
emission. Emission is due to agitation of molecules in the substances. Therefore, radiation is
based on temperature difference to fourth power.

q - AoT? )

Where q = heat generated in watts.

A = cross sectional area (m )



o = Stefan-Boltzmann constant,5.67 x 10 (W/mK)
T = Temperature of the air above the grain surface.( ° C)

In the steady-state heat conduction in two dimensions (2D), there will be more than one
significant space variable involved and the solution to Laplace’s or Poison’s equation becomes
much more involved. Techniques of solving the 2-dimensional Laplace equation are emphasised in
this report with only numerical method to be discussed.

Numerical method is very versatile, it can handle bodies with complicated geometries and
boundary conditions. Two dimension with heat flux will give this equation.

d’T d’T q _ 1dI

+ + 4 =
& & kK ad )

Where q - heat generated per unit volume
This could be converted to basic differential equations which can be solved either
by iteration method or Gauss siedel, Gauss inversion and relaxation method.

Heating and/or cooling of bodies of different geometries under various boundary
conditions have been applied to determine thermal properties by several investigators. (Myncke
et al 1964) and Myncke and Ihebeak(1966) made use of the initial temperature rise within a
certain region of finite body, due to a constant heat flux source which is the same as that in infinite
solid. In another study, Abbounda(1984) employed the equivalent coefficient of thermal
conductivity, which was defined as the sum of the heat transfer coefficients for the conduction and
natural convection, in the conduction equations to predict temperatures of grain sorghum in small
cylindrical steel bins (0.76m and 1.37m diameter). His results showed an improved accuracy for
temperature predictions with the inclusion of natural convection.

Directing our attention to equation (5), several differencing schemes could be used to
replace the time and space derivatives.

For initial approach, we shall write in central difference form so that, in two dimensions, we have,

10



T.

i-1,3

-2T. + T,

ij i,j-1

Ax? Ay

R
k a dt

(6)

The temperature of node i,j designated Tj j relates to the cylindrical section in Fig. 6. The
cylindrical areas shown comprise a rectangular grid with which a total conducting medium is
subdivided. The center points of such rectangles or sub-volumes also form a rectangular grid with
points of intersection designated as nodes. Property value at a node point are assumed
representative of the subvolume having that node as centre point. Properties are thus “lumped” as
single values for each node in an array. Figure 6 shows an array where spacing in the x-direction

are equal, with value Ax, and Ay is the constant spacing in the y direction. However, Ax # Ay.

1.3.3 Gauss Jordan Method

The Gauss-Jordan method is a variation of Gauss elimination. The major difference is that
when an unknown is eliminated in the Gauss-Jordan method, it is eliminated from all other
equations rather than just the subsequent ones. In addition, all rows are normalised by dividing
them by their pivot elements. Thus, the elimination steps result in an identity matrix rather than a
triangular matrix; as stated below. Consequently, it is not necessary to employ backward-

substitution to obtain the solution.

2
(1 0 o ¢™
01 0c™
|10 0 1 C3(")
\
X1 =@
X2 = ¢,®

Graphical depiction of the Gauss-Jordan method
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To elucidate the difference between this technique and Gauss elimination.

The superscript (n)’s mean that the elements of the right-hand-side vector have been
modified n times (for this case, n = 3).

One application of the inverse occurs when it is necessary to solve several systems of
equations of the form:

[4] {x} = {c} 0

differencing only by the right-hand side vector {C}. Rather than solve each system individually,

an alternative approach would be to determine the inverse of the matrix of coefficients. However,
Gauss-Jordan elimination used backward elimination rather than backward substitution.

The inverse of a matrix may be calculated by applying Gauss-Jordan elimination. Consider
a linear equation in matrix notation

Ax=y ®)

where A is a square matrix. Assuming that no pivoting is necessary, a premultiplication of eq. 8

by a square matrix G yields

G=Ax=Gy 9)
If G 1s chosen to be the inverse of A, namely A'l, equation 8 reduce to:

x=A"1y (10)

which is the solution. In other words, Gauss-Jordan elimination is equivalent to premultiplication

by
-1

G=A (11)
Therefore, if the same operations performed in Gauss-Jordan elimination to the identity matrix
(that is, multiplying rows by the same numbers as used in Gauss-Jordan elimination and
subtracting rows in the same manner), then the identity matrix must be transformed to A"l This

may be written symbolically as

Gl=A"l (12)

To compute A'l, we write A and I in an augmented array form

12



a, a, a;,|l 0 0
a,, a,, a,;01 0
a,, a,, a;;00 1
- ; ) .
1 0 Oa," a,"' a,"’

_,1 _1 —
0 1 Oa,  a, a,,

-1 -1 -1
10 0 lia, a, a,

[1] [A]

Graphical depiction of the Gauss-Jordan method with matrix inversion

Note that the superscript -1’s denote that the original value have been converted to the matrix
inverse. They do not represent the value 1/aij.

Then we follow Gauss - Jordan elimination in exactly the same way as in solving a linear
set of equations. When the left of the augmented matrix is reduced to a unit matrix, the right half
becomes A™L.

Pivoting is necessary for matrix inversion because the inversion scheme is essentially a
Gauss elimination. However, the inverse matrix is not affected by a change in the sequential order
of equations. One straight forward way to compute the inverse is using the Gauss- Jordan
method. To do this, the coefficient matrix is augmented with an identity matrix . Then the Gauss
- Jordan method is applied in order to reduce the coefficient matrix to an identity matrix. When

this is accomplished, the right-hand side of the augmented matrix will contain the inverse.

1.3.4 Determinant
The determinant is an important quantity associated with each square matrix. Indeed, an
inhomogeneous set of linear equations can not be uniquely solved if the determinant of the

coefficient matrix is zero. On the other hand, a homogeneous set of linear equations has solutions
13



d

only when the determinant is zero.

The determinant of a matrix A of order N is denoted by det (A) and defined by
det (A) = Z(i)ai, A, Bhy oo ,ar (13)

where the summation is extended over all permutations of the first subscripts of a, and (+) takes
plus if the permutation is even and minus if it is odd.

For a 3 x 3 matrix, the determinant is

4 4, 4
det(A) = det|a, a,, a,

43 d3  dy
=a a a +aaa +aaa -aaa -aaa -aaa ——(4)
The product along the solid lines have positives signs in equation (14). The product of three
numbers along dotted lines have negative signs in equation(14).This rule can not extended to
matrix of 4x4 or greater.As the order of a matrix exceeds3,direct calculation of the determinant by
equation(13)becomes impractical becourse the amount of computations increase very
rapidly.Indeed,a matrix of order N has N-factorial permutations, so the determinant of a 5x5
matrix, for example has 120 terms each of which needs four multiplications.The determinant of
10x10 matrix has has more than 2x10® terms,each requiring nine multiplications.A practical of
calculating the determinant is to use the forward eliminationprocess of Gauss elimination.
The two important rules of determinants of determinants are:

Rule 1: det (BC) = det(B) det (C).
Which means that the dterminant of a product of matrices is the product of the determinants of all
the matrices.

Rule2: det(M) = the product of all diagonal elements of M if M is an upper or lower
triangular matrix. For example ,if all the diagonal elements of a triangular matrix are unity ,the
determinant is unity . Therefore when the forward elimination is completed ,the original matix has

been transformed to the U matrix of the LU decomposition. Then,the determinant can be
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calculated by taking the product of all the terms along the diagonal line then multiplying byl or —
1 depending on whether the number of pivoting operations performed is even or odd
respectively. This is the algorithm implemented in the programin computing the determinant.
1.3.5 Solution of m Equations with n unknowns

In general, the number of equations m, can be less than the number of unknowns, n. The
equation for such a problem can be written in the form of Ax =y where the matrix A is not square
but rectangular. For m < n, the number of solutions is infinite, but numerical value of a solution
can not be determined uniquely. In this project, nonunique solutions of m equations with n
unknowns, where m < n were found. For consistency, a linear equation of m < n, can be

considered as:

X+y=1 (15)
where m = 1 and n=2. The solution may be writtenasx=1-yory=1-x
If we have m linearly independent equations for n unknowns and m < n, we can find m basic
variable and n-m free variables. By plotting the basic variable on the left side of equations and all
the free variables on the right side, the set of m equations may be solved for the basic variables in
terms of free variables.

The only requirement in choosing basic variables is that the m equations for the basic
variables are not singular. Then, the selection of basic variables is not always unique.
Nevertheless, they can be found systematically by using Gauss (or Gauss - Jordan) elimination

devised for m x n matrices as explained in the program presented in pages (37-41).

1.4 Statement of Problem

Warm air can hold more moisture than cold air, hence when it cools down, it gets rid of
some water in the form of dews. So, warm air in the grain near the silo bin walls cools and moves
down along the inside wall surface of the silo, where the air and grain are warm. The grain,
whether it be cereal, oilseed or legume, is alive and as such, is continually respiring . This
respiration produces heat and moisture which, if present in excessive quantities, produce

conditions suitable for growth of other injurious organisms, insects and moulds. This in turn,
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will cause a loss in both quantity and quality of the grain whilst in storage. The rate of respiration
and consequent heat production depend on the moisture content of the grain, the type of grain, it
degree of maturity and ambient storage temperatures. Food grains should be properly dried after
harvest to such a level of moisture that bacterial and fungi will not grow, while the development
of mites and insects is considerably retarded. It is essential that food grains are dried quickly and
yet efficiently. The drying procedure has to be adopted to suit the particular food grain because
they differ in their biological make-up.

The maximum moisture content for safe storage in a metal silo is normally described as that
at which the rate of respiration is low enough to prevent an accumulation of heat and consequent
grain deterioration. The moisture content will be dependent of the ambient temperature, the
higher this is, the lower must be the storage moisture content. The safe maximum moisture
content which is in equilibrium with air at 70 percent relative humidity, at which level fungi
development is controlled at13%.

Seasonal fluntuations in atmospheric change the temperature pattern throughout the grain
silo. Although grain may be stored at acceptable moisture, the moisture content may change in
both time and space as a result of weather influences. Under non-isothermal conditions, the
convention current caused by temperature gradients dominate the moisture movement in grain.
Temperature and moisture change in stored grain result from internal and external sources of heat.
The production of heat and moisture by respiration of grain, insects, mites, fungi and bacteria; and
thermal (specific heat and thermal conductivity) and physical (bulk density and porosity)
properties of the bulk are the main internal factors that affects the movement of heat and moisture
in stored grain. External heat comes largely from atmospheric environment around the storage
silo. The experiment for the project was done during the wet season; the temperature outside the
storage silo is lower than the grain temperature inside the storage silo. Conversely during dry
season months, grain temperature in the grain silo is lower than the outside air temperature. This
difference between the centre temperature of the grain bulk and the outside ambiant air
temperature causes convention current in the grain accompany by movement of moisture from

high temperature to low temperature areas, which further enhances the outbreak of mould
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growth. This causes accumulation of moisture from condensation either at the bottom or top of
the silo depending upon the direction of the natural convention of the air within the stored grains.
Also during the wet season, the convention air movement is reversed from that when the grains is
cooling. The coolest grain is in the centre and the warmest near the silos walls and the top
surface. As the warm air rises near the silo walls it is replaced with cooler air from the grain in the
silo centre. As the warm air from the silo over space is drawn downward and contact the centre
grain, it is cooled, its relative humidity increases; and moisture is transferred to the cooled grain.
The rate of moisture transferred is usually slower during warm — up than when the grain is cooling
during the dry season.

A knowledge of temperature distribution and moisture content distribution in the stored
grain not only helps in identifying active deterioration, but also gives indication of the potential for
deterioration. The metal silo used for this project was originally made for temperate region where
the temperatures is not as high as in tropical region. The humid tropical is associated with high
temperature flunctuation. Metal silo which therefore has high thermal conductivity in this region
would conduct more heat to the grain and thereby increasing the bulk temperature. This result in
moisture condensation of hot spot, mould, caking and inventual deterioration of the stored
product.

The configuration of the problem is such that the silo is packed with the grains from the
bottom of silo to a height less than the height of the silo. In the packed mode, the air spaces
within the grain aretrapped such that there is no free flow of air as to aid convection. The packed
grains could therefore be approximated as a solid to which conduction is in the significant mode
of heat transfer. The problem is therefore reduced to a heat conduction one; in which the heat

transfer from a section of the grain to another is essentially from particle to particle (conduction).

1.5 Justification
Crops grown for food fall into two categories, perishable and non-perishable crops. This
refers to the rate at which a crop deteriorates after harvest and thus the length of time it can be

stored. The need for grain storage in metal silo has been established. The use of metal for
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storage structure have been proved successful in the climate region for long time periods.
Therefore,due to seasonal changes ,investigations into the performance of metal silos in the
tropical region for long term storage period is needed to ascertain to a high degree the suitability
of such structure year-round.

The simulation of temperature of stored grain in metal silo is important because it helps to
prevent deterioration of grains. The parameters that are important are the outside temperature, the
initial temperature of the grain, the moisture content of the grain, the relative humidity of the
atmosphere, the humidity of the grain, the specific heat of the air and the grain; that of water, the
density, the mass flow rate of air and both the conduction and convective heat and mass transfer
coefficient.

It is therefore necessary to monitor the conditions within the silo, especially the
temperature and moisture. This could be realised using temperature probes within the silo but this
would be expensive, labour intensive and slow.

Collection of the temperature data and moisture content of various point in grain storage
silos over a period of time is one way of finding the temperature content distribution. But this is
an inefficient method, requiring a lot of time, cost and labour. This made mathematical model
useful, based on physical principle that can potentially predict with accuracy the temperature and
moisture in a grain storage silo. Further , using mathematical models, the effect of silo size, silo
wall material and location of the temperature distribution among moisture content can be studied.

Although many researchers has done works on 2-dimensional transient heat transfer of
temperature distribution in grain silo in the temperate region but not much has been done in
Nigeria (tropical region). This made me to base my study on the temperature variation in grain

silo in Nigeria;, where there are high relative humidity and temperature.
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1.6 Objectives
The objectives of this project are:
1. To develop a computer simulation technique for the prediction of temperature in grains
stored in metal silos, under tropical conditions;using two dimensional mathematical
model of heat transfer based on the finite difference method.
2. To measure the temperature variations at different locations of the storage silo in order to

Validate the model developed in (1)
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20 MATERIALS AND METHODS

2.1 Description of Storage Silos.

The silos under study is corrugated steel silos as shown in Fig.1. Steel silos are from
corrugated galvanised steel sheets which have been rolled to a curve. Sheets are bolted together
to form a vertical cylinder. This is anchored to a floor-level ring which is fixed to a concrete
pad.A conical roof of steel sheets is fastened on top of the cylinder. Corrugation profiles are
relatively shallow. They are specially designed to shed grain kernels without imposing excessive
vertical loads on the structure. The cylinder of sheets support itself and its contents,with stiffening
rings only at the base at eaves level, and around any acess hatch. Vertical stiffeners,which bear the
vertical load exerted by the grain,are fitted to the outside of the silo.

For the simulation model, two 19.0m of metal cylindrical storage silos; the height of each
is 11.0m. Fig. 1 . The thickness of the metal sheet was 1.25mm (Table.1).

Table 1.Thermal and Physical properties of silo wall material.

Properties Steel
Thickness (mm) 1.25
Density (kg/m’ ) 780
Specific heat (kJ/kg.k) 0.2265
Thermal conductivity (W/m k) 64
Thermal diffusivity (m*/h) 0.1393

Source : Sachdeve.(1993)

The floor was perforated for the aeration and discharge auger was installed through the

centre of the floor to the other silos.
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Fig. 2. The top elevation section of an experimental cylindrical storage silo with the positions of
thermocouples.

Metal doors were made in the cylindrical side of the silos for the collection of moisture content
samples from the desired locations of the silos. The doors were normally kept closed, so that both
silos were almost air tight. Internal dimensions of both the storage silos, and positions of the
thermocouples are shown in fig. 2.

Both silos were completely filled with cleaned maize at capacity of 660.56 and 440 metric
tonnes to a depth of 1.74m and 1.25m respectively; at an initial moisture content of 10.5%. The
silos were constructed on 1m raised concrete outside to the atmosphere. So all the surfaces of the

silos were under almost similar ambient conditions.

2.2 Measurement of Temperature

To monitor the temperatures of the grain with the variation of ambient temperature,
copper constantan thermocouples probes were attached and inserted at six positions in each
storage silos including one at the centres as shown in Fig. 3. Thermocouples were set at depths of
0.35m from the floor of the silos and were placed at 3.25m interval from 1.25m from the wall of
the silos respectively. Each of the five thermocouples were at a radius of 6.25m from the centre of
the silos. Thermometer was used to measure the dry and wet- bulb temperature. Thermocouple
probes were connected through an interface of AD converter then to the control panel for data
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collection. The temperature readings from the thermocouple probes were recorded every eight
hours. Data collected from May 1%- September 30" |, 1997 (153 days) was used to validate the

models.

2.3 Generalised Mathematical Formulation
2.3.1 Model Development
In developing the model, a sector of the cylinderical grain bin was divided into a finite
number of spatial elements in the radial direction (Fig.3).
The differential equations of greatest interest in conduction heat transfer are the heat
equations, Poisson’s equation and Laplace’s equation.

The guiding heat transfer equation is of the Poisson type.

- q

ieV*+ P 0= —kVT  for. conduction (16)

VT = % = q = VThA. for.convection. an
Q=1bv+1Id for radiation (18)

Total heat transfer is therefore
Q; = kV'T + VT + h2al(T, - T,) + I, + 1, (19)

The solution to the above equation forms the basis for the temperature distribution with in
the given silo.
From equation 16: The cylinder is considered as 2 - dimensional.

2 2
Therefore [;; + J 3 +gk =0 _20)

Converting to numerical method of solution, replacement of time and space derivatives by finite
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difference involves expressing the derivatives in terms of a truncated Taylor series of

expansion. For x-direction, one- dimentional space T expanded is given by:

B dT  (Ax)’ &T (Ax)® &°T (Ax)" &T
Tx + Ax) = T,, + A, i + o A + 3 A o, T P
21)
B dT  (Ax)> &T (Ax)’ &°T . (Ax)" &°T
and T(x - Ax) = T, - A, AT w A o * A
* negative when n = odd and positive when n = even.
Similarly the equation for y direction are expandable in the same form.
The heat balance is in the form of
Input - Output = Storage (22)
This implies that:
q(x)AyAzAt - q(x + Ax)AyAt = AxAy p AT for x direction
q()AxAzAt - q(y + Ay)AxAt = AyAx p AT fory direction —— __ (23)
ax y) - a( x, y+ Ao,y ) pAT
£ = 24
Therefore Axoy) A (24)
Taking the limit yields
ot o
—% = peg in the x direction (25)
Substituting Fouriers law of heat conduction produces
T  or ST T, -2T° + T
? T 5 an 7 = = 1 2 : (26)
X a 02 Ax
d dT B Tia+1 _ rIvia
e a At
This implies that
T- la _ 2Ta + T_]a Taﬂ _ T-. (
1+ 1 1 — 1 1 27)
K[ Ax? ] At
Lo Ka
by
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a .
T, ., ©=temp increment

T, , ®=Previous temp.

then T*" = T* + A(TM‘ - 2T + Ti_"’) for 1 - dimensional system (28)

For 2 - dimensional system

T(x + Ax) + T(x - Ax) = 2T(x) + 2[{2 }Z;T
FT _ T(x +Ax) + T(x -Ax) - 2T(x)

&’ (Ax)’

FT Ty +Ay) + T(y -AY) -
and similarly _ T0 Ay + TO -4y) - 2T6)

&’ (Ayy*

d'T dT T +4x) + T(x -Ax) - 2T(x) | Ty +Ay) +Tly -Ay) -2T(y)

Cd dy? (Ax)’ (&) 29)
Incorporating the bin and stored product parameters BS:

T, - (—A)I%zﬂ = AKTemp

T, = AKTemp + (A);()Zq (30)
Incorporating the (B) and (S) results:

BST . = iKTemp + 2904 (31)

r, .
where B = 2mlA;, = 2ml = yismB
) T, r, . 5
ie. yECOSGEsmﬁ (k/ec) T,. = (Ax)"(q/k) +(KA)Temp
r I
B= yi‘cos@ﬁsine

where y = silo level (i.e. length)
I'n = present radius under consideration
8 = included angle of the chord under consideration
R = maximum radius

S = o = thermal diffusivity = K/eg
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That is
L sl 2
YR cosOi—sma (k/ec)TiW = (Ax)"(q/ k) + (KA)Temp

Ax)* (q/k K4
- & @, & g,

BaTiner =L Temp + SQ (32)
Tiner = (L Temp + SQ)/Ba

The guiding equation for convection is of the form
q = heA(Tsurf - Tair) = he 21Tl (Tsyurf -T ir)
The only unresolved parameter is he which is the convective heat transfer equation.

This parameter has been solved by Kreth (1965) as

0.805
h, = 0.02395[%J (33)
D\ wu

where k= thermal conductivity of air
D = Bin parameter
v = wind speed
pa = density of air
p = viscosity of air

During low air flow rate of less or equal to 0.005 m /s py has been found to be

pa=1.293/ (1 + 0.00367 Ta) (34)

Ta = air temperature

The given temperature model was based on a two-dimensional transient heat conduction

equation with the associated boundary conditions and was solved using the finite difference

method. For a cylindrical geometry with Gauss - Jordan elimination procedure for solving a set

of m equations with n unknowns (m <n, or m = n).

It was assumed that temperature distributions in the grain bin are symmetric about the

vertical central axis, that is, heat flow in the circumferential direction is negligible. In developing
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the model, a sector of the cylindrical grain bin was divided into a finite number of spatial elements
in the vertical and radial directions (Fig.3). There was a total of 143 spatial elements in the grain
section by setting Ar = 1.085 m and Az = 1.1 m in this study. The equation for predicting the
temperature of any interior spatial grain element (m, n) at the end of the time increment, t+At, can

be developed by a heat balance method and written in the finite difference form.

2.4 Assumption and Final Governing Equations
The following simplifying assumptions are made for deriving the governing equation of

heat flow through bulk maize.

(1) The physical (bulk density) and thermal (specific heat capacity and thermal conductivity)
properties of grain are constant and uniform throughout the silos;

(2) heat transfer by conduction in the circumferential direction is negligible;

(3) heat is transferred at the centre of the silo by mass transfer of moisture in the radial direction;

(4) heat flow patterns are symmetrical around the vertical centre line axis of the cylindrical silos;

(5) internal heat generation within the grain silo is negligible;

(6) air relative humidity within the grain bulk is dependent upon dry and wet- bulb temperature of
the air within the grain bulk and is affected by changes in outside air temperature; and

(7) temperature differences between the air within the grain bulk and grain is negligible. With the
above assumptions, the general differential equation of heat flow in two dimensions in a

cylindrical coordinate systems can be written as

8T §T 16T &8°T 35

~57=a ?+;E—+E)}T (35)
and.o = —=£

Pc,
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When a, kg, {,cp and T are the thermal diffusivity, thermal conductivity, bulk density, specific
heat capacity and temperature of the stored grain, respectively, o and y are the radial and vertical
coordinate of the cylindrical storage silo, respectively, and t is the time. According to Carslow and

Jaeger,(1959); the initial condition for equation (35) is,

T, y, t) =T (r,y) fort=0
Term Ti is the initial grain temperature. The boundary condition for equation (35) given by

Carslaw and Jaeger(1959) is,

oT oT
Kg(g; + 57] +h (T -T,)=0fort)0

Considering the boundary surfaces of the silo is subjected to a similar convective heat transfer
coefficient and ambient temperature; since the initial and boundary conditions are determined by
the varying ambient temperature, it is difficult to develop an analytical solution for equation (35).

As an alternative to this infinite difference methods (suuch as presented in the next section).

2.5 Method of Solution
Many methods exist, they are analytical, finitedifference and finite element. With the reason

given above, Finite Difference method was used.

2.5.1 Finite- Difference Method

In equation (35), temperature T is a function of the independent variables of radial length
from the centre of the site; axial distance y from the centre of the silo and storage time t. In the
r-y plane, any point of coordinate r and y is represented by r = mA r and y = nA y, where m and
n are intergers and At =& r and Ay = § y. the temperature at any point may be denoted by
Tm,n. in addition to being discretized in space, the problem must be discretized in time. The
interger P is intoduced for this purpose, where t = pA t. The subscript P issued to denote the
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FIGURE 3

SILO WALL

A SECTION OF CYLINDRICAL GRAIN BIN DIVIDED INTO A FINITE NUMBER OF

SPATIAL ELEMENTS.
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time dependence of T, and the time derivative is expressed in terms of the difference in
temperatures associated with the new (P+1) and previous (p) times. Hence calculations are
performed at successive times separated by interval At.

The explicit form of finite difference of equation (35) for the interior mode m, n of the

storage silo is

1 Tp”'"”’—TmnP Tm+1np+TmAlnp—-2Tmnp 1 Tm+lnp—Tmnp Tmn+lp+Tmn~1p—2Tmnp
il 5 — > > 5 + > > + S S S
a At (ary mAp Ar AY?

solving for the nodal temperature at the new (p +1) time and assuming that Ar = Ay, it follows that

T mn = FO{TMHP(HL}LTM ST, +Tmn1”}+Tm"”{l—Fo(4+-l—)}

(Basunia et al. 1996).

where F is a finite- difference form of the Fourier number
alAr

"oy

Equation (35) is invalid at the centre of the silo wherel/r(8T/3r) becomes an indeterminate
quantity
However, using L’ Hospital’s rule, Equation (35) can be transformed into the following form

(1)
o\ ar or’

Now equation (35) for the centre of the silo can be written as

ST [527" 52T)
a +—

€29

Et—: —572- &*

The finite — difference form of equation (38) for the centre of the silo wherer =0 (m=0, n,=
0) at new time (p+1) is

TP 00 = Fo (4T%0 +TP0,1 +TP0.1) +TF0,0 (1-6F0) (39
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For a constant boundary temperature the solution of equation (35) is simple and can be
obtained by equation (36) and (39) . But in practice, the surface temperature changes with
variation of the outside temperature. For point on such surfaces which are exposed to
convective conditions , the finite difference equation must be obtained by applying the energy
balance method to a control volume about that node as reported by Frank and David. Thus the
finite difference form of the equation (36) for the surface points with specified convective

boundary condition at the new time (p+1) is

P
Tman :F 2Tm—1 nP +Tmn—1p +Tm n+1p +———2—Bi_7—'—a-_ + 1_4}70 ———i@i—_~ TPM’N
, Han T = 1YL, IK,) 1+(h.L, /k,)

Where the finite — difference form of the Biot number is
h.Ar
B, = .
K

g

Terms K,, and L,, are the thermal conductivity and thickness of the silo wall, respectively, and
T?, is the ambient temperature at time P.

Equations (36, 39 and 40) are explicit because unknown nodal temperatures for the
new time are determine exclusively by known nodal temperatures for the previous time. Hence
a calculation of the unknown temperatures is straight- forward. Since the temperature of each
node is known at t = 0 (p = 0) from prescribed initial conditions, the calculations begin at t =
At (p = 1), where equations (36, 39 and 40) are applied to each interior node, the centre node
and to each surface node of the silo , respectively, to determine temperature. With
temperatures known for t = At, the appropriate finite-difference equation is then applied at
each node to determine its temperature at t = 2At (p =2). In this way, the transient temperature
distribution is obtained by successively incrementing t by At. The Gauss- Seidal iteration

method is used to solve equations (36, 39 and 40) (Sastry)
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2.6 Computer Implementation

2.6.1 Development of Simulation Procedure

In this study, several assumptions were made due to information available to make a more
complete model. The assumptions were made such that the model would simulate
temperatures higher than might be expected since deterioration of grains normally increase
with increase in temperature of the grain and to give some factor of safety in the results. The
skeleton flow chart (Fig 7) shows a simplified version of the simulation procedure. After
reading the input parameters , simulation begins for each month using the temperature data .
Normally simulation begins during the rainy season and continues for duration of five months.
Based on input parameter controlling fan operation, the grains conditons are determined using
the conduction/forced convention sub routines at the appropriate time interval. The cost and
the operating time required to carry out a simulation on the computer varied greatly depending
upon the amount of aeration time. Using the Pentium computer at the department in the
University to perform the simulations , aeration, as model by the forced convention
components, increase computer demands by a factor by nearly 15 when compared with
simulations involving no ventilation. The complete model written in C-program notation, and

its validation and application as in the programme presented in pages (37-41).
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PROGRAM FLOWCHART

GEY parameters

from keyboard

URITE parimzters
to outputfile

create Hew ones

INPUT CHOICE

"Retrieve 014
parameters or

OFEN
Inputfile

READ parameters
from inputfile

FIG. 4:

COMPUTATIONAL FLOW CHART

. OPERATE

GETCHO

1

( stop )
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OPERATE
Initialize Ti,§

with tenp @ t=0

'

fo = (alpha¥chsr)/(ehgr )
bi = (he % chgr) / kg

bbi= (2wbiwla) /(14 (henlwriu))

bb2=(2%bixfo) /(1 +{hew]wrku))

P{nuw?

F S

PP

PRINT T4,12,13

11 = 11idm,n, 00)

12 = 112{n,n,f0)

|

132113(m, 0, fo,
bt bb2)
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2.6 Computer Implementation

2.6.1 Development of Simulation Procedure

In this study, several assumptions were made due to information available to make a more
complete model. The assumptions were made such that the model would simulate
temperatures higher than might be expected since deterioration of grains normally increase
with increase in temperature of the grain and to give some factor of safety in the results. The
skeleton flow chart (Fig 7) shows a simplified version of the simulation procedure. After
reading the input parameters , simulation begins for each month using the temperature data .
Normally simulation begins during the rainy season and continues for duration of five months.
Based on input parameter controlling fan operation, the grans conditons are determined using
the conduction/forced convention sub routines at the appropriate time interval. The cost and
the operating time required to carry out a simulation on the computer varied greatly depending
upon the amount of aeration time. Using the Pentium computer at the department in the
University to perform the simulations , aeration, as model by the forced convention
components, increase computer demands by a factor by nearly 15 when compared with
simulations involving no ventilation. The complete model written in C-program notation, and

its validation and application as in the programme presented in pages (37-41).
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2.6.3 Programme Listing

/* THIS PROGRAM COMPUTES INTERIOR, CENTRE AND SURFACE
TEMPERATURE */

#INCLUDE <STDLIB.H>

#INCLUDE <MATH H>

#INCLUDE <STDIO H>

#INCLUDE <CONIO.H>>

VOID GETVALS(VOID);,
VOID READFL(VOID);
VOID WRITEFL(VOID);
VOID OPERATE(INT NN);

FLOAT TEMP, ALPHA, CHGR, HC, KG, KW, LW, TA;
INT N, M, NUM;

FLOAT T1[20}[20];
FLOAT T2[20][20];
FLOAT T3[20][20};

FLOAT TT1(INT A, INT B, FLOAT F);
FLOAT TT2(INT A, INT B, FLOAT F);
FLOAT TT3(INT A, INT B, FLOAT F, FLOAT B1, FLOAT B2),

MAIN()
{
CHAR CH;
CLRSCR();
PRINTF("ENTER (R) TO RETRIEVE EXISTING PARAMETERS \N");
PRINTF("ENTER (N) TO CREAT NEW PARAMETERS ");
SCANF("%C",&CH);,
PRINTF("\N ENTER VALUE OF M"); SCANF("%D",&M);
PRINTF("\N ENTER VALUE OF N"); SCANF("%D" ,&N);
PRINTF("\N ENTER NUMBER OF ITERATIONS EXPECTED
");SCANF("%D",&NUM);
PRINTF("\N ENTER TEMPERATURE VALUE ATT =0
");SCANF("%F" & TEMP),
IF ((CH=R) || (CH==R))
{
WRITEFL();
OPERATE(NUM);,
}
IF ((CH=N) || (CH=="N)),
{
GETVALS();
READFL();
OPERATE(NUM),
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}
SCANF("%C",&CH);
CLRSCR();

RETURN 0;
}

VOID GETVALS(VOID)

{

PRINTF("N ENTER THERMAL DIFFUSIVITY  ");SCANF("%F" & ALPHA):
PRINTF("\N ENTER CHANGE IN RADIAL LENGTH "):SCANF("%F" &CHGR):
PRINTF("\N ENTER CONVECTIVE HEAT TRANSFER "):SCANF("%F",&HC),
PRINTF("\N ENTER THERMAL CONDUCTIVITY ");SCANF("%F",&KG);
PRINTF("\N ENTER BIN WALL THICKNESS  "):SCANF("%F" &LW):
PRINTF("\N ENTER AMBIENT TIME AIR TEMPERATURE
"):.SCANF("%F" & TA);

PRINTF("\N ENTER THERMAL CONDUCTIVITY OF BIN WALL MATERIAL
"):SCANF("%F" &KW);

RETURN;

}

VOID READFL (VOID)
{
FILE * INPUTFILE;
IF ((INPUTFILE = FOPEN("V ALUES.DOC","W"))=NULL)
PRINTF("FILE COULD NOT BE OPENED\N");
ELSE
{
FPRINTF(INPUTFILE,"%F %F %F %F %F", ALPHA,CHGR,HC KG,KW);
FPRINTF(INPUTFILE,"%F %F" LW, TA);
3
FCLOSE(INPUTFILE);
RETURN;

VOID WRITEFL (VOID) {
FILE* OUTPUTFILE;
IF((OUTPUTFILE =FOPEN("VALUES.DOC","R"))==NULL)
PRINTF("FILE COULD NOT BE OPENED\N");
ELSE
{
FSCANF(OUTPUTFILE,"%F %F %F %F %F",& ALPHA,& CHGR, &HC,&KG,&KW);
FSCANF(OUTPUTFILE,"%F %F",&LW,&TA);
}
FCLOSE(OUTPUTFILE),
RETURN;
}

38



VOID OPERATE(INT NN)
{
FILE * RESULTFILE;
INTLJP;
FLOAT FO, BI, BB1, BB2, AVEl, AVE2, AVE3, SUMI, SUM2, SUM3;
CLRSCR();
SUMI =0; SUM2=0; SUM3=0;
[F((RESULTFILE=FOPEN("CON","W"))==NULL)
PRINTF("FILE COULD NOT BE OPENED\N");
ELSE
{
FOR (I=1; 1<=20; I++)
{FOR (J=1; J<=20; J++)
{
T1[]{J] = TEMP;
T2[1][J] = TEMP;
T3[1]{J] = TEMP;
}

}
FO = (ALPHA * CHGR) / (CHGR * CHGRY);
BI = (HC * CHGR) / KG,
BB1=(2 * BI * TA)/ (1 + (HC * LW/ KW));
BB2 =(2 * BI * FO) / (1 + (HC * LW/ KW));

FPRINTF(RESULTFILE,"***************************************************\N
");
FPRINTF(RESULTFILE,"\N TEMPERATURES \N");
FPRINTF(RESULTFILE,"N T INTERIOR  CENTRE SURFACE \N");

FPRINTF(RESULTFILE 1ok ok ek sk ook ek sk sk sk ok ook ok skok sk ke ke slok ook s sk ok ook o sk ok skl ok ok sk R R\ ]
");
FOR(P=1;P<=NN;P++)
{
{
T1[M][N] = TTI(M,N,FO);
T2[M][N] = TT2(M,N,FO);
T3[M][N] = TT3(M,N,FO,BB1,BB2),
3
ELSE

{

T1[M+1}[N] = TT1L(M+1,N,FO);
T1[M-1][N] = TT1(M-1 N FO),
T1[M][N+1] = TTI(M,N+1,FO);
T1[M][N-1] = TT1(M,N-1,FO);
T1[M][N] = TT1(M,N,FO);
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T2[M+1][N] = TT2(M+1 N.FO):
T2[M-1][N] = TT2(M-1,N,FO):
T2[M][N+1] = TT2(M,N+1,FO);
T2[{M][N-1] = TT2(M.N-1,FO);
T2[M][N] = TT2(M,N,FO);

T3[M-1}{N] = TT3(M-1,N,FO,BB1,BB2):
T3[M][N+1] = TT3(M.N+1,FO.BB1 BB2);
T3[{M][N-1] = TT3(M,N-1,FO,BB1,BB2);
T3[M][N] = TT3(M,N,FO,BB1,BB2):

i

SUMI = SUMI + T1[M][N];

SUM2 = SUM2 + T2{M][N];

SUM3 = SUM3 + T3[M][N];
FPRINTF(RESULTFILE," %4D %14.5F %14 5F %14 SF

\N",P, T1[M][N], T2[M][N], T3[M}{N]):

}
}
AVE! = SUMI / NN;
AVE2 = SUM2/ NN;
AVE3 = SUM3/ NN;

FPRINTF(RESULTFILE AR AR AR R AR R R R AR AR\ N

"),
FPRINTF(RESULTFILE," %14.5F %14.5F %14 5F \N",AVE1 AVE2 AVE3);,
RETURN;

FLOAT TTI(INT A, INT B, FLOAT F)

{

FLOAT QQ, QQ1I;

QQ = TI[A+1][B}J*(1+(1/A)+T1[A-1})[BJ+T1[A][B+1]+TI[A}[B-1],
QQ1 =F * QQ + TI{A][B] * (1-F*(4+(1/A))),

RETURN(QQ!);

}

FLOAT TT2(INT A, INT B, FLOAT F)

{

FLOAT GG, GG2;

GG = 4 * T2[A+1][B]+T2{A}{B+1]+T2[A][B-1];
GG2 = F * GG + T2[A][B] * (1-6*F),
RETURN(GG2);

}

FLOAT TT3(INT A, INT B, FLOAT F, FLOAT BI, FLOAT B2)

{
FLOAT HH, HH3,
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HH = 2 * T3[A-1][B]* T3[A]{B-1]+T3[A][B+1] + BI:
HH3 =F * HH + T3[A][B] * (1-4 * F - B2),
RETURN(HH3);

}
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2.7 VALIDATION OF MODEL
2.7.1 Grain Aeration Test

Validation of the mathematical model by comparing predicted output with
experimentally determined data is required to assure reasonable accuracy. The critical
parameter requiring validation are the predictions of grain temperature. Experimental values
were obtained for maize stored in areation from silos. These were compared with values
predicted by the computer model.

Two 19.0m — diameter grain silo with partially perforated ventilation floor located at
Strategic Grains Reserve, Minna silo complex were used. Two each 1Kw 30cm nominal
diameter fans were used to ptovide forced air ventilation. 6-grids of 18 copper —constntan

thermocouples on the inside radius were installed for temperature measurement (fig.4)

: " Grain silo roof 1-—
123 'jé—s%ZSm -Grain top surface

/ /
a
/ / 5 4m ®Thermocouple Location
. BM C Sample Loation
Grain silo walle— / ‘e L Grain
T Partially perforated silo
i— wall

Fig. 5. Cross section of experimental aeration silo showing the thermocouple and grain

Aeration silo

sampling locations
Temperature were measured by electronic recorder attached to the operation panel
(accuracy £10°C) was used to record grain temperatures at the two silos.
Moisture contents determination of maize samples were made according to the oven-
drying method: ASAE standard s 352 (American Society of Agricultural Engineers 1906). The

accuracy of this method is 0.5 percentage points.
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In Figure 5, the moisture content with the temperature of the grains were measured at
time interval with respect to the radius and height which are depended on the cylindrical shape
of the metal silo.

Two-dimensional conduction heat transfer equation in radial dimensions for cylindrical
storage silos were formulated and solved numerically to predict moisture content with
temperature changes. It was assumed that a true equilibrium is obtained between the air and
the grain during ambient temperature aeration with low air flow rates.

Grain depth were at 200cm and 250cm from the centre of the silos along the four radii
to be measured. Samples were collected for the moisture content determination at reception,
floor of the silos at 0, 60, 120, 180, 210cms respectively from the silo centre line along
four radii at 900 apart using tube probe. The probe was spaced (i.e.1x10 cm) 40 cm apart with
the centre of opening as first at about 21cm from the point end of probe. The total length of
the probe is 1.8m. The probe is always inserted into the grain until the pointed end of the
probe struck the silo floor.

The experiments were done once in a week for five months, for moisture content and
temperature of grains stored (i.e. maize). Dates were taken for the temperature measured at
different depths and samples were taken. The samples taken were measured with moistometer
and compared with oven method which sample was dried to 130°C for 10 hours in

convectional oven. Bulk densities were determined and predicted.
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3.0 RESULTS AND DISCUSSION

There are not much difference between the measured and Simulated temperature in
Figs (6-8) for silo 6 with a difference of about 1-2° C while the ambient temperature remain
higher than both the measured and the simulated temperatures. Therefore, there are no
discrepancy within and they are in agreement with each other. For Figs (9-11) of silo 8 follow
the same pattern as Figs (6-8) but the month of July have the same measure and simulated
temperature and these differs between 1.5 to 4° C from the other months. The interior
temperatures in Figs (9-11) are higher due to the closeness to the walls of the silos.
Temperature Variations — Variation of dry — bulb temperatures of the ambient air with storage
are shown in the graph (Figs 6-11) for silo 6 and silo 8). The initial dry - bulb temperatures of
the grain at the center of silo 6 was 22.5° C and silo 8 was 22.4°C. They were 2.5°C and 3.0°C
lower than dry-bulb temperature of the ambient air temperature: immediately, after filling the
silo with cleaned maize. And almost similar difference between the dry — bulb temperatures of
the grain and the ambient air were observed for all the location of both silos, at the beginning
of the study. These indicate that initial grain temperature was uniform throughout the grain
silo.

The finite-difference of heat transfer model is coded in C- Programming to predict the
temperature distribution in the storage silo. The simulated temperature shown in Figs. (6-11)
for Ar =Ay which is equal to 1.085metres and At = 8hours. The physical and thermal
properties used for the cleaned maize were specific heat, 0.2265KJ/KgK, thermal
conductivity, 0.28W/m. K and bulk density, 780Kg/m’ (ASAE Standard 1991). Thermal and

physical properties of silo wall materials are shown in table 1.
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Fig. ‘6: Measured and simulated temperature (dry bulb) at centre at a depth of 1.2m from the
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Fig. “7.. Measured and simulated temperature (dry bulb) at a radius 3.25m from the centre of the metal
silo at a depth of 1.2m from the surface of the grain bulk and dry bulb temperature of the ambient temp.
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Fig. B Measured and simulated temperature (dry bulb) at a radius of 8.25m from the centre of the metal
silo at a depth of 1.2m from the surface of the grain bulk and dry bulb temperature of the ambient temp.
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Fig. 10: Measured and simulated temperature (dry bulb) at 3.25m from the centre of the metal
silo at a depth of 1.2m from the surface of the grain bulk and dry bulb temperature of the ambient temp.
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silo at a depth of 1.2m from the surface of the grain bulk and dry bulb temperature of the ambient temp.
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The result of the explicit finite-difference technique has been found to be stable and
convergent for spatial element sizes in the range of Ar = Ay = 1.1 to 2.0 meters and time steps
of 8-24hours. The stability criterion was calculated from equation (36). The temperature

predicted by the two dimensional finite-difference heat transfers model closely followed the

observed values at six (6) locations of each of the storage silos.
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5.0 CONCLUSIONS

Based on the results of this simulation study, the following conclusion can be drawn:

1 There is a time lag between the grain bulk center temperature and the average seasonal
ambient temperature; and due to the large diameter of the silo the center maintained
high temperature.

2 The ranges of seasonal temperature in the grain decrease as the distance of the grain
from the expose wall increase.

3 The average number of unfavourable days during the study for storage increased as the
initial temperature increase.

The above conclusions are in agreement with reports in the literature insofar as
the radial direction is concerned. This indicates that at least in qualitative sense, the validity of
the simulation method. The analysis shows that the grains most susceptible to damage are
located at or near the walls where the standard deviation is the largest. It can be expected that
the variations at the top layer of the bulk grain will be greater at the wall, since convention
effects are more sensitive than the conduction-convention effects to changes in ambient
conditions. Therefore, it can be concluded that spoilage is mostly likely to occur just below the
grain surface at the top, as has been experienced.

The analyses of two-dimensional problems require specific ventilation condition. The
present method can be extended to stimulate such problems provided specific boundary
conditions are known. Furthermore, the effects due to grain respiration and micro- organism

changes can also be studied once functional relation and moisture levels become available.
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/ymbms
/ﬂ‘ﬁﬁ
a=time inctement(s)
B=bin parameter (m)
B;=biot number for wall surface
By=biot number for grain surface
C,=specific heat of air (j’kg.k)
C,=specific heat of grain (j/kg.k)
D=silo diameter (m)
Fo=fourier nurﬁber
Fy=shape factor for. silo root and grain surface
H=convective heat transfer coefficient at exterior wall (wm%k™")
H,= convective heat transfer coeflicient at top grain surface (wm’k’")
H.= convective heat transfer coefficient (wm’k™)
Iy=hourly beam radiation (w/m?)
I yx=component of ib on horizontal surface (w/mz)
1, =component of ib on a vertical surface (w/m?)

Is=diffuse radiation (w/m?)

-~

. T=spatial operator (m)

J¢=day of the year

K=thermal coﬁductivity of the grain (w/mk)

K.=thermal conduc'tivitf of air (w/mk)

K=thermal conductivity of bin wall material (w/mk)
L=length, variation =2z (m)

L,=bin wall thickness (m)

M=number of spatial element (grain) in vertical direction

M=number of spatial element at the grain surface.
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Nenumber of spatial element (grain) in radial direction.
N=number of spatial element at the silo wall
' P=surface temperature phase angle (rad)
Q=heat generated (w) |

R=radial coordinate (m)

Re=relative humidity, decimal

R=total radiug (m)

' S=storage parameter
- T=temperature (k) |
| T=time(s)
Ti=initial temperature (k)

T ;n=temperature increment (°c)
T,=temperature of ambient air (°c)
- Ta.=absolute tempperature of ambient air (k)
T.v=absolute temperature of air above the grain surface (k)
T.=absolute temperature of silo roof (k)
T.=absolute tembera_turc of the grain surface (k)
T.w=absolute temperture of silo wall (k)

Tb=temperatu}e of air above the grain surface (°c)
T, .’;temperatu‘re of grain surface (°c)

Tw=temperature of silo wall (°c)

T ma=temperature of grain element m,n at time t (°c)
Tr=ambient temperature at any time p (°c)

T P! = ambient temperature at any time p+1, (°c)
Ta=dry-bulb temperature of grain inside the grailx bin, (°c)
Tuv=wet-bulb temperatuere of‘ grain inside grain bin , (°c)
T® ma=temperature at node m,n at any time p, (°c)

T P! e =temperature at node m,n at any time p+1, (°c)
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