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ABSTRACT 

A three-dimensional mathematical model for predicting the behaviour of microclimate 

in the stored grain silo is presented. This analysis is implemented by calculating the air 

pressure field within an aerated conical bottomed circular silo, to continuing prediction 

the velocity field. The obtaining results are used to compute the simultaneous heat and 

mass transfer processes that occur in non-aerated and aerated grain silos. The 

conservation equations of momentum, mass and energy are employed in this study. The 

numerical scheme is based on applying a mapping technique with an algebraic grid 

generation method, to discretise the governing equations in the arbitrary geometries that 

describe the grain stores. 

The finite different solution of the governing equations are obtained by using 

Alternating Direction Implicit method, Thomas algorithm and explicit method. The 

numerical experiments have been performed to investigate the effects of the non

uniform grid size, time step, duct shape and placement. Results in graphical form are 

presented for the pressure, velocity, temperature, moisture content, absolute humidity, 

wet bulb temperature, dry matter loss, seed viability and pesticide decay. 

Significantly, a novel configuration of an annular aeration duct and a traditional linear 

aeration duct in farm silos have been investigated. It was found that the annular 

aeration system provides uniform airflow results in better protection of the stored grains 
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ABSTRACT 

than in the linear aeration system, in that the beneficial grain quality indices remain 

high, and the rate of growth of insect population is retarded. 

An outcome of the research has been improved the designs of commercially available 

grain silos. 
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CHAPTER 1 

INTRODUCTION 

1.1 BACKGROUND 

Humans have been storing grains and their products for a long time. At about 8000 BC, 

when humans began to cultivate plants and raise domesticated animals, they were 

concerned to build up reserve food supplies to alleviate hunger that might arise in the 

future. Over the last 10,000 years, the existence of hunger and malnutrition have 

became unacceptable morally and socially. Humans have recognised that the 

unavailability of a sufficient quantity and quality of food has been one of the major 

constraints in the socioeconomic progress throughout the world. 

Grains contribute more than any other staple foods with regard to calorie, carbohydrate, 

protein, lipid, mineral and vitamin requirements of the world population (Godon, 1994). 

The particular regional ecologies and climates provide the world population with its 

basic food: rice in Asia, wheat in North American, Europe, the Middle East, and North 

Africa, maize in Latin American. According to F. A. O. analysis, that 9 0 % of the 

world's food supplies come from the land, among which grains have occupied an 

incredible 6 8 % of the total world harvested crops. The other 2 2 % is accounted for fruits 

and vegetables. The remaining 1 0 % of man's food comes from the world's oceans, seas 

and lakes (Bushuk and Rasper, 1994). This can be shown in a pie chart in figure 1.1. 
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Moreover, the grain supply in national and international trade is of great concern and 

influence in world markets. 

Seafood 
10% 

Fruit &Vegs „£_f_$fj>r~~ 

22% MK^^^J 

^̂ ^̂ ^̂ ^̂ ^̂ ^̂ ^̂ ^ Grains 
68% 

Figure 1.1 Food structure of world population 

From 1982 to 1987, the world grain production exceeded 1500 million metric tonnes 

annually (table 1.1), about 360 kg per world inhabitant, that is therefore an important 

source of food in the world. 

Table 1.1 The world production of grains 

Million tonnes 

Grain type 1982 1987 

Wheat 453.2 515.4 

Rye 24.3 34.8 

Barley 160.4 182.0 

Oats 46.0 48.0 

Maize 438.0 451.6 

Rice 410.9 457.5 

Total 1630.8 1788.6 

Source: Chelkowski (1991) 

It is estimated that 10~30% of total world grain production is lost after harvest 

(Chelkowski, 1991), and it will vary from country to country and from year to year. 
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The reasons for this huge amount of losses are highly complex and governed by various 

natural factors: Harvesting, drying, transportation, storage, processing and marketing. 

Especially, the major cause of this losses in the quantity and quality of grains is during 

storage. 

During storage, grains are liable to suffer changes in texture, colour, flavour, and 

nutritive value (Holdsworth, 1983). That is to say, stored grains form an ecological 

system in which deterioration arises from interactions among physical, chemical and 

biological variables. These can be described as: Moisture movement, temperature 

increasing, oxygen consumption, insects, mites, moulds and rodents causing damage. 

Moisture is one of the basic physico-chemical variables. The moisture content of stored 

grain is defined as the amount of water that can be removed without alterations to its 

chemical structure. The variation of moisture content is dependent on the type of grain, 

the variety of grain, chemical composition, moisture at harvest, relative humidity of the 

atmosphere, and seasonal fluctuations (Salunkhe et al., 1985). 

Moreover, the maximum moisture content for safe storage of grains are normally 

based on the equilibrium moisture content at 25° C and 7 5 % relative humidity. These 

have summarized in table 1.2. 

Temperature is a physical variable in grain storage, its value is strongly affected by the 

storage environment conditions, thus: the initial grain temperature, the intergranular air 

temperature, solar radiation which affects the surface temperature of the storage wall, 

metabolic heating due to the formation of hot spots and weather conditions. 

The oxygen of atmospheric air is the most important single chemical variable 

influencing the growth and development of all harmful organisms in storage, because 

insects, mites, mould and rodents all require free oxygen for their development. 
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Table 1.2 Advised maximum moisture content for safe storage of grain 

at 25°C and 75% RH. 

Grain type Moisture (%) 

Wheat 

durum 

red 

white 

Rye 

Barley 

Oats 

Maize 

Rice 

Source: Kent and Evers (1994) 

Besides, grain pests such as insects, mites, rodents and mould are the commonest 

biological variables which are associated with stored grains. Insects harbour microbes 

in grain stores, and they can act as vectors of organisms causing human and animal 

diseases. Moulds can serve as food for insects (Sinha, 1971). The degree of grain pests 

activity in grain store is dependent on grain moisture and temperature, grain history and 

grain genotype, source of pests, available food, cleaning, drying, chemical residues in 

the grain mass, pesticide resistance of the grain pests (Brooker et al., 1992). 

Mould damage to stored grain includes: Decrease in viability and discolouration of 

seeds, production of toxins, biochemical changes and loss in dry matter (Brooker et al., 

1992). Similarly, the insect pests damage stored grain also includes: Consumption of 

whole grains or germ, generation of heat which results in quantitative, qualitative and 

viability loss (Salunkhe et al., 1985). 

In addition, viability and respiration are the two important biological properties 

responsible for the death of seed and the spoilage of grain in storage. Seed as an index 

14.1 (25-28 Celsius) 

14.7 

15.0 

14.9 

14.3 

13.4 

14.3 

14.0 



Chapter I INTRODUCTION 5 

of grain soundness. The loss of seed viability is associated with respiration, which is a 

function of grain moisture content, temperature and light (Pomeranz, 1987). 

Respiration may contribute to a loss of dry matter, raise the level of carbon dioxide in 

the intergranular air, and also increase the temperature of the grain. The process of 

respiration is regulated by moisture and temperature, size and shape of grain, harvesting 

and postharvest ripening (Sinha and Mair, 1973). 

A major proportion of the stored grain is damaged by insects, mites and rodents, thus 

infestation, growth and survival of insect pests in the stored grains are highly 

interrelated and need a careful appraisal to plan the strategy for their effective control. 

A number of control methods have been developed, such as: Hygiene, pesticides, 

fumigants, controlled atmosphere, high temperature heating, ambient and refrigerated 

aeration. Amongst them, aeration control is one of the most powerful physical methods. 

Ambient aeration is the process of moving air at ambient temperature through stored 

grain, it lead to an improvement of the grain temperature and storage conditions, and 

can be accomplished in any regions of the world. Refrigerated aeration relies on 

mechanically cooling the air behaviour to continue the process of aeration. 

Grain must be protected during all stages of handling, from the time of harvest through 

storage, transportation, and processing up to the time it is ready to be consumed. A s the 

population increases and resources become more limited, the continuing challenge to 

feed the world's population is becoming more increasingly urgent. If that 1 0 - 3 0 % of 

losses of grains are eliminated through improved postharvest biotechnology, the world's 

food supply can be increased by 10-30% without any additional cultivating, labouring 

and energy consuming. 

In order to protect resources, to reduce hunger, ensure humanity's health and to have 

sufficient food supply, the study of preservation of stored grain for improvement the 
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technology in the postharvest handling and processing is the important responsibility for 

scientists and engineers. 

1.2 CONTRIBUTIONS 

The main contributions of this thesis are addressed as follows: 

• A numerical method of finite different mathematical model has been presented 

for an aerated conical bottomed circular silo . 

• A mesh transformation technique that may be used to model grain stores of 

arbitrary shape has been applied. 

• Energy of solar radiation which has a significant effect on the surface 

temperature of the silo has been accounted. 

• The SIL03DFTN computer program for accommodating the specific 

characteristics of the silo has been modified. 

• The numerical experimental results of simulating the different mesh sizes and 

time steps have been obtained for evaluating the accuracy of the solution . 

• The two types of aeration duct layouts fitted with conical bottomed circular 

silos have been investigated, for determining the best controlling results of 

aeration system to improve the design and the manufacture of the farm silos. 

• A prototype grain silo fitted with an annular duct has been designed and built. 

1.3 ORGANIZATION 
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The contents of the remaining chapters are reviewed below: 

Chapter 2 describes the background information necessary to understand the significant 

postharvest knowledge on controlling the quality and preservation of grain. These are 

considered in the two major parts of review: The relationship between air velocity to 

the pressure gradient for the physics of air flow through the silo are mentioned. The 

crucial importance of grain temperature and moisture content on grain quality are 

highlighted. 

Chapter 3 provides the numerical method of finite different for analysing the 

conservation of momentum, mass and energy in an arbitrary geometry, and formulation 

the governing differential equations and the appropriate boundary conditions, by 

introducing the first step of mapping technique - the coordinate transformation scheme, 

which transforms the non-orthogonal mesh in the physical domain into a orthogonal 

mesh in the computational domain. 

Chapter 4 provides the solution of finite different method by means of creating the 

second step of mapping technique - non-uniform grid mesh scheme, to discretise the 

governing differential equations and boundary conditions in the computational domain 

by using a central difference approximation for the space derivatives, and a forward 

difference approximation for the time derivative. The results are obtained by employing 

the Samarskii-Andreyev (1963) alternating direction implicit method, the Thomas 

algorithm and an explicit method for heat and mass conservation equations. 

Chapter 5 covers the physical and biological properties of grain bulk ecosystems, which 

affect on the stored grain, such as: thermal capacity, conduction, absorption, diffusion, 

gemination, respiration and insect infestation. The major environmental variables 

affecting the microclimate in the grain bulk, namely radiation and ambient conditions. 
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These properties are associated with heat and mass transfer processes and physiological 

changes in the grain silo. 

Chapter 6 presents the experiments of numerical investigation by using the computer 

program SIL03DFTN to simulate the performance of a conical bottomed circular silo, 

in which the effects on the time step and mesh size different have been investigated. 

Fourier number (Fo) is applied to examine the prospects of convergence and accuracy of 

the pressure and temperature distribution solutions. In addition, two types of aeration 

system layouts are also simulated. 

Chapter 7 discusses the heat and mass transfer processes occurring in the three 

dimensional ecological systems by simulating with three different causes, namely the 

silo with non-aerated system, the silos fitted with linear aeration and annular aeration 

systems. The predictions are carried out to estimate the variation of pressure, velocity, 

temperature, moisture content, absolute humidity, wet bulb temperature, dry matter loss, 

seed viability and pesticide distributions in the grain silo. 

Chapter 8 summarizes the contributions presented in this thesis, and gives some further 

suggestion for continuing this research. 



CHAPTER 2 

REVIEW OF RELATED WORK 

This chapter reviews literature related to grain storage technology, which was used to 

develop novel silo design and insights into the ecology of grain storage. 

2.1 AERATION 

Aeration is a commonly used storage technique for cooling and drying grain reducing 

thermal gradients, avoiding the incidence of moisture migration, decreasing insect and 

mould activity, lowering the rate of pesticide decay and preserving the grain quality 

(Thorpe, 1986). 

Aeration cooling is achieved by blowing cold night air through the stored grain by 

means of a fan, perforated air distribution and ducting on the silo floor (Elder, 1978). 

W h e n grain is cooled by aeration, moisture content may be very slightly reduced. W h e n 

grain is warmed by aeration through the movement of air at ambient temperature, 

moisture is added. Aeration systems can also be used for distributing fumigants, 

temporarily holding wet grains and clearing dust during grain movement operations. 

The practice of aerating stored grain was established during the 1950s and is now an 

accepted quality maintenance measure (Foster, 1967). Aeration development was 

9 
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coincident with the build up of reserve stocks of grain following World War II, the 

larger flat storages were used to hold the reserve grains, aeration was for the first time 

applied for the control of grain quality. The experience with aeration in storage was 

favourable. Today, aeration has became a powerful tool for protecting the grain during 

storage. 

There are two somewhat different types of aeration systems: Ambient aeration and 

refrigerated aeration. In temperate and subtropical climates, grain can be effectively 

cooled by means of ambient aeration. In tropical climates, the high relative humidity 

and temperature of ambient air make aeration less feasible, the cooling of grain must by 

refrigerated aeration. 

Aeration systems consist of a fan, a supply duct leading from the fan to the 

perforated duct placed in the grain bulk. Some provision must be made for airflow into 

or out of the air space over the grain surface. 

The operation of aeration systems depends on a number of factors: the rate of 

airflow, the moisture content of the product, the shape and size of the grain kernels, the 

density of the grain bulk, the type, number and location of the duct (Yang and Williams, 

1990). 

2.2 AIRFLOW RATE 

Agricultural products are commonly stored in aerated stores for both short and long 

term storage. In order to maintain the temperature throughout the grain to prevent 

moisture migration, aeration generally uses an above floor duct system which creates 

non-uniformity and non-linearity in the airflow pattern. Therefore, the determination of 
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pressure and airflow distributions is important to simulate the aeration system and 

storability, while ensuring that all areas of stored grain can receive sufficient airflow. 

Early studies of airflow rate and pressure difference relationships have been 

presented by Ergun (1952) and Shedd (1953). Ergun (1952) predicted a formulation for 

incompressible airflow through a packed bed, and it can be expressed as: 

^ = RV + SV2 (2.i) 

where AP is pressure difference along the length L, V is the velocity in the direction of 

airflow, R and S are empirical coefficients depending on the type of products. 

Shedd (1953) measured the static pressure drop across common grains and seeds, 

and proposed the possibility of expressing this relationship by the mathematical 

equation, thus: 

= A(^)B (2.2) 

where A and B are seed - specific constants, which are determined from Shedd's (1953) 

experimental data. 

Hukill and Ives (1955) suggested that Shedd's (1953) equation can only apply 

approximately for narrow ranges of velocity fields, if the constant coefficients in 

equation can be modified, the accuracy throughout of the velocity ranges will be 

increase. The logarithmic formula which they proposed is: 

AF_ aV2 

L ~\n(l + bV) (2'3) 

where a and b are also the seed - specific constants. 

Two major numerical methods have been developed to solve the pressure and velocity 

fields in storage, namely finite difference and finite element methods. (In this study, we 

shall exploit the finite difference method). 
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Brooker (1961, 1969) used the information given by Shedd (1953) to develop a 

finite difference computer simulation model, for establishing pressure patterns in a grain 

mass subjected to non-linear airflow resistance. Jindal and Thompson (1972) modified 

Brooker's model, and adapted it for predicting the pressure distribution and airflow 

paths through the long triangular shaped piles of grains. Pierce and Thompson (1975) 

modified Jindal and Thompson's (1972) simulation model for prediction airflow 

characteristics in conical shaped piles of grain. However, the mathematical models 

which describes the flow of air through stored grain assume that the steady state has 

been established and the flow of air is taken as incompressible. 

By stating of the Ergun's (1952) equation in a vectorial form, Stanek and Szekely (1972, 

1973, 1974) presented a formulation and measured the effect of non-uniform porosity 

on airflow maldistribution in isothermal and non-isothermal packed bed chemical 

reactors. They observed that the airflow maldistribution through packed bed results 

from a spatially non-uniform resistance to the airflow. This resistance is caused by 

variable porosity, particle size distribution and hot spot generation within the bed. Lai 

(1980) developed Ergun's (1952) equation into three vector components, and introduced 

the stream function for solving the non-linear partial differential equations that describe 

the airflow through porous media of grain bed. Hunter (1983) has given resistance 

coefficients for airflow through 28 different seeds, which are obtained from Ergun's 

(1952), by fitting them to Shedd's (1953) data. H e analysed experimental data and 

compared them with Hukill and Ives' (1955) logarithmic expression for pressure 

gradient. Hunter's(1983) formula can be applied to most c o m m o n duct store situations. 

The application of the finite element method to solve the airflow problem was first used 

by Marchant (1976b) for calculating the airflow distribution and pressure patterns in 

several different storage structures. Since then, several finite element models have been 
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developed by Segerlind (1982), Smith (1982), Rumsey and Fortis (1984) and Chapman 

et al. (1989) to analyse air velocity and pressure in grain store. 

Thorpe and Hunter (1977) have presented a finite difference solution of Laplace 

equation to airflow distribution in a non-uniformed aeration circular silo. The linear 

algebraic technique is used to solve the banded form of the coefficient matrix. The 

explicit analytic expressions allow pressure and velocity distributions to be easily 

calculated. Jayas and Muir (1991) have developed a method of incorporating the effect 

of airflow direction on pressure drops across granular beds in the mathematical models, 

for predicting the static airflow pressure patterns. Goudie et al. (1995) presented a 

computer model for simulation the linear analysis in low velocities and the non-linear 

approach in larger velocities. They have shown that velocity in the non-linear analysis 

was lower than the velocity in the linear analysis; the effect of the non-linearity is to 

move airflow away from the higher velocity regions towards the lower velocity regions. 

2.3 CHANGES IN GRAIN MOISTURE CONTENT DUE 
TO TEMPERATURE GRADIENTS 

Grain temperature and moisture content are the two major factors affecting grain quality 

during storage. Seasonal and diurnal variations in ambient temperature and solar 

radiation can create temperature gradients in the grain store, and cause moisture to 

migrate from warmer to cooler regions of the grain mass. This migration occurs slowly 

but steadily in grain storage. In order to attain the local equilibrium with the 

surrounding air, the warmer region of grain loses moisture and the colder region of grain 

gains moisture. That is because the transport processes tend to reduce the water vapour 

gradient and at same time the sorption relationship tends to maintain gradients, and the 

problem of moisture migration becomes dynamic in nature. 
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Therefore, the moisture migration process can be primarily considered as the 

diffusive and convective transport of the water vapour through the intergranular spaces 

of the grain storage where grain moisture acts as a source for the water vapour. The flow 

diagram of moisture migration phenomena is shown in figure 2.1 (Khankari et ah, 

1994). 

TEMPERATURE 
I GRADIENT 

• 

[ WATER VAPOR 
I GRADIENT 

[ MOISTURE 
I GRADIENT 

Figure 2.1 Moisture migration phenomena (after Khankari et al., 1994) 

However, the behaviour of migration of moisture is dependent on the amount of 

water present, structure of the storage, history of the grain temperature and atmospheric 

of relative humidity. Noyes et al. (1989) reported that moisture migration in stored 

grain is considered second to insect damage as a source of storage loss. The 

accumulation of moisture in a localised area of the grain mass stimulates the growth and 

development of fungi and insects (Hunt and Pixton, 1974), makes this region more 

susceptible, and leads to spoilage and microbial activity. 

Several investigators have studied that moisture movement through the grain storage 

caused by water vapour diffusion or convection. Pixton and Griffiths (1971) described 

MOISTURE 
MIGRATION 
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the diffusion of moisture through stored wheat by means of a diffusion coefficient 

which is an empirically determined function of grain moisture content and temperature. 

The relationship between the moisture content of grain and its equilibrium relative 

humidity is assumed to be essentially linear in the moisture content range considered. 

Stewart (1975) showed that the gradient of vapour pressure, which is responsible for the 

diffusion transport of moisture, can be developed from the gradients of moisture and 

temperature. His theoretical analysis stated that temperature gradient provided the 

driving force for moisture migration during storage. Thorpe (1981) has carried out an 

analysis of Pixton and Griffiths's (1971) work, and presented the mechanism of 

moisture migration is the equalisation of vapour pressure by molecular diffusion in the 

gas phase. 

Grain and surrounding air are always in thermodynamic equilibrium, therefore grain 

moisture, relative humidity and temperature of the air can be determined from the 

sorption isotherm. Thorpe (1982) developed Smith's (1947) formula for sorption 

isotherm, and predicted the thermodynamic and physical properties of wheat, which 

may be used to calculated the rate of diffusion of moisture through wheat bulks 

subjected to a temperature gradient. 

The relationship between equilibrium moisture content and equilibrium relative 

humidity of grain is used to predict the moisture content of the stored grain in 

equilibrium with intergranular air, to optimise storage conditions and quality of grain. 

Many theories have been forwarded to explain the phenomenon of hysteresis in the 

desorption and adsorption isotherms of porous grain, they are developed by: Henderson 

(1952), Chung and Pfost (1967a, 1967c), Foster (1967), Whitney and Porterfield (1968), 

Pixton and Warburton (1971), Versavel and Muir (1988), Mazza et al. (1990) and Sun 

and Woods (1993). 
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Most of work on predicting moisture movement in grain has been related to drying 

problems (Parry, 1985). Drying is the removal of moisture through grain and it is 

carried out by artificial means. It is likely to be a continuous process with changes in 

grain moisture content, temperature and absolute humidity all occurring simultaneously 

(Thompson et al., 1968). In fact, these changes are related to different drying methods 

and different locations in the drying bed. Many tests have been made to describe the 

drying process, to determine drying time and safe drying conditions. Mathematical 

modelling and computer simulation are also widely used in research, in designing and in 

developing more efficient and safe grain drying. Normally, developing these models 

consists of two steps: Thin layer drying model and an in-bin drying model. 

The application of thin layer drying models in deep beds has been given by 

Thompson et al. (1986), Henderson and Henderson (1968), Barre et al. (1971), Tang 

and Sokhansanj (1993), Parti (1993), Arinze et al. (1994) and Sun and Woods (1994). 

In-bin drying models have been developed by Spencer (1969), Bloome and Shove 

(1972), Ingram (1979), Smith et al. (1992) and Abawi (1993). 

Drying has been the most common method for preserving grain in both cool and 

moist regions of the world and tropical regions. The proper drying is a precondition for 

safe storage and delivery. The climate, weather, airflow rate and depth of grain bed, the 

management of filling, fan and supplemental heat are all important factors affecting the 

performance of deep bed driers (Sharp, 1982). 

2.4 INVESTIGATIONS IN CYLINDRICAL AND OTHER 

STORES 

Numerical methods have served as useful tools for predicting the temperature and 

moisture content in grain storage. During the last 20 years, a number of models have 
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been developed for modelling heat transfer in stored grain in cylindrical bins, neglecting 

the interaction with moisture transfer (Jayas et al., 1992). In recent years, a few 

numerical models in cylindrical storage have been developed: 

Obaldo et al. (1991) has presented a two dimensional finite difference model which 

is based on Fick's L a w of diffusion, to predict moisture content in an unventilated steel 

bin. They concluded: (1). The change in moisture content of unventilated storage was 

more pronounced at the top grain surface than any region of the storage. (2). The 

moisture gradient tended to be higher in the vertical axis than along the radius of the 

storage. 

Abbouda et al. (1992) applied finite difference methods to modify a two 

dimensional model by free convection and heat generation from respiration of grain to 

predict grain temperature in cylindrical bin. Experimental data showed: (1). The bin 

size and initial moisture content affected the grain temperature difference between the 

top surface and the bottom of the bin. (2). The average grain temperature followed the 

trend of the ambient air temperature with a time delay. 

Jayas et al. (1992) used a three dimensional finite element model to simulate the 

influence on the grain temperature of bin diameter, grain bulk height, bin wall material, 

bin ship and time. They found that: (1). Large diameter bins maintained warmer centre 

temperatures than small diameter bins. (2). The influence of heat loss from the grain 

surface on the grain centre temperatures was negligible for tall grain bulks. (3). A small 

diameter tall grain bulk maintained lower grain temperature than a larger diameter short 

grain bulk. (4). A white painted steel bin maintained coolest temperature and a 

galvanised steel bin gave the highest temperature among the bin wall. (5). The shape of 

the bins had little influence on the grain temperature. 
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Khankari et al. (1993a, 1993b) has presented the two dimensional numerical 

simulation models to predict the patterns of temperature, moisture and natural 

convection flows in stored grain. The predictions showed: (1). Moisture migration 

during winter caused an increase near the top of the bin and decrease near the bottom of 

the bin. (2). During spring or summer grain moisture decreased at the outer boundaries 

of the bin. (3). The moisture migration occurs in all size of bins, and the moisture starts 

accumulating earlier in small bins. (4). The effect of natural convection is more evident 

in the moisture transfer process than in the heat transfer. 

Casada and Young (1994) developed two dimensional finite difference model to 

predict heat and moisture transfer due to short term and long term natural convection 

and diffusion in arbitrarily shaped porous media. They reported: (1). The energy and 

moisture transport equation were best solved using a modified Crank-Nicolson method 

that was developed to control the tendency for instability caused by the source terms in 

the equations. (2). The differences between the solid and fluid temperatures in porous 

media were largest near the side boundaries. (3). The natural convection currents 

contribute the temperature solution at the upper corners of the porous media. 

Chang et al. (1994) have presented a two dimensional model in cylindrical silo 

using finite difference method, for periodic aeration and daily variations in soil 

temperature, ambient air conditions, and solar radiation. They concluded: (1). Moisture 

content difference between grain near the silo wall and away from silo wall were small 

for grain 1.0 m or more blow the top surface. (2). During summer months, moisture 

content of the grain near the top of surface decrease, and were small for grain in the 

middle and bottom layers. 

Fohr and Moussa (1994) carried out a experimental investigations of heat and mass 

transfer in a cylindrical grain silo submitted to a uniform and periodic wall heat flux, for 

understanding the mechanisms of the particular convection and to predict the amount of 
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water displaced. They observed: (1). The atmospheric factors, thus: solar radiation, air 

temperature, and wind velocity do not create a uniform heat flux. (2). The moist airflow 

out of the bulk grain can condense on the colder walls and be transformed into water 

drops. 

Moreover, the heat and mass transfer processes occurring in any enclosure storage have 

been developed by numerical method. They are Andales et al. (1979), Fortes and Okos 

(1981), Khanhari et al. (1990), Freer et al. (1990), Singh and Thorpe (1992), Singh et 

al. (1993) and Khankair et al. (1994). 

2.5 RELATED TOPICS 

The simulation and measurement of cooling performance of aeration systems have been 

carried out by many workers. Thompson (1972) developed a simulation model to 

evaluate the effects of harvest date, initial moisture content, initial grain temperature 

and weather conditions on the temporary storage of high moisture shelled corn, through 

continuous ambient aeration. Hunter and Taylor (1980) have designed and applied a 

refrigerated aeration system to produce conditions hostile to insects throughout the grain 

bulk and to determine the design factors of airflow rate and distribution, heat loads and 

sources. Sutherland et al. (1983) applied an equilibrium model to predict the formation 

of temperature and moisture fronts, due to variation of front velocity successive cooling 

and heating or drying and wetting interact during aeration. 

Thorpe and Elder (1982) have presented a finite difference mathematical model of 

the processes of heat and moisture transfer and pesticide decay in aerated grain, to 

obtain the effects on the rate of pesticide decay of initial grain moisture content, initial 

grain temperature, fan operation, airflow rates and geographic location. Thorpe (1986) 

has outlined and quantified the advantages and benefits of aeration, he also described 
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the fundamental processes of heat and mass transfer that govern the rate and amount of 

cooling during the aeration process, such as the dry matter loss due to respiration, insect 

population dynamics, seed viability, and the rate of pesticide decay. Hunter (1986) has 

presented the formula which are based on thermodynamic considerations to calculate 

the variation of aeration time fraction and airflow rate. Bridges et al. (1988) developed 

a computer model that determine duct sizes and duct location for aeration of grains in 

flat rectangular structures based on system design. Ismail et al. (1991) have carried out 

a experiment to predicate the performance of solar-regenerated aeration system. This 

solar cooling system is particularly effective in tropical climates. 

Several researchers have proposed empirical models for the effect of physical damage, 

hybrid and weather conditions on estimated dry matter loss: Thompson (1972), 

Krishnamurthy et al. (1975), Freer et al. (1990), Stroshine and Yang (1990) and Singh 

etal. (1993). 

In addition, moisture and temperature are dependent on transport properties which make 

the moisture migration and heat transfer problems coupled and nonlinear. Dutta et al. 

(1988) and Deshpande et al. (1993) have determined physical properties of grain. 

Kazarian and Hall (1965) and Dutta et al. (1988) have estimated the thermal properties 

of grain. A n isostere equation for calculate the ratio of differential heat of sorption to 

latent heat is presented by Hunter (1987). Thorpe et al. (1990) have modified Hunter's 

isostere equation to derive an equation for the integral heat of wetting. 

In this thesis, some of the above approaches and characterizations of grain and system 

properties will be drawn together to formulate a mathematical model of ventilated grain 

bulks stored in conical bottomed farm silos. 



CHAPTER 3 

ANALYSIS 

This chapter marks the first major step in the development of the numerical method with 

the form and the meaning of the momentum, mass and thermal conservation equations, 

that apply in the physical domain, to be transformed into a computational domain. The 

boundaries conditions which apply to the silo walls, the conical base of silo, the upper 

surface of grains and the aeration duct are also implemented in each equation. The 

physical configuration of the system studied in this thesis is shown in figure 3.1. 

Diameter of the silo 

Figure 3.1 The physical configuration of the system 

3.1 MOMENTUM EQUATION 

The theory to predict air pressure and air velocity distributions through in aerated grain 

silo is based on Darcy's L a w (1856). It is recognosed that variables such as velocity, 

21 
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pressure, temperature and grain moisture content vary on the length scales of the grain 

kernels and intergranular pores. In this thesis the relative length scales of these 

microscopic phenomena are very small (typically 10"3 times the height of the silo) and 

volume averaged quantities, sensu Thorpe et al (1991a, b), are used. In vectorial form 

of this momentum transfer is given by: 

-gradP = (^)V (3.1) 
k 

where p. is the dynamic viscosity, k is the intrinsic permeability, V is the air velocity 

vector, P is the air pressure pattern. 

3.1.1 Pressures at interior nodes 

A good approximation for calculation the air pressure distribution in aerated grain silo is 

to assume the pressure field satisfies the Laplace equation, which requires that the 

pressure can be take as constant with respect to time. In cylindrical coordinates (r,<j),z), 

the governing equation may be written as: 

d2P 1 dP 1 d2P d2P A 

— r + + ̂ r — T + — r = ° (3-2) 
dr2 r dr r2 dty2 dz2 v ' 

When the notional time tends to infinity (OO), and the pressure distribution become 

stable, a false transient term of the pressure flow can be effectively integrated to the 

steady state. This is expressed as: 

1 dP 

ap dt 
= 0 (3.3) 

where ap is a false transient factor and assigned that ensures a converged solution. 

Combination equations (3.2) and (3.3) together, the pressure distribution in grain 

silo can be determined by solving the following equation: 

1 dP d2P 1 dP 1 d2P 82P 

ap dt dr2 r dr r2 5<J)2 dz2 
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3.1.2 Pressures at boundary nodes 

In finite difference approximation, the boundary conditions of the domain require 

special treatment. At the upper surface of the grain, the pressure field is zero relative to 

atmosphere, so w e have: 

P = 0 (3.5) 

0<r<R 

when 10 < (j> < 2n 

z = Hwall+R\anyl+(R-r)tany2 

where H^,, is the height of the vertical wall of the silo, y, is the angle of the silo floor 

to horizontal plane, and y2 is the angle between upper surface silo to horizontal plane, R 

is the radius of the silo. 

At the internal vertical wall of the silo the normal velocity component is zero from 

which it follows that the pressure gradient is given by: 

dP 

dr 
= 0 (3.6) 

when 

r = R 

0 < <p < 2TT 

i?tany1<z<i?tany1+//wa// 

At the bottomed cone base of the silo, the pressure field is determined by: 

dz 
(3.7) 

when 

r = \ 

0<(J)<27t 

z = \ 

Along the sloping floor of the silo, the pressure gradient is obtained by: 

dP dr dPd6 dP dz n 

dr dn d§ dn dz dn 
(3.8) 
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when 

0<r<R 

0<<b <27r 

z = l 

At the aeration duct, the pressure distribution is deemed to consist of a line source of 

pressure pattern along the floor of the silo. W e can write as: 

P = P+* (3-9) 

when 

r ^.v ̂ .r 
ductm'm — — duclmax 

Tductmio. — T — T<fac(max 

z = rtany, 

where r^,^ and rductm_l are the length bounds of the duct, in the cylindrical coordinates 

(r,fy,z), they are along the r direction of the silo, ty^,^ and <j>Ac/max are the width 

bounds of the duct, they are along the ty direction of the silo. 

3.1.3 Velocity components 

Equation (3.1) describes the relationship between air velocity with air pressure 

difference, when the pressure field is substituted into the momentum equation, the 

resulting of velocity field will satisfy the continuity equation, namely the velocity field 

is equal to the negative gradient of the pressure. By means of equation (3.1), we obtain: 

V = _
1L.__t (3.10) 
H A S 

where AP is the pressure difference and AS is an element of length. So the three 

components of the velocity field can be expressed in cylindrical coordinates as: 

The radial components velocity ( Vr ) is: 

Vr=-±^ (3.11) 
RP dr 

The angular components velocity ( V^ ) is: 
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1 iap 
V»=-TPr"^

 (3'12> 

The vertical components velocity ( Vz) is: 

1 dP 
^ = " — — (3.13) 

Rp dz 
where Rp is the coefficient resistance to the airflow given by Hunter (1983) for 

applying airflow distribution through 28 different seeds. For spherical particles, we can 

estimate values of Rp from: 

_49uc2 

Kp -
P 

Sz (3.14) 

where S is the second Ergun (1952) coefficients, p and p. are the density and viscosity 

of air, and 8 is the seed bulk porosity. 

3.2 THERMAL ENERGY CONSERVATION EQUATION 

3.2.1 Temperatures at interior nodes 

Thorpe (1994, 1995) has presented a mathematical description of the heat and mass 

transfer phenomena that occur in ventilated beds of respiring grains. By following this 

work, the thermal energy conservation equation in cylindrical coordinates is written as: 

Pb\(c2)0HcXW + ^YsiPa{ca+H((cl)y+(c2v))} 

, dW dm r-» „ir , TT,, . „ 
•pA^--pb-r]hsdW + pa(ca+H((cl)y+c2v)) 

dT 

dt 

T, dT V, dT rr dT] v \d2T 1 dT 1 d2T d2T 
r dr r dty z dz] ef\dr2 r dr r2 dty2 dz2 

+Pb~(Qr-0.6hvap) (3.15) 
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In order to solve equation (3.15) numerically, it is convenient to express the 

temperature transient ( — ) as the formula as below: 
dt 

dT 1 r „ \d2T 1 dT 1 d2T d2T 
— = { Keff{—- + + • 
dt denom 

dr1 r dr r1 d f dz2 

d™ m r, ri s. r ^ dm M ,„r 

+Pb -(Qr - 0.6hvap)+Pbh—+Pb -jhsdW 

-p.k+H((oT+o}^rf+5-g+F,^J} (3.i6) 

where denom = PMc2)0 +(cx)_W + -^\ + zPa{ca + #((c,)T +(c2v))} (3.17) 

in which T is the temperature distribution of the stored grains, W is the grain moisture 

content field, H is the absolute humidity of the air flow, Keff is the effective thermal 

dispersivity tensor, Hw is the integral heat of wetting of grains, and other physical 

properties have been given in the list of nomenclature. The further discussion of these 

physical properties will be given in Chapter 5. 

3.2.2 Temperatures at boundary nodes 

On the internal circular wall and floor of the grain silo, the temperature distribution is 

the function of solar radiation and ambient temperature. The best way for solving these 

boundary conditions of temperatures is to treat the wall and floor separately, because the 

intensity of solar radiation is clearly different on each of these components of the silo. 

At the circular wall of the silo the equation can be written as: 

T = fwall(RA,z) (3.18) 

f0<(b<27r 
when i „ 

[tftany^z^tany,*//,^ 

On the bottom of the silo floor, the function is: 
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T = fftoor(r,t>,z) (3.19) 

when 

0<r<R 

<L,c<max<<M
2* 

z = rtany. 

At the aeration duct, the temperature field of the grain is set equal to the inlet air, thus: 

T=TdttCt(rAz) (3.20) 

when 

/*J • < r < TJ 

w m i D — — auclmax 

Tductmm — Y — Tduclmax 

z = rtanyl 

At the upper surface of the grain, the temperature gradient is considered to have a zero 

gradient normal to the surface of grain, thus: 

when 

dTdr dTdb dT dz A 

dr dn d§ dn dz dn 

0<r<R 

0 < 4> < 2rrc 

z = Hytal!+R\anyx +(R-r)\zmy2 

(3.21) 

At the upper surface of the centre silo, the temperature field is expressed in equation as: 

^ = 0 
dz 

(3.22) 

when 

r = 0 

0<<)><27t 

z = Hwall + Rtany] +(R-r)tany2 

At the bottom of the cone of the centre silo, the temperature distribution is given in the 

following equation: 
AT 

(3.23) 
dz 

when 

r = 0 

0 < <j> < 2rc 

z = 0 
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3.3 MOISTURE CONSERVATION EQUATION 

3.3.1 Moisture contents at interior nodes 

Grain moisture is transported within the bulk from regions of high intergranular vapour 

pressure to regions of low vapour pressure by means of diffusion and convection, and 

lead the air entering regions of low temperature increase its relative humidity. This 

movement causes grain to adsorb moisture, and render grainself more susceptible to 

spoilage and microbial activity. According to Thorpe's (1994, 1995) analyses, the air 

and grain kernels are considered to be in thermodynamic equilibrium, and it does not 

need to consider a finite resistance to mass transfer. In this cause, the moisture 

conservation equation is expressed in cylindrical coordinates as: 

<W+P±L<M+1±_W+V_W 
dt Pb\

 r dr r d§ dz 

„ Pa d2H 1 dH 1 d2H d2H 
ff

 Pb\dr
2 r dr r2 d$2 dz2 

+—(0.6 + W ) (3.24) 
dt 

A small re-arrangement of equation (3.24) yields the equation governing the 

behaviour of moisture content of grains in the intergranular air, and it is conveniently 
dW 

expressed explicitly in term of ( ), thus: 

dW_ Pa \d
2H }_dH 1 d2H ^ d2H 

dt ~ eJf P b \ d r
2 + r dr+r2 dty2 + dz2 

Pb\
 r dr r dfy dz 

+—(0.6 + W ) (3.25) 
dt 
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where — is the rate of dry matter loss, and this will be detailed in Chapter 5. Deff is 

the effective diffusion coefficient of the moisture, this may be obtained from 

experimental relationships with the particle Reynolds number, and it has been calculated 

from first principle by Thorpe et al., (1991a, b). 

In order solving the moisture conservation equation, firstly the distribution of 

absolute humidities flow is must be calculated. At the interior nodes of the silo, it is 

obtained by solving equation (5.6) (see chapter 5). At the boundary conditions of the 

silo, the absolute humidities of the air can be solved by the equation as following. 

3.3.2 Absolute humidities at boundary nodes 

The floor of the silo is impermeable to moisture vapour, hence the distribution of 

absolute humidities of the air is expressed as the following equation: 

dHdr dHdty dH dz . „ _ „ 
+ ?- + = 0 (3.26) 

dr dn 5<j> dn dz dn 

when 

0 < r < R 

0^Y-<<kft,c,min 

Y\ft,cMnax<<M2tt 

z = rtany, 

Along the vertical wall of the silo, the absolute humidities of the air field is: 

— = 0 (3.27) 
dr 

r = R 

when < 0< <b < 27i 
Rimy^z-lRtany^+H^,, 

Along the upper surface of the grain, the flow of absolute humidities of the air is: 

dH 

dz 
= 0 (3.28) 
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when 

0<r<R 

0<$<2n 

z = R tany, + Hwall + (R - r) tany 2 

At the aeration duct, the distribution of absolute humidities of the air is the entering air 

through aeration duct to the grain silo, so we have: 

when 

H=Hd»cl 

duel min ~ — duct mix 

1 rduclmin — T — rduclmax 

z = rtany, 

(3.29) 

At the bottomed cone base of the silo, the absolute humidities of the air is given by: 

dH 
= 0 

when i 

dz 

r = \ 

0 < <b < 2TT 

z = l 

(3.30) 

At the peak of the grain, the absolute humidities of the air flow can be written as: 

dH 

dz 
= 0 (3.31) 

when 

r = l 

0<<|><27t 

z = nz 

3.4. COORDINATE TRANSFORMATION 

In this study, the three dimensional physical domain of conical bottomed circular silo 

has a complicated geometry and boundary conditions. In the numerical solution 

procedure, it required that enables zero flux boundary conditions to be treated in a 

straight forward manner. 



Chapter 3 ANALYSIS 31 

A useful technique for solving this problem is to employ the finite difference 

approximations to control the mapping, and using the non-orthogonal grid in the 

physical three-dimensional domain to transform into a simplistic three-dimensional 

computational domain which can be used to discretise the governing partial differential 

equations and the appropriate boundary conditions on an orthogonal grid. The easy way 

for implementing this technique is to apply the original circular cone in terms of the 

spatial variables (r,§,z) in cylindrical space to map into a right circular cylinder in 

terms of the variables (£,,§, r\) in cylindrical coordinates, this is illustrated in figure 3.2 

as below. 

Figure 3.2 The original circular cone transformed to the right circular cylinder 

Evidently, as figure 3.2 shows, the origins in both coordinates are (9(0,0,0) and 

O (0,0,0), the length of radius r in transformed coordinates is dimensionless radius £, 

the height of silo z in transformed coordinates is dimensionless height n, and the angles 

<|>(0 < § < 2TC) of both domains are equal. 

In order to transform the original partial differential equations and boundary 

conditions from the circular conic domain (r,<J>,z) to the right circular cylinder domain 

(£,,§,r\), the relations of an arbitrary scalar T is found by the chain rule of partial 

differentiation in the first partial derivative, thus: 
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where 

and 

ar = ara^ aran ara^. 
dr dt, dr dr\ dr d§ dr 

?L-?L?_\. ___.__! ?L?_i 
d$ ~ dt, disf + dx\ d§ + dty dty 

?L=?L®_i __Z__i itLfQ. 
dz dt, dz dx\ dz d§ dz 

dfy _ 3<J> _ dt, _ dr\ _ d§ _ 

dr dz 5<j> d§ dt, 

aj. 

where T* can represent any function oft,, (j) and r|. 

Rearranging equations (3.32), (3.33) and (3.34), the formula can be written as: 

ar^arai aran. 
dr dt, dr dr\ dr 

(3.32) 

(3.33) 

(3.34) 

(3.35) 

(3.36) 

(3.37) 

ar _ ar dt, ar an (3.38) 
dz c% dz an dz 

From the cross-section of the cone, the half of the original circular conic silo is 

defined by four functions. These geometries are shown in the cylindrical coordinates at 

figure 3.3. 

Figure 3.3 The four functions of original circular conic silo 
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In the above figure, R is the radius of the conical bottomed circular silo, Hwa„ is the 

wall height of the silo, O is the origin of the coordinate system, <|> is the angular 

direction, and in the region of 0 < § < 2n. 

The four functions are expressed as: 

/1(0,z,<|>) = 0 (3.39) 

f2(R,z,$) = R (3.40) 

A (r,z, <|>) = r tany, (3.41) 

/4(r,z,())) = ^fl//+i?tanY1+(^-r)tany2 (3.42) 

We define the relationship between the functions in cylindrical coordinates (r,$,z) 

and the variables of t, and r| in transformed coordinates (£,<)>, r|), after the manner of 

Moretti and Abbett (1966), thus: 

f2(r,z,$)-fx(r,z,§) 

r,= *-&'>*-*> (3.44) 
/4(r,z,<|>)-/3(r,z,<j>) 

where the value of both t, and T| are assumed to be between 0 and 1. Substituting 

equations (3.39), (3.40), (3.41) and (3.42) into equations (3.43) and (3.44), results in the 

variables t, and r\ being determined as: 

^r- (0<r<R) (3.45) 
K 

z-rtany, 
T| = Hwall + Rtany, +(i?-r)tany2 -rtany, 

z-rtanyj 

Zlolal-r(\miyx-r\miy2) 
(3.46) 

where Zlolal is the total height of the silo. 
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ii£ 'Y^ iit _\_~ 

Therefore the first partial derivatives of the — , — , — and —- are obtained: 
dr dr dz dz 

14 
an_-tany1(i/M,o//-r(tany1+tany2)-(z-rtany1)(-(tany,+tany2)) 

dr (Hwall - r (tany,-tany 2)) 

(B9)2 

2 

(3.48) 

we set 

and 

,4*=-tany, (3.49) 

B'=ZMa,-r(\myl+toiy2) (3.50) 

C*=z-rtany, (3.51) 

D* = -(tany, + tany 2) (3.52) 

^ = 0 (3.53) 
dz 

dr\ _ z-rtany, 

9z ^W/fl/-Ktany1+tany2) 

1 

Z^-Ktany.+tany,) (3.54) 

A notation has been presented by Singh and Thorpe (1993a, b) for the first partial 

derivative by which we express: 

ar ar ar ,~ CCs 
— = a , — + a 7 — (3. JJ) 
dr ' dt, 2 dr) 

dT dT dT ,,<_ 
— = a3 — + a 4 — (3.56) 
dz dt, dr\ 

we define 

a, =?. (3.57) 
dr 

a2=^ (3.58) 
dr 
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a3 = dz 
(3.59) 

an 
a 4 = - (3.60) 

Singh and Thorpe (1993a) have presented an expression for the second partial 

derivatives of the scalar T, which we are able to write as: 

a2r a2r _ a2r _ a2r _ a2r . ar _ ar 
dr dz dt, dx\ dt,dr\ c% dx\ 

in which 

P , = a 2 + a 2 (3.62) 

P a = a
2 + a 2 (3.63) 

p\,=2(a,a2+a3a4) (3.64) 

".-«&•&> (366) 

From equations (3.47), (3.48), (3.53) and (3.54), we can determine the second partial 

d% a2ri eft, . d\ . 
denvatives —?-,—=*,—|- and —-=-, thus: 

dr2 dr2 dz2 dz2 

^| = (I)'=0 (3-67) 
ar2 /? 

^n=,B*-A*-C-D' 
dr2 { (Bf)2 } 

Z(-B'.A*+C-D')D* 

(By 

= 0 (3.69) d2t, 

dz2 

a2ri . 
= ( i )• = 0 (3.70) 

dz z
W/fl/~'"(tany,+tany2) 
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3.5 MOMENTUM EQUATION IN TRANSFORMED 
COORDINATES 

3.5.1 Pressures at interior nodes in transformed coordinates 

In transformed coordinates, equation (3.4) that governs the pressure field in the grain 

silo, it may be expressed as: 

1 dP a d
2P _ d2P _ d2P . dP . dP 1 d2P „n„ 

= Pi^r+P2^r+P3^T-+P6-^-+P7T-+ D2K 2 aj, (3.71) ap dt ri dt,2 rz aq2 d dt\dx\ "6 dt, ri dn R2t,2 d$2 

where w e define 

and 

% 

f..-P,+--

&-&+£ 
r = J?5 

(3.72) 

(3.73) 

(3.74) 

3.5.2 Pressures at boundary nodes in transformed coordinates 

Equation (3.6) that governs pressure boundary conditions at the vertical wall of the grain 

silo, it can be expressed in transformed coordinates as: 

dp dp A n^ 
dt, dn 

when 
4 = 1 
0<<j> <2TI 

0<T]<1 

In transformed coordinates, the conical floor is transformed into horizontal floor, 

and the normal distance is independent of <j). So equation (3.8) can be written in 

cylindrical coordinates as: 
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dP dr dP dz n 

+ = 0 
dr dn dz dn 

(3.76) 

we observe that 

ar 
dn 

dz 

-siny, (3.77) 

— cosy, 
dn 

(3.78) 

Rearranging equation (3.76), enables it to be written in the transformed coordinates as 

following: 

, dP 3 P W . , , dP aP, 
(ai^7 + tx2T-)(-smy1) + (a3 — + a 4 —)cosy, = 0 (3.79) 

ot, dx\ dt, dr] 

when 

0<£<1 

0<<b <2TT 

rj = 0 

Equation (3.5) governs the pressure field at the upper surface of the grain. In 

transformed coordinates it is: 

P = 0 (3.80) 

when 

0<t,<\ 

0<(j><27T. 

r, = l 

Equation (3.7) is expressed the pressure pattern at the bottomed conical base of the 

silo, in transformed coordinates is: 

when 

^ = 0 

an 

t, = o 
0<ty<2n 

r| = 0 

(3.81) 

Equation (3.9) shows the pressure flow at aeration duct, in transformed coordinates is: 

P=P. dud (3.82) 
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when 

t . <t<t 
^ductmm — ^ — ^due/max 

Tduclmin — T — Tduclmax 

r| = 0 

Where ^ c , m i „ , ^ c / m a x are the length bounds of the duct in the transformed coordinates 

of t, direction of the silo. 

3.5.3 Velocity components in transformed coordinates 

The three components of the velocity field in transformed coordinates is obtained by 

modifying equations (3.11), (3.12) and (3.13), which govern the velocity field in 

cylindrical coordinates. The expressions are given as following: 

The components of the radial velocity is presented in transformed coordinates as: 

1 , dP dP. 
K=—r ( « I ^ + « 2 T - ) (3.83) 

RP $£> dr\ 

The components of the angular velocity is obtained in transformed coordinates as: 

v=-L±d-? (3.84) 
* Rp Rt, dfy 

The components of the vertical velocity is written in transformed coordinates as: 

1 / dp ^p^ a oo 
^ = - — ( « 3 — + « 4 T - ) (3-85) 

R dt, dr\ 

3.6 THERMAL ENERGY CONSERVATION EQUATION 

IN TRANSFORMED COORDINATES 

3.6.1 Temperatures at interior nodes in transformed coordinates 

Equation (3.16) is governing the temperature field which can be written in the 

transformed coordinates system as: 
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dT 1 d2T _ d2T n a2P n dT _ dT n d
2f 

-t=={ ** P.^+P^+P3^-+P^+P,^+P dt denom 8 aj.2 a^ "dn/ Jai;an " a ^ " a n a^ 

dm,„ _ r . , a^T cfmf! 
+P* ̂ (Qr-OMyap)+Pbhs-^+Pb ^\}sdH-Pa{ca + H((cx)y +c2v)} 

T/, ar ar, *; ar _,. dT &rX 

where denom=Pbl(c2)_ +(cl)aW+-^-\ + erpa{ca + H((cl)y +(c2v))} 

(3.86) 

3.6.2 Temperatures at boundary nodes in transformed 

coordinates 

Equation (3.18) governs the temperature field in the circular wall of the silo. In the 

transformed coordinates, it may expressed as: 

T = fwa,M,") (3.87) 

when 
r0<(f><27i 

I0<rj<l 

At the floor of the silo, equation (3.19) can be given by transformed coordinates as: 

T = fj,Oor(U,0) (3.88) 

'o<c;<i 

w h e n <0<<f><()W,min 

$ductmm<§^2% 

At the aeration duct, equation (3.20) becomes: 

T= T 
1 1duct 

(3.89) 

when 

t_ . <t<t_ 
^duclmm — ^ — ^ductmax 

T duct min — T — ir duct max 

n = o 

Equation (3.21) is zero flux boundary condition. It is written in transformed 

coordinates as (the value of § is constant): 
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when 

, dT dT^dr , dT dTsdz n 

( a , — + a 2 — ) — + (a3 — + a 4 — ) — = 0 
dt, dx\ dn dt, dr\ dn 

0<t,<\ 

0<<p<27t 

rj = l 

Substitution of equations (3.77) and (3.78) into equation (3.90), yields: 

, dT dT.. . x / dT ar, 
(oti !F + a2 ir)(-smy2) + («3 ̂ r+«4 ̂ -)C0 SY2 = ° 

dt, dt] dt, dr\ 

(3.90) 

(3.91) 

Equation (3.22) presents the temperatures at the upper surface of the centre silo, it is 

written in transformed coordinates as: 

when 

an 

0<<b <2TT 

n = i 

(3.92) 

Equation (3.23) is expressed the temperature field at the bottom of the cone base of 

the silo, it can be written in transformed coordinates as: 

when 

^ = 0 

an 

0<<b <2?t 

n = o 

(3.93) 

3.7 MOISTURE CONSERVATION EQUATION IN 
TRANSFORMED COORDINATES 

3.7.1 Moisture contents at interior nodes in transformed 

coordinates 
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Equation (3.24) governs the moisture content field in the silo. In transformed 

coordinates it can be expressed as: 

™L_n P̂  
dt Pb 

a d
2H a d

2H _ d2H a dH a dH _ d2W 
P.-Tp-+P2T-r+p3Trr-+P6^r+P7T-+P8-T-r 

dt, an â an dt, dn. d§ 

p„ 

\r ( dH dH^ 
Vr a , — + a 2 — 
l dt, dn) 

+ 
Vk dH 

Rt, d$ 
+V. 

dH dH 
a3 — + a4 
{ dt, dt)) 

+-^(0.6 + W) 
dt } 

(3.94) 

3.7.2 Absolute humidities at boundary nodes in transformed 

coordinates 

Along the floor of the silo, equation (3.26) expresses the absolute humidities of the air 

in the grain silo. Because in the transformed horizontal floor along § direction is 

constant, so in transformed coordinates we will have: 

dH dt, dHdx\ n 

2. + L=0 
dt, dn dr\ dn 

(3.95) 

when 

0<4<1 
0<d><(L , • 
— Y T duct mm 

^C/max<
(t)<27t 

n = o 

Substituting the transformed coordinates equations (3.55), (3.56), (3.77) and (3.78) 

into equation (3.95), results in: 

, dH dH., , , dH dH. 
(aiV + a2T-)(-siny,) + (a3 — + a4—-)cosy,=0 

dt, dt\ dt, dt] 

(3.96) 

Equation (3.27) governs the absolute humidities of the air in the silo along the wall. 

Substituting the transformed coordinates equation (3.55) into equation (3.27), we get: 
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dH 
= a 

dH 
dr l dt, 

+ a. 
dH 
dt) 

= 0 (3.97) 

when 0<<p <27t 

P t a n y ^ n ^ ^ / z + Ptany, 

Equation (3.28) governs the absolute humidities of the air along the upper surface of 

the grain. In the transformed coordinates it is: 

dH 

dt) 
= 0 (3.98) 

when 

0<t,<\ 

0<<j><27t 

[n = i 

Equation (3.29) expresses the absolute humidities of the air at the aeration duct, it 

can be written in transformed coordinates as: 

H=H duct (3.99) 

when 

t <£<t 
^ductmm — T> — Sdurfmax 

rduclmm — T — Trfac/max 

n = o 

Equation (3.30) shows the formula of the absolute humidities of the air at the 

bottomed cone base of the silo, it has been given in the transformed coordinates as: 

dH 

dr) 
= 0 (3.100) 

when 

d==0 

0<<j><27T 

n = o 

Equation (3.31) governs the absolute humidities of the air at the peak of the grain, in 

the transformed coordinates it can be written as: 
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dH 

dt) 
= 0 

when 

t, = 0 

0<$<2n 

n = i 

(3.101) 



CHAPTER 4 

NUMERICAL METHOD 

The goals of this chapter are to complete the description of the numerical solution of 

finite difference method for solving the partial differential equations in transformed 

coordinates, which will include: Alternating Direction Implicit method, explicit method 

for heat and mass transfer equations and Thomas algorithm. 

4.1 FINITE DIFFERENCE SCHEME 

Numerical approximation methods that employ the finite difference methods have more 

advantageous than the others for solving partial differential equations. This is because, 

the finite difference equations are obtained by using the local expansions for the 

variables, the derivatives at a point are approximated by difference quotients over a 

small grid mesh. The solution produce is relatively simple, straightforward and flexible. 

W h e n the results of solutions can be satisfactorily calculated from the analytical 

formulas, the accuracy of the approximate solution can usually also be improved by 

increasing the number of mesh points and iteration time step in the approximations. 

In this thesis, the finite difference method will be used for deriving the approximate 

computational solutions in an aerated conical bottomed circular silo. 

44 
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4.2 APPROXIMATION GRID MESH 

The basic objective of the finite difference method is to represent the time-space 

continuum by a set of discretely spaced points. A separate algebraic approximation of 

the partial differential equation is derived for every one of these points. The solution of 

the partial differential equation is found by solving these algebraic equations. 

Therefore, the network of grid mesh throughout the region of interest is first required to 

be established. A meshed section of the three dimensional cylindrical domain is shown 

in figure 4.1. In the t, direction, the row spacings are non-uniform, and the mesh 

spacing ht,(i) is the distance between (i - \)th point to ith point along the t, axis. In the 

n direction, the columns are uniform, the mesh spacing hr\(k)is the distance between 

(k - l)th point to kth point and respectively in n axis. In the <|> direction, the mesh 

spacing h§(j) is equal divided. 

i-\,KJ 
% 

t 
\ 

t 1 

V 

f 

i,kj 
f 1 

k 
9 

i,k-\J 

i+\,k,j 

f 

-A 
h\(i-\) h^(i) 

hy\(k) 

hr\(k-l) 

1̂ 

A 

Figure 4.1 Three points grid mesh in three dimensional space. 

In order to get the exact solution of the finite difference equation which is near to the 

true solution of the governing partial differential equation, it is important to set up the 



Chapter 4 NUMERICAL METHOD 46 

grid mesh spacing for increasing the accuracy of the solution. The respective mesh 

spacings ht,(i), ht)(k) and h§(j) are defined by the following equations: 

Whenl</<0.7«£ 

u*,* . < R (4>1) 

When/ = 0.75^ 

When0.8^<z<«^ 

"SW -

ht(i) -

^(0 = 

ht\(k)--

H(j) -

nt,-7 

0.05 

R 

0.02 

P 

1 

«n_i 

2% 

K(() 

(4.2) 

(4.3) 

and ht\(k) = —^—- (4.4) 

(4.5) 

where nt,, nt] and nty are the maximum node points in the three components directions 

(£,(|>,n). P is the radius of the grain silo as indicated in Chapter 3. 

In the above, we obtain the fine mesh close to the wall of the silo where there are 

significant diurnal variations, and the wide mesh in the centre. 

4.3 FINITE DIFFERENCE OPERATORS: INTERIOR 

NODES 

The three point finite difference operators ct,l(i), ct,2(i), ct,3(i), ct,4(i), ct,5(i), ct,6(i), 

cnl(k), cr)2(k),cr\3(k), cr\4(k), cr\5(k), ct]6(k), c§A(j), c$5(j) and c$6(j) can be 

achieved by applying Taylor's series expansion for the arbitrary scalar forward to Tj+lJk 

and backward to r M j ; l about the central value TiJJc, to describe the first and second 

partial derivatives. These are presented a couple information at the neighbouring points 

of a grid as following: 
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Taylor's expansion about the (i,j,k)th node in the direction of t, is: 

W =TiJtk+ht,(i)^ + ^^ + 0(ht,(i)
2) (4.6) 

r^, =rIJJk -^-
1)^+^|;+W-i)2) (4.7) 

Omitting terms of order 0(/»4(O2)> 0(/i£(/-l)2) and higher, eliminating the second-

2! a^2 2! a$2 

term /J£(02> and equation (4.6) multiplies term ht,(i-\)2, then subtracting equation 

order derivative — ~ - — — j - and —— 2 by means of equation (4.7) multiplies 

(4.6) from equation (4.7). Therefore the first partial derivative is obtained as: 

dT = -4m r ^(i)-^(f-l)r 
a^ ^(i-i)(^(i-i)+^(0) M,M W-V*m ,J* 

ht,(i-\) 
ht,(i)(ht,(i-l) + ht,(i)) r,+,,* (4-8) 

w e define 

ct,l(i) -

ct,2(i)-

r-P 1fi\ -

m-
ht,(i) 
ht,(i 

-ht,(i) 
l)(ht,(i-l)-

-Kd-l) 

-1)^(0 

hW-l) 

•-^(0) 

^(0(/4('-l)+^(0) 

So the simplified equation (4.8) becomes: 

(4.9) 

(4.10) 

(4.11) 

^ = ̂ 1(0^,^+^2(0^.,,, +c§3(0r,+IJjt (4.12) 
dt, 

In an analogous manner, the second partial derivative is 

a2r 

where 

= c&(i)rMJjt + c & W j , k + ct,6(i)Ti+lJ,k (4.13) 

c£4(0 = • (4.14) 
* W A4(/-i)(//st(0 + ̂ (/-i)) 
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-2 
CW) = T777-T7TT77 (4.15) 

^(/-1)^(0 

c£6(/) = •— (A \(y\ 

h$(i)(ht,(i)+ht,(i-l)) l j 

Similarly, in the n direction we have 

ar 
an 

= cnl(^)r,,,_, + cn2(k)TiJyk + cn3(k)TiJMi (4.17) 

where 

and 

where 

cnl(*) = = ^ ® (4 18) 
hr)(k-l)(ht)(k-l) + hn(k)) K } 

CX]2(k)- ht)(k-l)ht)(k) (4-19) 

cn3(k) = ^-1) (4 20) 
Ail(*)(toi(Jfc-l) + Ari(Jfc)) 

^=cn4(A:)rU(i f c_1 + cn5(^)r,7,, + cn6(Jt)r,JJk+I (4.2i) 

cn4(A:) = (4.22) 
ht)(k-\)(ht)(k) + hn(k-\)) K } 

-7 
cr\5(k) = (4.23) 

ht)(k-\)ht)(k) K } 

ct)6(k) = (4.24) 
hn(k)(hn(k) + hn(i-l)) v J 

Again in the <|> direction, we define the first partial derivative : 

where 

^ = cM./)r + <*2{j)rIJJt + c^(j)TiJM, (4.25) 
a(j) y 

<*1<J) = ~ (4.26) 
2q> 

c(|)2O) = 0 (4. 
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C W ) = ~ (4.28) 

and the second partial derivative is 

a 2 r 
a<t>2 = *4(/)ri j-u + a|>5( j)TiJJt + c<j.6(;)r,J+u (4.29) 

where 

«MC/) = ̂ r (4-30) 

c(|)50) = -^- (4.31) 
A<jr 

A(j) 

a2r 
Moreover, the finite difference approximation of the mixed derivative dpftn is also 

derived by applying Taylor's expansion. W e have obtained the differential expression 

as following: 

d"l •=cT1i(*)(c§i(i)rl_u/i#_1 +^2(or,./t_1 +^3(i)ri+iJJt-i)+ 
a^an 

^2(^(^1(0^,,^ +^2(or,,;t +^3(0r/+u>,) + cn3(^) 

(^l(/)rM JJk+1 + cl2(i)TiJM, + ct,3TMJM,) (4.33) 

4.4 FINITE DIFFERENCE OPERATORS: BOUNDARY 
NODES 

In the boundary conditions, the three point finite difference operators are also derived by 

applying Taylor's expansion. Figure 4.2 shows the boundary nodes at the t, direction of 

the silo boundaries, such as: 
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!; Direction The wall of the silo 
/ 

/ 

/ 

/ 

»£-l, * »S,* 

/ 

Figure 4.2 The boundary nodes in the t, direction of the silo. 

we have: 

where 

ar 
% 

= ^ 4 r „ ^ +ct3b5T^_lJk +c^6r„^_2,^ 

c%bA = 

ct,b5 

2hts(nt3-\) + ht3(nt3-2) 

-(ht,(nt,-l) + h^(n^-2)) 

/£(nc> 1)^(^-2) 

c^6 = ^(^-D 
^(/4-2)(^(#4-l) + ̂ (i4-2)) 

(4-34) 

(4.35) 

(4-36) 

(4.37) 

In the n direction at the bottom of the cylinder, the boundary condition is depicted in 

figure 4.3 as: 

t] Direction 

The bottom of the silo 

Figure 4.3 The boundary nodes in the r\ direction of the bottom of the silo 
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we obtain: 

where 

— = ct\b\T,JA +cnb2TiJ2 +cT)b3Tiji 

C T ] M = -2ht)(l)+hn(2) 

hn(l)(hn(l) + hn(2)) 

(4.38) 

(4.39) 

cnb2 = 
ht)(l)+hr)(2) 

ht)(l)hn(2) (4.40) 

cr\b3 = 
-ht](\) 

hr)(2)(hr)(l) + hr](2)) 
(4.41) 

In the n direction at the upper surface of the grains, the boundary condition as 

shown in figure 4.4: 

*! Direction 

The upper surface of the grains 

Figure 4.4 The boundary nodes in the n direction of the upper surface of the grains 

we get: 

where 

ar 
— = cnbATijm +cnb5TiJm_x + cnb6TiJm_2 

cr\b4 = 
2hr\(nt) -1) + ht)(nr\ - 2) 

hr\(nr\ - \)(ht)(nt) -1) + hr\(nr{ - 2)) 

(4.42) 

(4.43) 

CT)b5 = -(M^I-O + ̂ O^-2)) 
ht)(nr\~\)ht)(nr\-2) 

(4.44) 
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b6 = ht\(m\-\) 

^ ht)(nn.-2)(ht](m)-\) + hn.(nr\-2)) (4-45) 

4.5 ANDREYEV - SAMARSKH ALGORITHM 

In the numerical solution procedure, the finite difference equation governing the 

pressure distribution is discretised by replacing spatial derivatives and applying the 

three point finite difference scheme in a non-uniform grid mesh. In order to better 

derive the appropriate difference equation, to eliminate some of the difficulties and to 

associate with solving the equation directly, a simplified method - the Alternating 

Direction Implicit method is developed as proposed by Peaceman and Rachford (1955) 

and modified by Samarskii and Andreyev (1963). In this study, the governing equation 

of pressure distribution in transformed coordinates will be solved by this method. In the 

Andreyev-Samarskii algorithm, a new variable to is defined, thus: 

co = 
1 dP pn+l-p» 

ap dt apAt 
(4.46) 

where P"+I is the pressure value at the (i,j,k)th node after (n + l)th iteration. During 

the iteration time step At is within the integration interval, and the intermediate value of 

the pressure P is given by: 

P = a/,-5-coAf + P" (4.47) 

where 8 is a weighting factor which value is between 0 and 1. If 5 = 0, the scheme is 

fully explicit. If S = 1, the scheme is fully implicit. If 5 = 0.5, the scheme yields Crank-

Nicholson method (1947), it is splitting the solution of equation (4.47) into a series of 

locally one dimensional problems. 

4.5.1 Solution of the pressures at interior nodes 
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In order to solve Laplace equation, as equation (3.71) in transformed coordinates by 

using Andreyev-Samarskii (1963) method, the solution process is obtained by 

substitution equation (4.47) into the right hand side of equation (3.71), and equation 

(4.46) is replaced at the left hand side of equation (3.71). The new rearrangement of the 

expression is written as follows: 

SA,/O d2(0 a d2® o &® o dco _ a© 1 a V 
to-a-8^(6,—r + p, + p, + B , — + B 7 — + —^~r—r) 

? Wx dt,2 P2 an F3 dt,dt) P61% p? a n R2t,2 a<|>2) 

_ d2P a d
2P . d2P _ dP 0 dP 1 d

2P 
= Pi^T+p2^-r+P3^x-+P6Tr+P7T-+-^r^7r (4-48 

dt, dt) dt,dt] dt, dt] R t, a<j> 

In equation (4.48), the right hand side of the pressures have been omitted, and the 

mixed derivative is treated explicitly. 

Firstly, the co* is solved by applying implicit equation (4.48) in the t, direction, thus: 

to*-aP-S-At®}^+V6^) = RHSl (4.49) 
dt, dt, 

where 

DI/P1 _ d
2P a d2P n d2P _ dP _ dP a d2P 

m s i ^ w + ^ + h ^ + ^ + ^ + h w (4-50) 

** P8=-^r (4-51) R2t,2 

The first and second order partial derivatives are represented by the three point 

backward and forward difference scheme with the finite difference operators, so 

substituting equations (4.12), (4.13), (4.17), (4.21) and (4.29) into equation (4.49). The 

discretization of the linear algebraic equation is became as (1 < i < nt,): 

<~*,j* -ar d'MPi(^4(i)ffl;_,,.* +c£5(0©*M +C£6(0CQ;+UA) + 

(P6(^l(0a)J_U)A +ct,2(i)^iJtk +c§3(»>;+IJit) = RHS2 (4.52) 

in which 

RHS2=$X (ct,4(i) P^k + ct,5(i) PIJJt + d;6(0 PMJJ[) + P2 (cy)4(k) P, JMl + 



Chapter 4 NUMERICAL METHOD 54 

cT)5(k)P.JJc +cn6(k)P.Jk+l) + ̂ (cnl(k)(c^(i)Pi_lJk_l + 

<&(>)r,jjt-i +c^(0PMj,k.l) + ci)2(k)(c^(i)Pi_ljk + c&(i)PtJJt + 

^(i)PMJ,k) + cr)3(k)(c^(i)Pi_lJMl + et,2(i) P.. k+l + 

^3P<+1J)Jt+1) + P6(c41(0PMj,, +c&(i)P.Jk +c^3(i)PMM) + 

P7(cnl(*)/}JiiW +cn2(k)PiJk +cn3(k)PiJM,) + 

P8(^4(y)P/._u +c$5(j)PiJtk +c$6(j)PiJ+lk) (4.53) 

we define again 

aM =-A/.o,.8(^l(0P6+c§4(0P,) 

= -oft/(c§l(i)p6 +c44(OP,) (4.54) 

where atd = aP-8-At (4.55) 

ft, = 1 -atd(ct,2(i)P6 +45(0?,) (4.56) 

crf = -<ifc/(c53(i)P6 +^6(0P,) (4.57) 

</, = P//S2 (4.58) 

in which »"i = i-l, zi = l,2...«£-2, i = 2,3...nt,-\. 

The simplified expression of equation (4.52) is written as: 

«X-i,,,* + *,/<;,* + c„<i,,,* =4 (4.59) 

From equation (4.59), a set of simultaneous linear equations may be represented 

algebraically by: 

«2<y,* +^2°>3J>*
 +c2®IJj* =d2 

a3<~3j* +b3Gyh^ + C3®5,j,k =d3 

anH-3G>nli-3J,k + ̂ -S^-lJ.k + C,„:_3» Vl,./,* = d^_3 

a*-2<~U-2J* + b*-2<~U-UJt = d*-2 ~ C*-2<~Uj* (4-60) 

where 

if z/ = 1 4 = 4 - < ¥ < , , * ; (4.61) 

if ii = 14 - 2 ^.2 = rf - C ^ C D ^ (4.62) 
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The coefficients a,b,c,d of the linear system can be expressed as a tri-diagonal 

matrix and solved by means of the Thomas (1949) algorithm which is a special case of 

the Gaussian Elimination method (see Appendix I). 

The second step for solving co** is implicit equation (4.48) in the <j> direction, thus: 

a2© 

af 
G>**-atd-pi-rT = G>* (4.63) 

Replacing the second partial derivative in equation (4.63), with the finite difference 

operators and three point difference scheme, w e obtain (1 < j < w<j>): 

co** - atd- P8(c<MO')<;-U + c^5(j)(a**jyk + c<|>60>**+1 * = co* (4.64) 

we define again 

ajJ=-atd-^-c^4(j) (4.65) 

b^l-atd-^cWJ) (4.66) 

CjJ=-atd-^-c^6(j) (4.67) 

^ = c o * (4.68) 

where 

jj = \,2...n§-2, and j = 2,3...n§-1. 

we get: 

as®Z-\* +bJi(0Z,k + C / ° U + U =
 dii (4-69) 

This tri-diagonal matrix can be again solved by the Thomas (1949) algorithm. 

The third step for solving co*** is implicit equation (4.48) in the n direction, we will 

obtain: 

co -fl^(p2_ + p7_) = (D (4.70) 

Replacing the first and second order partial derivatives in equation (4.70), with the 

finite difference operators and three point difference scheme, w e get (1 < k < nn): 
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co*** -aft/(p2(cri4(*)(D~ _, +cn5(*)co*"t +cn6(k)co;;;M,) + 

P7(CT]1(*)<D^_I +cn2(*)co***ft +cn3Wco*7,+1) (4.71) 

let 

«tt =-o^(P 2 -cn4(^) + p7 -oiK*)) (4.72) 

&„ = l-atf(p2 -cn5(*) + p7 -cri2(*)) (4.73) 

c» = -a^(P2 • cn6(A:) + P7 • cr\3(k)) (4.74) 

dkk=m" (4.75) 

where kk=k-l, kk = \,2...nt)-2, and k = 2,3...m\-\. Therefore we have the tri-

diagonal matrix: 

0**<XM
 + hkk<*>Z* + ckkK*j,M = da (4.76) 

By applying the Thomas (1949) algorithm, the final intermediate values of co*** are 

obtained, then the updated final values of the pressures Pnew are determined from the 

following expression: 

*L. = P +atd-(o"' (4.77) 

4.5.2 Solution of the pressures at boundaries 

Equation (3.75) governs the pressure field at the vertical wall of the silo and it is 

expressed in the transformed coordinates. Substituting equations (4.34) and (4.17) into 
dP dP 

equation (3.75) for — and — , the discretised form of equation (3.75) can be written as 
dt, dt] 

below: 

a i ( c ^ 4 P ^ +<^5P„ 4_ U, +ct,b6Pnl_2JJC) 

+a2(cnl(k)PnUJc_, +cn2(k)PnU^cn3(k)PnUMX) = 0 (4.78) 

oM = a2cnl(k) (4.79) 

b^ = a2cn2(k) + atct,b4 (4.80) 

we define 
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% = <*2CTl3(A:) 

dkk =-<*Ab5P^_lM -u,ct,b6Pni>_2jk 

where 

ifta = l, 

If kk =nr\-2, 

So equation (4.78) becomes: 

"kk ~ "kk Ckk *n\,j,\ 

"•kk = "kk ~ Ckk "n\,jfn\ 

(4.81) 

(4.82) 

(4.83) 

(4.84) 

akk "n\,j,k-\ + °kk "n\,},k + Ckk "n\J,k+\ ~ "j kk (4.85) 

Equation (3.76) governs the pressure field along the sloping floor of the grain silo 

and it is expressed in transformed coordinates. The discretised equation is formed by 
dP 

employing the three point finite difference scheme, the first partial derivatives — and 
dt, 

dP 
— are given by equations (4.12) and (4.38), so we will obtain ( a 3 = 0 and 

an 
0<i<nt,-l): 

-sinYAaX^KO^-u.! + ^ 2 ( 0 ^ , , +^3(0Pi+u,i) 

+a 2(cnMP / y i + ct)b2Pij2 +cnWP/A3))+cosy,(a4( 

cnb\PiJtl +ct)b2Pija +cr)b3PiJ>3)) 

we define 

where 

if ii = 1, 

if ii = nt,-2, 

a;i=-ajSinY,c^l(0 

b„ = -sin7,a,c£2(0-sin7,a2cnM + cos7,a4cnM 

c/7=-sin7,a,c£3(0 

du = (sin7,a2 -cos7,a4)cn^
2PiJ>2 + 

(sin7,a2 -cos7,a4)cn^3Pu3 

(4.86) 

(4.87) 

(4.88) 

(4.89) 

(4.90) 

(4.91) 

(4.92) 

Equation (4.86) may be written as: 
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a*tlvA + biA» + <^+u,, = 4, (4.93) 

Equation (3.81) expresses the pressure field at the bottomed conical base of the silo 

in transformed coordinates. Using the three point finite difference scheme to replace 

equation (4.38) into equation (3.81), we get: 

dP 
— = cnb\PhJl +ct)b2Plja +cnb3PXL3 = 0 (4.94) 

so we will have: 
cnb2-P.j2+cnb3-PXi% 

Pw = ~ '-^-TT — (4-95> 
cnbl 

At the intersection of the vertical wall and the conical bottom of the silo, the 

pressure field is calculated by means of linear interpolation, and the expressed form 

takes as: 

Peoner = ^J = ^-ijj +/£(„£_ J)+ Ml(1)
 (/*« " Pr,^J,x) (4'96) 

we define 

__J_%_!_____1 j 
" ht,(n^-\) + ht](\) 

b„ = 1 (4.98) 

ht,(nt,-\) + ht)(l) 

d a = 0 (4.100) 

Equation (4.96) becomes: 

a.P, . .,+b-P, ..+c.Pf ,=0 (4.101) 

So the set of equations which comprise equations (4.85), (4.93) and (4.101) are solved 

simultaneously to yield the pressure distribution along the floor and wall of the silo. 

At the centre of the silo, the pressure field is obtained by averaging the sum of the 

values which occur at the second centre nodes, and the equation may be written as: 
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sigmaP(k) 

wcp 
Put = ,., (4-102) 

where 

sigmaP(k) = jjP2jtk (4.103) 

4.5.3 Solution of the velocity components 

According to Darcy's law, when the pressure field is given, the solution of the 

momentum equation can be obtained by employing equations (3.83), (3.84) and (3.85), 

which are governing the components of the velocity field in transformed coordinates. In 

these equations, the first partial derivatives can be replaced by using finite difference 

operators as equations (4.12), (4.17) and (4.29), so we have: 

The components of the radial velocity is discretised in the transformed coordinate as: 

r^-T-iaMWPw +ct,2(i)PhLk +c&(i)Pi+lJ,k) 
Rp 

+a2(cn\(k)TiJk_x + cn2(k)TiJJC + cn3(k)TiJMX)} (4.104) 

The components of the angular velocity is discretised in the transformed coordinate as: 

Fe =-T-kwV)P,j-ijt +<*2V)P,Jj( +cW)Pu+hk) (4-105) 
K
P
 Kh 

The components of the vertical velocity is discretised in the transformed coordinate as: 

r^-lrM&WPi-ij* + ^2(i)/}JJt +<%3(i)PMjjt) 
KP 

+aA(cn\(k)Tihk_x +ct)2(k)T^k +cn3(k)TiJk+x)} (4.106) 

4.6 SOLUTION OF THE THERMAL ENERGY 
EQUATION 
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The transient thermal energy conservation equation is discretised by applying upwind 

finite difference scheme and solved by an explicit method. Equation (3.86) governing 

the temperature field in transformed coordinates is rearranged as following: 

dT 1 r v L d
2T . d2T . d2T a d

2f 

+P„-^-(Qr-0.6hvap)+Pbhs—+Pb -^-jlsdw-Pa{ca+w((cx\ +c2v)} 

3> * ^ f + r ^ + r ^ i (4-107) 

where 

*«om=pJ(c 2 ) a + ( c 0 o ^ + ^ U 6 T p f l { c f l + w((c1)T+(c2F))} 

Vn=Vrax+Vza3-^-Keff (4.108) 

rril=Fra2+Fza4-p7.^# (4.109) 

re~P£ (4.110) 

in which J^, FrT) and Fre are effective velocities in the thermal energy balance. 

Simplifying equation (4.107) again, we obtain: 

f = n,+S,-C,(Knf + ^ + KreJ) (4,11) 

where 

IT = £ e / J p , ^ + P 2 - ^ + P3 — + Vs^\-denom (4.112) 
eff H. ̂ 2 ^2 ^ 2 H3 ̂  K 8 ^ 2 \ 

S, =(pb^(Qr-0.6hvap)+Pbhs^+Pb^j}sdw)-denom (4.113) 

Q=Pak + vf((c,)Y+c2v)}-^«ow (4.114) 
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4.6.1 Upwind finite difference operators 

The upwind finite difference operators dt,lu, at,2u, at,3u, at]lu, at]2u,at]3u,afylu, 

a$2u and a$3u are obtained by employing the centre difference scheme, it is shown in 

figure 4.5 for the t, direction: 

Downwind Direction 

% 

i-\k 

f 1 

/.* 

W ' 

i+l, k 

W 

M »-•* > 

h%(i-\) h%(i) 

• Upwind Direction 

% Direction 

Figure 4.5 The three points used in determining the upwind operators 

a© 
In the t, direction, the first order derivative — is solved by the centre point (i ) 

upwind to the point (/ - 1 ) , such as: 

&_ ht,(i-\) 

where 0 is an arbitrary variable. 

(4.115) 

w e define 

at,\u = 

at,2u = 

1 

1 

(4.116) 

(4.117) 
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at,3u = 0 (4.118) 

So equation (4.115) becomes: 

a© 
— = at,luei_XJ>k +a^2u@iJk +a^3u@MJJC (4.119) 

When the flow is in the opposite direction of t,, w e have: 

a© _ ®i+lJ,k~®tj,k 

~dj = h m (4-12o) 

In this case, the upwind finite difference operators in equation (4.119) assume the value 

as: 

at,lu = 0 (4.121) 

at,2u = --±-- (4.122) 
ht,(i) 

<£>!" = — (4.123) 
ht,(i) 

a© 
Similarly, in the n direction, the first order derivative — is also solved by the 

an 
centre point (k) upwind to the point (k - 1 ) , w e have: 

a© @;,;,*-©,,,,*-, 
an hn,(k -1) 

(4.124) 

we define again 

«ni« = -T7r-rT (4-125) 

nr\(k-l) 

at)2u = - (4.126) 
ht)(k -1) 

at]3u = Q (4.127) 

So equation (4.124) becomes: 

a© 
—- = at]\u@ijk_x +at)2u@u k +at)3u®iJMX (4.128) 
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When the flow is in the opposite direction of n, we have: 

d~® = ®UMi-®ij,k 

dt] ht)(k) 

The upwind finite difference operators in equation (4.128) assume the value as: 

(4.129) 

anlw = 0 (4.130) 

fl"2—fcfe (4B1) 

o n * - ^ (4.132) 

a© 
In the <b direction, the first order derivative — is determined by the centre point (j) 

a<(> 
to the upwind point (j -1), we get: 

a© ^jjt-Qu-ijt (4133) 
a<j> H(j-i) 

we define 

a^lu = (4.134) 
* ^(j-1) 

a$2u = ? (4.135) 

43w = 0 (4.136) 

So equation (4.133) becomes: 

^ = afrlt*©,^ +42v®IJJt +43«©,J+U (4-137) 
dy 

When the flow is in the opposite direction of (j>, we also have: 

a© ®/,,+i(*-®u,* 

a<j> w j ) 

The upwind finite difference operators in equation (4.128) assume the value as: 

(4.138) 
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4 1 M = 0 (4.139) 

^2u = -TZF^ (4-14°) 
ty(j) 

43W = TT^- (4.141) 

4.6.2 Explicit method for the thermal energy equation 

The solution procedure of explicit method for solving thermal energy equation is 

presented by the following. In equation (4.111), the first derivative with respect to 

temperatures — is calculated by the upwind finite difference scheme as equation 

(4.119). The upwind finite difference operators are given by equations (4.116), (4.117) 

and (4.118). So we will have: 

^ = c^uT^ +ct,2uTiJyk + ct,3uTi+XJJc (4.142) 
dt, 

Similarly, the first derivatives with respect to temperatures — and — are also 

an acp 
given by the upwind finite difference scheme as equations (4.128) and (4.137). The 

upwind finite difference operators are determined by equations (4.125), (4.126), (4.127), 

(4.134), (4.135) and (4.136), we will obtain: 

^~at)\uTiJk_x +m]2uT.Jrk +at)3uTiJk+x (4.143) 

an 

and — = atyluTu_Xk + a§2uTijJc + a$3uTij+hk (4.144) 

d2T d2T d2T 
In equation (4.111), the second order derivatives ~^},'Q^,~^} an^ ^e mixed 

d2T 
derivative "^TZT are determined by the three point finite difference scheme, which are 

defined in equations (4.13), (4.21) (4.29) and (4.33). So we are able to write: 
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V2(cr)4(k)TiJk_x+cn5(k)TiJJc +cr\6(k)TIJJt+l) + 

P3(cnl(A:)(c^l(0P_1J;,_, + ct,2(i)TiJJc_x + 

<S3(0Wi) + crWXcZlW-ij* + <&Wj* 

+c^3(i)Ti+lJk) + cy]3(k)(ct}l(i)Ti_hjMl + 

^2(i)TiJMX+ct,3Ti+XJMX)) + 

^(c^(j)TiJ_lk+c^5(j)TiJk + 

c^(j)Tij+n) (4.145) 

In the left hand side of equation (4.111), the partial derivative with respect to time 

— is discretised as a forward finite difference, thus: 
dt 

pr Tp+l - Tp 

O l _ ii,j,k 1i,j,k 

dt ~ At (4-146) 

where T**l is expressed in terms of temperatures pertaining to the previous iteration 

time step P. Substituting equations (4.145) and (4.146) into equation (4.111), the 

updated values of the temperatures Tfjl in grain silo can be obtained by: 

C = C + Mn, +s,-Ce(V^ + V-.^ + Vn ^)} (4.147) 

4.6.3 Solution of the temperatures at boundaries 

Equation (3.90) governs the temperature field at the upper surface of the grain silo in 

transformed coordinates. This equation is found by applying the three point 

differencing scheme, and discretization the first partial derivatives — and — , which 
dt, dx\ 

occur pertained in equation (4.12) and equation (4.38). So w e will obtain (cc3 = 0 and 

0<i<nt,-l): 

sin72(a,(^l(07;_u,nil + d_2WJm +ct,3(i)TMJm) 
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+a 2 ( cnb4Tijm + cnb5TiJm_x + cnb6TiJm_2)) + cos72 (a4 ( 

<^MTIJm+er\b5TIJm.l+er\b6TIJm._)) = 0 (4.148) 

we define 

ati = a, sin 7 2ct, 1(0 (4.149) 

bn =sin72a,c^2(0 + sin72a2cnM + cos72a4cnM (4.150) 

cfi = siny 2axc^3(i) (4.151) 

du = -(smy2a2+cosy2a4)cr)b5TiJym}_x -

(sin72a2 +cos72a4)cni67J^_2 

(4.152) 

where 

if ii = 1, dn=dti- cHTXjm (4.153) 

if ii = nt,-2, d^dt-cj^ (4.154) 

Equation (4.148) can be written as: 

aiiPi-\jm
 + bitPUm + cHTMJm = du ^ I ^ 

The tri-diagonal matrix form of equation (4.155) is readily solved by applying the 

Thomas (1949) algorithm (see Appendix I). 

Along the vertical line of the centre silo, the temperature field is calculated by 

averaging of second nodes at radial direction, that is: 

sigmaT(k) 
Tyjt = (4-156) 

where 

sigmaT(k) = Y,T2j* (4-157) 
>i 

Equation (3.87) expresses the temperature field at the vertical wall of the silo in the 

transformed coordinates, this temperature field (TnUk) is related with solar radiation and 

ambient temperature flopping on the vertical wall of the silo (tsl, see figure 5.1), thus: 

Tn,Jtk=tsl (4.158) 
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Similarly, in transformed coordinates equation (3.88) governs the temperature field 

(Tu,) along the sloping floor of the silo, which is depending on solar radiation and 

ambient air temperature flopping on the silo surface (ts2, see figure 5.1), such as: 

TiJA=ts2 (4.159) 

Equation (3.92) and equation (3.93) are determined the temperature field at the 

upper surface and the bottom cone base of the silo in transformed coordinates. 

Employing the three point finite difference scheme at the boundaries, which is 

expressed by equation (4.42), we get: 

CTIMZ^ + «lM W, + cn_b6TXJm_2 =0 (4.160) 

let 

T ^ ~ c^b~4 ( 4 1 6 1 ) 

Again the temperatures at the bottomed cone base of the silo (TXjX) is also dependent 

on solar radiation and ambient air temperature (ts2*, see figue 5.1) which is striking on 

the same point of the silo surface, namely, 

TXJA=ts2* (4.162) 

4.7 SOLUTION OF THE MOISTURE CONSERVATION 
EQUATION 

The moisture conservation equation is discretised by using the upwind finite difference 

scheme and solved by a explicit method. Equation (3.94) that governs moisture 

contents in transformed coordinates may be written in a compact form as: 

dW _ p j . d2H _ d2H _ d2H _ d2H 
= Deif— lPi^r + P 2T-r + P 3^T-+P 8 - Trr ar " eS P6 r d?

 K2 an2 P3 a^an K8 a>2 
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L dH _, dH __ dH] dm,n, T_ 

where 

Vwi =—(K*i +Vza3 -p6 • DeJf) (4.164) 
Pb 

Vw^=—(V^2 +Vza,-%-Deff) (4.165) 
PA 

V»* = 9f\ (4.166) 
Pi Kh 

where Vw%, Vm and F^ are the effective velocities with respect to the moisture contents. 

If we define again 

^ _ L &H a d
2H _ d2H _ a2//-] 

n , = A # { p 1 ^ r + P 2 ^ r + P 3 ^ + P 8 ^ r ) (4.167) 

^=(0.6+fT)^ (4.168) 

Equation (4.163) becomes: 

dw __ L a// _. a// _, a//l _ 

4.7.1 Explicit method for the moisture conservation equation 

The solution procedure of explicit method for solving the moisture content equation is 

given as follows. In equation (4.169), the first derivative with respect to the absolute 
dH 

humidities of the air — is obtained by the upwind finite difference scheme given by 
dt, 

equation (4.119) with the upwind finite difference operators which are determined by 

equations (4.116), (4.117) and (4.118), so we will find that: 

dfJ 
— = ct, \uHt_Xjk + ct,2uHijk + c$3uHi+XJk (4.170) 

In the same way, the first derivatives with respect to the absolute humidities of the 

air — and — are given by upwind finite difference scheme in equations (4.128) and 

an dfy 
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(4.137), and the upwind finite difference operators which are calculated by equations 

(4.125), (4.126), (4.127), (4.134), (4.135) and (4.136), so the expressions are: 

dH 

dn 

and 

= ̂ uHiJk_x + at]2uHijk +at)3uHiJMX (4.171) 

dH 
— = 41"tf,,,-,* +<*2uHIJJt +a^3uHiJ+u (4.172) 

c9~ H d* H d* H 
In equation (4.169), the second derivatives — 2 , — r and — r - and the mixed 

dt, dt) a<|> 

a2 H 
derivative are determined by the three point finite difference scheme, it is 

a^an 
reflected in equations (4.13), (4.21) (4.29) and (4.33). We have: 

\l2(cr\4(k)HiJ>k_x +cr)5(k)HiJJC +cr)6(k)HiJMX) + 

P3(cnl(^)(c^l(0^_u,,_1 +ct,2(i)HiJ>k_x + 

c^3(i)HMJk_x) + cn2(k)(ct)\(i)Hi_XJJi + 

ct,2(i)HiJk + c$3(i)HMJk) + cn3(k) 

(ct,\(i)H^iMl + ct,2(i)HiJMX +ct,3Hi+XjMX)) + 

^(c^4(j)HiJ_Xk+cif5(j)HiJJi + 

c^(j)HiJ+u) (4.173) 

dW 
The partial derivative with respect to time which is in the left hand side of 

equation (4.169) is discretised by forward finite difference scheme, such as: 

aw w,J*-w,J 
dt At 

where W^l is the term of moisture contents pertaining to the previous iteration time 

step P of the moisture contents. So updated value of the grain moisture content 

distribution W^/J is found from: 
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,j,k ,j* I t cv n ^ TA ^ TB g^Ji (4.175) 

4.7.2 Solution of the absolute humidities at boundaries 

The boundary conditions along the floor of the silo in equation (3.95) is expressed the 

absolute humidities of the air at the transformed coordinates. In order to discretise the 

dH dH 
partial derivatives —— and — , the three point finite difference scheme will be 

dt, dt\ 

employed by equations (4.12) and (4.38), we will get (a3 = 0 and 0 < i < nt, -1): 

-sin7,(a,(^l(0^,U;1 +ct,2(i)HiJA+ct,3(i)HMJX) 

+a2(af]blHijX+cn.b2Hij2+cn,b3HiJ3))+cosyx(a4( 

cr\b\Hw +ci)b2Hija+cnb3HiJ3)) (4.176) 

we define 

where 

if« = l, 

if ii = nt,-2, 

a.^-a.smy&Ki) (4.177) 

b„ =-sin7]a,c£2(0-sin7,a2cnM + cos71a4cnM (4.178) 

c,=-sin7,0:^3(0 (4.179) 

d„ = (sin7,a2 -COS7JCC4)CT|&2//,JJ2 + 

(sin7,a2 -cos7,a4)cn^3/f,.J3 (4.180) 

d^d.-c.H^ (4.181) 

dii=dii-ciiHn^x (4.182) 

Equation (4.176) can be rewritten as: 

a»Hi-\,j,\ +buHU,i +caHMJA -dn (4.183) 

Equation (3.97) is expressed the absolute humidities of the air along the vertical wall 

dH 
of the silo and written in transformed coordinates, the first partial derivatives — and 

dt, 
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dH 

an 
are discretised from the finite difference scheme as equations (4.17) and (4.34), it 

can be presented as following: 

we define 

where 

a^c&AH^ +ct,b5Hn,_XJ>k + et)b6H^2JJc) 

+a2(cnl(k)HnU>k_x +cn2(k)Hn^jk+cn3(k)HnUMX) = 0 

akk = a2cnl(A:) 

bkk = OL2ct)2(k) + axct,b4 

ckk=a2cr)3(k) 

dkk = -ai<^>5//„4_UJt -axct,b6H^_2jk 

If ibfc = 1 , 

If kk =nr\-2, 

dkk ~ dkk Ckk"n^J,\ 

dkk =d/ck~ Ckk "ni,J/n\ 

(4.184) 

(4.185) 

(4.186) 

(4.187) 

(4.188) 

(4.189) 

(4.190) 

So equation (4.184) becomes: 

akk^r^J,k-l +but"n^jjc +Ckk"n^,j,k+\ ~ dkk (4.191) 

The absolute humidities of the air at the intersection of the floor and wall of the silo 

is determined by linear interpolation, it can be written as: 

Hconer = ^J,l = ^-1,,,! + ^(^ _ J) + /^(l) ^
H"U,2 ~ H*-lJ.l) i4'192) 

we define 

=__^(^-0___1 
"' ht,(nt,-l) + hn(\) 

(4.193) 

bti=\ 

ca=-
h^-X) 

h^(nt,-\) + hn.(l) 

(4.194) 

(4.195) 

<=0 (4.196) 
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Equation (4.192) becomes: 

«»#<-UJ
 +b»Hnu,x+cnH«u,2 = 0 (4.197) 

Similar, the set of equations (4.183), (4.191) and (4.197) can be solved simultaneously 

by means of Thomas (1949) algorithm (see Appendix I) for obtaining the absolute 

humidity field along the floor and the wall of the silo. 

At the middle of the silo, the absolute humidities of the air is obtained by averaging 

of second nodes in the radial direction, thus: 

^=___m. 
where 

sigmaH(k) = Y,H2j* (4-199) 

At the upper surface of the grains, equation (3.98) govern the absolute humidities of 
dH 

the air in transformed coordinates, the first partial derivative — can be solved by the 

an 
three point finite difference scheme from equations (4.42) and (3.98), we will obtain: 

<*MH*jm
 + c"b5H*U^-i + ^b6HnU,n-2 = ° (420°) 

so we have 
c*\b5HnUm_x +cnb6H^n_2 

cr\b4 
HnUm = ' nUm~' ,,' n^^L (4.201) 

Equation (3.100) yields the absolute humidities of the air at the bottomed cone base 
dH 

of the silo in transformed coordinates, the first partial derivative — is discretised by 

an 
using the three point finite difference scheme which is given by equation (4.38), we get: 

— = ct)b\Hx.. + cnb2Hx. 2 + cnb3H . = 0 (4.202) 

an 
so we have 
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cnb2 •//.,,+ cnb3 •//,,, 
H™ = ^ n M (4"203) 

Equation (3.101) is used to calculate the absolute humidities of the air at the peak of 

the grain in transformed coordinates, discretising it with the three point finite difference 

scheme given by equation (4.42), w e will obtain: 

^\b4^um + ^5//,,. „,_, + ct]b6H1Jm_2 = 0 (4.204) 

let 

H -^b5HiJ^+c^b6H^-2 (4205, 
cr)b4 (4-205) 

4.7.3 Solution of the moisture contents at boundaries 

According to the numerical solution of the grain moisture content field at the interior 

nodes, the grain moisture contents at boundary conditions can easily solve: 

At the centre of the silo, the grain moisture content distribution is obtained by 

averaging the sum of the grain moisture contents which were given from the second 

centre nodes, the formula is written as: 

sigmaWjk) ( 4 2 0 6 ) 

where 

sigmaW(k) = y£w2JJc (4.207) 

Along the floor of the silo, the grain moisture contents are determined by employing 

the Taylor expansion, thus: 

W^=wu,2~hy\(\)^- (4.208) 

an 
and 
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dW 
wax = Wu,-(ht)(l)+ht)(2))—- (4.209) 

Re-arranging both of equations (4.208) and (4.209), we get 

mi)+hn(2))wua-hn(\)wiJ, 
Wui>x — (4.210) 

At the upper surface of the grain, the moisture contents of grain are also obtained by 

applying the Taylor expansion, the results are from the formula as following: 

(ht)(nt] -1) + hr\(nt]-2))Wijm_x - hx\(m\ - Wijm_2 

ht)(nr\ - 2) 
Wiinn=

 1V ' ' — — " iJm~x 1V ' ' ,Jm-2 (4.211) 

Along the wall of the silo, Taylor expansion is employed, the update rule of the 

moisture contents are: 

(̂ (̂ -i)+̂ (̂ -2))̂ -u, -mfc-w*.*.* (42U) 
"u'k ht,(nt,-2) 



CHAPTER 5 

SYSTEM PROPERTIES 

The heat and mass transfer conservation equations that govern the behaviour of forced 

convective processes occurrence in ventilated grain silos have been discussed in chapter 

3 and 4. In this chapter w e shall consider some of the thermodynamic properties of 

grain that are the essential constitution for requiring to model heat and mass transfer 

phenomenon, and other relevant biological properties required for modelling the stored 

grain ecosystem. In this work typical values of the physical and biological parameters 

that govern the rate processes have been used. It should be borne in mind, however, that 

stored grains and their spoilage agents are biological in nature, and therefore extremely 

variable. The results presented in this thesis therefore must, by necessity, indicate 

trends rather than absolute values. 

5.1 INTERRELATIONS 

Stored grains have several physical and biological properties, these are interrelated with 

one another and are affected by other variables. The interrelationship among physical 

and biological properties will be divided into two categories: 

(1). Physical - Thermal properties which are related to the air / grain / water system 

are responsible for transfer and exchange of heat and moisture through stored grain. 

75 
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They include heat conductivities, thermal capacitance, moisture diffusivity, absorption 

and desorption characteristics of the grain, and boundary conditions. The latter include 

the impermeable nature of the silo wall, and the absorptivity and emissivity of the silo 

surfaces which are the system properties. 

(2). Biological properties are the external sources which invade the quality of grain. 

They are included: the response of insect population to their local environments, the 

rates at which moulds respire and cause damage to the grain by loss in the dry weight, 

and the viability of seed to germinate and develop into strong and healthy seedlings. 

The degree of deterioration is affected by the interaction of temperature, moisture 

content and stored grains. 

5.2 SORPTION ISOTHERMS 

Grains are hygroscopic materials, because they adsorb and desorb water. When water is 

absorbed by grain, it can be take up to about half of the dry weight in water. W h e n the 

water content is about 30-40% of the air-dry basis of the grain, germination occurs. In 

general, grain can contents moisture and be considered in three forms: (a) Water of 

composition or bound water, it is an integral part of organic molecules, such as 

carbohydrate, protein, vitamin, mineral, fat and fibre, (b) Absorbed water which is 

more closely linked to the sorbing surface, (c) Free water or absorbed water, it is held 

in the intergranular spaces and within the pores of the material. These hygroscopic 

properties of the grain and the water exchange relationships do not cut clearly for 

demarcation the three forms. The water content of grain alone is insufficient to assess 

its keeping qualities. W h e n the relative humidity of the air surrounding the grain is in 

the range of 65-75%, the critical moisture of stored grains will be arise, and heat is 

liberated as fungi becomes active. W h e n the vapour pressure of the water is decreased, 

the heat of sorption exceeds the latent heat of vaporisation of free water. 
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In this section, the behaviour of hygroscopic porous media will be considered as the 

relationship between grain temperature, grain moisture content, and the humidity of the 

intergranular air. The mathematical descriptions that related to these variables are 

called sorption isotherms and are formulated as following. 

In order to use Smith's (1947) equation that relates the relative humidity of the 

intergranular air with grain temperature and moisture content, it is necessary to 

determine the value of the wet basis grain moisture content (Mw) corresponding to a 

given the fractional dry basis grain moisture content (Wjjk). The expression is: 

M--^r ^ 
100-^ 

'JJt 

According to Smith's (1947) isosteric relationship, the wet basis grain moisture 

content is function of grain temperature and the relative humidity of the intergranular air 

(rh) in equilibrium with the grain, and it can be written as: 

Mw = ax + a_TIJJt - (a3 + aj,^ ) ln(l - rh) (5.2) 

so w e obtain 

rh = l-e ai+aJ'» (5.3) 

where ax, a2, a3 and a4 are the isosteric specific empirical constants for wheat given by 

Sutherland (1983) and presented in table 5.1. 

Table 5.1 Isosteric specific empirical constants 

ai a2 S3 S4 

9.304 -0.052076 4.1483 0.0215 

The equation that relates the saturation vapour pressure of free water (Psal) and 

temperature (Tijk) is proposed by Hunter (1987) to be: 
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2J -6800 

P =
 6 x l 0

 e
T>.»+213 (5^ 

*" (TKLk+273)
5 P J 

Therefore the vapour pressure of moisture (Pvap) in the intergranular air is defined as: 

Pvap=rh-Psat (5.5) 

and since the absolute humidity of air (HIJJt) at the interior nodes is found from: 

H WP-v 
'•J-k p - P (5.6) 

* aim Mvap 

where Palm is atmospheric pressure, and gn is ratio of molecular weights of water and 

air. 

The heat of sorption is obtained by Gallaher's (1951) expression, that is reasonably 

thermodynamically consistent with the above sorption isotherm. The formula can be 

written as: 

hs = hvap(l + 23.e^^) (57) 

where hvap is the latent heat of evaporation of free water, it is accurately approximated 

by a linear function of temperature, hence we have: 

Kap ~ C\v + C2v ' PiJ,k (5 g) 

where cXv and c2v are the empirical constants, and in which: 

dh 
c7 =—?*- (5.9) 
2v dT V 

dh 
where — — is the differential of latent heat of vaporisation of water with respect to the 

temperature, and it is obtainable from steam tables. 

So that the integral of the heat of sorption may be found by the following equation, thus: 

\Wh/M = /i,{0.575(l - e{-40W)) + w] (5.10) 
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By definition, the integral heat of wetting that arises from the hygroscopic nature of 

the grain is written in formula as: 

Hw~]hwdW (5.11) 

where W is the moisture content of the grain on a dry basis, hjs the isothermal 

differential heat of wetting of grain, and it is given by: 

K = -23hvap-e^
0W) (5.12) 

Substituting equation (5.12) into equation (5.11), we get: 

H„=[-23h^e^dW 

= -23M-^)e<~W > 1 v f-AC\.W\\W 

40' 

= 0.575^(e(-40wo-l) (5.13) 

By the following, the differential heat of wetting which is obtained from equation 

(5.13) may be written as: 

?__£. = o siS^-^ie^
0^ -1) (5.14) 
dT ' dT 

5.3 RATE OF RESPIRATION 

When grains respire, the solid substrate is oxidised, carbon dioxide and water are 

produced along with the heat of chemical reaction. This signifies that the oxidation of 

carbohydrate liberates thermal energy and together with water vapour, the results may 

be translated into dry matter loss. The loss of dry matter of the grain is associated with 

a deterioration in quality. 

The formula that enables to calculate the cumulative consumption of oxygen (Qr) 

by respiring wheat has been presented by Lacey et al. (1994), thus: 
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Q _\ + fyime /r 1 <->. 

where time is the total elapsed time of storage. 

y=l + eM*4-^) (5 1 6 ) 

where bx, b2, b3, b4, bs, b6, bn and &8 are the grain specific empirical constants. They are 

reported by Lacey et al. (1994), and have the values given in table 5.2. 

Table 5.2 Respiration specific empirical constants 

b 
I 

3.4583E-04 

b 
5 

0.9143 -

b 
2 

3.478E-08 

\ 

2.878E-07 

b 
3 

0.1737 

b 
7 

-0.013634 

b 4 

20.33 

b 
8 

24.38 

Therefore the differential equation of the rate of oxygen production is the function 

of grain moisture content, temperature and time, and is obtained by: 

dQr = (
 bX+b2time y 

ime I \\.-r e ) 

_ fl + gfa^^x*-*.)}^ _(bi +^^e)e^
+^^^^-^>^6(68 - MJ) 

(5.17) 

we define 

z, =l + arg (5.19) 
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z2=b2 

z3=bx 

z4=b6 

So equation (5.17) becomes: 

Wr-
dtime 

+bJimp 
l ttne 

(h - K) 

(zxz2-z3z4) 

Yz\ 

(5.20) 

(5.21) 

(5.22) 

(5.23) 

According to Lacey et al.'s (1994) paper, the respiration quotient of the respiring 

wheat is taken to the unity. From the stoichiometric equation that is governing the 

oxidation of hexose, it follows that the rate of dry matter loss (—) is determined by: 
dt 

dm 20 dQr 
dt 21 dt (5-24) 

20 
where — is the specific constant for equation (5.24). 

5.4 SURFACE TEMPERATURE OF SILO RESULTING 
FROM SOLAR RADIATION 

5.4.1 Introduction 

Radiation is emitted from the sun with an energy distribution as if it were a 'black body', 

at the temperature of 6000K. Radiation travels with a velocity of 3x 108 m/s, taking 

approximately 8 minutes to reach the earth's atmosphere. Some of the radiation entering 

the atmosphere of earth is scattered by dust, molecules of air and water vapour, and 

some of them is absorbed by atmosphere ozone, water vapour and carbon dioxide. As 

the value of solar constant is l353W/m2, the energy of solar radiation striking the top of 

the earth's atmosphere, only about 8 5 % can reach the earth's surface. 

Solar radiation can be regarded as the only original energy source for living 

creatures on the earth. From the viewpoint of the aerated grain silo, solar radiation 
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makes an important contribution to reduce the high humid air during the four seasons, 

and gives rise to a considerable amount of cooling load in the hot weather, especially in 

tropical regions. The variation of interior temperatures in the aerated grain silos not 

only very much depend on the amount of incident solar radiation and ambient 

temperatures on the exterior surface of the silo during the day, but also depends on the 

heat loss during the night as well. 

The estimation of the boundary conditions as the temperatures along the vertical 

wall (tsl) and the sloping floor (ts2 ), and at the bottom cone (ts2m) of the silo (see 

figure 5.1) will be carried out as following: 

Ground 

Figure 5.1 Solar radiation and ambient air around the surface of a grain silo 

5.4.2 Extraterrestrial solar radiation 

Solar radiation is received outside the earth's atmosphere. The earth follows an 

elliptical path round the sun, and takes one year for each cycle. The earth's axis is tilted 

at a constant angle of 23°27' relative to the plane of rotation at all times. The daily 

motion of the sun across the sky viewed from any particular location on earth varies 

cyclically throughout the year, it is defined by the angle of declination. Cooper (1969) 

has derived a approximate equation for determining the angle of declination (5rf) as: 
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e -- *_ • ,360(284+ /i)N 
5rf=23.45sin( ^ >) ( 5 2 5 ) 

where n is the day of the year. 

The variation of the angle of declination will affect the angle of incidence of the 

solar radiation on the earth's surface, and cause seasonal variations in the length of the 

day. Duffie and Beckman (1980) have presented the equation for calculation the length 

of the day (N), it can be written as: 

2 _, 
N = 15 C ° S " (_tan<J>/ tan5rf) (5.26) 

where <j), is the latitude of the geographical location under consideration. 

The sunset hour angle (co5) is also given by: 

(ns = cos'^-tancl), tan8rf) 

and the solar hour angle (coa) is determined as: 

(5.27) 

*' = lSt> (5.28) 

Therefore, the average daily extraterrestrial radiation striking a horizontal surface at 

the top of atmosphere is given by Duffie and Beckman (1980), and the equation is 

written as: 

- 0.0864G,C /360/i.w . . . 
H0 = — {1 + 0.03 3 cos( )} {cos 9, cos 8 sm co s 

7t 365 

+—^-sindhsino,} 
180 Wl df (5.29) 

where Gsc is the solar constant. 

5.4.3 Mean intensities of solar radiation 

The total solar radiation reaching the ground consists of both beam and diffuse radiation 

components. A high accuracy method for calculating the average of daily diffuse 
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radiation (Hd ) is reported by Page (1961) and recommend by M a and Iqbal (1984). It 

may be written as: 

Hd = H,{(\-\.\3)^-} ( 5 m 

where Hi is the average of daily total radiation falling on a horizontal surface given by 

Rietveld (1978), thus: 

Hr=tf0J0.18 + 0.62(^)j (531) 

where ns is the average of sunshine hours per day. 

So the total average of daily beam radiation (Hb) is readily obtained by the equation 

as following: 

Hb=H,-Hd (5.32) 

5.4.4 Intensities of solar radiation 

According to Collares-Pereira and Rabl's (1979) presentation, the total intensity of 

radiation (/,) on a horizontal surface is given as: 

7 « f L ,[ coscoa-cosco, 1 Ht 
1=—ia+bcosaU- —\zr^r P-33) 
' 24 [sinco.-co.coscoj 3600 

where 

a = 0.409 + 0.5016sin(co5 -60r5) (5.34) 

b = 0.6609-0.47678^(0,-600 (5.35) 

and fs=— (5-36) 
s 180 

Liu and Jordan (1960) have presented the expression of the total intensity of diffuse 

radiation (Id) falling on a horizontal surface, thus: 
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/.-if coscoa-coscoJ 

24 [24(sincoi-coJcoscos) 
Jk_ 
3600 

(5.37) 

By following, the total intensity of beam radiation (Ib) is obtained by: 

h=I,-Id (5.38) 

5.4.5 Ratios of solar radiation 

In practice, on the top, bottom and wall of the silo surfaces are usually at angle other 

than horizontal. The method for definition the ratio (Rt) of the total intensity of 

radiation falling on a tilted surface (ItT) to the total intensity of radiation falling on a 

horizontal surface (/,) is written as: 

R,=y (5-39) 

Similarly, the ratio (Rd) of the total intensity of the diffuse radiation (1^) falling on 

a sloping surface to the total intensity of diffuse radiation falling on a horizontal surface 

(Id) is given by: 

Rd^-f (5.40) 
*d 

The ratio (Rh) of the total intensity of beam radiation falling on a inclined surface to 

the total intensity of beam radiation falling on a horizontal surface is obtained as: 

RbJ-f (5.41) 

Because the total intensity of radiation is sum of the total intensity of diffuse 

radiation and the total intensity of beam radiation, so w e have: 

I,T=hT+IdT (5-42) 

Replacing equations (5.39), (5.40) and (5.41) into equation(5.42), w e get: 
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RlI,=RbIb+RdId = IlT (5.43) 

we obtain 

R=M__tRJd_ (544) 

Duffle and Beckman (1980) have recommend a procedure for calculating ratio P,, as 

following: 

When the surface is inclined at an angle to the horizontal, some of the diffuse 

radiation comes from sky and some of it reaches the surface by reflection from the 

ground. The value of ratio Rd is: 

1 + cosB 
Rd = — j — (5-45) 

where p is the angle between a flat surface and the horizontal plane. The value of |3 is 

obtained by: 

— on the vertical wall 

P = J2 
7t-y, on the sloping floor 

A view factor of the ground of the tilted surface is: 

(5.46) 

F = 1 " C ° S P (5.47) 
2 

The fraction of the total radiation hitting the ground then the total solar radiation 

hitting the sloping surface is: 

gs=(h+Id)P-Ve (5.48) 

where p is the reflected fraction and equation (5.44) becomes: 

. l̂ + cosB. 

R,= 
s 

I 

1 + cosp 
hXt+'A 2 ; ,1-cosp, ,_.„ 

+ P ( — T - S (5-49) h 
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The total intensity of radiation on the tilted surface is expressed as: 

1 + cosp. 7 X J-cosB, 
I,T = hRb +IA—Y~^

) + (/* + 7 ^ P ( — y ^ ) (5.50) 

The ratio of beam radiation (Rb) on a tilted surface to a horizontal surface is: 

cos 9 

where 9r is the zenith angle, it is between the sun and a vertical wall of the silo through 

the point of interest, 9 is the angle of incidence of the beam radiation, and between the 

beam and the normal to the plane. It is given by the expression as: 

cos9 = sinSsinc)), cos P~ sin 8 cos (j), sin B cosy +0088008(1)/ cosPcoscoa 

+cos8sin(|>/ sin p cosy coscoa + cos8sinPsiny sinco„ (5.52) 

where y is the surface azimuth angle, it is the angler deviation from a line running north 

and south through the location of the silo, and the value of y is calculated by: 

y=~ + 27t^ (5.53) 
2 nphi 

The zenith angle (9r) is also determined by : 

cos9z = cosScos4>/coscoa + sin8sin<|>/ (5.54) 

5.4.6 Surface temperatures of the silo 

The temperatures of the surface of the silo are obtained by carrying out a numerical heat 

balance scheme and assuming the total heat fluxes into the surface of the silo is zero. 

This can be written in words as: 

Beam Radiation Flux + Diffuse Radiation Flux + Solar Radiation Flux 

Reflected from the Ground + Radiation Flux to the Sky + Radiation 

Flux to the Ground + Convective Heat Loss through Convection = 0 

(5.55) 
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Swinbank (1963) has presented the following relationship between the ambient 

temperature (Ta) to the sky temperature (7^,), thus: 

7^=0.055227f (5.56) 

The heat exchange between the surface of the silo to the sky is given by: 

1. = <-'0X-i:XhY*-) (5-57) 

where a is the Stefan-Boltzman constant, s is the emissivity of the external surface of 

the grain silo. 

The exchange of radiation between the ground temperature (Tg) to the surface 

temperature of the silo (7^) is written as: 

*,=<>•*(£-tfX12^) (5-58) 

The convective heat transfer coefficient is given by: 

4, =2.8 + 3^ (5.59) 

where Vwtnd is the wind velocity across the surface of the silo. 

So equation (5.55) in algebraic form is written as: 

_ _ , ,1 + cosp. ,1-cosp, 
aI„Rb + a l d ( — — ^ ) + a ( I b + I d ) P ( — — £ ) 

+qg+gs+K(Ta-Ts) = 0 

Re-arranging equation (5.60), we get: 

(5.60) 

_ .1 + cosp. ._ . . ,1-cosB „ ,: 
aIbRb+aId(——^-) + a(Ib+Id)P(——^)+a-s(Tsky-Ts) 

n\ rr,4-

1+f^)+a<T:-T:)(^ (^^)+v<T*-T?)(^^)+(2.S + 3Vwind)(Ta-Ts) = 0 (5.61) 

Equation (5.61) is solved by applying Newton-Raphson method (see Appendix II), we 

define: 
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s,r-^ T - T ,1 + COsP- ,T T . .l-cosp. 
f(Ts) = aIbRb +ald(——^) + a(Ib +Id)P(——^) 

+CT.e(ri-r;)(l±^P)+CT.8(r;-7;
4)(i^£) 

+(2.& + 3Vwind)(Ta-Ts) (5.62) 

and 

rpP+\ J,P _ f(Ts ) 
s s f(Tf) (5-63) 

where Tf is the previous surface temperature at the commencement of the iteration step 

P, hence we have: 

mf) = --tori?(i±§2£)-4otf (!=f=£)-* (5.64) 

So equation (5.63) sets the stage for using the Newton-Raphson method to solved 

the updated value of the surface temperatures of the silo (7^), such as: 

T. = T™ (5.65) 

We note that the temperatures varies with radial position, may cause the 

temperatures on the vertical wall and sloping flow of the silo different, so the surface 

temperature (7^) can be defined as following: 

At the vertical wall of the silo, Ts is in the three components space (nt,,j,k), we obtain: 

Ts-{n%,jJO =tsl (5.66) 

Along the sloping floor of the silo, Ts is in the space (i,j,l), we have: 

Ts-aj,\) = t& (5 67) 

At the bottom of the cone of the silo, Ts is in the space (l,y,l), we get: 

Ts_(XJ,x)=tsT (5.68) 
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5.5 VIABILITY OF STORED GRAINS 

Seeds of different plant species vary widely in their life spans under identical storage 

conditions. If seed is alive or dead it dose not influence its food value, but it is 

inevitable that grains spoilage will always be accompanied by loss of germination. A 

fundamental difference exists between seeds stored as seeds, and seeds stored as food, 

but the essential requirement for successful storage is to maintain a high viability of 

stored grains. 

The loss of viability of grain seeds is related to the temperature and wet basis 

moisture content within the grain store, and both of them vary with time and space. 

Roberts (1960) has presented an expression for determining the half-life of the seeds, 

and it may be written as: 

/V*_1U (5.69) 

where v,, v2 and v3 are seed-specific constants, Mw is wet basis of moisture content, it 

is defined by equation (5.1). 

The standard deviation of the mortality of grain seeds is given by: 

°=V4Hlife (5.70) 

where v4 is also a seed specific constant. 

Moreover, the fraction of the seeds dead is determined by: 

d =\-V 
uead l y iab 

(5.71) 

where Viab is the fractional viability of seeds. 

In general, we consider that the initial viability of grain seeds is 99%, that is: 

^ = 1-0.99 = 0.01 (5.72) 
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So the time required the half of the seeds to be dead ( when viability of the grain is 

99%) is determined as following: 

lfdead> 0.5, then 

deadl =0.5+ 0.5-erf (x) (5.73) 

where the erf(x) is the error function, it is given by: 

erf(x) = ^=\y-xl)d(x) (5.74) 

in which, if JC < 1, the error function is solved by series expansion, thus: 

2 
erf(x) = x + -f= 

V7T, 

f « / l\«-l/'„\2»-l 

Y ( " i r ( x ) I (5.75) 
{£ (2n-l)n\ ) 

and if x > 1, the error function is evaluated by Simpson's rule, namely: 

erf(x) = jXe{~x2)d(x) 

= j>*2)d(x) + j*e(-x2)d(x) 

= 0.8427008 + J* e{-*2)d(x) (5.76) 

and the first term f e{~*2)d(x) = 0.8427008 is found from a table of the error function, 
Jo 

and the second term [ e(~x2)d(x) is solved by Simpson's rule. 

So we have ( when dead > 0.5): 

funcx = deadx - {0.5+ 0.5-erf (x)} (5 77) 

and the Newton-Raphson method (see Appendix II) is used for determining x, thus: 

funcx 
xP+l=*P + 0.5-derf(x) (5-78) 

where xp is the previous error function at the commencement of the iteration step P, 

and derf(x) is the first derivative of erf(x) from equation (5.74), we get: 
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derf(x) = -2=e(~x2)d(x) (5.79) 
V7t 

Update the value x from equation (5.78), we have: 

x =xp+1 
1 (5.80) 

and w e know 

x = 
K H/ife 

ay/2 (5-81) 

So when viability of seed is 99% and dead > 0.5, the value of tv can be obtained from 

equation (5.81) that is: 

tvX=xx-aj2+Hlife (5.82) 

Ifrfeflrf<0.5,then 

dead2=0.5-0.5-erf(x) (5.83) 

func2=dead2-{0.5-0.5-erf(x)} (5.84) 

The Newton-Raphson method (see Appendix II) for determining x is: 

func2 
xP+l =x"- 0.5 -derf(x) (5-85) 

Update the value x from equation (5.85), it is: 

x2~x (5.86) 

Re-arrange equation (5.81) again, we have: 

tv2=Hlife-x2-Gy/2 (5.87) 

where rv2 is the value of when dead < 0.5 and the viability of grain seeds is 99%. 

Then the total elapsed time (time*) of heat and mass transfer iteration required the 

time of half seeds to be dead is calculated as: 

trl.mw = t,l+time' (5.88) 
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*«-** = *«+&»* (5-89) 

where 

,. . dtg-ifreq 
time = 3600x24 (5-90) 

in which ifreq is the number of heat and mass transfer iterations, because the viability of 

seed changes very slowly compared with other changes, and since the computation of 

seed viability is numerically intensive, so it is calculated infrequently. The number of 

the seeds dead are obtained by: 

When tvX_new>Hltfe, that: 

deatn-ne^0.5+0.5-erf(xnewX) (5.91) 

where 

newl 

t — H 
vl-new life 

CTV2 

so the viability of grain seeds is: 

Xnew2 

t — H 

rjV2 

Again the viability of grain seeds is: 

(5.92) 

Viab^\-deadx_mvl (5.93) 

When tv2_new<Hlife, that: 

dead2.new=0.5-0.5.erf(x„ew2) (5.94) 

which 

(5.95) 

V^=l-deadJ_new (5.96) 

5.6 PESTICIDE DECAY 

Pesticides may be effective against the insect pests for many months, and they are often 

admixed with grains to resist the attack by insect pests. When pesticides are applied to 
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warm and damp grains, they can decompose to ineffectively low levels only in few 

weeks. The pesticides studied in this thesis are not labile, hence we need not study their 

movement within the grain store. The kinetics of pesticide decay has been presented by 

Desmarchelier and Bengston (1979) and Thorpe (1989), and it can be shown that the 

concentration of pesticide on the grain as a function of the relative humidity of the 

intergranular air (rh), grain temperature (Tljk) and total elapsed time (tjme) of storage. It 

can be written in algebraic form as: 

'-pes - M (5.97) 

where C, is the initial concentration of the pesticide, B and t* are the pesticide specific 

empirical constants. 

The relative humidity of the intergranular air is obtained by: 

rh = -^- (5.98) 
*sat 

where 

p = P^Hi,iM /5 9m 
vap . TT v J 

gn + Hij* 

and Psal is calculated by Hunter's (1987) equation as same as equation (5.4), namely: 

25 -6800 

= 6x10 Tw+m 

- (TUJk+273)
5 

Desmarchelier and Bengston (1979) have determined that the values of B and t* for 

fenitrothion are those given in table 5.3, thus: 

Table 5.3 Pesticide specific empirical constants 

B t 

0.036 8.467E06 
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5.7 INSECT POPULATION GROWTH 

Stored products insect pests are ubiquitous and they are detected in storage or during 

transport. They are spread throughout the world. They easily adapt themselves to a 

new environment, and readily become established. Stored grain damage by insect pests 

attack will cause enormous quantitative and qualitative losses. 

The growth of insect pests are dependent on the moisture content and temperature of 

the grains. Desmarchelier (1988) reported the intrinsic weekly multiplication rate of the 

insect population growth is calculated by equation as: 

rs = Ccl(Tvetb ~
Cc2) (5.101) 

where ccX and cc2 are species specific constants, Twetb is the wet bulb temperature of the 

intergranular air, which is a function of the saturation humidity of air (H*), absolute 

humidity (Hijk) and dry bulb temperature (7^), and it expressed as: 

(Tdryt -Twelb) + HiJrk(2502 + \.S09Tdryb -4.1867;e/A) 

-/r(2502-2.377r^) = 0 

in which the dry bulb temperature (Tdryb) is determined by Smith's (1947) isosteric, it is 

expressed as: 

_Mw-ax+a3-\n(\-rh) (5 103) 
dryb a2-aA-\n(l-rh) 

and the saturation humidity of air is function of wet bulb temperature, it is obtained as: 

H*= gn'Ps (5.104) 
*atm ~ Ps 

where 

6xl025 — p = _. e ̂ »+273 (5.105) 
(Twelb+273)

5 
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The wet bulb temperature Twelb is obtained by solving equation (5.102), by 

employing the Newton-Raphson method (see Appendix II), we define: 

f(TweJ=(T^b-Twelb) + HiJ>k(2502 + l.mTd^-4.mTwetb) 

-#•(2502-2.3777^) (5.106) 

and 

Tp+l = Tp —J-^ we,b' 
wetb wetb 

(5.107) 
/ \*wetb) 

where Tpelb is the previous wet bulb temperature at the commencement of the iteration 

step P, and the first derivative of Twelb is: 

f'(Twetb) = -1-4.186//,,,, +2.3777/* -2502 
dH* 

+2.377T 
dH* 

wetb 
dT wetb 

By the chain rule of the differentiation, we get: 

dH* dH* dps 

dTwelb dps dTv wetb 

dT wetb 

(5.108) 

(5.109) 

So from equation (5.104), we have: 

dH* gn-ps 

dps Pa,m-Ps 

_ gn-Pa,m 
(Pa,m-PsY 

(5.110) 

and from equation (5.105), we get: 

dp, , 6xl025 

= (- —r-e 

-6800 

r„*+273y 

dTwetb (Twelb+273)
i 

6x10 25 
-6800 

.7^+273 

(Twelb+213)
5 

6800 

V^+273 
-5 (5.111) 
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Substituting equations (5.110) and (5.111) into equation (5.109), we will obtain: 

dH* gn-Pal 6x10 25 
-6800 

X.,,,+273 

dTwetb (Pam~ps)
2 (Twelb+273Y 

6800 

V^+273 
(5.112) 

So equation (5.107) sets the stage for the Newton-Raphson method (see Appendix 

II) is to easily find the updated value of the wet bulb temperature (Twetb), thus: 

rp _ rpP+\ 
wetb wetb (5.113) 

Then the population of insect pests after dtg weeks may be obtained by : 

_»>__'.**- ( 5 m ) 

where Rp is the previous population of insect pests at the commencement of the time 

step P. dtweek is the end of time step that is calculated by weeks, it is written as: 

dtweek ~ 
dtg 

3600x7x24 (5.115) 

where dtg is the time step used during the aeration cycle. 



CHAPTER 6 

NUMERICAL EXPERIMENTS 

Since computational methods have become an important tool for scientific 

investigations, the solution of finite difference scheme has been realized to numerically 

solve the problems in an efficient manner. In this chapter, the numerical experiments 

implicate a study of factors that have significant influence on the effect of convergence 

and accuracy of the numerical results, they include grid mesh size, iteration time step 

and aeration duct layouts (The discussion is included in chapter 7 ). 

6.1 PROGRAM EXPLANATION 

The program SIL03DFTN is largely based on the software CBHMT developed, to 

calculate the response of bulk respiring grains contained in a conical bottomed circular 

silo to aeration with ambient on conditioned air, written by Thorpe (1994). The main 

modifications were in aspects of program control and in the inclusion of variation of 

duct positioning. The program was also modified to accommodate specific 

characteristic of the conical bottomed circular silo, such as located at the Academy of 

Grain Technology at Werribee. 

Program SIL03DFTN has provided three major categories of outputs, namely: (a). 

pressure and velocity fields, (b). temperature and moisture content fields, and (c) 

98 
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fields of biological activity and the rate of pesticide decay. The procedures of this 

F O R T R A N program is illustrated in flow charts as shown in figures 6.1 and 6.2, and the 

program instruction is explained as following. 

To start, subroutines INPUT, SETCON, PROPS and INITIAL are all input for 

setting up the initial conditions, system properties and parameters. Subroutine 

S U R T E M P calculates the surface temperature of grain silo subjected to heating and 

cooling by radiation and convection. Subroutines P R E S S U R E and V E L O C I T Y predict 

the pressure and velocity distributions by replacing the spatial derivative for the 

governing equations. Subroutine ITERP estimates the approach to responsible the 

convergence of the pressure distribution. Subroutine F L O W R A T E calculates the air 

flow rate through the upper surface of the grain silo. 

The inner loop of HMTR is a system control of aeration and the second major loop 

for heat and mass transfer calculations. Subroutine H U M S M obtains the absolute 

humidity of air from the temperature and moisture content of the grain. Subroutine 

RESPL determines the rate of respiration of wheat as the dry matter loss of grain. 

Subroutine M O I S T U and T E M P E R A solve moisture conservation and thermal energy 

equations. Subroutine T B C , H U M B C and M C B C calculate the boundary conditions of 

temperature, humidity and moisture content in stored grain. Subroutine W E T B U L B 

uses the dry bulb temperature of air to calculate the wet bulb temperature of air. 

Subroutine INSECTS obtains the insect population growth in the silo, and subroutine 

V I A B L E calculates the updated viability of the seeds after a time, and the subroutine 

PESTI calculates the concentrations of pesticide on the stored grain. 

When the inner loop HMTR is equal to the maximum iteration time, the inner loop 

will be returned to the main program, and the final results will be obtained by calling 

subroutine R E S U L T S , then program stop. 

In addition, program SIL03DFTN is shown in Appendix III. 



Chapter 6 NUMERICAL EXPERIMENTS 

' DISPLAY 
/•'• I N P U T :'j:«/ 

DATA / 
1 / 

SET PARAMETERS 

\ SETCON 

I 
j SET PROPERTIES1 

PROPS 

aiiii 
'fllllcOMJmpNSj 

INITIAL 

CALCULATE 
SILO SIZE 

CALCULAT SURFACE 
TEMPERATURE 

SURTEMP 

9 

CALCULATE 
PRESSURE FIELDS 

PRESSURE 

CALCULATE 
PRESSURE FIELDS I 

PRESSURE I 

1 CALCULATE1 

PRESSUREBOUNDARY 

PBC 
'•'lllililllliliiilll 

CALCULATE PRESSOR 
BOUNDARY 

•BC 

I 

.CALCULATE 
VELOCITY FIELDS 

VELOCITY 

• ' • " 

CALCULATE!':̂ ! 
VELOCnY FIELDS 

VELOCITY 

I 

I iiffl 
OUTPUTDATA 
OF PRESSURE 

FIELD 

rTERATION CONTRAL 

ITERP 
ITERATION CONTRAL 

ITERP 

o 
CALCULATE AIR 
^hfribwRATE 

FliOWRATE 

PRESSURE 
FIELD PLOT 

I 
VELOCITY 
FIELD PLOT 

; HEAT AND MASS 
TRANSFER MODULE 

HMTR 

< 
END 

Figure 6.1 The main loop of program S1L03DFTN 



Chapter 6 NUMERICAL EXPERIMENTS 101 

iilltlk. 

» 

hljMniBHl 

: 
i' OIX1AA.TB ., 

ca—Bun. 

MOISTU 

Ills • '.iill! 

1 
TEMPERA 

1 

I • 

1 
PEST] 

MATTER1 

tossr! 
BOUNDARY. 

2 
PRINT ALL 

THE;: ;! 
REPORTS 

RESULTS 

Figure 6.2 The inner loop of program SIL03DPTN 
6 

PRINT ALL 
THE 

REPORTS 

PVOTALLTtB 

" ^ 



Chapter 6 NUMERICAL EXPERIMENTS 102 

6.2 S Y S T E M INVESTIGATIONS 

6.2.1 The silo 

Traditionally most grains are stored in circular type of silos which provide a convenient 

mean for handling and management. In this study, the design parameters of the silo are 

measured on a prototype conical bottomed circular steel silo, which is located at the 

Academy of Grain Technology at Werribee. The aeration cooling system is consist of a 

fan and a duct operation. The stored grains are wheat (about 10 tonnes). The total 

height of the silo is 4220mm, and the diameter is 1230mm. The volume of the silo is 

11.9675m3. The length of the linear duct is 1000mm. Further information of this grain 

silo can be found in the drawing below (figure 7.1). 
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-0.4400 

— ~-0.4400 

Figure 6.3 The detailed drawing of the silo 
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6.2.2 The ducts 

In the numerical experiments, two type of aeration systems were simulated. In one case, 

a conventional linear aeration duct was used, and in the other case, the effect on cooling 

processes of an annular duct was investigated (see figure 6.4). The details of this 

information are included in table 6.1. 

North 

West 

South 

East 

Duct \ X " Duct 

(a) linear duct (b) annular duct 

Figure 6.4 The two types of ducts: linear and annular ducts 

Table 6.1 The character of linear and annular ducts 

Type 

Linear duct 

Annular duct 

Length of duct 

1000 m m 

2170 m m 

(Perimeter) 

Configuration 

Laid on the sloping 

base of the silo 

Placing on the conical 

base of the silo 

The simulation results of linear and annular aeration systems are implemented by 

applying program SIL03DFTN, as shown in chapter 7. 
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6.2.3 Further investigations 

Aeration system must be carefully controlled to achieve minimum grain temperature 

with a minimum of moisture increase. Excessive fan operation with humid air will 

cause moisture uptake by the grain near the perforated duct, and may result in bulging 

on the silo walls. The following variables were used in simulating aeration systems of 

linear and annular ducts. Consideration low capital costs of the electric power, the 

aeration fan is operated between midnight to 6am each day, and the airflow rate through 

the silo of grain is 1.4711 si tonne. The duration of aeration cooling are 60 days. 

Further details are listed in table 6.2. 

Table 6.2 Physical data of aeration system 

Iinital grain temperature 

Initial grain moisture content (wet basis ) 

Initial grain moisture content ( dry basis ) 

Airflow rate through aeration 

Aeration fan turned on 

Aeration fan turned off 

Duration of aeration 

Mean minimum daily temperature 

Mean maximum daily temperature 

Mean daily sunshine hours 

Mean absolute ambient humidity 

Latitute 

Absorptivity of silo material 

Emissivity of silo material 

Silo of volum 

Angle of conical corn to horizontal 

Angle of silo roof to horizontal 

Mean ambient temperature 

Mean ambient wet-bulb temperature 

Humidity of air entering grain 

Months 

30 °C 

12% 
13.64% 

1.47 l/s/tonne 

0 hours 

6 hours 

60 days 

14.2 °C 

24.3 °C 

8.1 hours/per day 

0.008 kg/kg 

-37.67 

0.8 

0.9 

11.9675 cubic meter 

38.67 ° 

10.17° 

15.973 °C 

12.997 °C 

0.005 kg/kg 

January-February 
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6.3 CONVERGENCE OF ITERATION SCHEME 

Convergence criterion is the expression used to indicate that the approximate computed 

solution of partial differential equation approaches to the exact solution of the finite 

difference problem as the grid spacing in time and distance tend to zero (Carnahan et 

al, 1969). In this study, equation (4.48) of Laplace equation in transformed coordinates 

is solved by adding a false transient term (—) as proposed by Mallinson and Vahl 
ap 

Davis (1973), the solution procedure corresponding to equation (4.48) was iterated to a 

steady state, until the following convergence criterion which is called Psimax. was 

satisfied as: 

SSZv|/"+,-v|/"| 
' j k ' < 

zzz 
/ j k 

< Psimax 
¥"| C6-1) 

Here the superscripts (n + \) and n represent the (n + l)lh and (n)'h iterations 

respectively. The indices i, j, and k represent grid location in the space (t,,§,n). 

Table 6.3 shows the first inner loop of program SIL03DFTN calculating the 

pressure distribution at the centre of the silo (as the values of Pcon-min), to represent 

the finite difference scheme consistent with the given partial differential equation. The 

Pcon-min computational results are obtained by employing Implicit method with the 

three different types of grid mesh. Moreover, the best advice for decision the right size 

of grid mesh in the computer simulation will be provide. 

Observing has been made, as iter-number increase, the values of Pcon-min can be 

tended to similarity, that means the convergence of the solution is appeared. The 

worthy of note is: when a non-uniform mesh of 11x10x11 grid is used, and the values of 

Pcon-min are changed from P.yzmax=0.00001 to Pjfmax=0.000001, the accuracy of the 

pressure distribution can be improved by 1%. So P.«'max=0.00001 is small enough to 

obtain the reasonable accurate results for the pressure distribution. 
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When non-uniform grid mesh 21x20x21 is used, from Psimax=0.000001 to 

Psimx=0.0000001, the difference between values Pcon-min is 0.3% increase, but the 

iteration time step is 1.5 times greats, so it can be seen when Psimax is less than 

0.000001, the solution of pressure will converge. It is also clear when the mesh size is 

31x30x31, from iter-number=90159, to iter-number= 160000, Psimax is still in the 

region of <10-7 and >10~8, the solution for the pressure field improves very slowly. 

Table 6.3 Convergence effect of grid mesh 

Mesh size 

11x10x11 

11x10x11 

11x10x11 
11x10x11 

11x10x11 
11x10x11 

11x10x11 

21x20x21 
21x20x21 

21x20x21 
21x20x21 

21x20x21 

21x20x21 

21x20x21 

31x30x31 

31x30x31 
31x30x31 

31x30x31 

31x30x31 

31x30x31 
31x30x31 

Time step 

0.5 
0.5 

0.5 

0.5 

0.5 
0.5 
0.5 

0.5 

0.5 
0.5 

0.5 
0.5 

0.5 

0.5 

0.5 

0.5 
0.5 

0.5 
0.5 

0.5 
0.5 

Psimax 

0.01 

0.001 

0.0001 
0.00001 
0.000001 
0.0000001 

0.00000001 

0.01 

0.001 
0.0001 
0.00001 
0.000001 

0.0000001 

0.00000001 

0.01 

0.001 

0.0001 
0.00001 

0.000001 

0.0000001 

0.0000001 

Iter number 

47 
552 
2315 
4726 
7206 

9633 
10724 

56 
612 
3918 

9947 
17081 

25369 

33346 

72 

559 
5160 

22373 

48908 

90159 
160000 

Pcon-min 

37.6242 
181.0662 

343.1566 
377.9526 
381.7996 
382.1920 
382.2184 

15.7051 

87.9188 
260.3447 
331.7149 
339.9291 
340.9936 

341.1255 

2.7542 

24.7522 

103.8654 

184.1912 

204.1521 

206.6867 
207.1201 

It hasn't converged yet 

Theoretically, the small mesh size, such as 31x30x31 can increase the accuracy of 

the results, but it will cause the program to take very long time to run. (In Apollo 
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workstation, I use 12 days to run the results, but still can not get the solution of 

convergence). From the view of economy, this is unsuitable choice. Oppositely, the 

mesh size 11x10x11 can rapidly reach convergence, (in Apollo workstation, I can get 

the results of convergence in 10 hours), but the accuracy of the results is lower. 

Clearly, mesh size 21x20x21 can achieve the good balance on the accuracy and 

economic time of the computational results to reach the convergence of the numerical 

solution. (I can get the results of convergence in 3 days at Apollo workstation). 

At the following chapter 7, the simulation results are employed at the mesh size of 

21x20x21 in the cause of non-aerated silo, and the silos fitted with linear and annular 

ducts. 

Figure 6.5 shows the convergence of pressure distribution at the centre of the silo by 

grid mesh 21x20x21, on the accurate of numerical solution to reach the steady state with 

different iteration time step. It is clear when iteration number is over 15000, the 

pressure distribution is convergent. 
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Figure 6.5 Convergence of pressure distribution 

As Patankar (1980) noted, an iterative process is said to have converged when 

further iterations will not produce any change in the values of the dependent variables. 
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In practice, the iterative process is terminated when some arbitrary convergence 

criterion is satisfied. A n appropriate convergence criterion depends on the nature of the 

problem and on the objectives of the computation. 

6.3 EFFECT OF TIME STEP AND GRID MESH 

Accuracy of a numerical solution depends on two major classes of error: Roundoff and 

truncation errors. Roundoff error is a property of the computer and the program. 

Truncation error is a property of the method. Often the real danger as far as roundoff 

error are concerned results from the fact that solution obtained in one cycle of 

calculations. Therefore, the danger of error propagation and error growth can be 

generated as solution proceeds over a larger number of steps. 

As Croft and Lilley (1977) discussed, roundoff error is caused by finite significant 

figure restriction and associated with the Fourier number (Fo) to given space - time grid. 

Such instability phenomenon is inherent in finite difference representation, and 

obviously yields an unsatisfactory computed solution. However, roundoff error can 

have tendency to grow with time in unstable scheme. Croft and Lilley (1977) also 

recommend that the Fourier number (Fo) is the well-known stability criterion to analyse 

the oscillation of the solution, and to limit the m a x i m u m value of Ar for a given mesh 

size subdivision. This can be expressed by the formula as : 

»-w (6-2) 

where Ar is the iteration time step, A/ is the space distance, and a P is the false transient 

factor. 

Sometimes, refining the time step Ar and distance step Al can improve the accuracy 

of the solution. Table 6.4 presents the second inner loop of program as the numerical 
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solution of temperature distribution at the centre of the silo by simulated with 6 groups 

of different time step. In this explicit scheme, the large value of time step is employed 

for handling the multiple iterations. 

Table 6.4 Solution effect by different time step at centre of silo 

Time step 

dt=45 

dt-90 

dt=180 

dt=270 

dt=315 

dt=360 

Temperatures at centre of the silo 

Day 10 

23.0992 

23.1325 

23.1783 

23.2124 

23.6912 

Day20 

19.5796 

19.6750 

19.8284 

19.9017 

20.1885 

Day30 

19.7011 

19.8481 

20.0178 

20.0745 

20.2524 

Day40 

19.8235 

19.9260 

20.0380 

20.0805 

20.2321 

Floating point appearing 

Day50 

19.7937 

19.8827 

19.9937 

20.0376 

20.2187 

Day60 

19.8158 

19.9108 

20.0452 

20.0963 

20.2808 

Mesh size 

21x20x21 

21x20x21 

21x20x21 

21x20x21 

21x20x21 

21x20x21 

Evidently, with time step increments and grid mesh size stable, the numerical results 

show (see table 6.4), from time step dt=45 to dt=270, the temperatures difference 

between each neighbouring step is about 0.2% increase. According to equation 6.2, as 

Fourier number (Fo) is limited, the time step increase is real dangerous for the very 

large time step, such as dt=270 and dt=315, it is 2 % increase between both of them, but 

when dt=360, the solution of temperature field can rapidly diverge, tend to infinity and 

cause floating point error appearing, this is indicated in table 6.4. 

Conversely, the relatively small time step leads to a better accuracy in predicting the 

solution to be converge, such as dt=45, but the program nmning time (in Apollo station 

I use 7 days to get this results) is two times large than that dt=90. Even through dt=l 80 

and dt=270 can diminish the C P U time, but the accuracy of the results are still not good 

enough, so the best choice for simulation program S I L 0 3 D F T N is dt=90. 

However as equation (6.2) of Fourier number (Fo) shown, the gain in accuracy of 

numerical solution is associated with an necessary small time step in stability reason, 
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the infinite small time step only can increase in labour without specially increasing the 

desired accuracy. 

In this study, the principle arrangement of non-uniform grid mesh has been mentioned 

in Chapter 4 of section 4.2, and it is calculated by equations (4.1), (4.2), (4.3), (4.4) and 

(4.5). In order to select a suitable mesh size that yields the accurate results, the effect of 

grid points on the numerical solution is tested by a series running of the program. A 

21 x 20 x 21 non-uniform grid mesh was constructed in table 6.5. 

Table 6.5 Non-uniform grid mesh: 21x20x21 

t, direction 

Space from the centre of silo to the silo wall 

6.1819x6.1819x6.1819x6.1819x6.1819x6.1819x6.1819x6.1819 

x6.1819x6.1819x6.1819x6.1819x6.1819x6.1819x4.4843x 

1.7937x1.7937x1.7937x1.7937x1.7937 

A 3 1 x 3 0 x 3 1 non-uniform grid mesh was designed in table 6.6 as follows: 

Table 6.6 Non-uniform grid mesh: 31x30x31 

t, direction 

Space from the centre of silo to the silo wall 

0.036x0.036x0.036x0.036x0.036x0.036x0.036x0.036x0.036x 

0.036x0.036x0.036x0.036x0.036x0.036x0.036x0.036x0.036x 

0.036x0.036x0.036x0.036x00036x0.036x0.045x0.018x0.018x 

0.018x0.018x0.018 
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Table 6.7 shows the numerical solution effect by trial different grid mesh. In the 

pressure distribution calculation, the governing equation of Laplace formula is solved 

by a false transient method. The time step is set quite small for the suitable number of 

iterations. Obviously, the decrease grid mesh size can achieve the solution of the 

desired accuracy, but can lead the C P U time limit increase as same percentage as grid 

mesh decrease. Table 6.7 indicates, at the same iter-number, the P-centre can given the 

different results by the different grid mesh. As w e discussed before, grid mesh 

21x20x21 is the best choice for improve the accuracy of the results. 

Table 6.7 Effect of grid mesh on the solution 

Non-uniformed mesh Time step Iter number P-centre 

11x10x11 ] 

21x20x21 ] 

31x30x31 1 

I 4500 

I 6000 

I 7040 

I 8040 

[ 4500 

1 6000 

1 7040 

I 8040 

I 4500 

I 6000 

t 7040 

8040 

349.0681 

366.2688 

372.6066 

376.3117 

200.3025 

232.2351 

249.0050 

261.8310 

192.4070 

200.8912 

203.7110 

205.1922 

* P-centre is the pressure fields at the centre of the silo 

Practice has been proved, as observed from Fourier number (Fo), reducing time step and 

space distance can increase in accuracy of the solution, but it is also important in 

adjusting a reasonable balance between accuracy and efficiency. 



CHAPTER 7 

COMPARISONS AND DISCUSSION 

The main objective of this chapter is to compare the ecosystems in a non-aerated silo, 

and silos fitted with linear and annular aeration ducts. These simulations are carried out 

using climatic data obtained for Melbourne, Australia. Each of the simulations assumes 

the same initial conditions, the same physical properties, the same silo dimensions and 

the same period of storage. 

7.1 DEFINITIONS 

A non-aerated silo is by definition not ventilated, and cooling occurs in practice by 

conduction and free convection processes. In this thesis, only thermal conduction is 

considered. W o r k conducted by Jayas et al (1992) has shown that cooling in silos is 

dominated by thermal conduction, but free convection processes become important 

when studying moisture migration and the distribution of fumigant gases. 

The linear aeration system is defined as a silo fitted with a linear aeration duct which is 

single straight and placed on the conical base of the silo, as illustrated in figure 6.3 (a). 

The annular aeration system is also defined as a silo fitted with an annular aeration duct 

which is seat on the conical base of the silo, as shown in figure 6.3 (b). 

112 
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The orientation of the silo is defined by means of the points of the compass, that is to 

say the top is north, the bottom is south, the left is west, and the right is east, as 

indicated in figure 6.4 (b). 

7.2 PRESSURE AND VELOCITY DISTRIBUTIONS 

Airflow is the major factor affecting the performance of the aeration system. Airflow 

resistance is overcome by providing the pressure in the aeration duct. W h e n air is 

forced through grain mass, air pressure and air velocity fields develop. The simulations 

of the silos fitted with linear and annular ducts have been implemented. The predictions 

have shown that the different type of ducts can significantly effect the air pressure and 

air velocity distributions. 

Figures 7.3 and 7.4 show, the contour maps of pressures and velocities in the silos 

fitted with the two type of ducts investigated. It is observed, that the pressure gradients 

in the silo with the annular duct are more uniform than that the silo fitted with the linear 

duct. However, it can be observed that in both of the aeration systems considered the 

pressure patterns become very similar, particularly near the grain surface. One reason 

for their similarity in this region is that the air flow rate are the same in each system. 

The component of vertical velocity in the silo fitted with the annular duct is generally 

more uniform in the conical base than in the silo fitted with a linear duct, as can be seen 

from figure 7.3 (c) and figure 7.4 (c). A s would be expected, the radial velocity in the 

silo fitted with the annular duct is symmetrical about the centre line of the silo. 

However, in the cause of the silo fitted with the linear duct, air flow from one side of the 

silo to the other. These phenomena can be observed in figures 7.3 (b) and 7.4 (b). 

The vertical component of velocity along the walls in both causes of aeration 

systems are reflected by the pressure distributions, they are indicated in figures 7.1 and 
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7.2. It can be inferred that the vertical velocity is generally higher on the eastern side of 

the silo where a linear duct is placed, and lowest on the opposite side. Interestingly, the 

vertical pressure gradients on the north and south, and the west facing portions of the 

wall are very similar. 
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Figure 7.1 Pressure distributions along the wall of silo in the linear duct case 
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Figure 7.2 Pressure distributions along the wall of silo in the annular duct case 

The pressure distributions on the wall of the silo fitted with an annular duct (as 

shown in figure 7.2) are symmetrical, as would be expected. Hence, the components of 

velocity distributions are also symmetrical in this case. 
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Figure 7.3 Pressure and velocity distributions in a silo fitted with linear aeration duct 
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Figure 7.4 Pressure and velocity distributions in a silo fitted with annular aeration duct 
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7.3 TEMPERATURE DISTRIBUTIONS 

Temperature changes in stored grain may come from two heat sources: Internal and 

external sources. Internal sources are the heat, generated by the respiration of grains, 

moulds and insects. External sources largely come from the atmospheric environment 

around the silo, especially solar energy which is transferred from the wall and the roof 

of the silo to create uncomfortably hot conditions. 

The temperatures in the unaerated silo have been developed as shown in figure 7.8. 

The temperature distributions in the silo fitted with linear and annular aeration ducts are 

shown in figures 7.9 and 7.10 respectively. Comparison of three figures shows that for 

a same initial temperature of 30°C, and after 60 days storage, the centre temperature of 

the non-aerated silo remain at 26°C, in the silo fitted with the linear duct, the 

temperatures after 60 days has fallen to about 20°C, and in the silo fitted with the 

annular duct, the corresponding temperature is 16°C. 

In figure 7.8, it can be seen that the centre temperature reduces typically average 

1~2°C by every 20 days. This is because ambient temperatures are generally lower in 

Melbourne than that the initial grain temperatures in the centre of the silo. 

In figure 7.9, it is clear that the grain temperature in a silo fitted with a linear duct 

falls quickly, and after 20 days storage, much of the grain on the side of the silo with the 

linear aeration duct is about 20°C. After 40 days aeration, the grain temperature is 20°C 

in the most of the centre region of the silo. After 60 days aeration, the temperature in 

the central region has not changed much. However, the volume of 20°C grain is slightly 

reduced, because the climate of Melbourne in February is warmer than that of January. 

As figure 7.10 presented, after 20 days aeration, most of the grain in the silo fitted 

with an annular duct has a temperature about 19°C, as can be seen in figure 7.10. This 
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is because the annular aeration system has a symmetric layout, and the air flow 

distribution is uniform in the silo. After 40 days aeration, the grain in the centre region 

of the silo has fallen to around 16°C, After two months aeration, the temperature in the 

central region within the silo has increased somewhat to 18°C. This change is effected 

by the climatic conditions. 

25 
e N 
>, - 20 

« 
E 15 
+* 
C8 
U 
_ 10 
g u 
H 5 

n 

-____. -__̂ -—_______ __^— 

X \ \ 

\ 
East \ 

I 
North ' 

West 

South 

00 
VO 
o 
ts 
o 

vo 
m 
• * 

o 

• * 

o 
ts VO 

o 

_* r-fS 
oo 
o 

in 

.—. o 
^ 

in 
t-
o _] 

00 
VO 
o 
ts 
o 

VO 
rr\ 

•d-

© 

t 
o 
ts 
vo 
o 

,—t 

r-
ts 00 

o 

V) 
I—1 

O 
_\ 

in 
c-
o 
_\ 

Distance from Silo Centre (m) Distance from Silo Centre (m) 

00 vo •*}" -1 ""> */} 
vo c\ O C"- —< _[ 
o —> ts ts o o 
ts •* vo OO _\ _l 
©' © © © 

Distance from Silo Centre (m) 

Figure 7.5 Radial profiles of the temperature in the non-aerated case 
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Figure 7.7 Radial profiles of the temperature in the annular duct case 

Generally, the temperature of the stored grain does not change rapidly unless it is 

aerated. Figures 7.5, 7.6 and 7.7 reflect the temperature distributions show in figures 

7.8, 7.9 and 7.10, that results from the imposition of varying temperatures in the east, 

north, west and south facing portions of the wall. It can be seen that the temperature of 

the grain in the centre of the non-aerated silo is much slower to cool than that in either 

of the two aerated silos, and it rises towards to the centre of silo (around 26-28 °C). 

Figures 7.6 and 7.7 show that the aerated silo fitted with an annular duct performs 

much more effectually than the one fitted with a linear duct. The silo with the linear 

duct is cooler towards to the centre of the silo, around 19-20 °C, and the performance of 

annular aeration system is better towards to the centre of the silo, when grain 

temperatures in the region of 14-17 °C are observed. 

Importantly, it can be seen that the temperature near the walls of all three cases 

considered are quite similar. Figures 7.5, 7.6 and 7.7 capture the situation during the 

night, when the walls of the silo are cold. At this time, the m a x i m u m temperature 

occurs about 10cm distant from those portions of the wall that are exposed to solar 

radiation. 
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However, the grain near the southern wall, which receives no sunlight, has a 

minimum temperature similar to the mean ambient temperature. It is noteworthy that 

the maximum temperature occur on the north and west facing portions of the wall, 

where there is a combination of high ambient temperature, and a high intensity of solar 

radiation which is insolated particularly around noon. 
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Temperature at day 20 (non-aerated) Temperature at day 40 (non-aerated) 

Temperature at day 60 (non-aerated) 

Figure 7.8 Temperature distributions in the non-aerated silo 
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Temperature at day 20 (linear duct) Temperature at day 40 (linear duct) 

Temperature at day 60 (linear duct) 

Figure 7.9 Temperature distributions in the silo fitted with a linear duct 
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Figure 7.10 Temperature distributions in the silo fitted with an annular duct 
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7.4 MOISTURE CONTENT DISTRIBUTIONS 

Moisture content of grain denotes the quantity of water per unit mass of either wet or 

dry grain, and it is usually expressed on a percentage basis. Figures 7.14, 7.15 and 7.16 

show the moisture content distributions in the non-aerated and the two aerated grain 

silos fitted with linear and annular ducts. 

After 60 days simulation, compared with an initial condition of 13.64% (dry basis), 

w e obtain: In the non-aerated silo, the centre region of grain moisture content is 

13.63%, it is 0.07% (relative different, and as follows in this Chapter) lower than initial 

condition. In the silo fitted with the linear duct, the centre volume of the moisture 

content of grain has a 12.8% dry basis, it is 7 % lower than the initial condition, and in 

the silo fitted with an annular duct, it is 12.36%, this is about 1 0 % less than the initial 

moisture content. 

Figure 7.14 that indicates the non-aerated silo during first 20 days storage, the 

moisture diffuse causes a high moisture content to develop at the bottom and the walls 

of the silo which have low temperatures, and the maximum moisture content is about 

13.75%. However, molecular diffusion alone can not be the cause of the apparently 

rapid increase of grain moisture content near the boundaries of the silo. Such process 

would requires months, not days. It is suspected that respiration is the cause of the build 

up in moisture content, and whether or not this reflects reality is discussed below. 

In figure 7.15, after 20 days aeration, the low temperature and the high relative 

humidity in the silo with linear aeration system is occurred around the duct, and the 

moisture content of the grain is therefore high. At the centre of the silo, the moisture 

content decreases to about average 12.8% dry basis. After 40 days aeration, the 

moisture content increases near the duct zone, and reduces in the centre of the silo. 

After 60 days aeration, the moisture content at upper surface of silo is about 4 % lower 
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than the initial condition, and around duct area is 2 2 % higher than the initial condition 

which is 3 0 % higher than the moisture content at centre area. 

It seems that the grain moisture content does not increase so much near an annular 

duct, possibly because such duct has a large area than a linear duct. A s a result, the 

moisture is distributed throughout a large volume of grain, as indicated in figure 7.16. 

It is also clear that figure 7.16 shows, the grain near the conical base of the silo 

aerated with an annular duct is increasing in moisture content. This m a y not reflect 

reality, but the increase in moisture content suggested by the model arised from 

respiration. The respiration model of Lacey et al. (1994) appears to be somewhat 

sensitive, and it is quick to predict respiration at low grain moisture contents. However, 

grain storage technologists would do well to monitor possible mould activity near the 

base of conical bottomed silos, if they were to be fitted with annular ducts. 

On the other hand, this increase in respiration is not observed in the silo fitted with a 

linear duct as shown in figure 7.15, because this region is aerated by air flowing from 

the duct to the opposite side of the silo. 
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Figure 7.11 Radial profiles of the moisture content in the non-aerated case 
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Figure 7.12 Radial profiles of the moisture content in the linear duct case 
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Figure 7.13 Radial profiles of the moisture content in the annular duct case 

Figures 7.11, 7.12 and 7.13 show that the variation of moisture content from the centre 

of the silo to the facing of east, north, west and south sides of the silo in the cases of 

non-aerated and the two aeration systems considered. As would be expected, the 

moisture content of the grain in the centre of the non-aerated silo changes 

imperceptibly. However, the grain moisture content does decrease slightly in the centre 

of the silos fitted with linear and annular aeration ducts, this is expected from the work 

of Sutherland et al. (1971), who show that the passage of a cooling wave is associated 

with a fall in grain moisture content. 
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It has observed that the moisture content changes occur in the vicinity of the walls 

of both non-aerated and aerated silos. It is particularly noteworthy that on the coldest 

southern sides of all three causes are considered, the grain moisture content is observed 

to increase considerably. Figure 7.11 also indicates that the moisture migration is 

important up to about 10 c m away from the silo wall. 

However, the apparent moisture migration to the southern of the wall occurs both 

non-aerated and aerated silos, as suggested above, the increase in moisture content may 

have resulted from respiration. 

Furthermore, the grain moisture content is generally lower throughout the aerated 

silo than through the unaerated silo, this is consistent with the physics of one-

dimensional heat and mass transfer processes that occur in grain (Thorpe, 1986). 
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Figure 7.14 Moisture content distributions in the non-aerated silo 
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Figure 7.15 Moisture content distributions in the silo fitted with a linear duct 
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Figure 7.16 Moisture content distributions in the silo fitted with an annular duct 
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7.5 ABSOLUTE HUMIDITY DISTRIBUTIONS 

Absolute humidity of air is the mass of water vapour present in one kilogram grain of 

dry air. The absolute humidity of air is dependant on the temperature and grain 

moisture content, and these three variables are related by the sorption isotherm. The 

contour maps of absolute humidity of air in the non-aerated silo, and the silos fitted with 

linear and annular ducts are shown in figures 7.17, 7.18 and 7.19. 

It is clear that after 60 days storage, with an initial humidity of 0.0136kg/kg, the 

absolute humidity of air in the non-aerated silo of the central region falls to 

0.0106kg/kg, which is 2 8 % less than initial condition. In the aerated silo fitted with a 

linear duct, the humidity is 0.0069kg/kg, this is 9 7 % lower than the initial humidity 

condition. In the annular duct case, the absolute humidity of air at centre region is 

0.0048kg/kg, about 1 8 3 % lower than the initial condition. 

The main reason for the lowering of the humidities is the decrease in grain 

temperature, although drying of the grain contributes to the decrease in humidity. 

The contour plots of the humidity of the intergranular air appear to be very noisy, 

and this is clearly shown in figure 7.17. One reason for this is that the model predicts 

very small humidity gradients in the grain bulk, but their presence is amplified by the 

plotting routine. 

As might be expected, the higher absolute humidities appear near the linear aeration 

duct (as shown in figure 7.18). In the case of the silo fitted with an annular duct (it is 

indicated in figure 7.19), the high absolute humidity of air near the base of the cone 

reflects the respiration (actual or simply as a result of an artifice of the model) alluded to 

above. 
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Figure 7.17 Humidity distributions in the non-aerated silo 
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Figure 7.18 Humidity distributions in the silo fitted with a linear duct 
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Figure 7.19 Humidity distributions in the silo fitted with an annular duct 
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7.6 WET BULB TEMPERATURE DISTRIBUTIONS 

Wet bulb temperature is the temperature reached by moist air and water, if the air is 

adiabatically saturated by evaporating the water. Wet bulb temperature in many way 

dictates the performance of aeration system, and it may be described as the joint effect 

of temperature and moisture content on the rate of increase of insect population. The 

contour maps of wet bulb temperature are presented in figures 7.20, 7.21 and 7.22. 

After 60 days storage with an initial wet bulb temperature of 22.3°C, in the non-

aerated silo, the average of wet bulb temperature at centre region is 19.1°C, and in the 

linear duct aeration system is 14.1 °C. In the silo fitted with annular aeration duct, the 

wet bulb temperature at centre area is 10.5°C. 

In figure 7.20, it can be seen that in the non-aerated silo, after 20 days storage, the 

highest wet bulb temperature in the central region of the silo is about 21°C. After 40 

days storage, the wet bulb temperature is continues to reduce due principally to 

conduction cooling. After 60 days storage, the wet bulb temperature at upper surface of 

grain has fallen to 17.3°C. 

In the silo fitted with a linear aeration duct (as shown in figure 7.21), the wet bulb 

temperature falls most quickly in the region near the duct. It can be observed that a 

cooling front passes from the duct, and that the region of grain furthest from the duct is 

the slowest to cool. It is seen that little cooling occurs after day 40, when there appears 

to be a dynamic equilibrium set up by continued cooling being offset by conduction 

heating. 

Figure 7.22 again shows, the passage of a cooling front from the annular duct and 

some dynamic equilibrium also appear to be approached. Must of the grains have 

attained wet bulb temperature around 10°C, which is inimical to insect population 
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growth. It is noted that the distribution of the intergranular wet bulb temperature is 

asymmetrical as a result of uneven heating of the silo wall caused by the combined 

effects of solar radiation and ambient temperature. 
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Figure 7.20 Wet bulb temperature distributions in the non-aerated silo 
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Figure 7.21 Wet bulb temperature distributions in the silo fitted with a linear duct 
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Figure 7.22 Wet bulb temperature distributions in the silo fitted with an annular duct 
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7.7 DRY MATTER LOSS DISTRIBUTIONS 

Dry matter loss of grain results from an oxidative process accompanied by the release of 

carbon dioxide, water and heat. In the system considered in this thesis, the amount of 

dry matter loss occurs as a result of respiration, which occurs in the vicinity of the 

aeration duct, and the south facing wall. The rate of dry matter loss is a function of 

grain temperature, grain moisture content and time. 

In the non-aerated simulation, no dry matter loss is evident on the east-west section 

of the grain store, because the grain stays very dry. 

Dry matter loss in the silo fitted with the linear duct is observed near the aeration 

duct, as can be seen from figure 7.26. W h e n the air enters the grain with a high relative 

humidity, the mass flow rate of air per unit volume of grain is very high in this region, 

and the grain becomes moist. From the initial dry matter loss of zero, after 20 days 

aeration, the m a x i m u m value of dry matter loss is 0.0136. After 40 days aeration, the 

maximum value is become to 0.0555, which is 3 0 8 % higher than after 20 days aeration. 

After 60 days aeration, the maximum dry matter loss has reached 0.0701, this is 4 1 5 % 

higher than after 20 days aeration. 

Compared with whole the system, the total loss of dry matter is very small. In 

addition, the grain moisture content may increase as a results of respiration of moulds. 

Moisture content is not observed in the cases of the silo aerated with an annular 

duct, as shown in figure 7.27, perhaps because the flow rate of air per unit volume of 

grain is somewhat lower. Hence the moisture in the air is adsorbed by a large volume of 

grain, so the dry matter loss near the annular duct does not appear to be a problem. 

Only at the base cone of the silo, the dry matter loss is seen to increase slightly. This is 
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because after the storage period, the respiration of grain appears to occur, thus giving 

rise to the production of moisture and dry matter loss. 

Figures 7.23, 7.24 and 7.25 reflect moisture and temperature changes in the grain 

adjacent to the south facing portion of the wall. It is clear that aeration appear to have 

negligible effect on the rate of dry matter loss in these south facing regions. 
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Figure 7.23 Radial profiles of the dry matter loss in the non-aerated case 
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Figure 7.24 Radial profiles of the dry matter loss in the linear duct case 
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Figure 7.25 Radial profiles of the dry matter loss in the annular duct case 
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Figure 7.26 Dry matter loss distributions in the silo fitted with a linear duct 
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Figure 7.27 Dry matter loss distributions in the silo fitted with an annular duct 
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7.8 INSECT POPULATION DISTRIBUTIONS 

Insects such as Sitophilus oryzae, Rhyzopotha dominica and Sitophilas zeamais are 

likely to infest stored grain, and spoil its quality. Insect population growth has been 

linearly related to the wet bulb temperature of the intergranular air. A s a result, insect 

population often grow rapidly in unaerated bulk of grain. 

The potential for insect population growth is shown in figures 7.31 to 7.42. After 

two months storage in a non-aerated silo, the population of the strain S. oryzae 1 has 

increased 180 fold. Compared with the initial concentration in the central region, it can 

be seen that aeration system is quite effective in controlling insect population growth, in 

a silo fitted with a linear aeration duct, the population of insects is 15 fold, and in the 

silo fitted with an annular duct, the population growth is only 3 fold. 

Figure 7.31 shows in the non-aerated silo, the distribution of the more vigorous 

strain of S. oryzae 1, the population increases by about 6 fold in the centre, and typically 

4 fold in the upper surface of the grain and bottom region of the bulk, this is because in 

the central region of the silo, the wet bulb temperature of the air is higher than at the 

boundaries. After 40 days storage, the insect population increase 36 fold in the central 

region. After 60 days storage, the upper surface of the grain has 40 insects, and at the 

bottom of the silo has around 80 fold increase. 

Figure 7.32 indicates the effect on insect population growth in a silo fitted with a 

linear aeration duct. After 20 days aeration, the population of & oryzae 1 at the centre of 

the silo has increases by 3.5 fold, and at the warm region of the upper surface of grain, 

the m a x i m u m numbers of insects are about 5.15 fold. After 40 days aeration, the centre 

area of silo is maintained cool and the population growth is 7.5 fold, and 13.5 fold near 

the upper surface of the silo. After 60 days aeration, the rate of insects grown is lower 
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at the region is close to the duct, and higher distant from the duct. At the upper surface 

of grain, the maximum potential for insect growth is 28 times the initial population. 

Figure 7.33 shows that after 20 days aeration of the silo fitted with an annular duct, 

the centre region of the silo has around 2.5 insects more that initially, at the upper 

surface of the grain, there is about 4.28 fold increase on S. oryzae 1. After 40 days of 

cooling, the rate of insect growth at centre area of the silo is small, this is because cold 

air provides insects a difficult environment for living, and the population increase is 

only 3.5 fold. After 60 days aeration, the insect growth at upper surface of the grain has 

become 12.67 fold. 

In a similar way to S. oryzael, which is we discussed above , figure 7.34 shows 

insect population in an non-aerated silo after 60 days storage. In the centre area of the 

silo, insect S. oryzae2 grown to 87 times its initial population. From this point of view, 

we can see: Storage insect grown rapidly without aeration control, and causing the 

stored grain completely lost in the short period of time under storage environment. 

With a linear aeration duct, after 60 days aeration, S. oryzae2 only has increase 9 fold 

around the centre of the silo. Similarly, after two months aeration with the annular 

aeration duct, the population of the loss vigorous strain of S. oryzae2 has increased 2.77 

times its initial value. 

Figure 7.37 shows, the distributions of R. dominica in the non-aeration silo. After 60 

days storage, the number of R. dominica at the centre region of the silo increases 16.5 

fold. In the silo fitted with a linear duct (as shown in figure 7.38), after two months 

aeration cooling control, in the centre area of the silo the population of if. dominica has 

increased by 2.1 fold. In the silo fitted with an annular duct (as shown in figure 7.39), 

after 60 days period storage, the centre area of insect R. dominica is only 1.5 fold. It is 

clear that this species is not particular cold tolerant. 
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The final insect species which are discussed in this thesis is S. zeamais. Figure 7.40 

shows that the simulation results of S. zeamais distributions after two months storage 

without aeration. It is clear that at the centre area of the silo, the 51 zeamais growth is 

2.7 fold. In a silo fitted with a linear duct (see figure 7.41), the storage management 

keep the insect population under good control, only about 1.3 fold of insects 5. zeamais 

in the centre region of the silo. When a silo is fitted with an annular duct (see figure 

7.42), the population of 5. zeamais appear to be very tightly controlled, and after 60 

days storage, the population of 5. zeamais has increased by about only 1.2 fold. 
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Figure 7.28 Radial profiles of the population of 5. oryzael in the non-aerated case 



Chapter 7 COMPARISONS AND DISCUSSION 151 

North 

South 

00 
vo 
o 
ts 
o 

vo 
en ^ H 

• * 

o 

•>»• 

© 
ts 
vo 
o 

_l 

r-
ts 00 

o 

io 

o 

io 
r-~ 
© 

30 

25 

o 20 

CJ 

a 15 

v 10 

I. CO 

East 
North 
West 
South 

-

^^^^ 

- • " i i ' 

/"I 
/ 1 
/ ̂  i A 
i ' y v 

/; / V // / A 

/ '' ' 1 

OO 
vo 
o 
ts 
© 

vo 
ro —i 

• * 

o 

•<t 
© 
ts 
vo 
O 

_ 
!--ts 00 
o 

—• r-

Distance from Silo Centre (m) Distance from Silo Centre (m) 

vo 

160 

140 

120 

100 

80 

60 

40 

20 

East 

North 

West 

South 

^^S 

' ' ' ' i 

I\ 
I 

! rti 
/ //\ 

/''At 
Jy V 

> < 
oo vo rt- —* vo in 
vo to © r- —i t— 
o —• ts ts © o 
ts -<f vo oo _\ _; 
© ' © ' © ' © ' 

Distance from Silo Centre (m) 

Figure 7.29 Radial profiles of the population of 5. oryzael in the linear duct case 
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Distence from Silo Centre (m) 

Figure 7.30 Radial profiles of the population of 5. oryzael in the annular duct case 

Figure 7.28 shows the insects of 5. oryzael along east, south, west and south radii of a 

non-aerated silo. It is clear to see that population of 5. oryzael continue to grow rapidly 

in the centre of the silo throughout the storage period. However, the population growth 

near the east, north and west facing regions of the silo is low, because of the high 

temperatures of the insolation during the noon. Population growth on the south side of 

the silo is generally lower, because of the lower grain temperatures that result from heat 

transfer process occurring the central region of the silo. 

In the aerated silo fitted with a linear duct (as shown in figure 7.29 ), the population 

of S. oryzael growth is lower near the centre of the silo, and higher within a 10 

centimetre of the wall, this is because that the linear aeration system has controlled the 

central region of the silo, and the temperature along the wall of the silo is heated by 

solar radiation and ambient air during the day. The density of population 5. oryzael 

growth on the east, north and west facing of the silo is very low due to the high 

temperature occurring during the day. 

Similar with an annular duct (as shown in figure 7.30), it can be seen that the 

controlling of population growth of 5. oryzael is better than that linear aeration system 

in the centra region of the silo. 
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Figure 7.31 5. oryzae 1 distributions in the non-aerated silo 
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Figure 7.32 5. oryzae 1 distributions in the silo fitted with a linear duct 
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S. oryzae I at day 20 (annular duct) 

3.50-

S. oryzae 1 at day 40 (annular duct) 

3.00-

2.50-

2.00-

1.50-

1.00-

0.50-

o.oa 
l 5 ) -0.50 0.00 0.50 1.00 

S. oryzae 1 at day 60 (annular duct) 

Figure 7.33 5. oryzae 1 distributions in the silo fitted with an annular duct 
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Figure 7.34 5. oryzae 2 distributions in the non-aerated silo 
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Figure 7.35 5. oryzae2 distributions in the silo fitted with a linear duct 
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Figure 7.36 5. oryzae 2 distributions in the silo fitted with an annular duct 
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Figure 7.37 R. dominica distributions in the non-aerated silo 
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Figure 7.38 R. dominica distributions in the silo fitted with a linear duct 
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Figure 7.39 R. dominica distributions in the silo fitted with an annular duct 
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Figure 7.40 5. zeamais distributions in the non-aerated silo 
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Figure 7.41 5. zeamais distributions in the silo fitted with a linear duct 
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Figure 7.42 5. zeamais distributions in the silo fitted with an annular duct 
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7.9 SEED VIABILITY DISTRIBUTIONS 

The viability of seed grain is signified as the ability of the seed to develop into a young 

plant under favourable conditions in the absence of dormancy (Brooker et al, 1992). 

The life of the viability of seed grain depends on temperature, moisture content and the 

length of time. Figures 7.46, 7.47, and 7.48 show, the variation of stored seed viability 

under three different storage conditions. 

It is clearly to see, that after 60 days storage with an initial seed viability of initial 

0.99, in the non-aerated silo, the centre area of seed viability is 0.95, which is 4.2% 

lower than initial condition. In the silo fitted with a linear aeration duct, the central 

zone of the seed viability is 0.97. In the silo fitted with an annular aeration duct, the 

centre region of seed viability is 0.98. 

It is clear that aeration preserves seed viability of the rate of degradation the germ 

proteins and hydrolysis of the embryonic starch, and that the annular duct is slightly 

move effectively than the linear duct. 

Figures 7.46, 7.46 and 7.47 reflect the seed viability responds to grain cooling. In 

the non-aerated silo as illustrated in figure 7.45, the viability of the grain is generally 

lower in the centre of the silo. This is because the grain remain warmest in this case. 

Figure 7.46 clearly reflects the non-uniform passage of the cooling wave through the 

grain, and the viability of the seed is generally lower in the region furthest from the 

aeration duct, 

The air flow distribution in the silo fitted with an annular duct is relatively uniform, 

and this is reflected in the seed viability patterns as shown in figure 7.47. Here w e 

observe a large central region of the grain bulk that retains a large seed viability. 
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Figure 7.43 Radial profiles of the seed viability in the non-aerated case 
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Figure 7.45 Radial profiles of the seed viability in the annular duct case 
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Figures 7.43, 7.44 and 7.45 show, the radial profiles of the seed viability along the 

north, south, east and west facing of the silo. T w o observations have been made. 

Firstly, the seed viability in the central region of the grain bulk is higher in the aerated 

silos than in the non-aerated silo, and the silo fitted with the annular duct provide better 

result of seed preservation. Secondly, aeration appears to give litter protection to grain 

adjacent to those walls exposed to high temperatures. The stored seed near the west 

facing of the wall has a particularly low viability, because of the high temperature 

entering to which it has been exposed. 
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Figure 7.46 Seed viability distributions in the non-aerated silo 
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Seed viability at day 20 (linear duct) Seed viability at day 40 (linear duct) 

Seed viability at day 60 (linear duct) 

Figure 7.47 Seed viability distributions in the silo fitted with a linear duct 
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Seed viability at day 20 (annular duct) 
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Figure 7.48 Seed viability distributions in the silo fitted with an annular duct 
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7.10 DECAY OF CHEMICAL PESTICIDE 
DISTRIBUTIONS 

Temperature and moisture content are the major factors in the degradation of contact 

pesticides applied to grain. Pesticides can be effectively against the insects for many 

month, and can be applied to grain held in poorly constructed store without specialised 

equipment for their application. 

Figures 7.52, 7.53 and 7.54 illustrate the distribution of the pesticide concentration 

in the stored grains. It is clear that the pesticide decays rapidly in the non-aerated silo. 

Indeed, the concentration of pesticide in the central region has falls to about 6 9 % of its 

initial value of the 60 days storage (as shown in figure 7.52), this is because that the 

warm air flow is effected on this central region of the silo. 

The rate of pesticide decays in the silo fitted with a linear duct clearly reflects the 

non-uniform cooling, it is shown in figure 7.53, and the pesticide concentration in the 

region furthest from the aeration duct is about 7 7 % of its initial condition. 

By contrast, it can be seen in figure 7.54 that the pesticide concentration in the silo 

fitted with the annular duct is generally about 8 0 % of its initial pesticide decay in the 

central area of the silo, and reflects the uniform cooling wave to the pesticide decays in 

the silo. 
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Figure 7.49 Radial profiles of the pesticide in the non-aerated case 
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Figure 7.50 Radial profiles of the pesticide in the linear duct case 
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Figure 7.51 Radial profiles of the pesticide in the annular duct case 
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Figures 7.49, 7.50 and 7.51 show that the variation of the decay of chemical pesticide 

from the east, north, west and south facing portions of the wall. A s would be expected, 

the pesticide concentration in the central region of the silo is higher in the aerated silos 

than in the non-aerated silo, and the silo fitted with an annular duct render the better 

results for protection the decay of pesticide than the silo fitted with a linear duct. 

The rate of chemical pesticide is higher in the south side of the silo, this is because 

the sunlight is not strongly effected in this area, and the pesticide concentration is 

rapidly broken down at the east, west and north sides of the wall in the three cases by 

solar radiation heating during the day. 
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Pesticide at day 20 (non-aerated) Pesticide at day 40 (non-aerated) 

Pesticide at day 60 (non-aerated) 

Figure 7.52 Pesticide distributions in the non-aerated silo 
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Figure 7.53 Pesticide distributions in the silo fitted with a linear duct 
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Figure 7.54 Pesticide distributions in the silo fitted with an annular duct 
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7.11 OVERVIEW 

After 9 groups of profiles discussed, the performances between non-aerated, linear 

aeration and annular aeration systems are evident: 

Annular aeration system can provide strong and uniform flow of air to occurring 

in the silo symmetrically, and gives best results for protection of the environment 

of stored grain. 

Linear aeration system may provide a non-uniform airflow distribution, and offers 

a specific causes of special cooling results. 

- The grains in the non-aerated system can be quickly damaged by insect pests 

attacking, and loss in the quantity and quality. 

- In addition, the performances of simulation results which are used program 

S I L 0 3 D F T N to predict the ecosystems in a non-aerated silo, the silos fitted with 

linear and annular aeration ducts are summarised in table 7.1. 

Table 7.1 The performance of non-aeration and aeration silos 

Mean dry matter loss 

Mean concentration of fenitrothion 

Mean viability 

Mean concentration of R dominica 

Mean concentration of S oryzae 1 

Mean concentration of S. oryzae 2 

Mean concentration of S. zeamais 

Non-aerated 

0.0039 

0.7092 

0.9453 

12.7431 

128.5328 

63.0503 

2.4118 

Linear duct 

aeration 

0.0038 

0.7885 

0.9647 

3.7367 

24.2884 

13.1513 

1.3611 

Annular duct 

aeration 

0.0031 

0.8238 

0.9686 

2.6713 

18.1394 

10.0286 

1.3197 
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7.12 LIMITATIONS OF THIS WORK 

In this work that the insects are immobile, whereas in reality they are likely to 

translocate to more favourable microclimates. However, the results for insect growth 

indicate the potential for the growth of insect populations. Furthermore, the effects of 

aeration on the movement of insects has also been ignored. Essentially, the reason for 

this is that the biological data are simply not available, and this is an area worthy of 

study by stored products entomologist. In this work w e have used rate of insect 

population data presented by Desmarchelier (1988). In this work it is explicitly 

acknowledged that there are differences in the behaviour of different strains of the same 

species of insects. The data presented by Desmarchelier (1988) are for age stable 

populations, which are highly unlikely to occur during the initial stages of grain storage. 

Fungal activity appears to depend on a large number of variables, many of which relate 

to the posthavest conditions of the grain. Any deterministic model of mould activity 

must therefore be treated with extreme caution. In this work w e have relied on the 

expression for the rate of respiration of grains presented by Lacey et al. (1994). This 

appears to give a rate of respiration much higher than that predicted by the work of 

Thompson (1972). Once more there is clearly a need for a much more detailed and 

deeper understanding of biological phenomena. 

The data presented on the rate of decay of chemical pesticides are relatively 

deterministic, and since w e are dealing with contact pesticides that are not labile. 

However, in practice, pesticides are unlikely to be applied with a uniform concentration 

as implied by this work, but variations can be easily accommodated. 



CHAPTER 8 

CONCLUSIONS 

This chapter presents conclusions stemming from the work of the previous chapters. 

Also some suggestions and some further work directions within the framework 

introduced in this thesis. 

8.1 SUMMARY OF CONTRIBUTIONS 

(1) A finite difference model for predicating the behaviour of the microclimate 

occurring within the conical bottomed circular silos was developed. The three-

dimensional model was applied to estimate the actual variation of pressure, 

velocity, temperature, moisture content, absolute humidity, wet bulb temperature, 

dry matter loss, seed viability and pesticide decay in the grain storage. 

(2) A mapping technique provides a convenient methodology, and has strong ability 

to analysis the classical mathematical model for obtaining the numerical solution 

of partial differential equations in the arbitrary geometries. 

(3) Solar radiation is the major factor that influences the surface temperature on the 

silo wall. It can causes the temperature gradients raising to conduction, leading to 

181 
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moisture transfer, and consequent grain damage. It is the important parameter for 

choice the colour of the silo, and the placement of the aeration duct. 

(4) The research has shown that grain temperatures remain high prolonged period of 

time in the non-aerated silo. Aeration is successful in cooling the grain bulk, but 

the grain at the peripheries is little affected by aeration. 

(5) Importantly, the results of the work demonstrated: The silo fitted with annular 

duct is more uniformly cooled that silo fitted with conventional linear duct. Grain 

in the annular aerated silo are stored in better condition with a higher viability and 

lower pesticide decay. Furthermore, insect population growth can also be better 

controlled in the silo fitted with an annular duct. 

(6) The mathematical analysis has been encoded in FORTRAN, and the program 

listing forms a part of this thesis (see Appendix III). 

8.2 FUTURE WORK 

The future research should be carried out in the following areas: 

(1) Research projects should validate the computer model by carrying out field 

experiment measurements, for investigating pressure, temperature and moisture 

content in a conical bottomed circular silo, with non-aerated, linear aeration and 

annular aeration systems. Moreover, the experiments should indicate the 

environmental variables which are relevant and pertain to practical situations. 

(2) Ecological study of computerization model should be used to investigate the 

likely success of aeration system in a range of climates, specially the methods of 

augmenting aeration with ambient air by mechanical refrigeration and solar 
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cooling are also worthy. Besides, the study should include the effect of the size of 

the silo and the duct placement on the performance of aeration system . 

(3) It is also important to study the interaction of the air in the headspace of a silo and 

the grain bulk. 
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APPENDIX I 

THOMAS ALGORITHM 

Thomas algorithm is a particularly efficient method for solving the system of tri-

diagonal matrix, and it is relatively simple. The product procedure is expressed as 

following. 

The discretized triangular factorisation of the linear system is taken the form as: 

bx<o2+cxG>3 =dx-axG)x (1-1) 

a2G> 2 + b2m 3 + c2(o 4 = d2 (1-2) 

a3G) 3 + b3(o 4 + c3co 5 = <5?3 (1-3) 

«/»©/-! + bu®, + CU®M = d« C1"4) 

a„_3<0„-3 + V3«>«-2 + < W V l = <-3 (1-5) 

«„-2«V2 + *>*-.<» n-\ = dn-2 ~
 Cn-2®n fl'6) 

in which ii = i-l (ii = \,...n; and i = \,...n-\) 

if » = 1, */, =^,-0,03, 

if ii = n-2 d„_2= d„_2 -c„_2a>„ 

The matrix of coefficients is: 
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(1-7) 

The basic idea for solving this matrix is to reduce one column at an equivalent 

triangular system by means of substitution and manipulation of the matrix coefficients 

into the form as below: 

'P. 
P2 c2 

P\ c3 

P* 

PVi Cw»-1 

P«J 

X 

*1 

x2 
*3 

* , 

^ / I M - 1 

= 

5, 

52 

s3 

«* 

8«„-I 

WW _ 

Firstly, we define: 

*,=P 

^ = 5 , 

co2=X,; co3=X 2; (0„_x=Xn 

(1-8) 

(1-9) 

(1-10) 

(1-11) 

So equation (1-1) and (1-2) can be written as: 
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VXXX+CXX2=8X (1-12) 

a2Xx +b2X2+ c2X3 = d2 (1-13) 

Multiplying equation (1-12) by — , w e will get: 
Pi 

a2Xx+^-cxX2=^5x (1-14) 
P, Pi 

Then subtracting equation (1-13) from equation (1-14) yields 

W e define again: 

(b2 ~^cx)X2 +c2X3=d2 -S-5, (MS) 
Pi Pi 

P 2 = ^ 2 - ^ ^ (1-16) 
Pi 

*2=d2-^-Sx (1-17) 
Pi 

Equation (1-15) becomes: 

p2X2+c2X,=52 (1-18) 

However, the summarisation calculation of the coefficient matrix is subject to the 

following recursion relations: 

(1-19) 

(1-20) 

Continuing this procedure until an equation with only one unknown is obtained. 

The solution of tri-diagonal system can be solved by using last equation to solve for 

Xm, such as: 

X =^=- (1-21) 
rnn 

P,7 

8* 

c a 
U II a 

" 3 

= dji
5^ 

" P„-, 

nn 
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Then substituting the result of Xm into the second last equation and solving for 

Xnn_x, and so forth. The general form for doing this procedure is written as: 

X^Jn-i-c^Xii (I.22) 
P1/-1 

Remembering ro^, = Xm_x. Update the value of Xu to to,, then the tri-diagonal system 

is completely solved. 



APPENDIX II 

NEWTON-RAPHSON METHOD 

Newton-Raphson method is applied to a non-linear equation as: 

f(X) = 0 (IM) 

The algebraic rearrangements of equation (II-1) take the form is: 

X = g(x) (II-2) 

When equation (II-1) has an approximation to a root Xn = a, the better approximation 

given by Xn+X, generally it is written as: 

Xn+x=Xn-^-^- (II-3) 
*+l n f l ( X J 

Equation (II-3) is the Newton-Raphson scheme. This scheme can be explained as 

the form as following: 

Nest Estimate = Current Estimate + Correction Term (II-4) 

— f(X ) 
in which the Correction Term of ^ n) must be small, when X„ is close to the root if 
f'(Xn) 
convergence is to be achieved. 

203 
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Whe n provide f'(Xn) * 0, the Newton- Raphson method is at least a second order 

process. The iterative equation (II-3) can be repeatedly used to find improved 

approximations to the real root a. 
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â̂  

CM" 

3 
a 3 
a. 
a 
+ 
—a 

tN 

a ^ 
J. 2? 

f $ JS ft 

isY ft'3 
• "3 

as a. 
& " • 

CJ 
to 

o 

* 
© tN 
Vw ^ 

X 
CM" 

3 
a 3 
ft 
a 
i tN 
ft 
i 

2? 
—5 tN 

3 
V 'x 
73 

ft 
M 

•3 73 

a 
tu 

CM 

73 

g 

a 

ti 
§-

g 
3 

§ 

+ 
.x 
;Hi 
ft" 
* 
tN 
CJ 

+ 
2? 
"5 
p 1 

* 
J*"S 
S^/ 

1 
X 
•3 

ft •3 

2? 
—5 

+ 
"ft 
* !_* ^—t 

•s 

CM 

73 

a 
u 

C 
CJ 

3 
• — v , U, 

c 
u §-

:x 
—5 
— 
_ 
a 
"ft 
• VO 
XI _ & 2? 

>j cs 

fi 3 
ft ft » S* 
"* SJ 

X 
•3 

ft •3 

|M 

•3 

a CU 
CM 

73 

a 
u 

X) 

ft â  
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i -
• * . & 

'-3—3 
— tN 
^—^ v*x 

a a^ 
O CJ O 

+ + -1^ 

3?-3 
M?i 0 
C.x > 
,fi ̂ ? * 

73 & 9 

v-a >o 
CM + ^ 

3 2" + 
0 --̂ -x 
V 
a 
3 
0 
M 

„ * 
—t © 

:°p2? 

.-4* t> -r. 
4> i. ^* 

fjJJ /•*v ^ _ 

fi -H. a. + M, —P 
_> ft — 
•*. '-3 + 
- X73" 
.X, CJ CJ 

Tyi + 
fi TT •*. 

iJi — 
O-T. ft 
•T. — 3 '"3 

O + + 

a ^ ^ 
«3 a a 0 
ir a 73 •« 

4^±v3 
X M, ̂ H M 

3 + + <= 

0 -X -X > 

ir 
a 
3 <*-! 

» 2 i fi <u 
0 
73 

73 

a 
eu 

O 
73 
73 
8 
eu 

O 
73 
73 

a 
eu eg <*j «« <*J ey c?j =« ^ *5 <*$ =a 



ro 
• * 

ft 

X 

M?+.t 

+ 

2 
—3 

Tj 
a 

o 

u 
N 
to 

gl 

i 
—5 
tN 
s—' 
CJ 
B 
O 

vi 

X 

o. 
—3 
tN 
Tj" 

§ 
CO 

X •* -T 

73 

> 

* 
© 
so 

o 

•B o 
73 73 
B 
eu 

O 
73 73 
B -n 
u a 

u 

Eft c T q 
N fi " —. •—, 
C - — ftcj? 

.X O ^ 
O ^ 
73 

cr 

fi 

+ 

~> /—s + i 

JX 

o 
a 

o 
Vi 

* 
CO 

1 
IN 
CO 

73 
Ml 

o 

+ 4- "< 

* £ - ? 
—3-< + 

1 B'<^ 
_ —> CJ 

C o a 
O Tj o 

s B a 
fi o M 

a s + 
++2? 
T •*« a^-s 

t - -3> .x 
•*. o.-. .-5 

:«*:-* .i w 

"0-73-73-73 

B e s > 
0 0 0 * 
CJ o o © 
N N N Z\ 
CO CO VI 00 

de} ctf ey 

g •« O 

a •« o 
g -3 73 

g-3 

eu 

fi u 

| 3 

a 3 

o 73 

£ -5 
a ^ 
B 3 
O O 

II 
33 
o o 

fi 
fi M 

8 E fi fi 

I a 3 3 tl 
-i o fi 3 " 

> -5: © o I 

s x > > a 
3 133-2 
a 9 2 a 2 
1 1 ir tr a 
s | o « 3 1 
73 > CO to to 

3 3 3 3 3 
0 0 0 0 0 

««<« <y <% 

E 

3 72 

eu C 
M u 

8fc 

=8: 
* 
=8: 
=8: 
=8: 

=8: 

=8: 

=8: 
=8: 

=8: 

=8: 
=8: 

=8: 
8fc 
* 
8fc 

8fc 

8fc 

% 
8fc 
=8: 
* 
8fc 
=8: 

=8: 
=8: 

% 
8fc 
=8: 
=8: 
8fc 

=8: 

CJTJ 

* 8t 
=8: 
=8: 

8fc 
81: 
=8: 
=8: 
* 
=8: 
8fc 
=8: 
% 

81: 
•3 =* 
X =8: 
O 8fc 
k * 

a =* 
X =* 

2 =* 
73 8fc 

« s 
fi 1 
3 =* 
CO =8: 
CO 8fc 

°-8fc 
3 * 
a * 
a™ 8t 
3 8fc 
O * 
8fc 

* 
8fc 
81: 
8t 
% 
8fc 

«: 
=8: 
=8: 
=8: 
=8: 
8fc 
8fc 

=8: 
CJ CJ CJ 

tN 

U, 
Q 

ro 

o 
S3 

o 
ai 
DH 
CM 

o 
a 
H 
M, 

•81 I 
eu < 73 

M •« _ 

E a B 

S fi —7 

x 

a 
8 

— ti
ll fi 

8 
eu 
a 
& 
^ 

?2G 
+. N —5 
•* b=3 
z? g 0 w 4- > 

fi X * — — © 
S + so 

S —3 *—-
+ CS + 

2^2 
—5 N — 

fi S «N —. to ^, 
N +^ fi 
b-X N 

g-?b w tN 0 

8 g2 
3 £-
2 0 a 

Q eo .i±\ 

J 

0 CO 

3 
s 

+ 
.X 

~5 + + * 

•- + + ft 

& t x -3 
CJ "T, -X ^-

tl -H ao 
C* + — 3 CJ 

o O O — 
CO CJ CJ N 

^ o o + 

,OT —3 —3 + —3 

& < M ? iar 
fi 
eo 
73 

-t-

0 
CO 

3 0 
ir 
0 
Vi 

3 0 
— 

CJ 

"N 

CJ 

"N 

CJ 
N 

0 0 0 
to to CO 

0 
> 
* 
q 00 

2 
Z? + 

^ t a 

CJ — 

" + 

fi tN 
co 5_> 
+ " 
—5 

a. 
-3 
tN 
Tj-
tN 
N 

fi X X 

• - a 
O ^ 
73 

eu ̂  o 
73 73 
a 
eu 

ft v-

fi —" 

X 

ft 
8 

— tr 
II « 
ftCM5 

3 

J 
^O 
—. CO 

13.3 
fi O 

CXM 
—3.-5 
tN ._? 

•a 
to so 

'~:>X + 
+. + " 
TJ'-^. 

•a z? 
o O 
CO CJ 

M* fi 

TJ-^P . 

^5-2 

A a 
8 N 

2 c? 
O eo 

ir 
tN 
O 
to 

73 
0 

S 
^H 

0. 
• — > 

CJ 

•a b 0 
Vi 
+^ 

2 
_* 0. 
;̂ i 
s.̂ . 
0 

ft 
—3 
+ 
CJ 

•a b O 
Vi 
+ /—s 
J4 

Q. 
"T? 
»-M 

+ 
. . CJ 

«a«a bb 0 
CO 

0 
CO 

/*^ JX 
-3 
^̂*. 
O 
> • 
00 

fi — 73 
a 

u o 
73 73 

g-fi 
fi 

• - , 0 

cS d>J =« ey ey <y =a -a cy =3 do" =« =« 



73 
8 
eu 

ro 

t 
e 

x 

x 

o. 

•—> 
tN 

&£ 
ftTg 
-̂? C 

N 3 
3,-fi 

-, ft 

»•—> 
- tN 

8 S a" 

a a ̂, 

M̂. X ft 
© CJs 
© Os 
© V) 
tN ^ 

tro 
eu ̂ -* 
• eu 

cu -a 

E '& 
'X !> 

to 

t 
c >s 
X 

a 
& 
— 3 
tN 

t0 
C >s 
^ -B 
ft N 
^v C 

•Sa 
C X 

— ft 
- " 3 

— tN 

3 «"£ 

M ES 
f^-a a 

°i? 
© e3s 
© e3s 
© Wl 
•<* „-
CT Os 
cu ^^ 

u B 

73 

g 
•a * 

ro 

•a 
B 

X 
X 
a 

—a 
CN 
X ' 

tN 
>s 
X 
N 
B 

<% 

73 
B 
cu 

a. I 
°£ 
© Os 
© Os 
© in 
vo * 
. M , 

3" OS 
eu ̂ M* 

• cu 
U M 

11 

>s 
• JS 
. N 
I B 
CN 

X 
X 

a 
— 3 
tN 
>» 

-e 
B 

a 

B 
u 
X 

ro 

•a 

a 
I — » 

>» 
X 
X 

a 
—3 
tN 

P 
a N 

-̂? c 
<£ tN 
N :£ 
3.-B 
-. a 
- - 3 

r*,tN 

a b 
ES 
x a 

<*J 
73 
C 
eu 

°. m 
© OS 
© ON 
© >n 
oo _j 
&0\ 
CU ^s 
• CU 

cu <M 

11 
=8 

73 
a 
eu 

ro 
>̂  
X 
N 
a 
x 
X 

a 
•—> 

tN 
>* _ 

II 
a N 

,< a 

-St 
a x 
-, a 
- — 3 

S 3rx 
x u s 
f% E 3 
© x a 
~~? /^*v 

o in 
© os 
© OS 
© in 
CTON 
fi "—" 
• eu 
fi a 

E 'g * 
:x\ > 

<% 

73 
a 

fi 

ro 
>, 
X 
N 
B_ 
>. 
X 
X 

a 
—3 
tN 
B >, 
ft N 

S3 
•SrS 

3-B 
M, ft 
- — 3 

- vN 
x £ o 
© X^ ft 
©' in 
© os 
© Os 
tN m 
IM •• 

.§| 
Mi > 
CM 

ro 
>> 

a 

x 
X 
ft 
—3 
tN 

•e~ 
ft N 
- a tN tN 

73 
B 
fi 

X 5? 

13 a 
3,-B 

-, ft 
- - 3 

— tN 
B ft_g> 
© "X ft 
©' in* 
© Os 
© OS 
•* "7, 
cro 
eu -«—-
• eu 
o a 

E '5 * 
:B. > 

ro 
>̂  
X 
N 
a >i 
X 
X 
ft 
—3 
tN 

Hi 
ftTg 
.-s 8 

•st 
fi -B 
-7 ft 
» — 3 

—, tN 

a a_b 

3 it 
© a ft 
• >̂ >̂ 

© in 
© OS 
© o\ 
vo in 

3" Os 
cu ̂ —-
• eu 
u a 

<% 

73 
8 
fi 

I* 
•* 

73 

g 

CO -

O U 

ft-3 
eu b 
.5-3 
3 a 

e a. 
•§1 
CO X 

• * 

tN 

c 
ro 
ro 
ro 
X" 

© 
vn 
os 
ro 

8fc 
=8: 
8fc 

8fc 

=8: 
=8: 
=8: 
=8: 
=8: 
8fc 
=8: 
8t 
8fc 
8t 
=8: 
=8: 
* 
=8: 
* 
=8: 
8*: 
8fc 
8fc 
8t 
=8: 
* 
=8: 
=8: 
=8: 
8fc 
=8: 
8t 
=8: 
8t 
8fc 
81: 
=8: 
8fc 
8t 
8t 
8t 
8t: 
8fc 
8t 
* 
8fc 
8fc 
* 
8fc 
8t 
=8: 
=8: 
8fc 8fc 8t * =8: CJIJ 

cu 

8fc 8fc 
=8: 
:»: 
8t 
8t 
8fc 

=8: 
=8: 
* 
=8: 
8t: 
8t 

8fc 
M % 
o * 

a * 
8t 

U 8fc 

3 =* 
-— =8: 

r * 
^ * 
X 8t 
JS 3i: 
T3 =8: 
fi 3t 
VM 8fc 
cu 8t 

3 * 
eo at 
co 3r 
eu f̂c 
C 8fc 
ft* 
_ 8fc 
3 8t 
ft=8: 
O 8t 

8fc 
8fc 

=8: 
=8: 

=8: 
* 
8t: 
8t 
8fc 
8t 

8t 
=8: =8: % =8: =8: CJ CJ CJ 

eu 

B fi 
ft.S 
eu 
3 

= 1 
to x 

+ + 
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â 
X 
ft 

if 
cs !l -B 

a a 
• — > • — > 

CJ 

N 
fi 

I 
O 
73 

a 

7 
o 
73 

M"N 

^ M' 

S cs 
* 3 >s 

M̂  s a . « a a t u o a 
§ 7? tr '3 
71 2*5' cu i ft * 
M -r .ar <•—• 
—*v M , \—1< * 

7 2 *t ^ 
i, a .-s N 
sS 3 -x >-*. ?$ c3 SM- V ^ 

2 S) N V 
un
ma
l)
+
 

r(
i)
*(
ta
n(
 

ph
i,
k,
r(
i)
 

ph
ib
y2
,k
 

oo /jjs '.3 Z2 

s' s © © 
3 w © © 
* 73 OS OS 

%. § ro ro v-- vii- m" m" 

ir « s 
2; a B 

•is 

o 
73 
73 

g 

P 
73 
73 

s 

TI

CS 

X 
ro^ 
ro" 
M, 

ro 
X* x-73 

a 

© 
© OS 

CJ <** CJ 

E 
I M 
£. eu 

at 8t 
at 
at 
at 
at 
at 
at 
at 
8fc 
at 
at 
at 
at 
8fc 
at 
8fc 

at 
at at 
8fc 
at at 
at 
at 
at =* — 
at ro 
at fo at _\ 
at -jj 

* S at JS 
at 
at o at ta 
at « 
=»= a at S3 
* M 

at fi 

at u 

mm
m*
 

mo
is
tu
re
 

at M» 
at 3 

mm
* 

Ou
tp
 

at 
at 
at 
at 
at 
at 
at 
at 

CJ CJ CJ 

at 

eu 

at 
at 
at 
at 
at 
8fc 
at 
at 
at 
at 
at 
at 
at 
at 
at 
at 
at 
at at 
at 
at at 
at 
at 
at at 
at 
at at 
at 
at 
at 
at 
at 8t 
at 
at at 

B at 
• — at 
a 8t 
boat a 
'a 
a 

E 
VM 
O 73 

at 
at 
at 
at 
at 
at 
at 

at 
at 

o at 
•~ at 
eu at 
ftat 

8ft 

CJ 

at 
at 
at 
at 
at 
at 
at 
at 
CJ 

N 

a 
ed 
cu 

cd 

fi 

(ft 
73 

Hfi l a 

Su
br
ou
ti
ne
 

In
cl
ud
e'
di
y.
 

7 
a 
o. 

+ 

2 X 
ft -

jp
hi
by
2=
n 

do
 k
=l
, 
nz
 M 

B 
l-HI 

.11, 

o 
73 

ft. 
Q 
ro 

V. 

2 
0 
O 
ft< 
ft, 
ft, 

o 
a 
M2 

TT 
CS 
CM 

vn 

x" 

o 5 
73 CM 

73 
8 

° © 
© 
© 

., oo 

fr 
73 
eu 
'S eu 

x* E 

I § 
E -

•E a 
.— ed 

© © m © 
© v> m so 
Os Os OS Os 
to ro ro ro 
TT* Tf" Tf" TT* 
SO so so so 
!-/ V S»/ S-<• s^ ^ 

fi fi fi fi fi fi 
** 'C 'C 

3 

M§ 

fro" 
73 4^ 
m © 
so r-
ess os 
ro ro 
TT" TC" 

SO SO 
s s 

x 
CN 
•*" 

CN 

CO 
CM 

D 
o 
X 
• — ' 

X 
eu 

E 
x 
CN 
TT* 
CS 

Q 

Z 
o 

^o 
^V 
© a 
Tr 

c x" 
f V) 
X X 

CO 
C M 

P 
o 
a: 
ro 
© 
"tu 

£ 
.„•= cs 

^S2 

i£ 

C 3 !-i 
i_r o M 

« a § 
E fr § 

^ _ 'S 73 -X 

5 X* X* X* X* 
g i n m m m 
C-i X* X* x" X* 

M , .M Ml MH 
V S^/ W SM* 

cd ed ed cd 

cd ed 

O O 
r;": iX 

© © u m © m © 
© vn <*3 m vo so r--
Os Ov OS OS Os C3s 
ro ro ro ro ro ro 

© K> © .. © 
vo =« «•- °C oo 
r- r- r-

u ro ro ro 



at at at 

» * at 
at 
at 
at 
at 
at 
at 
at 
at 
at 
at 
at 
at 
at 
at 
at 
at 

at 
at 
at 

at 
at 
at 
at 
at 
at 

a at 
E at 
•a at 

at 
M°3* 

VO 
CS 

X 
Tr" 
CS 

X 
cs 
ro* 
M, 

ro 
X" 

© 
© 
r-~ 
ro 

3 H 
eu 

M> 
CU 

3* a * 
8ft P 8fc 

at 3 at 
at _ at 

3£ *S 31 
31 ° 3£ 
* -fi at 
* .2 * 

at Sat 
at ftat 

at CJ 3£ 
at cs 3t 
at MJ at 
at «s „. 
8fc v> at 
8t 2 at 

a£ fi 3| 
at W a t 
at — at 
at _ at 
at 5 at 
at N at 
at fc»8t 
at g at 
at ~ at 

at "at 
at -a at 

atfrat 
at 3 at 

atOat 
at at 

at at 
at at 
at at 
at at 
at at 
at at 

CJ TJ CJ TJ C 

f 
X . 

eu 
a 

1 
o 
M 
X 
3 
CO 

CJ 
.8 

fr 
73 

'eu 
73 

J3 
73 
8 

+ 

2 
X 
ft 

S" a B* M 
ft B _- 5 

•h f i fi 
•B X -. 73 

& B, a 

3 S ° «"> 
3 •_, m m 

* 73 a ^ 
/_7- S ro ro 
X—' -t- e>" os" 

SO vo 
Hi HI 

TT 
CS 

X 
ro 
ro" 
M, 

ro 
X* 

£ £ 

Sj 

o 
73 73 
B T1 

° a 
eu *j © 

m 
so 
ro 

Tf 
fS 

X 
ro 
ro" 
ro 
X* 

3 "~ 
fi B 
C eu o 

ro 

Tr 
CS 

X 
ro 
ro" 
M, 
ro 

X" 

© 
in 

r-
ro 

73 
3 

fi 

8fc 
at 
at 
at 
at 
at 
at 
at 
at 
8fc 
8fc 
at 
at 
at 
at 
8fc 

at 
at 
8fc 
8t 
8t 
at 
at 
at 
at 
at 
at 
at 
at 
at 
at 
81: 
at 
at 
at 
at 
at 
at 
at 
at 
at 
at 
at 
at 
at 
at 
at 
at 
at 
8fc 
8fc 

at 
at 
8fc 
at 8t at at at at at at at at CJ 

* at at 
at 
at 
at 
at 
at 
at 
at 
at 
at 
at 
at 
at 
at 
8fc 
8fc 
at 
8t 
at 
at 
at 
8fc 
at 
at 
at 
at 
at 
at 
at 
at 
81: 

at 
•M * 

up* 
CM .5 * 
** X at 

fr oo 3£ 
•fi M at 

x -3 at 
x a at 
ed a at 
> Sat 

JS 'a =* 

a ° * 
8 73 8t 

" f i g 
j_» *c f̂e 

B °"at 
3 ro at °^8t at at at at 81: at at at 8ft ej cj cj cj 

cd 



VO 
VO 

TT 
CS 

X 
to 
ro" 
ro 
X* 

O 
"fi o 
73 73 
fi 73 
° C 

u 

E 
3a © 

m 
m 

at 
at 
8fc 
at 
at 
at 
8ft 
at 
at 
at 
at 
at 
at 
at 
at 
at 
at 
at 
at 
at 
at 
at 
at 
at 
at 
at 
at 
at 
at 
at 
at 
at 
at 
at 
at 
at 
at 
at 
at 
at 
at 
at 
at 
at 
at 
at 
8k 
8fc 
ak 
at 
at 
at 
at 
at 
at 
at 
at 
at 
at 
at 
at 
at 
at 
at 
CJ 

at at at 
at 
at 
at 
at 
at 
at 
at 
at 
at 
at 
at 
at 
at 
at 
at 
at 
at 
at 
at 
at 
at 
at 
8fc 
at 
at 
at 
at 
at 
at 

ed at 
co at 
73 „ at 

a E^ 
M, .a at 
co ** 8* 
« 008k 

a B =* 
™^ '_+ =». 

& § 
3 H 
S<3 

73 O 

8ft 
at 
at 
at 
at 
at 
at 
8fc 
8fc 
at 

- • - 8 * 

ft B . * 

BCJat 
O cs at 

at 
at 
at 
at 
at 
at 
at 
at 
at 

o cj cj 

11 
73 -P 
eu 
B 
'X 
3 

2 
X 
3 
CO 

73 
"tu 
73 
J3 
73 
s 

00 
cs 
CM 

Tr" 
ts 

X 
tN 
ro 
1 — < 

to 
X 

¥ 
M 

,0 

© 
© 
m 
to 

fi 3 

at 
at 
at 
at 
at 
at 
at 
at 
at 
at 
at 
81: 
at 
8fc 
8fc 
at 
at 
at 
at 
at 
at 
at 
at 
at 
at 
at 
at 
at 
at 
at 
at 
at 
at 
81: 
at 
at 
at 
at 
at 
at 
at 
at 
at 
at 
at 
at 
at 
at 
at 
8* 
at 
at 
at 
at 
at 
at 
at 
at 
at 
at 
at 
at 
at 
at 

CJ CJ 

at at 
at 
at 
at 
at 
at 
at 
at 
at 
at 
at 
at 
at 
at 
at 
at 
at 
at 
at 
at 
at 
at 
at 
at 
at 
at 
at 
at 
at 
at 
at 
8fc 
at 

Eat 
at 
at 

Sat 
gat 

at 
3 8ft 
C at 
"a. * 
o at 
•§* a 
•2 at ,0. 
S * 73 -
B-at -3 a 

ro at a a 

"at g fr 
—\ ak .a 73 
* at a •_ 

* §73 

* 2 3 

$ HI 
at 

at 
o 73 o 

eu 

oo: 
c " 

ts 

ft, 
Q 
CO 

O 
v\ 

i 
o 

g 
a, 
ft, 

o 
o < 

73 

g 

at 
at 
at 
at 
at 
at: 
afc 
at 
afc 
afc 
at 
at 
at 
at 
8fc 
at 
at 
at 
at 
at 
at 
at 
at 
at 
at 
at 
at 
at 
at 
at 
at 
at 
at 
at 
at 
at 
at 
at 
ak 
8fc 
8fc 
at 
at 
8fc 
afc 
8k 
8fc 
afc 
8k 
afc ak at 8fc at at at at at at at at at at at 

afc at 
at 
at 
8fc 
at 
at 
at 
at 
at 
at 
at 
at 

fi at 

It 
at 

-"at 

a * 
s * 
e =*= 
3 =* 
c ak 

"S 3t 
•S* 
~> at 

.2 at 
M at 
fi at 

CJ 3E 
cs at 

« =* 
ed 8t 
__> at 
73 at 
fi 3i 
• a ! 
CN at 
fi at 

Sat 
°at 
co * 
3 * fat <§* '-' at at at at at at at at o 15 a 

t 
x 
cs 
o 

CJ 
a 

fr 
73 
"eu 
73 
_3 

73 
B 

4-

i=
l 

ib
y2
=n
ph
i/
2-

X X 
ft ft 

N 
B 

J!< 
0 
73 

M 

B 

7 
0 
73 

.-—s 

^ 4 ? 

Jkia" 
—• a a. 

al
(k
-l
)/
re
al
(n
z-

im
ma
l)
+t
an
(g
a 

(i
,k
),
so
ry
z2
c(
ij
 

:(
i)
,z
(i
,k
),
 

2 So N T 

IT? a ir cs 

g
a
m
m
a
 

)-
r(
i)
*(
t 

ij
ph
i,
k,
 

ij
ph
ib
y 

s^ CM S-. /—s 
a * © © 
2 0 © © r -a so so 

z(
i,
k)
=r
(i
) 

(r
ei
 

wr
it
e(
70
,3
 

wr
it
e(
70
,3
 

*} 

M 
cs" 
>s 
43 X 
ft 

•—> 

Tj-

•a 
fr 
0 
CO 

*s 

0 
73 
73 
B CU 

0 
73 
73 
B 
tu 

^m^ 

TT 
cs 

X 
ro ro 
M, 
ro 
X* 

¥ 
M 

a 
© 
© 
so 

cj r*" cj 

E 
3 •_ 
tu 8 
_ eu 

at 
afc 
at 
at 
at 
at 
at 
8fc 
at 
at 
at 
at 
at 
at 
8fc 
at 
at at 
at 8fc 
8k 
at 
8fc 
at 
at 
at 
at 
at 
at 
at 
at 
at 
at 
at 

at 
ak 
8fc 
at 8fc 
at 
at 
8k 
ak 
at 
at at 
at at 
at 
at 
at 
at 
at 
at 
at 
at 

at 
at at 
at 
at 
at 
at 
at 

CJ CJ 

#-. 
u 
B 

iS 
3 
O 
LH 

X 
3 
CO 

cu 
73 
3 

73 
8 



sO 

at at 
at 
at 
at 
at 
at 
at 
8k 
8k 
8* 
8ft 
at 
at 
at 
at 
at 
at 
at 
at 
at 
at 
at fi 
at k 
at 3 
at cd 

£ o. 
It £ 

at a 

at x 
at -fi 
* x 

3E « 
at > 
at _\ 

1 fi 
* 9 
* fe
at oo 

* S 
at M» 

at a 
at — 
at fi 

at« 
* ft 
at B 
at a 
at w 

at 
at 
at 
at 
8t 

73 o 

%at 
at 
at 
at 
at 
at 
at 
at 
at 
at 
at 
at 
at 
at 
at 
at 
at 
at 
at 
at 
at 
at 
at 
at 
8fc 
at 
at 
at 

a at 
E at 
•X 8t 

oo 3!: 
.Sat 
a =* 
3 =t 
3 8fc 
c at 
CM at 
o at 
-r-i at 

.2 at 
a at 
°- at 
ro at 

cs 3jJ 
•ft, =* 

CO rg. 
73 at 
eu afc 
t_\ 8fc 
"-1 at 

at 
at 
at 
at 
at 
at 

CJ CJ CJ 

t 
X . 
fi CJ 

%3 
o fr 

BP 
g-8 
R a 

fil 
co a 

+ 

2 
X 
ft 

TI
CS 

VM 
to 
to* 
M 
ro 
X* 

=3 © 
m 
ro 
ro 

E 
3 "fi 
fi c 
a eu 

8* at at 
8ft 
81: 
at 
at 
at 
at 
8ft 
8ft 
at 
8fc 
at 
at 
at 
at 
at 
at 
at 
at 
at 
at 
at 
at 
* 73 
8* O M. 8ft p M ^ 

* ft § 

at _ x 

mm
 

ai
l/

3 
So
ut
 

##
* 

Id
s:

 
es
t,
 

* a s 

#m
 

ur
e 

as
t,
 

m*
 

er
at
 

i
n
E 

mm
 

te
mp
 

ti
me

 

mm
 

tt
he

 
ni
ng
 

**
**

**
* 

Ou
tp
u 

of
 r
un
 

at 
at 
at 
at 
at CJ CJ CJ 

at 

_ 73 

JS 
'eo 
cu 
X 
-M 
CM 

o CO 

eu 
73 
'eo X 
•c 

o 
Z 

CJ 

at 
at 
at 
at 
at 
at 
at 
at 
at 
at 
at 
at 
at 
at 
at 
at 
8ft 
at 
at 
at 
at 
at 
at 
at 
at at 
8fc 8fc 
at at 
at 
at 
8fc 8fc 
at 
at 
at 
at 8t 
at 
at at 
at 
8fc at 
at 
at 
at at 
8fc 
81: 
at at 
at 
at 
at 
at 
8* 
at 

at 
at 
at 
at 
at CJ CJ 

Ml 

o 

i 
X 
M 

73 

eu 

.a 

*s 
3 
O 
M 
X 
3 
CO 

"cj 

.e 
fr 
73 
"eu 
73 
J3 73 B 
*—' 

c 

1 4- + rri 

f fff| 
M, CS CO ft 

7 fr fr fr^ 
II X X X >̂  
X X X X -g ft ft ft 0, a 
'•—i •—> —> —i a 

> 

rs 

x 
N 
8 

X 
X 

ft 
—3 

CN 
>i 

X 
N 
a 
x 
a. 
— 3 

© 
© 
© 
OO 
so" 

•c 
9-

o 
73 

ft, 
Q 
ro 

c 
CO 

i 
a 
o 
OS 
ft. 
ft, 

o 
o 

I 
< 

TI
CS 

X 
ro 
ro" 
• — i 

ro 
X* 

© 

m 

8t 
8t 
8t 
at 
at 
at 
at 
at 
at 
at 
at 
at 
8k 
at 
8fc 
8fc 
at 
at 
at 
at 
at 
at 
at 
at 
at 
at 
at 
at 
at 
at 
at 
at 
at 
at 
at 
at 
at 
at 
at 
at 
at 
at 
at 
at 
8fc 
at 
at 
at 
at 
at 
at 
8fc 
8fc 
at 
at 
8t 
at at at at 8t at at at CJ CJ 

at at 
at 
at 
at 
at 
at 
at 
at 
at 
at 
at 

fi 3E 

.§* 
•*-» ^ 

B°* 
.3 at 
a at 
e at 
3 at 
,c at 

'Sat 

o£ 
•_ * 
fi 3jJ 
rs at 
~ 8 t 
CO 8fc 
04 at 
a at 
JS at 
2 at 
u at 
• -8t 
C 8fc 
•a at 

§8t 
^at 
r_ 8t 
77 8* 
M 8t 
3.8ft 
ff* 
3 at 
Q 8 t 

at 
at 
at 
at 
a* 
at 
at 
at 
at 
CJ 

t. 
X 
"P cu 

.a 
3 

2 
X 
3 
CO 

cj 

a 
fr 
73 
"eu 
73 
p 

73 
fi 

TT 
CS 

X 
ro 
ro* 
M, 
ro 

X* 

© 
© 
TT 
ro 



+ 

+ Tel 
Tf JS * 
-8 -8 43 T 

ftitf A 
if fffp 
M. CN CO ft 

a a x a -s n. ft & o. H 
•—S —i — t —-i M 

t 

7 
o 73 

) 

CN CN 
>> >s 
X X 
N N 

3. 3 —<" co" 
>S £» 
X X 

X x o, ft 
M?*-3 

V^> ^S 
JS X 
.-—\ '""-. 
CS CN 
>s >s 
X X 
N N 
C C 

.S:x 
~> "a 
w - B 

a\2: o3 
o 
o 00 

wr
it
e(
78
 

:n
d 
do

 

=a 
e 

T? 
CS 

X 
Vt 
X 

73 

g 
a 
o 
o 
© 

J «5 

s 
3 "fi 
<L> a 
M CU 

* at at at at 
at 
at 
at 
at 
at 
at 
at 
at 
at 
at 
at 
at 
at 
at 
at 
at 
at 
at 
at 
8fc 
at 
3£ "fi 3£ o 8fc -j; 

3£ fi 73 
8t — SJ 

at £T> * 

mm
m 

Id
s 
at
 2
/ 

t, 
So
ut
h 

8t eu to 
3t « u _ 
at ^ ^ 1 
at a MT ^ at X 3 O 
* a fti •-

mm
m 

se
ed
s 
v 

ti
me

 i
n 

of
 t
he

; 

1 fi 00 eu 

at a .s a 

mm
m*

 
Ou
tp
ut
 

of
ru
nn
 

No
rt

hs
 

8ft 
at 
at at 
at CJ CJ CJ CJ 

8fc 
8fc 
at 
at 
at 
at 
at 
at 
at 
at 
at 
at 
8fc 
at 
at 
at 
at 
at 
8fc 
at 
at 
at 
8fc 
at 
at 
at 
8fc 
at 
at 
at 
at 
at 
at 
at 
at 
at 
at 
at at 
at 
8fc 
at at 
at 
at 
at 
at 
at at 
at 
at at 
8fc 
8fc 
at 
8fc 
at 
at 
at 
at 
8fc at 
at CJ CJ 

Ml 

o 
f 
X 
'> 
73 
•5 
eu 

.fi 
M» 

3 
O 
M 

X 
3 
CO 

"CJ 

c 

'fr 
73 
"eu 
73 

J3 73 c 

CN CS 

fr fr 
x X 
N N 

3. c 
CN CO* 
>s >s 
X X 

a a 
a. & 
—3—3 

+ 

+ + cl 

if Fr? 
•r CS CO |T 

X £*» ̂ > ^. cs 

JL x x x >!, 

x x x x -8 
ft ft ft ft N 
—"» ••—1 — ^ *»M M 

cs cs 
>s fr 
X X 

73 N 

fi fi 

.'ll'-fl' 
-*„ x x x 
C^ C3 ed cd 

t7'> '> '> 
© 
© 
© 
00 
o" fi eu 

.. M 

.i i 
o 
73 

=« <*$ <% 

O 
73 
73 
B 
fi 

(N 

X 

ro 

X 
X 
ft 

•—> 

CN 
>s 
X 
N 
B 
CN 
>s 
X 
X 
ft 
—3 

*) 

O 
73 
73 
fi 
eu 

CN 
VM 
•/•> 

X* 

o 
© 
o 
oo 

3 "fi 
P fi 
a eu 

+ 
Tj 

± + ro 

B B c d f-

Fifr| Sa 

cs cs 
>s &> 

X x 
N N 

3. 3 
—" ro 
X x 

a a 
a. Q. 
rscs" 
>s Z? 
X X 
N N 
8 B 

a © 
© 
© 
oo 
r-* 

rS >S >S(V] 

[L x x x >!, 

X X X x -S 
ft ft ft ft N 
•—i •—I '-^ .—) M 

o 
73 <tj 

o 
73 
73 
B 
cu 

CS 

X 
V, 
X 

© 
© 
© 
oo 

73 

g 

at 
at 
at 
8fc 
afc 
at 
at 
at 
at 
at 
at 
at 
at 
at 
at 
at 
at 
at 
at 
8fc 
8fc 

at 
8fc 
at 
at 
at 
at 
at 
8fc 
at 
at 
at 
at 
at 
at 
at 
at 
at 
at 
at 
at 
at 
at 
at 
at 
at 
at 
at 
at 
at at at at at at at at at at at at at at at CJ 

at at 8t 

CM 

o 
73 

.2 73 

2 ft) 

8fc 
at 
at 
at 
at 
at 
8ft 
at 
at 
at 
at 
at 
at 
at 
at 
at 
at 
at 
at 
at 
at 
at 
at 
at 
at 
at 
at 
at 

ed % 
at 

at 
at 
at 
at 

*j- —. at 
to -a at 

a £ at 
p_\^ 
•M CM 

U O 

a 
3 
O 
CO 

S C O 
.-H « 

*• 73 
00 To 

a M 
c O 

at 
at 
at 
at 
at 
at 
at 
8t 
at 
8t 
at 
at 
at 
at 
at 
at 
at 
at 
u 



OS 
sO 

cs cs 
fr fr 
X X 
N N 
fi 8 •% a 

d;x 
^•°3 cs "» —3 —; 

CS CS 

fr fr 
X X 
N N 
a cs 
CS CO 

>> >* 
X X 
X X 
ft ft 
— 3 — 3 

+ 
TJ 

— —\ 
+ to 
CN * 

X -S 
ft B< 

iff" 
tN CO 
fr frsN 

3 3 >> 
JS JS -S 

ft ft S 
—\ •—* M 

,-S. fr 
•<=, Q 

3$ 
fr fr 

+ 

© 
© 
© 
00 

oo 
B B 

o 
73 <% <% *S 

Tt 
CS 

G 
in 

x" 

o 5 
73 <M 
73 

B 

u o 
© 
© 
00 

at 
at 
at 
at 
at 
at 
at 
at 
at 
at 
at 
8fc 

at 
at 
at 
at 
at 
at 
at 
at 
at 
at 
at 
at 
at 
at 
at 
at 
at 
at 
at 
at 
at 
at 
at 
at 
at 
at 
at 
at 
at 
at 
at 
at 
at 
at 
at 
at 
at 
at 
at 
at 
at 
at 
at 
at 

E 1 
272 at 
cu fi ^ 
a o 3E 

at 
at 
at 

CJ CJ 

.o 

fi ft 
ro 
cs: 
73 
CO 

73 

7u 

73 

9 
a 3 
O 
CO 

MT 
CO 

fi 

CM JJ" 

._ 3 

I w 

8 | 
CO x 

f'i 
f s 
O o 

at at 
at 
at 
at 
at 
at 
at 
8ft 

at 
at 
at 
at 
at 
at 
at 
at 
at 
at 
at 
at 
at 
at 
at 
at 
at 
at 
at 
at 
at 
at 
at 
at 
at 
at 
at 
at 

x at 
cd at 

s =* 
Z =* 
o at 
x at 
to at 
u at 
x at 

r * 
"ts =*= 
o at 
vt % 

eu at 
TS at 

'K 3£ 
M 8t 

Mat 
o at 
*at 

at 
at 
at 
at 
at 
at 

CJ CJ 

CN 

^£ 
^3 

1* 
"-.. X 

a a 
a. B. 
M?M? 
73" Ty 
fi 3 
o o 
u fi 

CN 
>s 
X 

a ts" 
>> 
X 
X 
ft — 3 

CS 
>s 
X 
N 
8̂  ro" 
>, 
X 

a a. — 3 

O CJ 

B 8 
O O 
CJ CJ ft 

t 
•a 
CO 

73 
•S 

u 
.a 
*•*-» 

3 

a 
X 
3 
CO 

N N N N 
to CO CO CO 

CJ 

8 

73 

"eu 
73 

3 
73 
a 

+ 
T(-

—' —1 ^*. 

+ + CO 

f ft Y § 
— ' CS CO ft 

x x x x Ho 
ft ft ft ft N 
•—s ••— •—* •—i B 

© 
© 
© 
00 

cs 
oo 

•M £ 
O 
73 

*5 v*S d&3 

o 
73 
73 
B 

fi 

ft, 
Q 
ro 

o 
MH 
t/3 

2 
o 
CM 
OH 

ft, 

o 
a 

< 

8t 
8fc 
8t 
at 
at 
at 
at 
at 
at 
at 
at 
at 
at 
at 
at 
at 
at 
at 
at 
at 
at 
at 
at 
at 
at 
at 
at 
at 
at 
at 
at 
at 
at 
at 
at 
at 
at 
at 
at 
at 
at 
at 
at 
8t 
at 
at 
at 
at 
8fc 
at at at at at at at - =* E =* 3 -a ^ M ^ at M g 3| at at CJ CJ 

at at 

o 
"C u 
ft ro 
is 
73 
CO 
73 

Tu ta 

1 fr 
o 

vi 
cu 

a M 
3 

9 
a 
3 
O 
Vi 
MT 
CO 

fi 

i 
CM 

a 

eu 

E 
00 

a 
a e 

B_ 3 

o 
<M 

O 

at at 
at 
at 
at 
at 
at 
at 
at 
at 
at 
at 
at 
at 
at 
at 
at 
at 
at 
at 
at 
at 
at 
at 
at 
at 
at 
at 
at 
at 
at 
at 
at 
at 
at 
at 
at 

x at 
ea at 

S =* 
Z =* 
o at 
X 8t 
co at 
u 8t 
X =»t r =* *a * O 8t to 8t eu at 73 at 

f 

to at 
at 
at 
at 
at 
at 
at 
at 
at 
at 
at 
at 
at 
eu 

73 

tu 
C 

3 
2 
x 
3 
CO 

CJ 

a 
fr 
73 

"cu 
73 
3 

73 
e 

+ 
Tt 

± + ro 
MM|7 

•i.M.1 s fftfi a | 
- t N fO ^ _, • -fr fr £>fN 

Hi, X X X £, 
X X X X -g 
ft ft ft ft M 

— > --̂ .—,.—, a 

o 
73 

s*i cs cs cs 
ff >s >. >, 
•g X X X 
S M N N B fi, fi, fi_ 
43 —" CS* co" 
D. >> >s >, 
'"3 X X X 
O x X X fi ft ft ft 
Tl —3—3—3 
N >M .M • — 
C CJ CJ CJ 

CO Is) N N 

O f r fr fr 
V o o o ^ to to to 

© 
© 
© 
00 
© 
00 

73" 
M 

'C 
•s 

tJij <*$ djj 

o 
73 
73 

C eu 

—> 
TT 
CS 

X VI 
x" 

TT 
M 

a 
© 

o © 
00 

CJ " " CJ 

E 
sa 
eu B 
M fi 

at 
at 
81: 
at 
at 
at 
at 
afc 
at 
at 
at 
at 
at 
at 
at 
at 
at 
at 
at 
at 
at 
at 
at 
at 
8fc 
at 
8fc 
81: 
8fc 
at 
at at 
at at 
at 
at 
8fc 

at 
at 
at at 
at 
at 
at 
8fc at 
at 
8t 
at 
at 
at 
at 
at 
at at 
8t 
at 
at 
at 
at 8k 
8fc 
8fc 

. * CJ CJ 

at at at 

'C ed 
fi M 

ft-S co 2 
^5 O 
cs oo 
^ »s 
CO -f—» 

el
ds
 

W
e
s
 

CM M T 

S.
 o
ry
za
e2
 

ti
me

 i
n 
Ea
s 

a M a s _ a 3 fi 
B E 

73 
? 
o 
'co 

CM 
O 
eo 
3 73 
CO 

1 
OT5"g 

at 
at 
at 
81: 
at 
at 
at 
at 
at 
at 
at 
at 
at 
8fc 

at 
at 
at 
at 
at 
at 
at 
at 
at 
at 
at 
8fc 

at 
at 
at 
at 
at 
at 
at 
at 
at 
at 
at 
at 
at 
at 
at 
at 
at 
at 
at 
8t 
at 
at at at at 8t at at 8t at at at at at at at at at CJ 

t 
X 
CS 
o ed 

is 
CJ 

.8 
'X 
3 

2 
X 
3 
CO 



© 

+ 

C£cs 

If 
a «-> 
ft >s 
— 3 X 
ST?" JS 

a B 
CJ .j> 

oa«M 
© 
© 
© 
00 
TT" 
oo 

CN 

>> X 
N 
fi 
CS 

>. X 
X 
ft — 3 

.fi 
CM CJ 

CN 

>> X 
N 
fi. 
to* 
>, X 
X 
ft •-s 

.fi 
CM CJ 

P 3. •» 
ft -7 •-
il 
CS 

N 

s 
o 
73 <% <* •% 

o 
73 
73 

c 
eu 

TT 
CS 

vn 
x" 

© 
© 
© 
oo 

73 

fi 
fi 

at 
at 
at 
at 
at 
at 
at 
at 
at 
at 
at 
at 
at 
at 
at 
at 
at 
at 
at 
at 
at 
at 
at 
at 
at 
at 
at 
at 
at 
at 
at 
at 
at 
at 
at 
at 
at 
at 
at 
at 
at 
at 
at 
at 
at 
at 
at 
at 
at 
at 
at 
at 
at 
at 
at 
at 
at 
at 
at 
at 
at 
at 
at 
at 

CJ CJ 

* at at 

73 

o 
M 
eu 

ft ro 
cs 

3 
CO 
73 

73 
cd 
CJ 

a E 
o 73 

CM 
eu 
X 
Ml ._* 3 
ft 
M 

73 

9 
X 
3 

o CO 

*S 
CO 

eu 
£ 
+-T 

3 
u 
c *-H 

eu 
E 
a oo 
s 

a c 5 
O 73 

at 
at 
at 
at 
at 
at 
at 
at 
at 
at 
at 
at 
at 
at 
at 
at 
at 
at 
at 
at 
at 
at 
at 
at 
at 
at 
at 
at 
at 
at 
at 
at 
at 
at 
at 
at 

x at 
ed at 

a =» 
z =* 
3 * 
x at 
co at 
eu at 
x at 
M at 
"tt * 
o at 
to at 
eu at 
73 at 

"at 
at 
at 
at 
at 
at 
at 
at 
at 
8fc 

at 
at 

CJ CJ 

cs cs cs cs 

X X X X 
N N N N 

c_ ca e c 
•s •-." cs" ro" 
•5 >. >i >, 

ft X X X 

33 3 x 
ej ft ft ft 

— 3 — 3 —3 

X 
M 
o 

Z 

o 

[ft 
73 
x 
73 
M 

73 
o 
8 

8 
O 
CJ 

E 
o 
73 73 73 

CJ 

a 
fr 
73 5 

p 

CU 
73 

- 3 

fig 
co a 

+ + to 

S2*=~ 

r rr? 
— cs co tr 

— >» >s >*cs 

.JL x x x v, 
X X X X -g 
ft ft ft ft N 
•—•> — > —i — I a 

© 
© 
© 
oo 

v" 
00 

3 "fi 
M Ml 
o 
73 •H =3 <*5 

o 
73 
•3 
8 
U 

TT 
ts 

X 
vn 
X* 

© 
© 
© 
oo 

E 
3 "fi 
73 B 

a eu 

ft, 

c 
ro 

o 
(J 

S3 i 
o 
o 
CM 
OH 

ft, 
O 

a 
v/3 
MH 

8fc 
8ft 
8ft 
8 * 
8fc 
8ft 
8ft 
8t 

at 
at 
at 
at 
at 
8* 
at 
at 
8ft 

at 
at 
at 
at 
at 
at 
at 
at 
at 
at 
at 
at 
at 
at 
at 
at 
at 
at 
at 
at 
at 
at 
at 
at 
at 
at 
at 
at 
at 
at 
at 
at 
at 
at 
at 
at at at at at at at at at at at at CJ CJ 

=*= at 

73 

o 
*M 
fi M l 

ft ̂ s 
to 9 
CN X 

<M eu 

a MT 

s a 
g w 
«8 8 

E -5 

r fi 
fr E 
TS -a 
a so 

a a 
tt B 

3 fi 
ttM 
O o 

at at 
at 
at 
at 
at 
at 
at 
at 
at 
at 
at 
at 
at 
at 
at 
at 
at 
at 
at 
at 
at 
at 
at 
at 
at 
at 
at 
at 
at 
at 
at 
at 
at 
at 
at 
at 

— at 

li 
^ at 
o =**= 
X 8* 

'55 ̂  

a * 
3 =* 
r. . -tt: 

o 3 CO 3t fi at a at CO ""-

8t 

x =* 
*E =* 
a at 

a at 
Z at 

at 
at 
at 
at 
at 
at 

ej cj 

f 
X 

3 
73 

11 
fi a 
o a 
•a .3 

+ + ro 

ftftffs 

rrf? STI 
— cs co r «.ts 

—• ^ ^ ^ i.1. rr ~ 

CN 

>-, X 
N 
C 

• M 

JS 

ft '~> 
CO 
to 
O 
E 73 

r~-
^ 
© 
© 
© 
00_ 

ro" 
00 

CS 

>> X 
N 
8 
——* >> X 
X 
ft 

• — > 

CO 
eo O 

E 73 

CS 
>s 
X N 
B 
CS 
>, X 
X 
ft 

• — > 

w* 
to 
CO 
O 

E 73 

CN 

>> X 
N 
8 
ro 
>, X 
X 
ft 

• — > 

to 
to 
O 

E 73 

iL-^-frx^ 
X X X x -S 
ft ft ft ft N 
•-^ •—* — » -M, a 

•M JS 

o 
73 <% <x <m 

o 
73 
73 
3 
<u 

00 
CN 

X 
TT 
Tf* 
CS 

X 
x 

© 
© 
© 
00 

3 a 
fi F 

at 
at 
at 
at 
at 
at 
at 
at 
at 
at 
at 
at 
at 
at 
at 
at 
at 
at 
at 
8fc 

at 
at 
at 
8fc 
afc 
at 
at 
at 
at 
at 
at 
at 
at 
at 
at 
at 
at 
at 
at 
at 
at 
at 
at 
at 
at 
at 
at 
at 
at 
at at at 8fc 8fc at at at at at at at at at at 

at 8t 

X 
+4 

* 8 

el
ds
 

st
, 
S
 

C M fi 

fi£ 

nt
ra
ti
o 

Ea
st
, 

8 .3 
a u 
8.E 
a r. 

li
tr
it
hi
o 

ru
nn
in
g 

*\J C M 

•a 7=j 

H "fi 
a © 
Mi M 
3 fi 

ft ft 3 CO 

O ?5 

U CJ 

at 

73 
* 
o 
'v\\ 
<L) 

a 
<M 
O 
CO 
CU 
73 
'to 

M 

o Z 
73 

CJ 

at 
8fc 

at 
8fc 
8fc 

at 
at 
at 
at 
at 
at 
at 
at 
at 
at 
at 
at 
at 
at 
at 

at 
at at 
8* at 
at 
at 8t 
at 
at at 
8fc 
8fc at 
at at 
at at 
at 
8fc 
at 
at 
8fc 
8fc 
8fc 

at 
at at at 
8t 
at 
at at at 
at at 
at 
at at 8fc 
at 
at at 
at CJ ej 

Ml 

o 

a> 
73 
X 

,fi CM 

73 

eu 
P 
X 
3 

2 X 

fi CO 

"cj 

C 
**JL 
fr 
73 "u 
73 
3 
73 B 
M , 

r—< 

+ Tf 

:-
X 
B 

— 1 

+ ts 
rs 
X 
a. 

1 r 
X 

ts 

£ 

+ Tf 
^4^ 

ro 
* 
'p ft C 

r ro 
X 

X X X X 
ft ft ft ft 



ft. 
Q 
CO 

Vi 

i 
C 

§ 
ft, 
O 

o 

S 
c -

£2 
< 

+ 
Tf 

+ + to 

- '^.^L'5: « 
a a a a -B 
ft & o, o, g 

V-

8̂  

7 
o 73 

CS tN 
>% >s 

X x N N 
3. 3 

a >* .£-x ^? -M 
•_^.JS 
X B-
a "•*• 3 *M 

a x 
fi a 
Ba 
-̂v fi 
M Ml 

© 
© © 
oo 
VO* 
00 
CU 
M 

i 

CN 
?-. 
X 
N 
B 
IN 
>> X 
X 
ft 
[-> 
X 
3 
X 
4j-t 

u 
£ 

(N 
>s 
X 
N 
8 
ro 
>* X 
X 
ft 

• — > 

w-X 
3 
X 
M 
tu 
5£ 

O 
73 
73 
e u 

<% *j <% 

T? 
ts 
CM 
in 
X* 
i-H 

73 

a 
© 
© © 

> «! 

at 
at 
at 
at 
at 
at 
at 
at 
at 
at 
at 
at 
at 
at 
at 
at 
at 
at 
at 
at 
at 
at 
at 
at 
at 
at 
at 
at 
at 
at 
at 

O 
O 
OH 
CM 
OH 

O 
Q 
8t 
at 
at 
at 
at 
at 
at 
at 
at 
at 
at 
at 
at 
at 
at 
at 
at 
at 
at 



3 
3 
x 

s 
E 

5 
3 
CO 
eu 
ft 
cj 

? 
3 
.X 

3 
3 
"3 

3 

a 
CJ 

Ji.ff 1 Jf-,-
^'1 el 

<* 

14tf4-l 
S|'Tgg 
> CJ .fi ^—>, u 
> _• -X X *± 
fi •% *t 8 -̂" 

I a 3 41 
gSE§4 
•IcIStl 
x £ E s a 
.§ S S3 aj S 
M 
Vi 

1 
O 

E 
E 
o 
° <tj «« <*} e« 

E 
.x 

¥.|I 

JIJU 
g «—« W 

3 a g> 
I l l 
• M / ^ 2, 

I •*. j 
§41 

afr? SC 

•IS"? 

St! 
•$• JS 00 
fi a> fi 

III 
a 
o 

E 
E 
o 

^ £ £ 
M •« •* 

§ S I 
•*„ £ £ 

a '̂ '̂  

lag 
'?.§•-
-J ^w- ̂ —' 

JU 1 
£ > --" 
tJ3 rv S J 

i s 1 
"*- 3 •% 

•III 

•a <a 

a ^ £ 
a a -= 

- « a 
o ft.-
> > > 
Ml 
CJ 
3 
73 

a 
O 

£ 
3 

3 
x 

a s 
•~s 4^ 

3 £ 

ol 
CT eu 
rr 73 

O 

a 
o 

E 
£ 
o 
o 
H 

x 
CJ 

3 
73* 
C M 

O 
a 
ft 
73 
O 
o 
a 
o 

E 
o 
u 

X 
CJ 

3 

o 
a 
a. 

oo 
o 

at 
at 
at 
at 
at 
at 
at 
at 
at 
at 
at 
8ft 
at 
at 
at 
8t 
8t 
at 
at 
at 
at 
at 
at 
at 
^ 
ft) 

E 
w 
Q 

D 
M ) 

u 

CM 

O 
Q 

81: 
at 
at 
at 
at 
at 
at 
at 
at 
at 
at 
at 
at 
at 
at 
at 
at 
81: 
at 
at 

at 
at 
at 
at 
at 
at 
at 
8ft 
at 
at 
at 
at 
at 
at 
at 
at 
at 
at 
at 
at 
at 
at 
at 
at 
at 
at 
at 
at 
at 
at 

U 

i 
o 
co 
at 
at 
at 
at 
at 
at 
at 
at 
at 
at 
at 
8fc 
at 
at 
at 
at 
at 
at 
at 
at 
at 
at 
at 
at 
at 
at 
CJ CJ 

a 
o 

Cd" 

x 
Q. 

73 

ft vo 

X 
ft 
eu" 

3 

cef 

E 

00 

x 
cj 
73 
eu 

I 
o 

E 
E 
o 
CJ 

8 
3 

ed 
73 
3 
a 
73-
O 
O 

I 
O 

3 
£ 
o 
cj 

Tf 
CN 
©" 
ro 
cs" 
MT 

eu 

1 
o 

E 
3 
o 
CJ 

© 
© 
© 
© 
oo 

a 
o 

E 
E 
o 
cj 

M ft ft ft 
SO" •* -? .X 

" w-r ©* 

v. s a a 
x £ M C 
N C ft ft 
CJ a 4* _t 

S x* 

a ° 
so" a 
X o 

v? a 

lo 

-Is, 
ro « 

S 73 
cs* K 
* E 

a > 
1 2-
4S 
"5 ©" 
CJ "̂ , 

1* 
O O 

E 

- a 
ft 00 
ed ed 

x £ 
to X 

a 6 
^ 5 
2 E 

a a 
ed fi 

x E 
^ a 
a. E 
iS as 

12"-s. •a 

<*S> <H <tj e« djj 

*1 

—7 oo 

CJ X 

ft 

2 

t 
o 

£ 
E 
o 
U 

VM fi 

si 
CJ X 
O B M , 
CJ ed 

co © 

N .£ S 
fr o,a 
2 «-> 3; 
a M ©" 

S.SS s 
"fi o_ B fi 

sT o a a 
M ""> © 

. i- fl e 

fr a-§ -1 
8 s % 3 
O fi © vn 
-." M Q "Q 
N ft fi fi 

fr 3- -e -5 

8 a a a-
« a m" ©" 

E !3 a s 
5 x .c P 
73 tsl 'C 'C 

•a 

a" „-
a a 
=§ a 
y 31 3 

CJ O 

cs fi S o 
3 ft ,M M 
4* n •-* ,CJ 

n ri. .{• VM *-

"* -! "2 

=a =y =« cy cy cy cy 

a ̂:a 
_r ft ,c 

1 Srfill 
a « S)-E^ 
s a, -3 73 JS 
M." fr cs" o 3 
•a X eu M o 

•a a 73 fi 2-
« a M fi cs 

a s a 3 o 
J; fi * a? M 

o 

« fi a 3, ^ 
•§ 5 112 
a. ft 3 c .2 

a-zfai §73 
TJ^5 a 2 
o 
M 
o 

E 
E 
o 
° <tj <4i e« cy 

Is 
J, £ 
fi ej 

f ? 
I.i 
.1 ^ 
X eel 
1? £ 

t_t E 1? 
•^_? a 
N TT fi 

M" &«MI 

ed 9J: 
£ cd oo 

.x 3 '3 

!§: s 
si i? Ja 
Sett ^ 

B O 
v> a a 
ro CN £P 
N ft 5 

E M " & ^ 
*^H fi y-™\ ^-T ^Ts 

lis 
5 E E 
W M 3 ^ - J 

SJ M.a. 
fi ". o O 
<-*v -~v _i a 

lilt 
•M SO V> g. 

tS N ft X 
CJ CJ CJ CO 

O 

1 
o 

E 
E 
o 

3 
E ;X 
75" 
x^ el 
£ 
I_I 

X 

E 
-2 

I 
E <2 

el 
E s a E 

.x 
3 1 
E a. f t-3 

a. «t 73 

£ 

3 
E 
4^ ._ 1 3 

§ ;ff 
•B -B ^ 

a. a. 2 
73 73 « 

ll 
vo — 3 

« 3 
^.§ 
• a. 

73 I 
3 3 
3 E 

vn oo 
eu eu 

..a a 
4<! 

i i 3 
a a E 

3 3 
E £ 

<tj <tj <tj cy <tj 

x x B 3 3 
ft ft tu tu u 
73 73 -B x x 
tu 
CD 

M 
o 

E 
3 
o 
o 

•% <a <tj # 



ro 
r-~ 

ft, 
Q 
ro 

o 
MJ 

CO 

o 
CM 

ft. 
ft. 

o 
a 
CO 

< 

at 
81: 
at 
at 
at 
at 
at 
at 
at 
at 
at 
at 
at 
at 
at 
at 
at 
at 
at 
at 
at 
at 
at 
at 
at 
at 
at 
at 
at 
at 
at 
at 
at 
at 

ft, 
O 
c* 

u 
at 
at 
at 
at 
at 
at 
at 
at 
at 
8t£ 
at 
at 
* 
at 
8* 
at 
at 
at 
at 
at 

J 
8ft CO 
8* 
8* 
at 
CJ CJ 

at 
at 
at 
at 
at 
at 
at 
at 
at 
at 
at 
at 
at 
at 
at 
at 
at 
at 
at 
at 
at 
at 
at 
at 
at 
at 
at 
at 
at 
at 
at 
at 
at 
at 
at 
at 
at 
at 
at 
at 
at 
at 
at 
at 
at 
at 
at 
at 
at 
at 
at 
at at at at at at at at at at at at at at at at u 

© 
o 
© 

o 
CN 
00 

©°. 
© § "n r-
vo £? -* M , 

^ ©- 3.»: ©• CJ ° 
cs © S cs —_ X 
-- 8 ««* « -t so e o -. q 2 £ g 

00 
© 

o 
o ^ 0 

cs —7 
. -: —; oo © 0 

© ^H ro ro fsj 
i— ,.»j 

M CM 

CJ 
73 

fr 
73 

CJ 
3 
73 
8 
O 
CJ 
00 

fi 

11 
u" 3 
B M 

. CS 
ro so 
oo" X. 
MC Vi 
"T. ro 
C3S —•_l 
Tt- V? 

«2 
« vn" 
vn r~ 
r> f" 
—" •*« 

*? oo C-

TT 

M "^ 

vn irT 
vo so 
f~- X 
r-* "^ 
o' <=> 
ft; cs 
—7 CS 
cs to 
ft! cs 
—7 •* 

2 cs © 

x fi 
eu o 

S B. M 

& a73 §0-3 5|«- ^ 
•H43 s -*5 i.s «> § _ 
7; fto/g'^a-S 2-8©H 

a 

3 
0 
X 

fi 2 
3 3 

s i 
aift 
E E 
u a 

X 
ft 

k 
p 
>i 

I 
C M 

73 fr 
73 73 

eu 
8 

8 
3 

E | 
3 3 B 
E E o 
s >4 'to 

E 1 & 
'3 73 B 
73 73 73 

at 
at 
at 
at 
at 
at 
at 
at 
at 
at 
at 
at 
at 
8fc 
at 
at 
8fc 
at 
at 
at 
at 
at 
at 
at 
at 
at 
at 
81: 
at 

W 
J 
ft 
H 

D 
ft 

§ 
ft 

o 
Q 

Z 
ft) 
at 
at 
at 
at at at at at at at at afc at at at at at at at at 


