Misr J. Ag. Eng., 36 (2): 689 - 722 BIOLOGICAL ENGINEERING

THERMAL AND MECHANICAL ANALYSIS
OF GRAIN STORAGE SILOS UNDER FORCED
AERATION CONDITIONS USING ADVANCED

MODELLING METHODS

Said Elshahat Abdallah®, Wael Mohamed Elmessery™ and
Asmaa Elsayed Sherif ™

ABSTRACT

The most important storage problems in wheat silos are heat and
moisture accumulation and there are no early warning systems to know
the occurrence of heat and humidity generation. Silo wall and bottom
stresses changes are investigated to be suitable indicators for early
warning and controlled aeration. Aeration is a popular tool, used to treat
and modify the microclimate of grain bulk. A model silo with three
horizontal and vertical load cells was constructed for heat and moisture
transfer studying under the influence of three different airflow rates and
patterns of aerations with three unlike heights of stored wheat during
winter season of 2016 in the laboratory of Agricultural Process
Engineering, Agricultural Engineering Department, Faculty of
Agriculture, Kafrelsheikh University. The three vertical load cells were
homogenously distributed to measure the stresses from the three
longitudinal prism sections on bottom layer which provides information
about mass transfers among longitudinal sections. As by same technique
the horizontal load cells afford data about mass transfer among
horizontal layers. For heat transfer monitoring, three vertical
thermocouples were installed at equal heights. Storage quality indicators
are temperature gradient among wheat layers and loads differences
among longitudinal and horizontal sections, as the storage system keeps
the temperature gradient and vertical loads differences to be at lower
levels, and then the system has higher storage efficiency.
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The obtained experimental data were analyzed using Response Surface
Method for optimal operating parameter specifications. The optimum
operating specifications was acknowledged based on heat and moisture
behavior, which is the third pattern of aeration, airflow velocity of 24m/s
and height to diameter ratio of one. State Space Representation (Multiple
Input Multiple Output) was used to model and simulate the grain storage
silo system under variant enthalpies of aerating air. The model results
indicate that the specific enthalpy of aerating air above 43kJ/kg can
efficiently maintain the optimum storage conditions at inside. The
developed model can predict and simulate the grain silo system

performance under variant ambient conditions.

NOMENCLATURE

A System matrix

AP Aeration pattern

AP1, AP2 and First, second and third pattern of aeration process, respectively

AP3

AS Aeration system state of turning ON or OFF

AV Airflow velocity

AV12, AV18, Airflow velocity of 12, 18 and 24m/s, respectively

AV24

b,cefgj Parameters of equation 1

B Input matrix

C Output matrix

D Feed forward matrix

H Aerating air specific enthalpy, kJ/kg

HD Silo height to diameter ratio

H/D1, H/D1.6, Silo height to diameter ratio of 1, 1.6 and 2

H/D2

HL15, HL40 and  Horizontal grain pressures measuring locations at silo heights of

HL95 15, 40 and 95cm, respectively

S1,S2 and S3 Vertical grain pressures at the circular perimeter of silo hopper
transition at angle of 120° between each determined location of 1,
2 and 3, respectively

ST The summation of three vertical grain pressures

TL15, TL40and  Grain temperature measuring locations at silo heights of 15, 40

TL95 and 95cm, respectively

U Input or control vector

u;(h) Input variable, the subscript i, denotes the input variable number

VAR Variance

Y Output vector

Yo Output variable the subscript o, denotes the output variable
number

Xn State variable the subscript n, denotes the state variable number
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INTRODUCTION

heat is one of the most important components of Egypt's food
Wsecurity. Wheat storage is practiced from the era of pharaohs.

Egypt produces 8.45 million metric tons of wheat in marketing
year (2018/2019) and imports 12 million metric tons (Egypt today,
2018). The production of wheat crops is seasonal; harvest was completed
by early June. Egyptian government established a company for wheat
storage called General Company for Silos and Storage (GCSS) at the year
of 1888 belonged to Ministry of Supply and Internal Trading. The
Company owns silos in various ports and inside the republic that serves
food security in Egypt (GCSS, 2018). Storage quality control in silos is
done indirectly through the control of moisture and air movements.
Aeration system reduces the deterioration of the stored grains. The
cooling of grain during storage by aeration with air has received
increasing attention in recent years (Wilkin et al., 1990) and has been
widely used in stored-grain management (Edde, 2012; Jayas, 2012;
Navarro, 2012). It offers the possibility of controlling insects with
reduced levels of pesticide applications (Yang et al., 2017). Moisture
exchange is an important management process because grain adsorbs or
desorbs moisture under changing environmental conditions. Moisture
migration happens within the stored bulk due to heat-induced natural
convection currents (Smith and Sokhansanj, 1990; Thorpe et al., 1991).
Temperature gradient is the main factor for air convection currents
induction. (Gough et al., 1990) detect temperature gradient in metal
maize silos. Laboratory experiments done by (Close and Peck, 1986;
Gough et al., 1987) emphasizes that the temperature gradient makes
moisture-carrying convection currents. Mass diffusion occurs in the inter-
granular air and on grain bulk surface. Natural convection current aids
diffusion to be a principal mechanism of moisture transfer. Accurate
prediction of grain temperature and moisture during storage is desired in
order to develop the suitable aeration strategies (Lopez et al., 2008).
Many of mathematical models have been developed to simulate heat and
moisture transfer in bulk stored grains with aeration system (Metzger
and Muir, 1983; Wilson, 1988; Chang et al., 1993; Chang et al., 1994;
Sinicio et al., 1997; Jia et al., 2001; Iguaz et al., 2004). The use of
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ambient air to cool grain that is stored in silos during autumn is an
important management practice throughout many temperate regions
(Lopes et al., 2006; Arthur et al., 2001). Simulation modeling using
documented weather data is an important tool to develop optimum
controlled aeration for microorganism's population suppression in stored
wheat (Arthur and Flinn, 2000). (Dussadee et al., 2007) developed a
mathematical model to predict the paddy bed temperature in the silo with
the hybrid aeration-thermo syphon. The model can determine periods of
its blower from the simulation. Response Surface Methodology (RSM) is
a compilation of mathematical and statistical methods, helpful for fitting
the models and analyzing the problems in which quite a lot
of independent parameters control the dependent parameter (S)
(Montgomery, 2003; Myers et al., 2009). The empirical mathematical
modeling for any performance characteristic is fitted with the correlating
parameters. This process will not only determine optimum conditions, but
also gives the information necessary to design a process. State Space
Representation (SSR) is a uniform platform for representing time-
invariant systems, time-varying systems, linear systems as well as
nonlinear systems which can describe the dynamics in almost all systems
(mechanical, electrical and biological systems). SSR is a convenient tool
for Multiple Input Multiple Output (MIMO) systems. (Yao et al., 2019)
used SSR to improve the modeling efficiency of heating, ventilation and
air conditioning and validate the dynamic system model by transient
response experiments. Aeration in winter season with ambient air for
grain cooling purposes is investigated in the present paper. This concept
of aeration in wintertime is an introductory study for aeration by chilled
air in summertime; due to there are no literatures studying the feasibility
of applying refrigerated air in summertime for cooling grain under
Egyptian climatic conditions. Grain aeration management with automatic
controllers is ideal with more complex strategies; usually based on
temperatures and humidity. There are many studies to develop the
suitable strategy of aeration automatic controller (Agridry, 2014; Lopez,
2008). The aeration control strategy in this paper is based on grain-stored
stresses of vertical and horizontal direction integrated with temperature
gradient.
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From this view point, the main aim of the current study is to investigate
how the aeration process works to prevent convection currents and
condensation from occurring by reducing the temperature gradient and
moisture migration of the stored wheat. The following specific objectives
were followed to accomplish the main aim:
1. Studying the effect of aeration pattern, airflow velocity and silo
geometric shape (height to diameter ratio) on heat gradient and
moisture behavior,

2. Representing the obtained data by Response Surface Method for
optimal operating conditions attaining,

3. Developing a convenient model for whole system representation
and further simulation under variant ambient air conditions.
MATERIALS AND METHODS
This study was carried out in the laboratory of Agricultural Process
Engineering, Agricultural Engineering Department, Faculty of
Agriculture, Kafrelsheikh University, Kafr Elsheikh governorate, Egypt.
Grain storage experiments were conducted during winter season of 2016,
with minima and maxima air temperatures around 9 and 25°C,

respectively. Air relative humidity did not exceed 70%.

Model silo and aeration system

The model silo consists of vertical cylindrical part (silo body), conical
part (hopper) and roof manufactured from galvanized steel S320GD (zinc
coated) of minimum tensile stress of 390MPa. The reinforcement rings of
hopper and roof were of 50mm wide and 10 mm thick. The silo can be
considered as a rigid, smooth walled steel silo. The silo dimensions are of
1m height and 0.5m diameter and hopper wall has an inclination angle of
15 degrees with a height of 0.3 cm and discharging opening diameter of
0.33m. The aeration system consists of a blower, vertical perforated pipe
centrally located at the inner for air inlet distribution along the silo height,
airflow rate regulator valve. Airflow rate was measured by Flow Sensor
FS300A G 3/4” (flow rate range 1-60 {/min, maximum pressure 2MPa
and Relative humidity 35-90%). Airflow rate was regulated by a manual
gate valve of 2cm in diameter to be at three levels of airflow velocity (12,
18 and 24) m/s, Figure 1. The three levels of airflow velocities were
established according to discoverial experiment of air flow ability
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determination through the grain bulk in the silo. The maximum airflow
velocity been achieved is 24m/s. So the other two levels were chosen to
represent if the reduction in flow velocity has a significant effect on
storage process performance or not.

Stress, temperature and relative humidity sensors

Stress measurement device is composed of three vertical (S type) and
horizontal (L type) load cells which are calibrated at laboratory of
concrete test, Faculty of Engineering, Kafrelsheikh University. The
vertical forces were measured by three tension/compression (S type)
located at 120° apart around the circumference of silo-hopper transition,
La, Lb and Lc as depicted in Figure 1. Temperature sensor of LM35
(accuracy 0.5°C and range of -55 to 150°C) was used to measure the grain
temperature inside the silo at three different heights on the silo, including
the hopper part, Figure 1. Two sensors of HDT-11 (accuracy of 5%RH
and range of 20-90%) were used to measure relative humidity with
temperature simultaneously at two locations: the first sensor centrally
positioned inside the hopper part of the silo for gauging temperature and
relative humidity of the occulted air at inter-granular spaces and the
second sensor was sited at outside for ambient measurements.
Measurements were taken at three different timings: before, during and
after aeration process of each time of treatment, Figure 2. At all aeration
patterns AP1, AP2 and AP3; the aeration process starts at three different
day times at 10:00AM, 1:00PM and 4:00PM and continue for 30, 60 and
90minutes for each time of aeration initiation, respectively. Aeration
patterns were conveniently settled to recondition the grain silo
microclimatic. It is important to reduce the energy consumed for this
purpose without any effect on grain storage quality.

Measurements data acquisition circuits

Open source of Arduino board was used to acquire the measurements data
from the different sensors. Arduino board circuit has a human-computer
interface which displays the acquired data on the personal computer. Each
sensor has its connection configuration illustrated at Figure 3.
Determinations of aerating air specific enthalpy

On-line psychrometric chart program (Psychrometrics, 2018) was used
to determine the specific enthalpy of aerating air based on the
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consideration of 10.2m altitude, relative humidity and dry bulb
temperature. The results are within the scope of ANSI/ASHRAE 41.6-
1994. In this study, the specific enthalpy was preferred to
thermodynamically express of the variant aerating air conditions (ambient
air was used for aeration without any pretreatments). The advantage of
using air specific enthalpy is due to information which be obtained about
the whole heat that the air contains, the summation of latent and sensible
heat.

Grain moisture content

Samples of grain were collected from the silo every day for moisture
content measuring by a device of Hydrometer GANN G88 (Elektronik-
Feuchtmesser) at the laboratory of Grain Quality, Rice Research and
Training Center.

Experimental procedures

The optimum operating conditions were determined by investigating three
independent variables of silo filling height, airflow velocity and aeration
pattern. Three different heights of silo filling of 100, 80 and 50cm which
represents corresponding values of silo height to diameter ratio of 2, 1.6
and 1, respectively; to characterize three different types of silos according
to (EN 1991-4, 2006) as slender, intermediate slenderness and squat silos,
respectively. Three different aeration process patterns were investigated
in this experiment of 30, 60 and 90 minutes repeated three times daily at
10:00AM, 1:00PM and 4:00PM, Figure 2. Three different ambient
airflow velocities are of 12, 18, 24 m/s (under variant ambient
conditions). Silo storage quality indicators were recognized by
temperature gradient and moisture transfer among horizontal and vertical
sections. The vertical or longitudinal prism sections are acknowledged by
three vertical load cells, and the horizontal ones by three horizontal load
cells, Figure 1.

Variance as a performance efficacy indicator for temperature and
moisture controlling process

Temperature and moisture controlling by aeration and silo geometry was
evaluated according to two principles of steady state of acquired data and
the variance among measurements obtained from different locations.
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Figure 1. Schematic draw of the experimental wheat silo
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Figure 2. Aeration patterns AP1, AP2 and AP3 under investigation. D,

D1, D2, D3 are measuring timings during aeration process. 1 and 3 are

measuring timings before and after aeration process, respectively
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Figure 3. Sensors connection to Arduino board (A) Airflow sensor
(FS300A G 3/4”), (B) Relative humidity sensor (HDT-11), (C)
Temperature sensor (LM35), (D) Load sensor

When a steady state is achieved at any location of measurement, it means
that the property is unchanging in time indicating that the whole energy or
substance generated inside instantaneously removed or escaped. The
variance indicates that there is a temperature gradient at silo, which can
be calculated by using Microsoft Excel for each experimental run.
Response Surface Representation by Matlab software for optimal
operating parameters determination

Matlab software package has a tool of response surface fitting. The
variance data was used by this tool to build the response surface to the
independent variables (aeration pattern, airflow velocity and height to
diameter ratio) with the three different levels of each variable. The
Response Surface Method tool built an interactive model between the
independent variables and the variance among temperature measurements
of different heights of silo (15, 40 and 95cm). After model architecting, it
will be able to predict the variance at any set of operating parameters.
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Developing the methodology for grain silos aeration control model
There are several mathematical models which formed from a well-known
heat and mass transfer laws which developed from a lumped capacity
analysis that assumes a uniform temperature distribution throughout the
grain bed. These models are used to predict the grain bulk temperature
inside different types of silos (Dussadee et al., 2007; Lopes et al., 2006;
Khatchatourian and Oliveira, 2006). However in the current study the
grain temperatures were acquired directly at three different locations to
elucidate the grain temperature response to different strategies of aeration
under an arbitrary thermal content of aerating air. The planned model can
analyze the effect of specific enthalpy of aerating air on heat and moisture
behavior inside grain silo under different regimes of aeration.

Model architecture

State Space Representation

A State Space Representation is a mathematical model in which a number
of inputs, outputs and state variables are related by a series of first order
differential equations that are combined in a single pair of differential
equation matrices in which variables are expressed as vectors. This time
domain approximation is compact and convenient to analyze systems with
multiple inputs and outputs.

For continuous Linear Time Invariant (LTI) systems, the standard State

F=r
Space Representation is given by the following equations with t inputs,

rr r__r
O outputs and ™ state variables, where the first equation is called state
equation and the second one is outputs equation:

ey = [Alnlxhn g + [Bloudig

Wion = [Clonixtn 1 + [D]o kg
where X is the vector of state variables, X is the air specific enthalpy
derivative of the state vector, ¥ is the input or control vector, ¥ is the
output vector,‘q is the system matrix, B is the input matrix, Cis the

output matrix, and D s the feed forward matrix is set to zero if the system
model does not have a direct feed through.

For choosing a mathematical model typology to predict thermal and
moisture behavior of grain storage the following assumptions were
considered:
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1. There is more than one engineering parameter (two parameters are
related to silo aeration and the third one is belonging to silo
geometry) that controlling heat and moisture sinking and migrating.

2. There are several points of measurement (three points of
temperature and six points of grain pressures).

3. Psychrometric characteristics of the aerating air vary arbitrarily with
time.

To model and simulate the aerated grain storage silo under arbitrary air

ambient conditions, the following steps were followed,;

1. Acquire thermal (grain temperatures at three different levels) and
mechanical (silo wall pressures in both horizontal and vertical
directions) data under different experimental runs.

2. Make a non-linear regression analysis on the acquired data to
represent the most suitable differential equation for each variable
under investigation.

3. Calculate the state space equations for thermal and mechanical states.

Create the m-file on MATLAB to simulate the model.

5. Model response analysis.

RESULTS AND DISCUSSION
The results obtained from a series of experimental runs on aerating the
grain storage silo for moisture and temperature controlling under variable
air ambient conditions at different aeration patterns, airflow velocities and
silo geometry (height to diameter ratio) are illustrated by Figures 4 to 6.
Heat and moisture transfer occurred inside the grain silo monitored by
sensors located at heights of 15, 40 and 95cm symbolized by TL15cm,
TL40cm and TL95cm and HL15cm, HL40cm and HL95cm for grain
temperatures and horizontal pressures, respectively. However, grain
vertical pressures designated by S1, S2 and S3. From the obtained data,
the aeration process can limit any occurrence of thermal and moisture
accumulation. The convergence and divergence among measurements of
TL15cm, TL40cm and TL95cm and HL15cm, HL40cm and H L95cm
and S1, S2 and S3 indicates system proficiency and deficiency,
respectively, of heat and moisture removal regulator under the
investigated operating parameters. Variance is used to illustrate the
amount of convergence among temperature and load measurements as a

&
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performance efficacy indicator for temperature and moisture controlling
process. In statistics, variance is defined as the measure of variability that
represents how far members of a group are spread out. It finds out the
average degree to which each observation varies from the mean. When
the variance of a data set is small, it shows the closeness of the data points
to the mean (higher convergence is higher performance efficiency)
whereas a greater value of variance represents that the observations are
very dispersed around the arithmetic mean and from each other (lower
convergence is lower performance efficiency). Moisture migration can be
acknowledged through vertical planes inconsistency by the horizontal
load cells of HL15cm, HL40cm and HL95cm. However, the moisture
fluxes through the horizontal planes can be identified by the vertical load
cells of S1, S2 and S3. The aerating air characteristics are varying based
on ambient air conditions, because the forced air is from ambient air
without any treatment. Figures 4, 5, 6 and 8 show the specific enthalpy
of ambient air for each experimental run. Figure 9 shows the relationship
between the specific enthalpy versus ambient air temperature and relative
humidity. The ambient air specific enthalpy was read off from the no-line
psychrometric chart based on air temperature and relative humidity and
used as a determinant parameter for modelling thermal and moisture
behavior inside grain silo storage. Figure 4 shows the effect of aeration
pattern on heat and moisture transfer. AP1 and AP2 nearly have the same
effect of heat measurements variances of 1.79 and 1.82, respectively.
However, AP3 has a higher variance of 3.26 which indicates that the first
pattern of aeration is more suitable for grain storage silos of height to
diameter ratio of 2. The effect of aeration pattern on vertical and
horizontal pressures is shown at Figure 5. The third pattern of aeration
AP3 has higher impact on moisture removal than other two patterns of
aeration of AP1 and AP2. The effect of airflow velocity and height to
diameter ratio was illustrated at Figure 6. As airflow velocity decreases
from 24m/s to 18m/s, system performance efficacy declines, as variance
units raise from 1.79 to 2.74. From Figure 6C, it was observed that at
operating parameter of aeration pattern AP3, airflow velocity of 24m/s
and silo height to diameter ratio of 1.6 has higher effect on system
performance, the grain temperatures at the three different levels almost
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are the same indicating only there is a small amount of heat energy
transferred from height 40cm to the top and the bottom of grain silo
which noticed by the thermocouples located at heights of 15 and 95cm.
Generally, as the grain temperatures at the different heights are the same,
as the aeration system performance is efficiently operate.
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Figure 4. The effect of aeration pattern on stored grain temperature
behavior at airflow velocity of 24m/s and silo height to diameter ratio of 2
under variant specific enthalpy of aerating air
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Figure 5. The effect of aeration pattern on grain silo horizontal and

vertical pressures behavior, respectively, at airflow velocity of 24m/s and
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temperature and grain silo wall horizontal pressures behavior

Graphical representation of Response Surface Method

Approaching the optimum specifications of grain storage silo prototype

needs to investigate the impact of independent variables on thermal and
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moisture controlling; hence the present study is primarily calculate the
variance among temperature and pressure measurements for each
experimental run. Figure 7 shows the response surface which fit the
variance values of temperatures under the investigated operating
parameters. The advantage of response surface, it gives a prediction about
the performance of grain silo under unlimited operating conditions be set
in determined operating parameters boundaries. For example airflow
velocities form 12 to 24m/s, height to diameter ratio from 1 to 2 and
aeration pattern from 1 to 3. The variance values were automatically
calculated by Matlab program after fitted model creation. So it can be
inferred from the surface response, Figure7, that at height to diameter
ratio of 1 the lowest variance value of 0.051 were achieved at the third
pattern of aeration AP3 and airflow velocities from 18 to 21ml/s.
However, at height to diameter ratio of 1.6 and 2 the minimum variance
obtained were 0.207 and 1.0198 at operating parameters of first pattern of
aeration (AP1) and airflow velocity of 12m/s (AV12) and second pattern
of aeration (AP2) and airflow velocity of 12m/s (AV12), respectively.
Grain storage silo performance rating for each experimental run according
viewpoint of thermal behavior and moisture behavior are summarized at
Table 1. The operating parameters of AP1, AV18 and height to diameter
ratio of 1 recorded the best thermal control over other operating
parameters. However, for moisture control documented the ninth. So the
most optimum performance suitable for both of temperature and moisture
control was obtained at operating parameters of AP3, AV24 and H/D1 or
AP2, AV24 and H/D1, as given by Table 1.

Temperature and moisture behavior at optimum operating parameters of
AP3, AV24, H/D1 was illustrated in Figure 8. It is observed that the
closeness amount among lines of temperature and vertical pressure
measurements is the highest.

Empirical model development

The first step in the control design process is to develop appropriate
mathematical models of the system to be controlled. This model is
derived from experimental data. The State-Space Representation of grain
silo was introduced as a dynamic system. Then this model is going to be
introduced to MATLAB for further analysis.
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Tablel: Operating parameters rating in-order of aerated grain storage silo

Grain storage system
. performance rating in-
Operating parameters order based in
viewpoint of
Aeration Alrflo_w H_elght 0 Thermal Moisture
velocity, diameter . )
pattern m/s ratio behavior behavior
3 18 1 1 9"
3 24 1 2 31
2 24 1 31 2"
1 24 1 4" g"
2 18 1 5 1
1 12 16 6" 20"
2 12 16 7 24"
1 12 1 8" 7
1 18 16 9" 21
1 18 1 10" 5
2 18 16 11" 21
2 12 1 120 4"
3 12 16 13" 7
3 12 1 14" 6"
3 18 16 15" 15"
1 24 16 16" 22
3 24 16 17" 16"
2 24 16 18" 18"
2 12 2 19" 14"
3 12 2 20" 10"
1 12 2 21 11"
1 24 2 22 231
2 24 2 231 27"
1 18 2 24" 12"
3 18 2 25" 26"
3 24 2 26" 13"
2 18 2 27" 19"
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Figure 9: Ambient air characteristics used to aerate grain storage silo

To describe the aeration dynamics of grain storage silos, three different
differential equations (equations 2 to 4) and other seven ones (equations 5
to 11) to represent both thermal and mechanical states, respectively. That
is created in a standard form for state space representation as equation 1.
Thermal state modeling

The acquired experimental data of stored grain temperature was used to
develop the thermal behavior model. The general equation form of the
developed differential model can be expressed by equation 1. However,
the empirical thermal model was articulated by equations 2, 3 and 4.
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. d
é + bi-l— cy = eu,y(h) + fu,(h)+ guz(h) + ju,(h) R? Eqnil

d(T115)* d(TL15)
dh + dh +(7L15) 0.98 Egn2
= —0.037AP + 3.299A5 — 0.1954V + 10.458HD

d(TL40)* d(TL40)
T T an T (TL40) 091 Eqn3
= —0.381AP + 0.58945 — 0.0584V + 8.631HD

d(TL90)? d(TL90)
dh + dh +(TL90) 0.92 Egn4
= —0.1394P + 0.62A5 — 0.049AV + 8.36HD

Mechanical state modeling

Moisture migration behavior can be indicated by horizontal and vertical
pressures on silo wall (gaining or losing) for two dimensions, the vertical
moisture migration was revealed by horizontal load cells and the
horizontal one by vertical load cells that can be calculated by equations

from 5 to 7 and from 8 to 11, respectively.
d(HL15)% d(HL15)
an T an WL 091 Eqn5
= 0.0044P + 0.09545 — 0.004AV + 0.102HD
d(HL40)2 d(HL40)
an T an T HLAO) 0.89 Eqné
= 0.0484P 4+ 0.38445 — D.016AV — 0.462HD
d(HLo0)2 d(HL90
( o ) (dh }+ HL90 = —0.00154P — 0.58645 + 0.0354V+HD 093 Egn7
d{51)% d51
(dh} + T +51=—56034P —41.72645 4+ 24124V +43.022Hp 094 Eqn8
d(52)2 d(s2
(dh} + % +(52) =1.2234P — 12.4545 + 0.8094V + 2051950 0.92 Egn9
d(53)2 4(53)
o +W +(53) = —3.148AP + 49.39745 — 2.9434V — 1.646HD 0.95 Eqgn 10
d(5T)2 45T
(dh} +%+ (5T) = —7.527AP — 47845+ 0.2784V + 61.895HD 0.95 Egnll

State space representation of the empirical thermal state model

State space representation is a mathematical tool that was used in this
study to convert the developed empirical model of thermal energy
behavior (dissipation or acquisition) to predict the system performance
response under different levels of aerating air specific enthalpy.
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Symbols definitions
.}}U = TL].S, }jl - TLd'U; j-}z = TLQE and

u, (h) = 4P, u, (h) = 4s, us(h) = av, u,(h) = HD
The 6-Dimensional space definition

The co-ordinate axes (state space) are X1, %2, X3, X4, X5, Xg
The state variables definitions

X1 =M X; = Yo X; =X
X3 =MW Xs =Y Xy = X3
X5 = V2 Xe = Vs Xg = X5
State equations
X, = Xy Eqn 12

X, = —X, — X, —0.037u, (h) + 3.299u, (h)—0.195u, (h)
+ 10.458u, (h)

X3 = X4 Eqn 14

Xy = —Xy — X3—0381u, (h) + 0.589u, (h)—0.058u,(h)

Eqn 13

+ 8.631u, (h) =an 15

Xg = Xg Eqn 16

Xy = —Xg — X5—0.139u, (h) + 0.62u, (h)—0.049u,(h) Ean 17
+ 8.36u, (N) q

Therefore, the state space representation of the thermal state system
becomes as follows:

X, 0 1 0 0 0 07
X2 -1 —1 0 0 0 0 ||*x=z
Xzl | O 0 0 1 0 0 []%X=
Xyl | O 0O -1 -1 0 0 || X
<l o 0o 0o o o 1]%
X o 0o o0 o0 -1 —ulx
0 0 0 0 ]
—0037 3299 —0195 10458|[%()
0 0 0 0 ||uz(R)
—0.381 0.589 —0.058 8.631 ||ug(h)
0 0 0 0 N
—0.139 062 —0.049 8.36 - s () Eqgn 18
1
X (14 (h)]
Yol L 0 0 0 0 0][s ;Eg
M|=10 0 1 0 0 0 +[0]| ?
2l lo o 0o 0o 1 o Uz (1)
X5 L, (h).
6 Eqgn 19
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State Space Representation of the empirical mechanical state model
Mechanical state model, equations 5, 6, 7, 8, 9, 10 and 11, can designate
the generated grain pressures on silo wall and bottom. The generated
pressures are related to aerating air and grain storage conditions. State
Space Representation can benefit the available information for further
aeration control designing.

Symbols definitions

vy = HL15,y, = HL40,y: = HL90, y; = 51, vy, = 52,y = 53,
Vg = 5T

The 14-Dimensional space definition

The co-ordinate axes (state space) are X7, X2, Xg, ---» X18, %19, X20

The state variables definitions

X7 =Yz Xg = Y3 Xg = X7
Xg = Vs X10 = Ya X10 = Xg
X11 = ¥s X12 = Vs X12 = X11
X13 = Ve X14 = Vs X14 = X13
X15 = V7 X16 = V7 X1s = X15
X17 = Va X1g = Vg X1g = X17
X196 = Vs X0 = Vo Xy0 = X19
State equations
X7 = Xg Eqgn 20

Xg = —Xg — X5 + 0.004u, (h) + 0.095u,(h) — 0.004u, (h)
+ 0.102u, (h)

X9 = X190 Eqn 22

X1g9 = —Xqg9 — Xg + 0.048u, (h)

Eqn 21

+ 0.384u, (h)—0.016u5(h)—0.462u,(h) Eqn 23
X1, = Xq2 Egn 24
X1, = —X;5 — X;,—0.0015u, (h)—0.586u, () + 0.035u, (h) Ean 25
+ uy(h) i
Xiz = Xq4 Eqn 26
Xjy = —Xg4 — X13—5.6031,; (W) —41.726u,(h) + 2.412u,(h)
+ 43.022u,(h) Ean 27
X15 = X1g Eqn 28
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X186

= —X16 — X315
+ 1.223u, (h)—12.45u, (h)+0.809u4 (h)+20.519u, (h)

Xi8

Xzp

X17 = Xq8

X19 = X3p
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—X1g — Xy7—3.148u, (h)+49.397u,(h)—2.943u;(h)
— 1.646u, (h)

—X,9 — X19—7.527U, (h)—4.78u,(h) + 027815 (h)
+ 61.8951, (1)

Eqgn 29

Eqgn 30
Eqn 31
Eqn 32

Eqn 33

Therefore, the state space representation of the mechanical state system
becomes as follows
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Grain silo system analysis and control design by Matlab

Once the whole storage system of grain silo is represented by four matrix
equations, equations 18 and 19 and 34 and 35, Matlab program was used
for the whole system analysis and control design.

Model prediction of aerating air specific enthalpy effect on moisture
removing

From Figure 10 it was observed that at as aerating air specific enthalpy
increases from 40 to 43kJ/kg at optimum operating conditions, Pressures
on vertical direction decreases tremendously to be nearly zero, which
means that all moisture trapped before zeroing the load cells are removed
as shown by ST. So that as aerating air specific enthalpy be above
43kJ/kg the aeration system can efficiently operate.

System stability analysis

To analysis the stability of the grain storage silo system, step input was
used to test system response behavior and the time required to be stable or
at steady state conditions for each input (operating parameters) on each
output (temperatures and pressures), Figure 11. The outputs and inputs
are defined at Table 2.

Table2: System inputs and outputs definitions

Input symbol | Input definition | Output symbol | Output definition
In(1) Aeration pattern | To:out(1) HL15
In(2) Aeration turning | To:out(2) HL40
state of On or
Off
In(3) Airflow velocity | To:out(3) HL95
In(4) Silo height to | To:out(4) S1
diameter ratio
To:out(b) S2
To:out(6) S3
To:out(7) ST

It was observed that the system response has some delayed time to be
stable at the input of aeration system turning state and silo geometrical
shape. However the other two inputs behave as a zero order control
systems with no time lag.
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Figure 10. Predicted values of grain silo pressures that aerated by
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CONCLUSIONS

Temperature and moisture control methodology for grain storage silo has
been presented by investigating different strategies of aeration process
and geometrical shapes of silo. Variance, among temperatures
measurements and grain's pressures over vertical and horizontal planes,
with response surface methodology can efficiently represent the control
system performance which aids for each operating parameters ranking.
The thermal and mechanical model of the grain storage silo was
developed from empirical measurement. The developed model can predict
heat and moisture behavior of the grain storage silo with variant ambient
aeration system at different specific enthalpies of aerating air. The most
important achieved results are as follows:

1. The overall optimum operating parameters were obtained at

a. Second and third pattern of aeration (AP2 and AP3) that is
have an aeration period of 60 and 90 minutes three times
daily, respectively.

b. The aeration should initiate at 10:00AM, 1:00PM and
4:00PM every day.

Airflow velocity of 24m/s and
d. Height to diameter ratio of one.

2. The developed model predicted the optimum specific enthalpy of
aerating air used for controlling moisture and heat will be at the
range of 43-50 kJ/kg, which corresponding air temperatures from
20 to 27°C and relative humidity from 41 to 58%.

3. The dynamical system response simulation of grain storage silo
shows that the inputs of aeration system turning state and silo
geometrical shape has higher interactions than the other two
parameters of aeration pattern and airflow velocity.
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