THREE-DIMENSIONAL TRANSIENT HEAT, MASS, MOMENTUM,
AND SPECIES TRANSFER IN THE STORED GRAIN ECOSYSTEM:
PART I. MODEL DEVELOPMENT AND EVALUATION
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ABSTRACT. 4 3D transient heat, mass, momentum, and species transfer model for the stored grain ecosystem was devel-
oped using the finite element method. Hourly weather data such as ambient temperature and relative humidity, solar radi-
ation, and wind speed were used as input in the model. The 3D model has different components that predict grain
temperature and moisture content, dry matter loss, insect population, and species (CO, and fumigant) concentration. The
3D model was evaluated using linear elements with three different numbers of nodes and quadratic elements with three
different numbers of nodes. The accuracy of prediction for each category was evaluated using the observed and predicted
temperature values. The linear model with 384 nodes and the quadratic model with 415 nodes were found to be the best
based on the lowest standard error compared to other combinations. Four different time discretization schemes were used
to evaluate model accuracy over time. The Crank-Nicolson time discretization scheme was found to be the best of the four.
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rain storage is an important link in the food

grain production and supply system. The factors

influencing grain deterioration during storage

are grain moisture content, temperature, insects,
mites, molds, geographical location, and bin structural ori-
entation (Jayas, 1995). During grain storage, temperature,
moisture, and CO, concentration vary depending on the
physical, chemical, and biological activities inside the grain
bin. Temperature and moisture content of grain change due
to solar radiation, natural convection, forced convection by
aeration, and insect and mold activity. CO, concentration
increases due to the biological activity of insects, molds,
and grain. Insect and mold activity will lead to self-heating
of the grain mass often in localized areas called “hot spots.”
The stored grain ecosystem is a complex domain that in-
cludes physical, chemical, and biological systems. Manag-
ing the stored grain ecosystem is very challenging. It
requires an integrated management approach that combines
engineering, ecological, and economic principles to prevent
and solve problems. Generally, managers and producers use
their past experience as a tool in managing stored grain.
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This approach is not scientific and sometimes leads to eco-
nomic loss due to poor management. Grain shrinkage due
to moisture loss is one of the main economic losses in the
grain storage industry. Profit from grain storage is highly
dependent upon how effectively grain moisture is managed.
If moisture is lowered well below the maximum level ac-
cepted by the market without a discount or drying charge,
an economic loss occurs due to excessive loss in weight. If
the moisture level is above the safe limit or non-uniform in
the bin, loss may occur due to spoilage by insects and
molds. In order to manage stored grain effectively, site-
specific management strategies such as aeration and inte-
grated pest management (IPM) need to be developed and
implemented. A computer simulation model is a fast and ef-
ficient way of generating data for a specific location. A
good grain storage management tool consists of a compre-
hensive three-dimensional heat, mass, momentum, and gas
transfer model that predicts grain temperature and moisture
content and takes into account solar radiation, wind effect,
forced (aeration) and natural convection, and internal heat
generated due to biological activity of grain, insect, and
mold respiration in the grain mass. An advanced grain
management tool should allow the manager to evaluate dif-
ferent decisions with respect to the effects on grain quality,
storage time, and costs.

Temperature changes in a grain mass can be modeled as
heat transfer due to conduction, convection, or a combina-
tion of both during aeration and non-aeration periods. The
boundary conditions are the important parameters that in-
fluence heat, mass, and momentum transfer in stored grain.
Solar radiation and convective boundary conditions in-
crease the temperature gradient in the grain mass, which
leads to natural convection development. Natural convec-
tion is the other main driving force for the transfer of heat
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and moisture in the grain mass during the non-aeration pe-
riod. During aeration (forced convection), convective heat
and moisture transfer are dominant. Conduction and diffu-
sion equations are used to model both the aeration and non-
aeration scenarios.

Most models related to grain storage were developed
based on simplified unrealistic boundary conditions without
considering solar radiation and wind effects (Thompson,
1972; Nguyen, 1987; Singh et al., 1993). The pioneers in
the development of a model with realistic boundary condi-
tions were Montross et al. (2002). They developed a 2D
model with realistic boundary conditions to predict grain
temperature and moisture. One limitation in the Montross
model was that the important solar radiation boundary con-
dition could not be applied properly in a 2-D model due to
its non-uniformity around the bin perimeter. The degree of
variation of solar radiation depends upon the solar azimuth
angle around the bin. The solar azimuth angle starts from
zero in the south and reaches 180° in the north direction. As
a result of the earth’s orientation, in the Northern Hemi-
sphere the south side will receive maximum solar radiation
and the opposite will be true in the Southern Hemisphere.
Likewise, the north side of the bin in the Northern Hemi-
sphere will receive less solar radiation than the south side.

During non-aeration, temperature gradients develop in
the grain mass due to variation in ambient conditions. This
leads to natural convection. Most models assumed natural
convection heat transfer and assumed confined fluid flow
during non-aerated storage. These assumptions are applica-
ble only for hermetic storage and are not realistic for grain
storage structures with plenum and headspace vents and
eave openings. The main limitations of the 2D models are
implementation of 3D variations of solar radiation heat flux
around the bin, identification of the 3D location of hot
spots in the grain mass, and effectiveness of fumigation
movement. Three-dimensional heat transfer models for cy-
lindrical bin domains were developed by Alagusundaram et
al. (1990), Andrade et al. (2002), and Jian et al. (2005).
Singh et al. (1993) developed a 3D heat, mass, and momen-
tum transfer model for a rectangular domain. They assumed
no heat loss in some boundary sections (unrealistic) for
natural convection heat transfer, impermeable boundaries
around the bin for momentum transfer, and no solar radia-
tion heat flux. The Alagusundaram and Jian models used
structured linear and quadratic element to mesh the cylin-
drical domain. This led to 3D elements with a poor aspect
ratio around the boundaries. They assumed: (1) heat trans-
fer in the grain mass was only by conduction, and (2) no
natural convection currents developed during the non-
aerated storage period. They used solar radiation heat flux
directly on the grain mass, neglecting the bin material. If
the bin material, e.g., galvanized iron (GI), was taken into
consideration, the one-hour time step used in their model
could not be used to predict the wall temperature. The
thermal conductivity difference between the grain and the
bin material (GI) leads to a non-homogenous element prob-
lem that is very complex to solve. Two separate models
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(one for the grain mass and the other for the bin wall) can
be used to overcome these difficulties. In addition, most
models did not consider the internal heat generated by res-
piration of insects and mold. Modeling the heat of respira-
tion is very complex. Jia et al. (2000) simulated the internal
heat generation using an artificial heat generator (electric
heater) placed inside the grain mass.

Although a number of modeling approaches have been
described in the literature, a comprehensive 3-D heat, mass,
momentum, and species transfer model for the stored grain
ecosystem driven by realistic boundary conditions has not
yet been developed. Therefore, the objective of this study
was to develop a comprehensive 3D finite element model
for the stored grain ecosystem.

MODEL DEVELOPMENT
HEAT TRANSFER MODEL

One of the key components of a comprehensive 3D eco-
system model is the heat transfer in the grain mass. The
driving force for heat transfer is the temperature gradient
developed throughout the grain mass due to the effects of
ambient temperature, solar radiation, and wind. The tem-
perature gradient induces natural convection currents of
varying speeds that also transfer heat by convection. The
governing equation used to model 3D heat transfer due to
conduction and convection given in equation 1 was based
on Khankari et al. (1995), except the heat generation term:
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where j =1, 2, and 3, representing the three dimensions.

The first term on the left side represents the energy
stored at a specified period of time, and the second term
represents energy transfer due to convection. The first term
on the right side represents the energy transfer due to con-
duction (Fourier law of heat conduction), and the second
term represents energy liberated due to evaporation for a
specific period of time. The third term represents the inter-
nal heat generated due to biological activity of insects and
molds.

MASS TRANSFER MODEL

The second component in the comprehensive 3D ecosys-
tem model is the mass transfer in the grain mass. The driv-
ing forces for moisture transfer during the non-aeration
period are temperature gradient, moisture gradient (vapor
pressure gradient), and natural convection. However, dur-
ing the aeration period, the mass transfer is due to forced
convection created by a fan. The governing equation used
to model 3D mass transfer in the grain mass given in equa-
tion 2 was based on Khankari et al. (1995), except the
moisture generation term:
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The first term on the left side represents the moisture
stored at a specified period of time, and the second term
represents moisture transfer due to convection. The first
term on the right side represents the moisture transfer due
to diffusion, and the second and third terms represent mois-
ture transfer caused by heat diffusion and convection, re-
spectively. The fourth term represents the internal moisture
generation due to respiration.

MOMENTUM TRANSFER MODEL
(NATURAL CONVECTION)

The third component in the comprehensive 3D ecosys-
tem model is the momentum (air velocity) transfer in the
grain mass. The momentum transfer component is divided
into two parts: aeration (forced convection) and non-
aeration (natural convection). The 3D momentum transfer
equations for incompressible flow through porous media
due to natural convection are based on vorticity and the
vector potential relationship (Singh et al., 1993). The mass
balance in the control volume is described in the continuity
equation (eq. 4). The porous media velocity loss based on
Darcy’s law is given in equation 5. The velocity fields are
converted into a vector potential (y in eq. 6) and are then
calculated by solving equation 7, which is the momentum
equation in terms of vector potential, and using equation 8.
In order to simplify the solution process, no slip boundaries
were assumed throughout the domain:
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MOMENTUM TRANSFER MODEL
(FORCED CONVECTION)

During the forced convection process, uniform and non-
uniform velocity field scenarios were used. For uniform ve-
locity, the prescribed velocity fields in the direction of mo-
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tion were used on all nodes. Uniform velocity was calcu-
lated using the airflow capacity of a fan with static air pres-
sure caused by airflow resistance due to the depth of the
grain mass. For non-uniform velocity, the procedure de-
scribed by Garg (2005) was used. However, the linear po-
rosity variations were implemented from the center (low
values) to walls (higher values) of the bin, which was dif-
ferent from Garg (2005). The lower porosity values were
due to broken grain and fine material accumulation in the
center volume of the grain mass because of particle segre-
gation during loading. The higher bulk density particles
tend to stay near the center, while lower bulk density parti-
cles move toward the wall. FLUENT was used to determine
the non-uniform velocities by varying the coefficient of air-
flow resistance of the grain mass using Ergun’s equation
based on porosity. The predicted velocities were then inter-
polated into nodal velocities of the 3D finite element mod-
el.

SPECIES TRANSFER MODEL

The fourth component in the comprehensive 3D ecosys-
tem model is species (e.g., CO,, fumigant) transfer in the
grain mass. The driving forces for gas movement are con-
vection currents (natural or forced) and concentration gra-
dient (diffusion) in the grain mass. The governing equation
for species (CO, or fumigant) movement inside a grain
mass is given by equation 9 (Alagusundaram et al., 1996):
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where the first term on the left side represents the accumu-
lation of gas concentration over time, and the second term
represents the convection gas transfer. The first term on the
right side represents the gas transfer due to diffusion, and
the second term represents gas generation due to biological
activity of insects and molds. Solution of this equation is
subject to boundary conditions such as a concentration flux,
the specified concentration, and the initial conditions such
as zero concentration at time ¢ = 0. Shunmugam et al.
(2005) experimentally found the diffusion coefficients of
CO, for wheat (5.9 x 10 to 7.6 x 10°°), barley (5.1 x 10°
to 8.4 x 10°°), and canola (3.7 x 107 to 5.3 x 10). Singh et
al. (1993) used 0.5 x 10° m* s as the diffusion coefficient
for phosphine in corn.

INTERNAL HEAT GENERATION
Molds

Heat in the grain mass is generated due to biological ac-
tivity, such as respiration of grains, insects, and molds.
High grain moisture and temperature cause greater mold
activity, which will generate more CO, compared to low-
moisture grain. Calculation of internal heat generation (J m’
3 ) was based on heat produced due to the evolution of CO,
when carbohydrates are broken down by microorganisms.
The amount of CO, evolution in this model was determined
using the Steele formula given in equation 10 (Thompson,
1972):

y=13[exp(0.006)~1]+0.015¢ (10)
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where shelled corn storage time in hours (¢ in eq. 11) was
calculated using corn temperature, moisture content, kernel
mechanical damage, genetic resistance to storage fungi, and
fungicide treatment (4SABE Standards, 2005):
t=9583MrMyMpMyMp /24 11
Calculation of the different multipliers described in
equation 11 was based on ASABE Standard D535 (ASABE
Standards, 2005). Using equations 10 and 11, the CO, gen-
eration was determined for the particular grain temperature
and moisture content. The chemical reaction describing this
internal heat generation process is given in equation 12
(Bhat, 2006):

C6H1206 +602 g 6C02 +6H20+heat (2816kJ) (12)

About 2816 kJ of heat energy and 108 g of water are re-
leased for every 264 g of CO, produced by stored grain.
Based on the generated CO, concentration, the heat energy
released for each element was calculated. The CO, values
were used as a source term in the gas transfer equation
(eq. 9). The released heat energy values were used as a
source term in the heat transfer equation (eq. 1). The re-
leased moisture values were used as a source term in the
mass transfer equation (eq. 2).

Insects

Insect-induced hot spots can reach temperatures up to
38°C. After this temperature is attained, it begins to de-
cline, as temperatures above 38°C are lethal to insects. Co-
fie-Agblor et al. (1996) determined that 6.38 uW was
generated per insect when 5000 insects were placed in a
chamber of 200 g of wheat at 15°C to 35°C and 12% to
18% moisture content. The heat was generated due to respi-
ration of the insects. From this study, the insect population
for each element in the grain mass was predicted using an
insect growth model. The heat generated was calculated
from the insect count in each element and added to the
source term of the heat transfer equation.

BOUNDARY CONDITIONS
Heat Transfer Equations

The boundary conditions for the energy equations were
heat flux due to solar radiation, convection heat transfer
due to wind interacting with the roof and wall surfaces, and
heat transfer through the vent, eave, and plenum openings
of the storage structure. Based on the observed values of di-
rect solar radiation, the net solar radiation heat flux stored
on the bin surfaces was calculated using equation 13
(Duffie and Beckman, 2006). The net solar radiation heat
flux (g,) stored on the bin surfaces was the summation of
heat flux observed by the material (g,), heat flux from earth
to bin (g.) and sky to bin (g,), and from direct (g;) and dif-
fuse radiation (g,):

49 =qo +de+qs+qy7 +4y (13)

The equations used to find declination, angle of inci-
dence for beam radiation, ratio of beam radiation on a tilted
surface to that on a horizontal surface, extraterrestrial radia-
tion on a horizontal surface for an hour period, hourly
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clearness index, beam radiation, total solar radiation on the
tilted surface for an hour, sky radiation heat flux, direct and
diffuse solar radiation heat flux, earth to storage structure
radiation heat flux, and storage structure to surrounding ra-
diation heat flux are given by Duffie and Beckman (2006)
and are described in detail by Lawrence (2010). The heat
transfer coefficient for the convective heat transfer between
the wind and the surfaces was calculated from wind speed.
The viscosity and thermal conductivity of air were calculat-
ed from ambient temperature using equations described by
Incropera and Dewitt (1996). The convective heat transfer
coefficients around the wall and roof were calculated using
equations described by Incropera and Dewitt (1996).

Mass Transfer Equations

No moisture transfer was assumed to occur across the
wall. The air moisture to grain moisture relationship was
calculated using the modified Chung-Pfost equilibrium
moisture equation (Chung and Pfost, 1967). For the aera-
tion period, the moisture content of the bottom boundary
was calculated using the thin-layer drying equation
(Montross et al., 2002). The resulting plenum temperature
and relative humidity values were used to calculate the
equilibrium moisture content of the bottom grain layer.

Momentum Transfer Equations

The boundary conditions for the momentum equations
assumed no slip on all walls during aeration and non-
aeration periods. For larger bins, in order to simplify the 3D
vector potential formulation, an impermeable momentum
transfer boundary condition was assumed over the grain
surface and plenum during the non-aeration period. How-
ever, for smaller bins (e.g., the PHERC and SPREC bins), a
constant air infiltration velocity of 0.0008 m s™ was used as
the natural convection velocity (Montross et al., 2002).
This was due to the low height and low resistance to air-
flow in the grain mass for these smaller bins. Pressure at
the top grain surface was assumed to be atmospheric.

Species Transfer Equation

The boundary conditions used for the species transfer
equations were no species (CO, or fumigant) transfer
through the walls. Species concentrations in the headspace
and plenum were calculated by using the CO, concentration
in the atmosphere during the aeration and non-aeration pe-
riods. The initial and boundary conditions used for the CO,
species transfer model were as 0.03 g CO, kg™ of air (am-
bient CO, concentration). For the fumigant species transfer
model, perfectly sealed boundaries were assumed.

HEADSPACE, PLENUM, AND WALL MODELS

The grain storage structure consisted of a plenum and
headspace, in addition to the grain mass. The plenum is a
space below the perforated floor that holds the grain mass
where air is pressurized by the aeration fan. It allows uni-
form distribution of air across the diameter and into the
grain mass. The space above the grain mass is the head-
space, which represents a large air volume between the
grain surface and the underside of the roof. The headspace
is ventilated via eave openings and roof vents. The material
properties of the headspace and plenum (air) and the wall
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(GI) are different from those of the grain mass. Solving
equations that are used for air, grain and GI wall together is
cumbersome. The boundary layer problem associated with
air moving from the grain mass to the headspace and vice
versa is complex in nature. The one-hour simulation time
step used for the grain mass cannot be used for either the
air medium or the GI material. This is due to the different
thermal diffusivity properties of air, GI, and grain. There-
fore, separate energy balance equations were formulated for
the headspace, plenum, and wall to find the headspace air,
plenum air, and wall temperatures. In addition, mass bal-
ance equations were formulated for the headspace and ple-
num to find the relative humidities of the headspace and
plenum air. The local wind velocity near the bin vents was
calculated using the following correlation between ambient
wind velocity and bin height (Allocca et al., 2003):

V, =0.35V,,, "%

met

(14)

where the input for these energy and mass balance models
was the ambient temperature and RH, wind speed, and so-
lar radiation. These energy and mass balance models were a
system of ordinary differential equations and were coupled
together. Details about the equations are explained by Law-
rence and Maier (2011). These equations were solved using
fourth-order Runge-Kutta methods. The predicted head-
space, plenum, and wall temperatures were used as the pre-
scribed boundary conditions for the energy transfer
equation. The predicted headspace and plenum air humidi-
ties and temperatures were used to find the equilibrium
moisture content of the particular grain, and these values
were used as the prescribed boundary conditions for the
mass transfer equation during non-aeration.

FINITE ELEMENT MODEL

The approximate solutions of the partial differential
equations (PDE) given in equations 1, 2, 7, and 9 were de-
termined by the finite element method (FEM) technique
(Reddy, 2003). A hexahedral (brick) element shape was
used to discretize the 3D domain consisting of a cylindrical
bin with a grain mass. The continuous quantities (tempera-
ture, moisture, velocity, and species) were approximated
over each element by using interpolating functions. The in-
terpolating functions (linear and quadratic) were selected
based on the solution to the governing equations. The Ga-
lerkin method (weighted residual) was used for formulating
the PDE into finite element discrete systems of equations.
These systems of equations were solved by the LU decom-
position method.

Eight-node linear and 27-node quadratic brick elements
were used for the formulation (fig. 1). The general form of
the approximate solutions for temperature, moisture, and
velocity over an element are given in equations 15 and 16.
The numerical solutions were the approximate solutions
expressed in equation 17. The coefficients of the interpolat-
ing functions were chosen in such a way that the residual
(R) becomes zero over a chosen domain. This was achieved
by integrating the residual equation with the interpolating
functions expressed in equation 18. In the Galerkin
weighted residual method, the weighing functions (W,,) are
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8-node linear element 27-node quadratic element

Figure 1. Element types used in the finite element formulation.

the interpolating functions (¢). The residual equations gen-
erated from equations 1, 2, 4, and 9 were substituted in
equation 18 appropriately to form four finite element for-
mulation equations: one each for temperature, moisture,
species, and velocity. The finite element formulated equa-
tions for temperature, moisture, and species transfer are
given in equations 19 through 21:

n n
TC=) TS, M°=) M (15)
J=1 j=1

n n n
0= uEsS, ve=Y vES, W= w&i (16)
j=1 j=1 j=1

where n = 8 for a linear element and » = 27 for a quadratic
element.
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MODEL IMPLEMENTATION

The grain storage structure model consisted of a plenum,
wall, grain mass, and headspace. The wall, headspace, and
plenum conditions were modeled separately using the con-
trol volume energy and mass balance approach. The wall,
headspace, and plenum models are described in detail by
Lawrence (2010). These models predict the headspace air,
plenum air, and wall temperatures and the headspace and
plenum air relative humidities. The bin domain was discre-
tized into only one domain: the grain mass.

The accuracy of the model depends upon the number of
nodes and size of the elements. The selection of nodes de-
pends on the level of accuracy desired and reasonable com-
putational time. Three different sizes of 8-node linear
elements and three different sizes of 27-node quadratic el-
ements were selected for evaluation of the model. The
numbers of nodes were selected based on element size for
both linear and quadratic mesh. The element edge length
ranged from 0.06 to 0.15 m for the linear and quadratic
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Table 1. Linear and quadratic elements with number of nodes and el-
ements used in the 3D model simulations.

Element Type Name Nodes Elements
Linear L-1 384 235
L-2 792 588
L-3 1152 880
Quadratic Q-1 415 36
Q-2 805 75
Q-3 1305 128

mesh. The details are given in table 1. The meshing of the
grain mass domain with various linear and quadratic ele-
ments was done using Gambit 2.2.3 software. Numerous
experimental runs were conducted with different numbers
of nodes and elements to find the appropriate number of
nodes and elements in terms of accuracy and computational
time. Singh and Thorpe (1993) optimized the grid size for a
finite difference grid by conducting numerical experiments
with different element numbers using in succession 11, 20,
25,31, 35, and 41 lateral grid points. They concluded that a
grid consisting of 31 X 31 X 31 points was found sufficient
for a 10 m X 20 m X 5 m corn storage bunker based on ac-
curacy and computational time. Andrade et al. (2002) used
2169 nodes and 1728 linear elements to model a cylindrical
bin with a diameter of 3.6 m and a grain height of 1.7 m us-
ing the finite element software ANSYS.

For this study, the mesh geometry information was ob-
tained from the Gambit output file and formed a separate
input file for the 3D model. The various grain and bin ma-
terial properties, fan control status, weather data, initial pa-
rameters, and initial conditions were specified in files with
specific extensions. The 3D finite element ecosystem mod-
el was coded in Fortran 90 using the software Compaq Vis-
ual Fortran 6.6b.

SEGREGATED SOLVER PROCEDURE

The above energy, mass, and momentum transfer gov-
erning equations are coupled. Due to the complexity of
solving these coupled equations, the segregated solver ap-
proach was used. Two different sequences were used: one
for aerated conditions, and the other for non-aerated condi-
tions. For the non-aeration mode, the energy transfer equa-
tion was solved first assuming zero velocities in all three
dimensions and no moisture gradient. The temperature gra-
dient was calculated using gradient equations during post-
processing. The moisture transfer equation was solved next
using the calculated temperature gradient and assuming ze-
ro velocities in all three dimensions. The moisture gradient
was calculated using gradient equations during post-
processing. Thirdly, the momentum transfer equations were
solved with the calculated temperature gradient as the driv-
ing force for the natural convection scenario. Given that the
coupling of these three equations is non-linear, several iter-
ations are required to converge to the specified accuracy. It
was observed that the solutions converged to an accuracy
of 0.000001 within four iterations. One and two iterations
yielded accuracy levels of 0.0001 and 0.00001, respective-
ly. Therefore, all simulations were iterated only once, tak-
ing into consideration the computational time and low
accumulation of error per time step (Montross et al., 2002).

For the aeration mode, the momentum equations were
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solved for the forced convection scenario using Fluent
software. These velocities were used in the convection
terms of the energy and moisture equations to find the tem-
peratures and moisture contents. The 3D velocities were
stored and called at appropriate times for aeration. There
were minimal changes in the airflow resistance within the
grain bulk over time, and therefore the airflow velocity at
each node will not change.

POST-PROCESSING
Insect Population

The insect population over a period of time was calcu-
lated using the Throne (1994) model. This model predicted
the insect population from the survival rate for eggs that
mature to become adults and the maize weevil development
rate based on temperature and relative humidity. The dura-
tion of development was based on environmental condi-
tions that were calculated based on equations given by
Throne (1994). The proportion of eggs surviving to the
adult stage was based on temperature and relative humidity,
which were calculated based on equations given by Throne
(1994). The stored grain ecosystem computer model as-
sumed that the temperature limits of the insect development
rate were between 12°C and 35°C. Outside these limits, the
development rate was assumed to be zero. The insect popu-
lation was calculated every day based on average daily
grain temperature and relative humidity.

Dry Matter Loss

Dry matter loss of corn over a period of time was calcu-
lated using the equations given by ASABE Standard D535
(ASABE Standards, 2005). Dry matter loss is a function of
“equivalent reference storage time,” which depends on var-
ious multipliers such as temperature, moisture, damage, ge-
netic, and fungicide. Dry matter loss was calculated for
every hour for each element based on average element
temperature and moisture content (Bartosik and Maier,
2004).

MODEL EVALUATION

After the model was developed, it was evaluated by run-
ning it using different numbers of nodes and elements and
by using linear versus quadratic interpolation functions.
The transient part of the model was evaluated using four
different finite difference time-stepping schemes: Crank-
Nicolson (6 = 0.5), Galerkin (6 = 0.67), Euler forward dif-
ference (6 = 0), and Euler backward difference (6 = 1)
(Reddy, 2003). There are two types of heat capacity mass
matrix formulations: lumped mass matrices and consistent
mass matrices. In the lumped heat capacity system, there is
no spatial variation of temperature. The temperature change
in this system occurs only with respect to time (Lewis et
al., 2004). Since the thermal conductivity of most type of
grains is low (0.08 to 0.4 W m" K" depending on moisture
content), the changes in temperature were also very slow. A
definite temperature gradient developed within each ele-
ment. Several preliminary simulations were run, and it was
determined that propagation in the lumped heat capacity
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system of finite element analysis was very slow. This was
not a realistic result based on prior researcher studies (Muir
et al., 1980; Montross et al., 2002; Jian et al., 2005). There-
fore, the 3D model was evaluated only using the consistent
mass matrix heat capacity formulation.

Grain temperature data collected during 1999 in Bin 12
of the Post-Harvest Education and Research Center
(PHERC) located at the Agronomy Center for Research and
Education (ACRE) of Purdue University were used for the
evaluation of the 3D model. The temperature data over time
reflect changes caused by conduction and natural convec-
tion heat transfer in the grain mass. Outputs for meshes
with different numbers of nodes for the grain bin domain of
Bin 12 (2.1 m grain depth and 2.7 m diameter) were com-
pared to evaluate which one gave the highest accuracy
compared to the observed values. Since an analytical solu-
tion is not possible for this conduction-convection FE mod-
el, only observed values were used to determine accuracy.
The standard errors of the estimate (SE) between the pre-
dicted and observed values were calculated using equation
22 (Devore, 2007). The standard error of the estimate gives
a measure of the accuracy of predictions (i.e., the mean
standard deviation between the observed and predicted val-
ues):

-1y’

n

SE = (22)

LINEAR ELEMENT MODEL

Three types of linear element model (table 1) were used
to evaluate the 3D stored grain ecosystem model. The pre-
dicted values were compared with observed values using
the standard error of the estimate. The error analysis data
for the three linear element models for the center and south
locations are given in tables 2 and 3. The predicted and ob-
served variations in grain temperature in the center of the
grain mass at 0.9 m above the plenum for the L-1 model are
given in figure 2, and values for the south side of the grain
mass are given in figure 3. The standard error of the esti-
mate for the three linear element models ranged between
1.7°C and 2.3°C for the center location and between 1.8°C
and 3.9°C for the south location. At 0.3 m above the ple-
num near the south wall, the predicted values followed the
path of observed values with standard errors of 1.8°C for L-
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Table 2. Standard error of estimate (°C) for predicted versus observed
grain temperatures at the center location of the grain mass above the
plenum of PHERC Bin 12 during May-August 1999.

Distance above Plenum

Model 0.3 m 0.9 m 1.5m
L-1 1.9 1.8 2.3
L-2 2.2 1.7 1.9
L-3 2.3 1.9 1.8

Mean 2.1 1.8 2.0
SD 0.2 0.1 0.3
Q-1 1.9 2.2 2.8
Q-2 2.4 2.1 3
Q-3 2.6 2.5 2.7

Mean 2.3 2.3 2.8
SD 0.4 0.2 0.2

Table 3. Standard error of estimate (°C) for predicted versus observed
grain temperatures at the south location of the grain mass above the
plenum of PHERC Bin 12 during May-August 1999.

Distance above Plenum

Model 0.3 m 0.9 m 1.5m
L-1 1.8 2.3 3
L-2 3.2 33 3.7
L-3 3.5 3.6 39

Mean 2.8 3.1 3.5
SD 0.9 0.7 0.5
Q-1 1.8 1.9 2.1
Q-2 2.2 2.5 2.6
Q-3 2.4 2.5 2.7

Mean 2.1 2.3 2.5
SD 0.3 0.3 0.3

1, 3.2°C for L-2, and 3.5°C for L-3. There was a major dif-
ference of 1.4°C to 1.7°C between the L-1, L-2, and L-3
models at 0.3 m above the plenum. Error values above
1.6°C for the linear element models were likely due to sev-
eral factors, such as element size and time step, and not
knowing the exact natural convection current moving into
the bin over time during non-aeration. The accuracy of dif-
ferent element and node combinations depends on the ele-
ment size and time step (Segerlind, 1984). A one-hour time
step (i.e., 3600 s) was used in all simulations, as the bound-
ary conditions were updated every hour. The computational
time required for each simulation depends on the size of the
elements and the number of nodes. For 792 nodes, a four-
month simulation required eight hours. The computational
time was also influenced by the type of microprocessor
used. Among the three linear models, the L-1 model
(384 nodes and 235 elements) predicted the most accurate
results. Therefore, the L-1 model was used for validation of
the 3D model for linear elements.
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Figure 2. Grain temperature 0.9 m above the plenum in the center of the grain mass in PHERC Bin 12 during May-August 1999 for L-1.
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Figure 3. Grain temperature 0.9 m above the plenum on the south side of the grain mass in PHERC Bin 12 during May-August 1999 for L-1.

QUADRATIC ELEMENT MODEL

Three types of quadratic (brick) elements were used to
evaluate the 3D model. The numbers of nodes and elements
are given in table 1. The standard errors of the estimate for
the three quadratic element models for the center and south
locations are given in tables 2 and 3. The predicted and ob-
served variations in grain temperature in the center and
south locations at 0.9 m above the plenum of the grain mass
for the Q-1 model are plotted in figures 4 and 5. The stand-
ard error of the estimate for the three quadratic element
models ranged between 1.9°C and 3.0°C for the center lo-
cation and between 1.8°C and 2.7°C for the south location.
The Q-3 model predicted with the highest standard error of
2.7°C at 1.5 m above the south plenum. The Q-1 model
predictions were second best and gave a standard error of
1.8°C, 1.9°C, and 2.1°C at 0.3 m, 0.9 m, and 1.5 m above
the south plenum. As the element number and size in-
creased, the standard error also increased. The error differ-
ences between the quadratic models were caused by factors
such as element size and time step ratio and the physical
properties of the material used.

Factors that affect the error in the linear and quadratic
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models were dependent on the element size, time step, ma-
terial properties, and numerical oscillation caused by the
convection term and wave propagation. The major differ-
ence between the linear and quadratic models is their gradi-
ent calculations. For linear models, the gradient within an
element is constant; for quadratic models, the gradient var-
ies within the elements.

Between linear and quadratic elements, linear elements
predicted with lesser standard error of prediction at the cen-
ter location, while quadratic elements predicted with lesser
standard error at the south location. This was due to the fact
that fewer elements were used in the quadratic formulation
(table 1). The node and element allocation in the center lo-
cation was not quite enough to carry the information, which
led to higher standard error for the center location. The
boundary region for the quadratic element formulation had
enough nodes and elements; therefore, the standard error
was less in the south location, which was close to the
boundary.

TIME DISCRETIZATION SCHEMES
Four different time-stepping schemes were evaluated us-
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Figure 4. Grain temperature 0.9 m above the plenum near the center of the grain mass in PHERC Bin 12 during May-August 1999 for Q-1.
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Table 4. Standard error (°C) of temperature prediction at the center
of the grain mass using four different time-stepping schemes.
Distance above Plenum

Time-Stepping Scheme 0.3 m 0.9 m 1.5m
Euler forward difference 1.99 1.61 3.83
Crank-Nicolson 1.99 1.60 3.82
Galerkin 1.98 1.60 3.82
Euler backward difference 1.99 1.61 3.83

ing the conduction heat transfer finite element formulation.
The standard errors of prediction of grain temperature at
the center of the bin using each of these schemes are given
in table 4. It is observed that there was no major change in
the temperature prediction values for all the time-stepping
schemes. The Crank-Nicolson and Galerkin schemes were
slightly better than the Euler forward difference and back-
ward difference schemes. The Crank-Nicolson scheme
gives second-order accuracy in time, whereas the Galerkin
scheme gives first-order accuracy in time (Yang and Gu,
2004). Therefore, the Crank-Nicolson time-stepping
scheme was selected to use in the 3D model for all the sim-
ulations.

CONCLUSIONS

A three-dimensional transient heat, mass, momentum
and species transfer model for the stored grain ecosystem
was successfully developed using the finite element meth-
od. It allows for prediction of the grain temperature and
moisture content, dry matter loss, insect population, and
species (CO, or fumigant) concentration. The model was
evaluated with respect to node and element number and
type, and time discretization scheme, by comparing ob-
served and predicted temperature values. The following are
the conclusions of this study:

e The linear model with 384 nodes and 235 elements,
and the quadratic model with 415 nodes and
36 elements were found to yield the lowest standard
errors.

e The linear model predicted with a low standard error
of 1.8°C to 2.1°C in the center location, whereas the
quadratic model predicted with a low standard error
of 2.1°C to 2.5°C in the south location.

e There was no significant difference in prediction of
grain temperatures among the four different time-
stepping schemes evaluated. The Crank-Nicolson
scheme was chosen because it gives second-order
accuracy with reasonable computational time.
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NOMENCLATURE
C = concentration of species at time 7 (kg m™)
¢, = specific heat of air (kJ kg K™
cpur = specific heat of bulk grain (kJ kg'1 K'l)
C;; = consistent mass matrix
D= effective diffusivity of water vapor (m”s™)
D, = species diffusion coefficient (m”s™)
D, = diffusivity of water vapor (m”s™)
F,, = force vector for moisture equation (W m™)

188

F, = force vector for species equation (W m™)

F, = force vector for temperature equation (W m™)

g = acceleration due to gravity (m s?)

GI = galvanized iron

h = bin height (m)

hy, = latent heat of vaporization (kJ kg

k. = bulk thermal conductivity (W m' K")

K;; = conductance matrix

M = grain moisture content (kg H,O kg dry matter)

Mp = damage multiplier

My = fungicide multiplier

My = hybrid resistance multiplier

M), = moisture multiplier

M7= temperature multiplier

n =number of data points

p = vapor pressure (Pa)

0, = internal heat generation (J m™)

On= 3internal moisture generation due to respiration (kg
m”)

R = residual for moisture equation in FEM formulation

R, = vapor pressure gas constant (J kg °C™)

S = amount of species produced by biological or chemi-
cal activity in the grain mass (kg m™ s™)

¢t =time (s) in equations 1, 2,7, 9, 19, 20, and 21

t = shelled corn storage time for 0.5% dry matter loss (h)
in equations 10 and 11

T = temperature (°C or K)

T,» = absolute temperature (K)

u = air velocity in x direction (ms™)

u; = velocity of species (m s';i=1,2,and 3)

u; = jth component of air velocity (m s';j=1,2,and 3)

v = air velocity in y direction (m s™)

V, = local wind velocity at specified bin height 4 (m s™)

V,e: = meteorological wind speed (m s™)

w = air velocity in z direction (m s™)

y = CO, produced (g CO, kg™ dry matter)

Y = observed data

Y’ = predicted data

GREEK LETTERS
B, = coefficient of thermal expansion (K™
€ = porosity (decimal)
Kk = permeability of air in porous grain (m”s™)
W = dynamic viscosity of air (Pa s)
v = kinematic viscosity of air (m”s™)
p. = density of air (kg m™)
Py = bulk density of grain (kg m™)
p= density of air (kg m?)
G = vapor pressure with respect to moisture gradient
(0 =dp,/oM)
T = tortuosity
y = vector potential function
= vapor pressure with respect to temperature gradient

(® = 9dp,/dT)
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