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HIGHLIGHTS:
The results of ozone distribution in the grain mass are affected by modifying the grain distribution model in the container.
In a homogeneous grain distribution model, ozone absorption near the container walls is more elevated.
In a heterogeneous model, where smaller grains accumulate in the center, 0zone absorption near the central axis is greater.

ABSTRACT: In recent years, grain storage in Brazil underwent a 1.5% increase in its available capacity, leading
to a high demand for grain treatment in the country. This study aims to evaluate two computational models for
grain distribution within stored maize, comparing their ability to predict the effectiveness of ozone application.
Specifically, it was investigated whether a heterogeneous model, which accounts for variations in grain density
and location, provides results more compatible with experimental observations in the literature. By comparing the
predictive capabilities of both models, this study will contribute to developing more effective and targeted strategies
for ozone-based pest control in stored grain. In the heterogeneous model, the smaller grains accumulate in the center
of the container. The study uses the Stokes-Brinkman model and ozone transport equations in porous media. It was
observed that the grain distribution model affects the spatial distribution of 0zone concentration inside the container.
In the heterogeneous grain distribution model, the region of larger grains presents a lower ozone absorption since
supposedly a smaller number of ozone elimination reactions occur on the grain surfaces.
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RESUMO: Nos ultimos anos, a armazenagem de grios no Brasil teve um aumento de 1,5% em sua capacidade
disponivel, levando a uma alta demanda por tratamento de graos no pais. Este estudo tem como objetivo avaliar
dois modelos computacionais de distribui¢do de grdos no milho armazenado, comparando sua capacidade de
prever a eficicia da aplicagdo de ozdnio. Especificamente, foi investigado se um modelo heterogéneo, que leva
em conta variagdes na densidade e localizagdo dos graos, fornece resultados mais compativeis com observagoes
experimentais na literatura. Ao comparar as capacidades preditivas de ambos os modelos, este estudo contribuirad
para o desenvolvimento de estratégias mais eficazes e direcionadas para o controle de pragas com base no ozénio em
graos armazenados. No modelo heterogéneo, os graos menores acumulam-se no centro do recipiente. O estudo usa
o modelo Stokes-Brinkman e as equagdes de transporte de 0zOonio em meios porosos. Foi observado que o modelo
de distribui¢do de graos afeta a distribuicdo espacial da concentragdo de ozonio dentro do recipiente. No modelo
heterogéneo de distribuigdo de grios, a regido de graos maiores apresenta uma menor absor¢io de 0zonio, pois
supostamente ocorre um menor numero de reagdes de eliminagdo de ozonio nas superficies dos grios.
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INTRODUCTION

Brazil, which produced 183.3 million tons in the second half
of 2021 (IBGE, 2021), faces challenges storing vast quantities
of grain. The grains (soy, wheat, rice, coffee) are susceptible
to quality loss during storage due to numerous factors
(Blaszkiewicz et al., 2023). Grains comprise carbohydrates,
nutrients, protein, and fat in varying proportions, and
physically, they exhibit distinct sizes, shapes, colors, and
hardness (Serna-Saldivar, 2010). Tropical, hot, and humid
conditions favor the development of mycotoxigenic fungi and
place Brazil at high risk of mycotoxin contamination (Rocha et
al., 2020). Integrated food production, transport, and storage
are crucial in modern agriculture, which aims to minimize
losses and ensure quality (Dayong et al., 2019). Grain losses
due to biological, physical, and chemical contaminants reach
10% of national production (SNAR, 2018).

In minimizing losses, safe and efficient fumigation methods
are crucial (Dias et al., 2020; Reddy et al., 2021). Ozone is
applied in stored grains via forced flow (Incropera & Dewitt,
2003) and is effective against insects and fungi (Lemic et al,,
2019; Afsah-Hejri et al., 2020) but current methods use very
high concentrations (Baskakov et al., 2022).

Established computational fluid dynamics (CFD) modeling
techniques are used in various agricultural applications (Silva
et al., 2020; Marcato et al., 2021; Babadi et al., 2022). These
allow researchers to simulate realistic storage conditions
(Bournet & Rojano, 2022; Binelo et al., 2019). Mathematical
and computational modeling techniques are fundamental tools
for improving the design of these storage processes (Mellmann
etal., 2011).

By comparing two models for grain distribution, this study
aims to see if a heterogeneous model better aligns with existing
data and reflects real storage conditions more appropriately.
The grain mass is modeled as a porous medium using the
Stokes-Brinkman model to account for the impact of grain
arrangement on airflow.

MATERIAL AND METHODS

In this study, the simulations consider an experiment
described in the literature by Kells et al. (2001), where the
injection of ozone gas in a container with stored maize was
analyzed. The computational models were developed at the
Universidade Federal Rural da Amazonia (UFRA). This
study presented a two-dimensional adaptation of the mass
transport problem reported in the literature, considering
maize as a porous environment. The developed models adopt
CFD modeling to simulate the kinetics of air inside the
container. The physical models also consider the transport and
elimination of ozone and the convergence of diluted ozone
concentrations. The simulations consider a stationary regime,
where the convergence of ozone concentration in the stored
maize is analyzed.

The results in Figure 1 show the grain container geometry
considered in the simulations. Modeling begins with a
rectangular inlet highlighted at the top, where ozone gas
enters the container. The container height is 3.0 m, and its
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basis length is 0.57 m. The authors developed two distinct
models for spatial grain distribution. In Figure 1A, the grain
distribution is homogenous so that the reaction rate coefficient
for ozone is constant inside the container, which means that
ozone concentration reduces in the same proportion as the
air with diluted ozone flows inside it. In Figure 1B, the model
assumes that smaller grains accumulate more in the center
of the container. This consideration implies that ozone is
eliminated more quickly in the center of the container than
near its walls, as this elimination depends on the number of
surface reactions that occur from the contact of the ozone gas
with the grains.

These distinctions in grain distribution, as shown in
Figure 1B, aim to make the analysis closer to a real situation,
and the results obtained will be discussed in the next section.
Environmental factors such as humidity and air impurities
affect the performance of ozone generators and the fluid
dynamic parameters in the experiments (Kells et al., 2001).
The CFD simulations account for moisture- and impurity-free
air since it is possible to use a synthetic air input in the ozone
generators, which is practically free of these factors, as done
by Silva et al. (2019).

Eq. 1, given by the Stokes-Brinkman model, was used to
model the airflow in the porous medium formed by the mass
of grains; this equation describes a laminar flow in this porous
medium when the forces due to viscosity are predominant when
compared to the inertial forces. In this case, the stress vector is
proportional to the fluid viscosity pt and the infinitesimal strain
of the fluid over time (Vu), as shown by the equation below:

r=p(Vu+VuT) (1

where:
T - stress tensor, N m?;
Vu - Jacobian matrix of the velocity field, s*; and,
{ - viscosity of the air, kg m's2.

As Krotkiewski et al. (2011) described, this flow has a very
small Reynolds number because of its low velocity.

The Stokes-Brinkman equation for a steady state flow,
which is derived from Newton’s second law, is given by

A. B.

Figure 1. Features of the considered models. (A) model
considering the homogeneous distribution of grains, and (B)
model of regions containing grains of different sizes
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u+[EJ(Vp—pg—u*V2u)=0 (2)

where:
u - air velocity vector, m s
k - permeability tensor of the porous media, m%
W, p* - viscosity and effective viscosity of the air, kg m's%
p - air pressure, N m;
p - density of the air, kg m;
g - acceleration of gravity, ms?
Vp - gradient of air pressure, N m?; and,
V2u - Laplacian of velocity, m™” s’

The equations that model ozone transport in the porous
medium are given by

V-J+u-Vc=R (3)
J=-D_ V¢ (4)
D, = SPDF (5)

where:
] - diffusive flux vector, mol m2s7;
u - air velocity vector, m s;
¢ - ozone concentration in the fluid, mol m>;
R - reaction rate, mol m3s’;
V -J - divergent of the diffusive flux vector, mol m~s’;
Ve - gradient of the ozone concentration, mol m
D, - effective diffusion coefficient, m? s’';
D, - diffusion coefficient of the fluid, m? s’!; and,
g, - porosity of the medium, dimensionless.

According to Codina (1993), Eq. 3 includes diffusion
transport and convection mechanisms. The vector ] is related
to the mass flux relative to the average mass velocity, which
also considers transport due to molecular diffusion and can be
calculated from Eq. 4. Eq. 5 refers to saturated porous media
and balances mass transport through the porous medium using
the porosity ¢ , which is equal to the net volume fraction and
varies between 0 and 1.

The right-hand side term of Eq. 3 describes the production
or consumption of the species, with R being an expression of
the reaction rate that can take into account chemical reactions
of production or elimination of the species in the liquid, solid,
or gaseous phase. In the problem addressed in this study, the
elimination of ozone occurs all over the porous media, which
is proportional to the ozone concentration that varies spatially.
Therefore, R can be expressed as

R=-k-c (6)

where:
R - reaction rate, mol m3s;
k - reaction rate coeflicient for ozone, s’'; and,
¢ - ozone concentration in the fluid, mol m™.

The differential equations that characterize the problem
are numerically solved using the finite element method with

PARDISO (“Parallel Direct Solver”), as proposed by Schenk
et al. (2001). This solver implements an efficient supernodal
method, which is a version of Gaussian elimination for large
sparse systems of equations (Fialko, 2021). Figure 2 presents
the finite element meshes used in the simulation models.
These elements are distributed over a total area of 1,725 m?.
Each grid element provides local information on air velocity,
pressure, and species concentration to enable the numerical
calculation of the distribution of these quantities or vectors
in space. The data in Table 1 show the parameters used in the
mathematical model.

A. B.

Figure 2. Finite element mesh for the simulation models: (A)
model considering the homogeneous distribution of grains,
containing 6,800 elements, and (B) model of regions with
different granularities, containing 5,951 elements

Table 1. Physical parameters for the computational fluid
dynamics models

* - Used in the homogeneous model and for the region of smaller grains; ** - Used for
regions of larger grains

RESULTS AND DISCUSSION

In the simulations, an air pressure of 3.3 atm was assigned
to the upper inlet, and the ozone concentration at the inflow
was set to 50 ppm. It was considered that at the base of the
container, the outlet is under atmospheric pressure.

The results of the distribution of air velocity and ozone
concentration for the two models presented in Figure 1 are
shown in Figures 3 and 4. Results in Figures 3A and 4A
show nearly identical velocity distributions. In both cases,
air containing ozone gas enters the container with a velocity
0f0.013 m s at the inlet. As the flow progresses deeper into
the container, the velocity gradually decreases and stabilizes
around 0.0036 m s. There is no observable difference in the
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air velocity value in the regions with grains, considering the
two models. It is probably due to the airflow characteristics
in the porous medium in both cases, where viscous forces
are predominant and offer substantial resistance to airflow.
Other aspects, such as the quality of the grain, the storage
system, and the environmental factors in the storage, may
affect the airflow characteristics (Rocha et al., 2020).
However, the differences in ozone concentration at
regions close to the wall are notable between the two
models (Figures 3B and 4B). In the first model, the maize
characteristics are unchangeable inside the container. The
second model adopts a heterogeneous grain distribution
model, where the region with larger grains presents a lower
absorption of ozone since, supposedly, there will be fewer
ozone elimination reactions on the surfaces of the grains
due to the higher spacing between them in these regions. In
both cases, the concentration starts from an input value of
50 ppm, as determined by Kells et al. (2001), and it reduces
according to the depth inside the container. However,
in the heterogeneous grains model, ozone is eliminated
more slowly in regions close to the walls so that, after a
given depth, the container starts to present higher ozone
concentration levels than in its center. In other words, in

A. B.

Figure 3. Fluid dynamic modeling in spatial distributions for
the homogeneous grain model: (A) air velocity, |u| (m s7); (B)
ozone concentration, ¢ (ppm)

A. B.

Figure 4. Results of fluid dynamic modeling in spatial
distributions for the heterogeneous grain model: (A) air
velocity, [u| (m s); (B) ozone concentration, ¢ (ppm)
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the center of the container where the smaller grains have
accumulated, the ozone concentration decreases more
quickly with depth so that a lower degree of elimination
of ozone occurs near the container walls. In the central
region, the airflow is exposed to a larger total surface area
of the grains, which are closer to each other in this region,
and the density of the grains is higher than in those close
to the walls.

Now consider the air velocity magnitude along the
container depth for two cases: 1) in the center, along the
container longitudinal axis, and 2) near the container wall
(Figure 5). In the center and along the longitudinal axis,
the gas velocity changes faster until it assumes a continuous
value stabilizing in 0.0036 m s after a depth of 0.5 m in
the container. The regions close to the walls are not in the
line of sight with the air source. Therefore, the air velocity
magnitude starts measuring zero at the top of the container,
but it increases with depth due to the incoming airflow
lines that diverge from the source to the walls, as shown
in Figures 3A and 4A. The results in Figure 5 show if the
container were more profound, the velocity near the wall
would converge with the velocity value measured at the
center at some depth.

Figure 6 displays the steady-state results of ozone
concentration over the container depth. The concentration
values are computed along two vertical reference lines:
one in the center and the other close to the container wall.
Note that the ozone gas diffuses and suffers elimination
as the air flows deeper inside the container. In Figures 6A
and B, the ozone concentration suffers reduction starting
from 50 ppm at the top of the central region, where the
smaller grains accumulated. Near the walls, where the
larger grains remain, the ozone concentration decreases
more slowly with depth because, in this region, the rate of
ozone elimination is lower. The results in Figure 6B show
that from a certain depth, the ozone concentrations near the
wall exceed the concentrations measured in the center of the
container, which does not occur in Figure 6A. This last result
qualitatively agrees with the experimental observations
reported by Kells et al. (2001).

Figure 5. Fluid dynamic model for the air velocity magnitude
according to the depth in the center of the container and near
its wall
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Figure 6. Ozone concentration according to the depth in the
center and near the container wall: (A) homogeneous grain
model; (B) heterogeneous grain model

CONCLUSIONS

1. Changing the grain distribution configuration in the CFD
model impacts the way that ozone is distributed and absorbed
inside the container.

2. The decision to employ also simulations with both small
and large grains arose due to discrepancies observed between
the ozone distribution predicted by the uniform-size model
and the published experimental data. Therefore, adopting a
heterogeneous grain model became necessary to deepen the
analysis of the models.

3. The results for the heterogeneous grain distribution
model were more qualitatively compatible with aspects
described from experimental observations in the literature,
in which the ozone concentrations decay slower near the
container walls.
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