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Abstract

The conditions of temperature and airflow distribution in the mass of stored grains are highly influenced by the
configuration of the aeration ducts. However, silos are large structures, and the physical experiments on them
become expensive and slow. Thus, this study aimed model and evaluate the temperature and airflow distribution
in a maize mass, stored in a metal silo with different geometries of aeration ducts, using CFD (computational
fluid dynamic). CFD was used to model and evaluate aeration ducts of square, ring, double bar and single bar
shape. The proposed model was validated from experimental data. The airflow distribution and temperature in
the grain mass were analyzed at different points. The ducts of a square and a ring shape showed better
distributions of airflow in the grain mass, with averages of 0.00236 m s and 0.00275 m s™', respectively. The
square shape aeration duct, presented better temperature values in the middle layer of the grain mass during
aeration, with average 25.09 °C. CFD can be used in decision making for the best design of a silo, saving
financial resources and time, as long as the parameters used in the simulation are reliable and represent the
reality.
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1. Introduction

The successive increase in world grain production, and continuous demand for product throughout the year,
make storage an indispensable operation (Oladunde et al., 2016; Lopes et al., 2015). The correct storage
preserves the quality of products and guarantees their longevity until the consumption (Hendges et al., 2017).
Bulk grain storage is commonly performed in elevated cylindrical silos equipped with aeration ducts
(Khatchatourian & Oliveira, 2006). The aeration ducts can have different shapes, being the circular duct the most
used (Khatchatourian et al., 2017).

The temperature conditions and the airflow distribution in grain mass, depend primarily of aeration ducts shape,
ambient temperature, grain temperature in neighboring layers and the aeration period (Navarro & Noyes, 2001).
Thus, the way airflow and temperature are distributed in the grain mass, will result in the homogeneity of the
aerated product (Amanlou & Zomorodian, 2010). According to Lopes et al. (2008), the positioning and the
format of the aeration ducts, can result in an irregularity of temperature inside the silo, both along its longitudinal
axis and its cross section.

The use of Computational Fluid Dynamics (CFD) to predict phenomena within silos has been widespread in
recent decades. Studies conducted by Tascon et al. (2011), Garcia et al. (2015), and Larsson et al. (2012),
demonstrate the potential use of CFD to predict some phenomena, such as particles segregation in grain mass,
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and temperature patterns during storage. In addition, Devilla et al. (2005) were successful in validating the
airflow distribution model in vertical silos with ring-shaped aeration ducts using CFD.

Silos are large structures, and the physical experiments on them become expensive and slow. Although CFD
cannot completely replace physical experiences, it can significantly reduce the cost and time required for such

studies. Although this tool has been used in studies involving silos, data about influence of the aeration duct
shape are not found in the literature.

Thus, this study aimed model and evaluate the temperature and airflow distribution in a maize mass, stored in a
metal silo with different geometries of aeration ducts, using CFD.

2. Material and Methods
2.1 Flow Domain and Aeration Ducts Shapes

The runoff domain used in this study can be seen in Figure 1. The domain consists in a maize mass (13% w.b.) of
1.6 m height, in a metallic silo with emissivity and absorbance of 0.28 and 0.5 respectively (INCROPERA & DE
WITT, 1996). The silo has a radius of 1.8 m, and an air outlet of 0.65 m diameter and 0.075 m height.

[0.250m

Air outlet 10.075m

0.800 m

0.625 m

1.600 m

I |
I 1

1.800 m

Figure 1. Flow domain used in CFD simulation

We considered that for a given moment of time, half silo was submitted to a condition of constant heat flux
(694.4 W m™) equivalent to the average incident radiation for Vigosa — MG, Brazil (INMET, 2018). The airflow
was introduced into the bottom of silo by means of openings simulating perforated aeration ducts. The ducts
were dimensioned so that all had the same perforated area (1.5 m?), being designed with different shapes: ring
(Figure 2A), double bar (Figure 2B), single bar (Figure 2C), and square (Figure 2D).
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Figure 2. Aeration ducts shapes: ring (A), double bar (B), single bar (C) and square (D)
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2.2 Assumptions Used on Simulation

This CFD code is based on the following assumptions:

- Permanent flow;

- The flow is two-dimensional, stable, fully developed and turbulent;
- The maize mass is treated as porous medium;

- Anisotropic medium;

- The silo’s walls have negligible mass when compared with maize mass, and as such the losses by conduction
can be neglected;

- Friction on walls is despicable.
2.3 Governing Equations

The governing equations of the constant flow of air through the aeration ducts are obtained by applying the laws
of mass conservation (Equation 1) and momentum (Navier-Stokes), in which the natural convection inside the
silo is modeled by the Boussinesq approximation (Equation 2) and energy (Equation 3).
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2.4 Support Equations

The Reynolds number was calculated for the four simulated ducts, presenting for all cases values higher than
2000, characterizing the flow as turbulent inside the silo. Among the turbulent models, the k - € model remains
an industrial standard, and for this reason, it was used in this modeling. The standard k-¢ model is a
semi-empirical model based on the transport equations for the turbulent kinetic energy (k) (Equation 4) and its
dissipation rate (g) (Equation 5), as presented by Amanlou & Zomorodian (2010).

0
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The heat flux absorbed by the silo was calculated by performing the energy balance in the walls, relating the
gains by absorbance and losses by radiation and convection (Equation 6).

q=Go—h(Tg,~T,) - €oT4, (6)

Where, q: heat flux absorbed, W m?; G: incident radiation flux, W m; a: material Absorbency; h: convective
heat transfer coefficient, W m? K Tqp: surface temperature, K; T..: neighborhood temperature; €: material
emissivity; o: Stefan-Boltzmann constant, 5.67 10® W m? K™,

Hy
68

2.5 Initial and Boundary Conditions

In this study, the following boundary conditions were used:

-Inlet u=w=0ms", v=0.0157 ms™, T =23 °C (296.16 K), turbulence intensity = 5%.
- Opening: P = 0 Pa, turbulence intensity = 5%, T =23 °C (296.16 K).

-Wall: u=v=0 (noslip), h=5Wm?K"', T= Tsup, heat flux = q (Equation 6).

Where, u, v, w: components of velocity in the directions x, y and z, respectively; T: temperature; P: relative
pressure; h: convective heat transfer coefficient.

The porous medium (maize mass) was implemented using the models and empirical parameters found by Devilla
et al. (2004, 2005), in its experimental analysis of the temperature and airflow distribution in a maize mass stored
in aerated silos, for purposes of validation of the proposed model.

2.6 Numerical Methodology

The governing and support equations were resolved using a CFD code ANSYS CFX version 14.5 based in finite
volume on an HP ProLiant ML150G6 computer with Intel (R) Xeon (R) processor, 2.00 GHz CPU E5504, and
RAM 12.0 GB, belonging to the biofuels laboratory, of the Federal University of Vigosa, Brazil.

The meshes used for implementation were composed of 104372, 112550, 103651 and 102977 nodes and 544777,
589229, 540904 and 537634 elements for silos with aeration ducts shaped as double bar, ring, single bar and
square respectively, using local refinement in critical runoff regions. The mesh independence tests were
performed by successive refinement of the mesh until the variables temperature and velocity at a given point
presented variations below 0.01 °C and 10 m s, respectively.

To perform the simulation, high-resolution advection schemes and numerical models of first order turbulence
were used. The minimum and maximum number of interactions were defined in 1 and 1000 respectively, using a
physical time scale of 1 second, and convergence criterion based on Mean Square Error (MSE) less than 107,

2.7 Validation

For the validation of the proposed model, the experimental data obtained by Devilla et al. (2004, 2005). The
authors used a system consisting of a cylindrical metal silo of 3.6 m diameter and 2.2 m height, loaded with
maize (13% w.b.) up to 1.6 m in height and a ring-shaped aeration duct with perforated area of 1.5 m2. In the
study, the authors performed several tests evaluating the temperature using "T" thermocouples and air velocities
using a rotating blade anemometer at various points on the surface of maize mass from the inlet velocity of
0.0157 m s™. For the validation, the velocities were evaluated at 20 points located on the surface of the silo, and
temperatures were evaluated at 20 points along the silo diameter located at the center of maize mass, according
to the experimental tests performed by the authors.

3. Results and Discussion

In the simulations, the average air velocity found on the surface of the grain mass was 0.0023 m s™', with values
ranging from 0.0020 m s to 0.0026 m s™. The values found corroborate with those obtained experimentally by
Devilla et al. (2004), who, when analyzing the airflow behavior on the surface of the stored maize, found a mean
surface velocity value of 0.0022 m s™, ranging from 0.0020 m s to 0.0024 m s™'. There is a similarity of velocity
distribution between the proposed model and the data obtained experimentally (Figure 3). Thus, the proposed
model can represents physically and numerically the prediction of velocity distribution in a silo with aeration
system.

304



jas.ccsenet.org Journal of Agricultural Science Vol. 11, No. 2; 2019

0.0030 4

0.0028

0.0026 -

0.0024

0.0022 +

0.0020

0.0018

Velocity (m s'l)

0.0016

0.0014 A

Experimental data (Devilla et al., 2004)
0.0012 A ® Simulated data

0.0010 — T T T T T T T T T T T T T T T T T T 1
0O 1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17 18 19 20

Surface points

Figure 3. Simulated data vs experimental data, for the silo with ring-shaped duct

The temperature values were obtained for the 20 points in the center of the maize mass. Figure 4 shows the
values found for the silo with ring-shaped aeration duct. Note that there is an increase in the temperature of the
grain mass in the regions near the wall. This can be explained by the geometric shape and positioning of the
circular aeration duct, which creates higher temperature zones on the walls (Lopes et al., 2008).
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Figure 4. Simulated temperature results in the center of maize mass, for the silo with ring-shaped duct

It is observed that the average maize mass temperature was 27.6 °C, ranging from 25.6 °C to 33.7 °C. The values
obtained in the simulation match those observed experimentally by Devilla et al. (2005), who found temperature
values between 22.0 °C and 33.8 °C, and average of 27.0 °C. Thus, the model proposed in this study represents
physically and numerically the prediction of temperatures in maize mass stored in silo with aeration system. The
temperature variation in stored products is frequently observed, and is due to the non-uniformity airflow in the
product.

After validation, it was possible to study the distribution of airflow and temperatures in the center of maize mass
for the four aeration ducts evaluated. It is observed in Figure 5, the simulation results for temperature in the
center maize mass for the different geometries. The aeration ducts in a ring and double bar shape, promote
similar bulk grain temperatures, causing a rise in temperature in the central part and near the walls of the silo. On
the other hand, ducts with single and square bar shape promote higher temperatures only in the walls of the silo,
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with the lowest temperatures recorded in the central part of grain mass. These results are a consequence of the
position of the air ducts and their shapes.
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Figure 5. Simulated temperature results in the center of grain mass for different aeration ducts

The observed averages for single bar, ring, double bar and square ducts, were 31.21 °C, 27.63 °C, 28.73 °C and
25.09 °C, respectively. The values found in the simulation are within the usual range found inside the grain mass
during aeration. Carrera-Rodriguez et al. (2011) numerically evaluated the effect of ambient temperature on
grain storage by finding temperature values in the grain mass between 25 °C and 30 °C. This result proves that
CFD can accurately predict temperature phenomena within silos.

The single bar duct promoted higher temperatures in the grain mass in almost all points evaluated, and for this
reason, it is not recommended for aeration systems. The square duct promoted better uniformity of temperature
in the grain mass, presenting considerably lower temperatures in the center when compared to the commonly
used duct (ring). Thus, the duct of square shape presented the best results and was the most suitable for silos with
aeration system. It is emphasized that the aeration operation seeks the cooling of the grains so that there is no
significant losses due to hygroscopicity of the product. All agricultural products have the ability to yield or
absorb water, constantly converging to a balance between their water content and ambient air conditions
(Oliveira et al., 2015).

The airflow distributions in the central layer of the grain mass can be seen in Figure 6. The behavior of the
curves of the airflow distribution are opposite to those found for the temperatures. This result was expected, as
increased airflow promotes greater grain mass cooling. The double bar and single bar ducts, presented flows with
low speeds, when compared to the other geometries, presenting averages of 0.00184 m s and 0.00195 m s,
respectively. The square duct had low values of velocity close to the wall; however, it presented high values in
the center of the silo, where the points of greater temperature in the mass of stored grains are usually found. The
mean velocity in the square-shaped duct was 0.00236 m s™', with values ranging from 0.00132 m s to 0.00329
m s, The ring-shaped duct presents good distribution of the flow near the walls, however the central region of
the silo presents low values of velocity explaining the increase of temperature in this region, evidenced
previously (Figure 5). Although the ring-shaped duct presents an average of 0.00275 m s™', superior to the other
ducts, the square-shaped duct presented better values of temperature and distribution of the airflow, being
recommended for aeration operations.

306



jas.ccsenet.org Journal of Agricultural Science Vol. 11, No. 2; 2019

0.0050 4

®  Ring-shaped duct
B Square-shaped duct
0.0045 A Double bar-shaped duct
¢ Single bar-shaped duct
0.0040
0.0035
L] L} [ ]
~— Y ° n |} | | ™ ° Y
s 0.0030 ° s s °
g - o O 9O 9 ®
2 0.0025 - L, $ g e |
3 A - <o o 0o 0 0 ® - A
=] A 5 i A A A
< 0.0020 m A 2 2 A 5
2 = . Al e
a rs ]
0.0015 A e <.> ® A Al A% T A A ® <-> e
0.0010
0.0005 A
0.0000 — T T T T T T T T T T T T T T T T T
01 2 3 4 5 6 7 8 9 1011 12 13 14 15 16 17 18 19 20

Grain mass points

Figure 6. Air velocity (m s) of central region of the grain mass

The non-uniform distribution of airflow is caused within the silo by the grain mass, and by its variable porosity.
When formulating the variable porosity, the porosity at the centroid of a finite element was calculated by
interpolation as presented by Lawrence and Maier (2011). The non-uniform flow distribution in silos was also
observed by Bartosik and Maier (2006) analyzing experimentally and numerically the air flow distribution in
different silos with different grain mass configurations.

CFD has been shown to be a viable tool for analyzing the airflow and temperature of the grain mass for the
different aeration ducts. Zhang et al. (2017) when evaluating the difference of the aeration duct grouping in
horizontal silos, also concluded that this tool is powerful, and is able to predict the phenomena of distribution of
airflow and temperature in the mass of stored grains. The use of CFD was also accurate in simulations of other
parameters and phenomena in silos by several authors (Klippel et al., 2014; Rani et al., 2015; Tascon & Aguardo,
2015; Isa et al., 2016; Lee et al., 2016; Tascon, 2017). This demonstrates that CFD can be used in decision
making on the best design of a silo, saving financial resources and time. However, caution should be exercised
when extrapolating these results to different cases, since results obtained in the simulations are very dependent
on the initial scenario considered.

4. Conclusions

The use of CFD to predict the distribution of temperature and airflow in silos with aeration system was
satisfactory, presenting values close to the experimental ones. The distribution of air in the middle layer of the
grain mass is highly related to the aeration duct shape.

The square and ring ducts presented better distributions of airflow in maize mass, with averages of 0.00236 m s™
and 0.00275 m s, respectively. The square-shaped acration duct presented better temperature values in the
central layer of the grain mass during aeration, presenting an average of 25.09 °C.

CFD can be used in decision making for the best design of a silo, saving financial resources and time, as long as
the parameters used in the simulation are reliable and represent the reality.
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