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Abstract. Diffuse emissions of granular material from storage piles open to the atmosphere represent an impor-
tant source of pollution by industrial sites. Thus, to better deal with its impacts, a good understanding of the
airflow around piles at small scales is vital, for example, at the characteristic scale of an industrial site. In this
sense, Computational Fluid Dynamics (CFD) numerical simulations are largely applied. However, recent works
have reported non-symmetric results for the airflow around the storage pile. This is not expected for this kind of
geometrical case. The present work evaluates the influence, in terms of symmetry, of numerically simulating the
airflow around the storage pile in a steady and unsteady state, using the open source software OpenFOAM-v2312.
It was shown that the cubic building presence induces several instabilities in the airflow. Such instabilities cause
convergence problems in the steady state solution and produce non-symmetric results. On the other hand, through
an unsteady simulation, it was possible to capture the instabilities well and thus obtain averaged symmetric results.
Second-order upwind methods were used.
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1 Introduction

Storage piles of granular materials open to the atmosphere represent a substantial source of fugitive emissions
due to wind erosion in large industrial sites [[L]. Such emissions reduce air quality and also can cause risk to
human health [249]]. Thus, a good understanding of the airflow around storage piles is vital to better deal with
this environmental issue. In this sense, to perform a local-scale characterization of the airflow and understand its
details, Computational Fluid Dynamics (CFD) simulations pose an essential tool.

Furthermore, the CFD simulations are frequently used to perform an estimation of the particle emission in
such sources [1,[10-20]]. Which, in general, depends on local meteorology, material properties, and the shape/size
of the pile, being based on the wall shear stress along the pile. The most widely used model for conducting such
estimation was posed by the United States Environmental Protection Agency (USEPA). This method is based
on the subdivision of the pile surface into regions of a constant ratio between the surface wind speed and the
approaching wind speed (us/u,), followed by the calculation of an erosion potential for each of these subareas.
The total emission of the pile is calculated as the sum of the contribution of each subarea for an N number of
perturbations [21].

To study the airflow and the particle emission around a storage pile in the presence of a cubic building,
Ferreira et al. [22] combined wind tunnel experiments and CFD simulations. However, the author reported non-
symmetric results for the numerical simulations of the airflow, which is not expected for this kind of geometry.
This suggests that this airflow could present an unsteady, even bistable nature that is not well captured through the
steady-state solution performed by the author. That is, the presence of the cubic building 45° angled can cause an
instability in the airflow, resulting in vortex-shedding behavior in the airflow downstream of the cubic building and
storage pile. With this in mind, the present work assesses, using the open-source software OpenFOAM v2312, the
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effect of conducting the numerical simulation of the storage pile in the presence of a cubic building in a steady and
unsteady state in terms of symmetry.

2 Methodology

The present study focuses on a geometry first presented by Ferreira et al. [22] and shown in Figure [I] along
with its dimensions and boundary conditions. This consists of a storage pile in the presence of a cubic obstacle
45° angled in the longitudinal direction.

W

Figure 1. Computational domains and boundary conditions based on the height of the storage pile height (h =
77T mm).

The height of the storage pile is equal to h = 77 mm (h), width equal to 236 mm, length equal to 579 mm
and rest angle equal to 34.5°. The cubic building edge (Hp) is equal to 100 mm and the gap between the storage
pile and the cubic building is equal to 0.5 x H},. The Reynolds number of the fluid flow is approximately equal to
68000, based on the freestream velocity and the height of the cubic building.

The 3D airflow field is modeled using the Navier-Stokes equations. Where the continuity equation is shown
in[Taland the momentum conservation in[Tb] To deal with the turbulent fluctuating effects, a U-RANS approach
was used, specifically an unsteady solution of the k — w SST turbulence model [23]]. Where the turbulent kinectic
energy balance equation is shown in[Tc]and the specific dissipation balance equation shown in [Id}
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where u is the velocity component (m s~1) and i, j are the indexes, being (i, j) = (1,2, 3) and, consequently,
(u1,u2,u3) = (u,v,w) and (x1, 72, 23) = (x,9,2), p is the specific mass (kg m~2), P is the thermodynamic
pressure (kg m~! t~2) and p the dynamic viscosity of the fluid (kg m~1 t=1), 8%, 0., 7, 3, 0., are the constants
of the model, v, is the turbulent eddy viscosity (m? s~2) and F} is an auxiliary function.

Concerning the boundary conditions, for the inlet fully developed turbulent profiles of velocity (Uy,qag), tur-
bulent kinetic energy (k), and specific dissipation rate (w) are set, all obtained via a periodic precursor domain. At
the outlet, a zero normal gradient condition (outflow condition) is set, in which it is assumed that all flow variables,
except the pressure, are fully developed. At the walls, for the sides and bottom faces of the domain, the cubic
building, and the storage pile, a non-slip condition (u; = ug = us = 0) is set. For the upper boundary, a condition
of symmetry is set, in which all the gradients of the normal variables are set to zero. The boundary conditions
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were set based on the numerical calculations performed by Ferreira et al. [22]] and Furieri et al. [24]. All boundary
conditions are summarized in Table[T]

Boundary conditions

Location Momentum K w
Inlet Developed profiles
Outlet 9¢/on =0
Top Moy =0;99/0: =0;w =0 9r/ay=0 Owloay=0
Left and right walls up =uzs =uz =0 k=0 w=0
Bottom, building and pile surface up =us =u3z =0 k=0 w=0

Table 1. Boundary conditions to be used in the present work numerical simulations.

In Figure [2} a lateral view of the computational mesh is shown. To ensure y* (y™ = pu*d/u) below 5 for
the first element close to the regions in which no-slip condition boundary condition were set, the height of the first
element were equal to 1.2F — 04 m. The outer region of the domain, close to the top, is meshed with level 1. In
the lower region, level 2 is defined. For the transition close to the walls, a level 3 mesh is set, and for the storage
pile and the cubic building, the transition is meshed with level 5.

Figure 2. Lateral view of the discretized domain plotted in the central plane in the main airflow direction with a
zoom on the storage pile top for the three constructed meshes.

For the pressure-momentum coupling, the PIMPLE algorithm was used. For the unsteady simulations, an
Euler first-order scheme was used for temporal discretization. In this method, the time step is automatically
adjusted by always setting the Courant number below one throughout the simulation. The size of the time step
was, in general, on the order of 5 - 10~5s. The simulation time was set to 0.5 seconds for stabilization and 4.5
seconds for the average calculation. All residuals were set to 10~%. All simulations were performed using the
open-source OpenFOAM v2312 software.

Spetial atention were given to the order of the spatial discretization of the momentum, turbulent kinetic
energy, and specific dissipation equations. It is known that while first-order upwind discretization yelds better
convergence, it is also associated with numerical diffusion errors and thus less accurate results when compared
to the second-order upwind discretization. On the other hand, despite its higher accuracy the second-order up-
wind method are prone to instabilities and convergence issues. An exam of a first and second order upwind

and respective. Where ¢ is the

quantity being advected. The present work uses the second-order upwind scheme for both steady and unsteady
solutions.

discretization applied to a advective term (u (%)) is shown in Equation
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3 Results

Through Figure 3] when comparing the solution given by both simulation states, it is seen that several in-
stabilities occur in the airflow that aren‘t well captured by the steady solution. This feature seems to cause two
concerns. A first is that despite the fact that the instabilities aren’t well captured, they are still influencing the
numerical results and probably causing the convergence problems discussed in the next paragraph. A second is
that, even though it is intended to have an average result and not the instantaneous values and their instabilities,
it seems to be essential to take into account the contribution of the temporal instabilities to calculate a symmetric
averaged airflow. Thus it is seen that only the simulations conducted in an unsteady state produced symmetrical
results.

Steady Solution

(a) Lateral view - Steady solution (b) Top view view - Steady solution

Unsteady Solution

(c) Lateral view - averaged (d) Top view view - averaged

(e) Lateral view - ¢t = 4.00s (f) Top view view - ¢ = 4.00s

(g) Lateral view - t = 4.50s (h) Top view view - t = 4.50s
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(i) Lateral view - t = 5.00s (§) Top view view - = 5.00s
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Figure 3. Velocity contours plotted at the central plane (lateral view) and at a plane distant 0.5 * H} from the
bottom (top view).

As mentioned earlier, the first-order upwind method can suppress some important airflow instabilities and
thus provide good stability; however, it can lead to inaccurate results. On the other hand, the second-order upwind
method better captures the airflow instabilities and thus can lead to convergence problems. That behavior can be
seen in Figure ] where it is shown that velocity monitors for both simulation states. The noisy pattern presented by
the steady simulation seems to evidence the convergence problems when dealing with the instabilities captured by
the method. Otherwise, for the unsteady simulations, that problem seems to be attenuated by its temporal solution,
and it is possible to obtain a constant average solution. For the unsteady simulation, the Courant number was kept
below one throughout the simulation, which also made a great contribution to the simulation stability.

Probe

¢

(a) Location of the monitors
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(b) Velocity monitor: Steady state (c) Velocity monitor: Unsteady state
simulation simulation

Figure 4. Velocity monitor (Location: (—5.20h, —1.95h, 0.65h)).

It is important to note that a poor solution of the airflow will also possess a great impact on the subsequent
steps of characterizing the storage pile emissions. As mentioned in section[T] the US-EPA emission model is based
on the subdivision of the storage pile surface in regions with constant us/u,. As shown in Figure the wug/u,
distribution for both simulation are quite different in shape and values. When applyng the US-EPA model for both
simulations, a emission rate of 1.82 gs‘l is found for the steady simulations and 2.61 gs‘l, a 30% difference.
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Figure 5. Distribution of us/u, velocity ratio over the storage pile

4 Conclusions

The present work analyzed the influence of the temporal state on the numerical simulation of the airflow in
a geometrical case containing a storage pile and a cubic building. Through the simulations, it was shown that
due to the unsteady characteristics of the airflow, steady state simulations lead to non-symmetrical results and
convergence problems. The unsteady simulations using second-order upwind methods make it possible to capture
the airflow temporal instabilities and lead to symmetrical averaged results. It was also shown a 30% difference in
the granular particle emission rate calculated through the US-EPA model when using as inlet data the steady and
unsteady numerical simulation results.
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