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Abstract

Open industrial yards of granular materials can result in a large amount of particles emitted into the atmosphere due to wind
erosion, offering risks to the environment and to the human health. It is important to estimate these emissions in order to
manage dust control techniques and environmental polices requirements. There are several studies on particles emission
from stockpiles surfaces, but there are few studies considering the re-emission that can occur from the regions around the
stockpiles. Therefore, the present work aims to investigate the influence of the fluid flow complex structures near the ground
region surrounding stockpiles and how they can influence the re-emission of particles. Experimental work using the oil-film
technique and numerical simulations of the flow over one and two successive stockpiles oriented 30°, 60° and 90° to the
incoming flow were performed. The results showed that a stockpile or successive stockpiles oriented 60° must be avoided in
industrial sites as they promote high values of re-emitted mass around the piles. On the other hand, piles oriented 90° to the
incoming flow showed the lowest re-emission potential for the surroundings. Finally, the gap between successive stockpiles

showed insignificant influence on the emission estimates.

Keywords Computational fluid dynamics - Particulate matter - Air pollution - Steel industry

1 Introduction

Open industrial yards are widely used to storage granular
material exposed to wind erosion that can cause particles
emission into the atmosphere. In steel industry, for instance,
large quantities of fine particulate matter of coal, iron ore
and limestone are emitted from stockpiles to the atmosphere,
offering risks to the environment and to human health [1-8].
To reinforce dust control techniques and environmental poli-
cies, it is necessary to estimate the amount of particles that
can be emitted which depends on the local meteorology,
the properties of the materials, and the way these materi-
als are stored (shape and size of the stockpiles). The most
widely used model for estimating particle emission from
stockpiles in industrial sites was proposed by United Stated
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Environmental Protection Agency [9]. Several numerical
works have been carried out in order to improve this model
by refining results of the shear stress distribution (or friction
velocity distribution) over the stockpile surface [10-19].

However, there is still a lack in the literature concern-
ing the emission that occurs around the stockpiles [20]. The
particles around the piles may originate from the transport
of material within the industrial site [21, 22] as well as from
the stockpiles wind erosion characterized as re-emission,
re-entrainment or resuspension phenomenon [23-27]. There-
fore, the present work aims to continue the investigation ini-
tially carried out by Furieri et al. [20] by further analyzing
the influence of fluid flow complex structures generating
shear stress near the ground region surrounding successive
stockpiles which is a more usual arrangement in industrial
yards. In addition, the influence of the stockpiles orientation
(regarding the prevailing wind direction) on re-emission is
also investigated.
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2 The USEPA emission model

The United States Environmental Protection Agency emis-
sion model [9] proposes to estimate particles emission
from stockpiles based on the erosion potential [g/m?] as
described in Eq. (1):

P =58(u, —u,)’ +25(u, —u,) )

where u,, is the threshold friction velocity [m/s] at which
the particle initiates its movement and u, is the wind friction
velocity [m/s] defined as \/m,where 7 is the shear stress
and p is the density of wind. The threshold friction velocity
u,, can be measured or estimated and is dependent on the
size and type of material considered [28—30]. On the other
hand, the wind friction velocity u, is estimated as given by
an empirical expression described in Eq. (2).

u, = 0.10ut, (u,/u,) )
where u1+0 is fastest mile (or gust) of reference anemometer

[m/s], u, is surface velocity measured at 25 cm from a real
stockpile surface [m/s] and u, is the wind velocity [m/s].
Equation (2) was obtained through the logarithmic wind
velocity profile (see USEPA [9]) considering z =25 cm and
the surface rugosity, z,, equal to a typical roughness height
of 0.5 cm.

The model takes advantage of the subdivision of stock-
piles surfaces into subareas to simplify the emission esti-
mate. Areas with the same ratio u,/u, are considered as an
individual diffuse source and the total emission (E) is the
summation of the emission of each subarea M at each dis-
turbance or perturbation event N (when material is added
or removed from the surface) as given by Eq. (3).

N M
=1

E=k2 P;S; 3)
=1

where k is the particle sizer multiplier that represent the
size of the emitted particles and S;; is the area of the subarea
considered [m?].

Therefore, in the US EPA model, in addition to the threshold
friction velocity, the friction velocity caused by the wind flow
over the surface (either piles surface or the region surrounding
the piles) is an important parameter to determine if the erosion
will occur and at which magnitude.

3 Experimental work

The surface oil-film technique was used to investigate the
fluid flow pattern over and around successive wood stock-
piles surfaces. This experimental approach offers two-
dimensional visualization with a good spatial resolution
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of the shear stress distribution associated to aeolian ero-
sion. This technique consists in coating an oil mixture over
a given wall exposed to flow friction. A thin layer of the
mixture is coated over a surface around an object which
the wall flow pattern is analyzed. Wind flow overpass the
test section with oil-film mixture layer and creates some
changes on its initial pattern. Due to friction forces, the
wall flow features are then revealed, and color variation
is directly linked to wall shear stress distribution on the
coated surface.

The oil-film mixture used in this work had three compo-
nents: (i) oil, (ii) small particles which are the solid part (yel-
low colored powder in the present work) and (iii) a chemical
agent which allows the mixing between the others two com-
ponents. As proposed by Desreumaux et al. [31], the paraffin
oil was used as the oil part and the oleic acid as the mixing
component. Several tests were performed to adjust the pro-
portion of each component until the values that allowed the
experiments to be carried out: 128 g/m? of paraffin oil, 5 g/m?
of yellow dye and 23 drops/m? of oleic acid.

The experimental work was performed in the wind tunnel
presented in Fig. 1. A photographic camera with resolution
of 6 million pixels was placed right above the scaled-down
successive stockpiles models in order to capture the oil move-
ment according to the wind flow. The wood stockpiles placed
in the wind tunnel were built considering the proportion of
1:200 relative to a full-scale coal stockpile (38° of angle of
internal friction). Table 1 presents the stockpiles dimensions
and the experimental cases. For all tested configurations, the
free stream velocity of 6.5 m/s was used. Successive shots
at each 15 min were taken until no significant modification
between two consecutive photographs was identified. At this
time, usually 5 h, the experiments were stopped. Details about
wind flow stabilization and turbulence generation equipment
as grids, honeycombs and ground roughness (represented by
multiple small cubic obstacles) can be found in Furieri et al.
[20] and Ferreira et al. [32]. It is important to point out that
other configurations and conditions different from those pre-
sented in Table 1 were studied, but the oil technique did not
reach any change that could be analyzed or linked to the fluid
flow phenomenon around the stockpiles.

4 Numerical simulation

The three-dimensional equations of mass and momentum
conservation for wind flow (fluid air with density and vis-
cosity of 1.225 kg/m® and 1.789 x 1075 kg/m s, respec-
tively) over the stockpiles were solved using the soft-
ware Ansys Fluent®, a solver based on the finite volume
method. The chosen turbulent model was k—w SST shear
stress transport (SST), a two-equation model developed
by Menter [33], that takes advantages of satisfactorily
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Fig.1 Schema of wind-tunnel experimental setup (the dimensions are in meters)
Table 1 Experimental configurations investigated
Pile configuration and dimensions Wind direction Gap* Free-
stream
velocity
30° le 6.5 m/s
60° 2e
300—>
60°
o
%0 90° 2e

*The gap le is equal to 0.9h, where & is the stockpile height 0.080 m

modeling close to the wall using the k—® model and
away from the wall using the k — € model. The solution
for momentum, turbulence kinetic energy (k) and its
specific dissipation (@) was obtained using the upwind
second-order spatial discretization scheme. The SimpleC
algorithm was used for the pressure—velocity coupling.
The steady-state regime was also considered. Details of
numerical choices can be found in previous work of simi-
lar simulations [18, 20, 32, 34-36].

Figure 2 shows the boundary conditions and the numer-
ical domain. Two-dimensional vertical profiles of longitu-
dinal velocity (u), turbulent kinetic energy (k) and dissipa-
tion rate (w), obtained from previous simulations, were set
up in the inlet conditions. At the top of the domain, the
flow is considered undisturbed by the presence of the piles,
as only half of the wind tunnel height (0.40 m) was con-
sidered in the simulation to reduce computational costs,

symmetry condition was applied. A boundary condition
of fully developed flow (outflow condition) was set at the
outlet of the computational domain, since the wind tunnel
was not open to the atmosphere, not allowing a pressure
condition to be set. In order to obtain results not influenced
by the domain size, the geometry was built with sufficient
distance upstream (84, where 4 is the stockpile height of
0.080 m) and downstream (25h) the stockpiles, as can be
seen in Fig. 2.Smooth walls with no-slip condition were
set at lateral sides, ground and stockpiles walls.

The mesh was produced by extrusion of triangular cells
defined on stockpiles walls and the ground surface. The size
of the first wall cell was chosen to be at least z* = 4 in agree-
ment to requirements by the use of turbulence model (k—w
SST) without any wall functions (z* < 5), producing a mesh
of more than 5 million elements. Mesh sensitivity tests have
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Fig.2 Domain dimensions and
boundary conditions. The origin Us
of the domain is between the ‘
stockpiles. The coordinate x
represents the streamwise direc-
tion, y represents the spanwise
direction and z the domain
height

J Inlet (u, k and w)

. Outlet

Symmetry (upper)

L] . Non-slip (sides and ground walls and stockpiles surface)

Table 2 Investigated scenarios using numerical simulations

Wind direction Gap Pile configuration Free-
stream
velocity

30° - Isolated pile 6.5 m/s

le Two successive piles
2e

60° - Isolated pile

le Two successive piles
2e

90° - Isolated pile

le Two successive piles
2e

been previously carried out by Badr et al. [37] for the same
configurations (Table 2).

Fig.3 Two successive stock- 3.57
piles perpendicular to the

incoming wind flow (direction

90°) with a gap equal to 2e: a 2.86
Contours of non-dimensional

wall shear stress magnitude

obtained using numerical

simulations and b photograph 2.14

of oil-film surface flow on the i

. . =

ground region surrounding the s
two stockpiles 1.43
0.72
0.00
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5 Results

5.1 Air flow topology near the ground surrounding
the stockpiles

Figures 3, 4 and 5 present numerical and experimental
results for the configurations considering incoming flow
perpendicular to the stockpiles (wind direction of 90°).
Figure 3a presents contours of normalized wall shear
stress obtained by numerical simulations on the ground walls
(7,,¢=0.07 Pa computed for the undisturbed region on the
computational domain), and Fig. 3b shows the photograph
taken when the oil-film pattern does not present more mod-
ifications during the experimental work. The acceleration
regions are defined by the black arrows on the sides of the
windward wall of the upstream stockpile. Furthermore, three
regions are highlighted in this configuration: the main vortex
A (region 1), the main vortex B (region 2) and a recircula-
tion zone in the wake (region 3). The highlighted zones in
these figures are very similar in both approaches showing

() @ Domain center (x,y,2) = (0.0.0) ()
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Fig.4 Two successive stock-
piles perpendicular to the
incoming wind flow (direction
90°) with a gap equal to 2e: a
Velocity vectors on a transver-
sal (YZ) plane at x/h=0 and b
non-dimensional spanwise wall
shear stress

x/h = 0.00
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Fig.5 Near wall flow distribution of u,/u, around two successive stockpiles perpendicular to the incoming wind flow (direction 90°): a isolated
stockpile, b two successive stockpiles with le gap and ¢ two successive stockpiles with 2e gap

good agreement between the experimental and numerical
results.

The main vortex A presents stronger effects on the wall
than the main vortex B. In addition, in the distribution of
oil-film, the zone of intense black color is even more intense
on the right side of the piles (region 1). This condition is
caused by the bistability of the fluid flow around stockpiles.
The zones of low wall shear stress shown by the numerical
contours are well noticed on the photograph of experimental
visualization (regions 3).

In Fig. 4, presenting the velocity vectors and spanwise
wall shear stress evolution, the bistability of the flow is eas-
ily recognized. The velocity vectors show a large main vor-
tex (vortex A) on the left and a smaller vortex (vortex B) on
the right-hand side. The main vortex A presents a peak of
|ryz / rref| = 2.14 while the main vortex B expected to be sym-

metric presents the same peak equal to 1.43. The upwash

zone, normally placed in the middle line of the domain, is
dislocated to the left (following the flow direction).
Finally, Fig. 5 shows the comparison of near wall flow
distribution in terms of u,/u, for three arrangements: iso-
lated pile, two piles with 1e gap and two piles with 2e gap.
u,/u, is an important parameter for the USEPA emission
model calculations. It is important to point out that, as men-
tioned before, the stockpile model was built with a propor-
tion of 1:200 in relation to a real stockpile. So, i, used in to
analyze the erosion potential was 0.00125 m. Region 1 rep-
resents the effect of the main vortex A and B (Fig. 3). Region
2 downstream the first pile shows recirculation zones. How-
ever, the same region downstream the second pile, represents
an ineffective zone with low levels of shear stress. Region
3 always describes an ineffective zone upstream de first
stockpile. It can be noted that the arrangement containing
two piles with 2e gap presents larger ground zones of low
u,/u, and, consequently, zones of no take-off. The larger
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the distance between the piles, the larger the ground zones
of low u,/u,.

Figures 6, 7 and 8 present numerical and experimental
results for the configurations considering the wind direction
as 30° to the piles.

In Fig. 6, region 1 depicts the effects of the main vor-
tex formed in the windward of the downstream stockpile
on the ground surface. There is a strong friction on the wall
in this region caused by the main vortex also identified in
the photograph (knowing that the darkest regions indicate
high wall friction and flow acceleration as the oil-film is
dislocated towards another region on the plate). Region 2
is also an example of high friction on the wall as an effect
of the main vortex formed downstream of the second pile.
Regions 3, 4, 5 and 6 present an intense yellow color which
indicate an accumulation of the oil-film corresponding in the

Fig.6 Two successive stock-
piles 30° to the incoming wind
flow with a gap equal to le: a
Contours of non-dimensional
wall shear stress magnitude
obtained using numerical
simulations and b photograph
of oil-film surface flow on the
ground region surrounding the
two stockpiles

2.57

Fig.7 Two successive stock-
piles 300 to the incoming wind
flow with a gap equal to le: a
velocity vectors on a transversal
(YZ) plane at x/h=6.25 and b
non-dimensional spanwise wall
shear stress

______ S

Maili vortfex A

numerical results to low levels of wall shear stress. Regions
3 and 4 present the lowest levels of normalized wall shear
stress (blue contours in Fig. 6a), and region 5 shows the
impingement zone with low levels of wall shear stress. The
incoming fluid flow is deviated towards the stockpile crest
and lateral sides. The black arrows illustrate the flow accel-
eration perceived in this region: a local augmentation of the
wall shear stress. Finally, region 6 shows an ineffective zone
on the ground leeward the downstream pile on right of the
main vortex while in the upstream pile, this region is con-
centrated between the piles.

The dashed lines in Fig. 6 delimit the effects areas of
the main vortices on the wall: main vortex A formed on
the upstream pile and main vortex B formed on the down-
stream pile which are also highlighted in Fig. 7. Figure 7
presents the evolution of the spanwise component of the

(I . :
: Main vortex B

()

L L

.71 . :
_8.75 -7.00 -6.25
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Fig.8 Near wall flow distri- 0.76
bution of u,/u, around two

successive stockpiles 30° to the

incoming wind flow: a isolated 0.62
stockpile, b two successive

stockpiles with le gap and ¢

two successive stockpiles with 0.46
2e gap i

Evl

=

0.15

0.00

wall shear stress and the velocity vectors on a YZ plane.
Between the zones under the effects of the main vortices
(=3.75<y/h< —1.25 and 0.00 <y/h <2.00), there is a
smaller vortex (— 1.25 <y/h <0.00) resulted from the modi-
fication of the main vortex A by the downstream pile. How-
ever, this smaller vortex does not present an important effect
on the surface.

On the regions modified by the main vortices, downwash
zones are noticed. These structures, highlighted over the
velocity vectors, are responsible for high velocity gradient
values near the wall which consequently results in high wall
shear stress values (7, /7, =1.10 for the main vortex A and
7./ Trer=1.31 for the main vortex B). The peak of wall shear
stress observed in the main vortex A is slightly smaller than
the peak in the zone affected by the main vortex B caused
by the interaction of the main vortex A with the downstream
pile. In fact, the main vortex A does not impinge the down-
stream pile; however, it is slightly modified by its presence.
Settled particles are re-emitted as a result of upwash zones.
For instance, the velocity vectors in Fig. 7 show an upwash
zone noticed at y/h approximately equal to —3.75. Accord-
ingly, surface flow visualization shows at this transversal
location an intense yellow color which is related to an accu-
mulation of the coating.

Figure 8 shows the near wall velocity distribution, by the
means of the ratio u,/u,, for the three tested arrangements.
The pattern of the fluid flow distribution near the wall for
the isolated stockpile (Fig. 8a) indicates five main zones: (i)
region 1, effect of the main vortex, (ii) region 2, effect of the
secondary vortex, (iii) region 3, ineffective zone downstream
the pile (lowest levels of u, /u,), and (iv) region 4, wind flow
impingement and (v) region 5, ineffective zone in the right
of the main vortex. Figure 8b and ¢ shows that some of these
structures are strongly modified by the presence of a succes-
sive stockpile. In fact, only region 4 does not present signifi-
cant differences. Figure 8b (gap 1e) indicates the contours of
the main vortex on the near wall (region 1). The main vortex

is highly modified compared to the isolated configuration.
A smaller area of the region 3 for the downstream pile (low
levels of shear stress) is also noticed.

The results of wall flow topology around the piles are
sensibly different between the three tested arrangements
(isolated pile and successive piles with le and 2e gaps).
The effects of the main vortex A (formed upstream) are
highly modified by the downstream stockpile. Furthermore,
in region 3, for the downstream piles, they are completely
different in both configurations with two stockpiles, showing
the influence of the distance between the piles.

Results for wind direction of 60° are presented in Figs. 9,
10 and 11. The configuration with a gap equal to 2e was
chosen for this orientation to discuss numerical wall shear
stress and oil-film fluid visualization. Among all the tested
configurations, the effects noticed on the wall flow topology
are the strongest for this orientation. In Fig. 9, four regions
are highlighted: (i) region 1 is the effect of the main vortex
formed on the upstream pile (main vortex A), and on the
downstream pile (main vortex B), (ii) region 2 is the effect of
the secondary vortex which is modified due to the presence
of a downstream pile, (iii) region 3, the ineffective zone,
indicates low levels of wall shear stress on the ground region
situated between the main vortices, and (iv) region 4 is the
impingement region.

It is worth to note that a very good agreement is observed
between the visualizations shown in Fig. 9a and b. Region 1
presents the highest levels of normalized wall shear stress:
a peak of approximately 4.30 is computed. The higher shear
existent in the orientation 60° may be noticed comparing
Figs. 9 and 6 (30°, maximal value: 2.57). Indeed, the zones
of intense black color are greatly more visible for the ori-
entation 60° (regions 1 in Fig. 9). Moreover, the equivalent
region highlighted on the photograph has, as expected, an
intense black color which means a zone of high friction over
the surface. The main vortex strongly affects the velocity
distribution in the wake. However, due to the presence of
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Fig.9 Two successive stock- 4.29
piles 60° to the incoming wind

flow with a gap equal to 2e: a

Contours of non-dimensional 3.43
wall shear stress magnitude ’
obtained using numerical

simulations and b photograph

of oil-film surface flow on the 2.57

ground region surrounding the k)
two stockpiles £
[

1.71

0.86

0.00

Fig. 10 Two successive stock-

piles 60° to the incoming wind
flow with a gap equal to le: a
Velocity vectors on a transversal
(YZ) plane at x/h=3.75 and b
non-dimensional spanwise wall
shear stress

-1.43

'Main vortex B |
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the second stockpile, the values of wall shear stress become
more intense in the gap between the piles. The main vortex
A is deviated by the downstream pile and intensifies the
effects on the ground surface. Lastly, the main vortex B is
similar to the structure formed around the isolated pile.
The important effects of the secondary vortex, which is
a structure normally found in the isolated configuration, are
not noticed in Fig. 9. Region 2 is the effect on the wall of
a modified secondary vortex. The region 2 in the photo-
graph shows small modification of the initial pattern of the
oil-film. For the downstream pile, there is only the main
vortex. The secondary one is replaced by the main vortex A,
formed upstream. The photograph of the experimental tech-
nique shows, in region 3, an accumulation of the oil-film.
The accumulation in this region is an expected pattern. This
region is situated between the two main vortices, in a zone
of very small wall friction. The numerical results also show

@ Springer
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this pattern: the normalized wall shear stress over this region
is less than the unity. The region 4 on the upstream pile does
not present any modifications compared to the region seen in
the isolated pile configuration. Additionally, the flow accel-
eration is equally observed in both piles and highlighted by
the black arrows. Dashed lines on Fig. 10 delimit the regions
of the effects of the main vortices A and B on the wake.
Details about the main vortices A and B, and their
effects on the ground region responsible for the particle
take-off, are illustrated in Fig. 10. Figure 10a depicts the
velocity vectors over a spanwise plane. Figure 10b is a
plot of the normalized spanwise component of wall shear
stress. Both images are located at the same transversal
position x/h =3.75. Two main structures are highlighted
in Fig. 11: main vortices A and B. Main vortex A is modi-
fied by the presence of the downstream stockpile. While
main vortex B indicates a maximum value of shear stress
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Fig. 11 Near wall flow distribution of u,/u, around two successive stockpiles 30° to the incoming wind flow: a isolated stockpile, b two succes-

sive stockpiles with 1e gap and ¢ two successive stockpiles with 2e gap

7./ Trer = 2.60, the peak for the main vortex A is smaller,
about 7, /7, = 1.80. Furthermore, in the right and left
sides of the main vortex A smaller structures causing
augmentations of the levels of 7., /7, are noticed. The
evolution of the spanwise shear stress of the main vortex
B is about the same observed in the isolated stockpile. The
black arrows represent upwash and downwash zones. The
two peaks of normalized spanwise shear stress observed
in Fig. 10a are linked to the downwash zones highlighted
in Fig. 10b. Finally, there is an upwash zone for approxi-
mately y/h between —3.75 and 5.

Figure 11 shows numerical contours of u/u, for all the
tested arrangements of stockpiles oriented 60° to the wind
flow direction. The four regions previously listed in Fig. 9
are highlighted in Fig. 11. The highest levels of u,/u, are
found over the gap between successive stockpiles. As the
piles are arranged with a larger gap (represented herein
by the isolated stockpile), the effects of the main vortex
on the ground are stronger. The fact of being nearby in
the configuration le sensibly changes the main vortex A
(formed on the upstream stockpile) which causes more
impact on the stockpile surface than on the ground around
the pile. The practical effects of these distributions will be
discussed hereafter by the USEPA quantification of dust
emissions.

5.2 Air flow topology near wall the stockpile
surface

The main interest of this work consists in discussing the
importance of the potential emission from the region
around the piles relatively to the emission of the stockpiles

themselves. Therefore, it is necessary to calculate the of
u,/u, distribution also over the stockpiles surface for all sce-
narions investigated in the present work. So, the emissions
from the stockpiles surface and from the region around the
piles can be both estimated.

Ferreira et al. [32] have already investigated the wall
flow topology over an isolated pile and two successive piles
(round crest) with different gap distances between the piles
for the scenarios considering 60° and 90° wind direction
relatively to the piles orientation. Furieri et al. [20] have also
already investigated the wall flow topology over an isolated
pile and two successive piles (sharp crest) with different gap
distances between the piles for the scenarios considering
60° wind direction relatively to the piles orientation. Thus,
the wall flow topology on the piles surface considering the
scenarios concerned in the present work has been previously
discussed in the literature, except the scenarios considering
30° and 90° wind direction orientation to piles with sharp
crests. Therefore, these scenarios have been simulated to
produce the of u,/u, distribution over the stockpiles surface
(Figs. 12, 13) to be used to estimate the emission from the
piles surface.

Figure 12a presents the near wall wind flow pattern for
the isolated stockpile and shows high values of the ratio
u,/u, near the crest with a maximum on the first detachment
point, three zones with low values of u /u, (impingement
zone, upstream and on the bottom of the leeward wall) and
traces of the main vortex on the leeward wall. Zone A indi-
cated in Fig. 12a, b and c presents the differences found in
uu, distribution for these three configurations. The other
zones present very similar distributions: (i) the impinge-
ment region and the line along the crest both presenting the
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Fig. 12 Wind flow exposure on the stockpile oriented 30°: a isolated stockpile, b two successive stockpiles with gap le and ¢ two successive

stockpiles with gap 2 (with e=0.9h where 4 is the stockpile height)

highest levels of the ratio u,/u,, (ii) an unaffected region
on the leeward and windward wall and (iii) the effect of the
main vortex on the leeward wall (high wall friction).

The isolated stockpile oriented 90° (Fig. 13a) presents
the following main characteristics of the near wall velocity
distribution: (i) the highest levels of u,/u, are found on the
crest and on the sides of the piles, (ii) the recirculation zone
downstream the pile causes the lowest levels of the ratio and
(iii) on the lower part of the windward wall u,/u, values are
near to zero and these values increase the top and sides. The
analysis of the two nearby stockpiles leads to the identifica-
tion of several zones of surface protection (low levels of
u,/u,). Zone G in the leeward wall is more representative
on the piles separated by the gap le. Also, the zones having
high levels of u/u, are smaller in these configurations. The
analysis of the regions indicating the existence of ineffective
zones over the wall, zone H shows up the differences on the
near wall velocity distribution on the leeward wall. Here, on
both piles it is increased the amount of surface with very low

@ Springer

levels of u, /u,. The formation of a large recirculation zone is
the main cause of this behaviour on these walls.

As discussed in the previous section the near wall flow
velocity for the 90° Wind direction scenario does not
present a symmetric pattern as it is expected for RANS
numerical simulations of geometrical symmetric configu-
rations, indicated as bistability condition. Extra numeri-
cal simulations with stockpiles oriented 89.5° and 90.5°
were simulated to further investigated this phenomenon
(Fig. 14). The fluid flow pattern of 90° is very near the
orientation 89.5° and the main vortex impinges the wind-
ward wall of the downstream pile on the same side (black
dashed line). For the configuration 90.5°, this structure
is observed on the opposite side. As the main aim of the
present work is to quantify dust emission and the obtained
results of dust emitted for the three orientations (90°, 90.5°
and 89.5°) were lower than 3%, the dust quantified for 90°
will be taken hereafter for the comparisons with 30° and
60°.
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Fig. 14 Wind flow exposure on two nearby stockpiles with gap 2e oriented 89.5°, 90° and 90.5°

5.3 Dust emission quantification surface, was carried out by using the USEPA methodology

described in Sect. 2. The values of u /u, distribution on the
The quantification of dust re-emissions on the surrounding  surfaces of the isolated pile and the successive piles with le
areas of the stockpiles, as well as the emissions from piles

@ Springer
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and 2e gaps for the wind flow oriented 60° were taken from
the work of Furieri et al. [38].

The surface areas of interest surrounding the stockpiles
were arbitrarily chosen (a distance equivalent to two stock-
piles heights counting from the farther border of the piles
in both direction—in the main wind direction and in the
crosswind flow direction) for all configurations. Four free
stream velocities were tested in the present analysis: 5, 6.5,
10 and 15 m/s. The tested stockpile was considered made of
coal on both stockpile surface and the surrounding regions
(threshold friction velocity equals 0.35 m/s according to
Turpin et al. [15]). Table 3 compiles both the effective erod-
ible areas and estimated emitted mass.

Table 3 shows, among several quantitative information,
the increasing of wind velocity from 5 to 15 m/s increases
the values of surrounding erodible area (SEA), pile erodible
area (PEA), emission of surrounding erodible area (ESEA)
and emission of pile erodible area (EPEA). As expected,
when the tested free stream velocity increases the material
threshold friction velocity is achieved for larger areas, result-
ing in larger emitted mass for all tested wind flow direction.

The incoming wind flow oriented 60° to stockpile pre-
sents the highest values of re-emitted dust on the surround-
ing areas for all tested velocities and gaps between succes-
sive stockpiles. In addition, up to 6.5 m/s, the major part
of configurations presents larger emission from the pile
compared to the stockpile surrounding area. On the other
hand, for velocities higher than 6.5 m/s, for all cases, the
surroundings are emitting more than the stockpiles with no
distinction, being 90° the less emitting case considering the
percentage analysis. However, analyzing the surroundings,
the emitted mass for 90° cases has the lowest values than
30° and 60° cases. Finally, the gap between piles has only a
much smaller influence on the analysis of dust re-emission
and no trend is observed concerning all the tested cases.

6 Conclusions

The quantification of dust re-emission was not considered
in any previous work concerning the aeolian erosion of suc-
cessive diffuse sources. A complete analysis of the fluid
mechanics of the incoming flow disturbed by the stockpiles
arrangements has shown for all tested configurations air
flow structures promoting zones of re-emission of settled
particles.

The most important practical application is the com-
parative analysis of dust emission between different veloci-
ties, orientations, and arrangements. As the wind velocity
increases the contribution of the area surrounding the piles
also increases, which means that an increase in the wind
velocity affects more strongly the emission around the piles
than from the piles themselves. Also, in the cases where the

stockpiles were oriented 60° to the incoming flow, the sur-
roundings’ emitted mass was higher than the other cases for
all tested velocities. Finally, the perpendicular orientation
shown, for all configurations, the lowest emission estimates
for the surroundings.
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