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Abstract

On industrial sites, fugitive dust emissions from open storage systems for bulk
materials, such as coal or iron, represent a significant part of overall estimated par-
ticle emissions and can lead to environmental and health risks. The aeolian erosion
process depends strongly on the turbulent flow structure over the stockpiles and is
significantly conditioned by the topography of the site, the wind direction and
intensity and also the shape of the stockpiles. This paper presents wind flow struc-
tures obtained by three-dimensional numerical simulations for various stockpile
configurations and for a global industrial site simulation with different wind direc-
tions. The first aspect investigated by these simulations is the effect caused by the
flattening of the stockpile crest on dust emissions. This study provides information
to industrials on the best geometrical pile characteristics of an oblong shape pile
configuration in order to limit particles emissions. The second aspect investigated
in this study is the wind exposure over stockpiles while considering its environ-
ment on an industrial site. This study highlights the influence of the presence of
surrounding buildings or stockpiles on the real exposure of granular materials, and
will allow a more accurate evaluation of fugitive dust emissions on industrial sites.
Keywords: computational fluid dynamics (CFD), fugitive dust emissions, emission
factors, wind erosion, flat-topped stockpiles.

1 Introduction

Investigations [1–3] about aeolian erosion concurred to state that the particles
emissions from a pile of granular material strongly depend on the wind flow struc-
ture over the pile which depends itself on the topography of the studied site, the
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wind direction and the pile shape. The understanding of the flow interactions with
the pile led to the estimation of fugitive dust emissions. In fact, the knowledge of
the near surface velocity allows to estimate the particles quantity likely to take off.

To quantify fugitive dust emissions from stockpiles, most of manufacturers use
a methodology based on the determination of an emission factor for each given
source. The most common emission factor formulations for wind erosion is pro-
posed by the US EPA (United States Environmental Protection Agency). The EPA
emission factor EF for wind-generated particulate emissions is expressed in units
of grams per year as follows [4]:

EF = k

N∑

i=1

PiSi (1)

where k is a particle size multiplier, N the number of disturbances per year, Pi an
erosion potential corresponding to the observed (or probable) fastest mile of wind
for the ith period between disturbances in gm−2 and Si the pile surface area in
m2.

The erosion potential function for a dry exposed surface is :

P = 58(u∗ − u∗
t )

2 + 25(u∗ − u∗
t ) for u∗ > u∗

t (2)

P = 0 for u∗ ≤ u∗
t

where u∗, the wind friction velocity, is given by u∗ = 0.1u+
10(us/ur). u∗

t is
the threshold friction velocity (ms−1), u+

10 the fastest mile value collected on a
anemometer reference height of 10m, us the wind speed measured at 25cm from
the piles surface and ur the wind speed reference measured at a height of 10m.

For large disturbances of wind, such as example on large storage piles, the emis-
sion factor is estimated by the sum of local erosion potentials corresponding to a
same value of us. The emission factor in then given by :

EF = k

N∑

i=1

M∑

j=1

(PjSj)i (3)

where M is the number of area parts, Sj is the corresponding surface area. This
formulation allows the consideration of the influence of the pile geometry and the
wind direction on the velocity distribution over the stockpiles by dividing the pile
area into sub-areas of constant degree of wind exposure. The EPA’s report provides
cartographies, derived from wind tunnel studies, representing the wind exposure
of two representative pile shapes [4].

Further studies [5–7], focusing on fugitive dust emissions on industrial sites,
introduce a new approach to quantify the wind exposure over a stockpile by using
data coming from Computational Fluid Dynamics simulations. Three-dimensional
numerical simulations, previously validated against wind tunnel measurements,
have been employed to simulate the wind flow structure over a wide variety of
pile forms and dimensions that can be found on industrial sites. These simulations
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are used to extend the number of available wind exposure cartographies of stock-
piles. The analysis of the results obtained for a wide variety of stockpile geome-
tries allowed to suggest solutions to limit aeolian erosion. For example, an optimal
stockpile aspect ratio [6] was proposed to reduce dust emissions.

This paper presents the results of two different studies carried out using the
three-dimensional numerical simulations previously validated by [5]. In the first
study, the flow structure over various flat-topped stockpiles was simulated in order
to find the best clipping height on an oblong shape stockpile which could lead to
a decrease of dust emission rate. This study was initiated from the assessment that
stockpile crest is the area most subject to erosion, so it becomes relevant to simu-
late wind flow over different stockpiles having undergone a crest clipping. In the
second part of this paper, the first results of the simulated wind flow structure over
a real configuration of industrial site are presented. This study aims to highlight
the necessity to take into account the presence of buildings surrounding the stor-
age areas in the estimation of the fugitive dust emissions by wind erosion. Very few
studies are dedicated to this type of complex configuration compared to isolated
stockpile configurations.

2 Numerical simulations description

2.1 Geometry, mesh and turbulence model definitions

The commercial Computational Fluid Dynamics (CFD) software FLUENT was
employed to simulate the wind flow over various pile configurations. Full veri-
fication and validation of numerical simulations to experimental results [8] was
demonstrated and discussed by [5]. The numerical model was also validated for a
full scale height. The dimensions of the calculation domain were defined accord-
ing to the geometric characteristics of the stockpiles on the site and the incidence
angle of the flow on the pile. Various tests were performed to ensure aerodynam-
ical independence of the flow patterns over the tested piles as to the effect of the
domain boundaries. Characteristic elements of the mesh are shown on Figure 1.
An irregular mesh was applied to follow the shape of the geometry.

A grid sensitive test was realized to ensure that numerical results are indepen-
dent of the grid. Profiles of velocity, turbulent kinetic energy and specific dissipa-
tion rate, which are specifics of an atmospheric boundary layer, were used to define
the entry of calculation domain. Symmetry boundary conditions were used for the
lateral sides and the upper limit of the domain. The lower boundary was consid-
ered as a wall. Turbulence closure model was achieved through application of the
two-equation k − ω SST model [9]. This choice is based on a comparative study
between experimental results and numerical results for different closure models
and a single pile configuration. These validated numerical simulations can be used
for various piles configurations, and their results associated to the formulation 1, 2
and 3 allow the estimation of the erosion potential for the configuration tested.

Air Pollution XVII  421

 
 www.witpress.com, ISSN 1743-3541 (on-line) 

© 2009 WIT PressWIT Transactions on Ecology and the Environment, Vol 123,



(a) (b)

representing the grid around the test 2.

2.2 Tested configurations

The numerical model, previously explained, was applied to simulate flow over var-
ious flat topped stockpiles heights and over a complete industrial site. The whole
simulations were carried out for only one wind speed, u = 5ms−1. Indeed it was
shown that the normalized wind speed us/ur is independent of the wind speed flow
[6]. For each configuration, data of normalized velocity values us/ur, grouped in
steps of 0.1 and their corresponding areas were computed at 25cm from the piles
surface. Results were then integrated in the EPA emission factor formulations to
estimate the rates of dust emissions. A coal material was taken as a reference for
the calculations, its threshold friction velocity was determined from a wind tunnel
experiment and averaged about u∗

t = 0.35ms−1.

2.2.1 Flat topped piles
Different configurations with various pile heights and wind conditions were sim-
ulated. The modeled piles had a constant volume, shape (oblong), and a constant
side slope angle (37◦), but different clipping heights. The characteristics of the
pile without clipping correspond to the pile configuration determined by [6] as the
one having the weakest erosion potential for various wind directions. Geometric
properties of the tested configurations are reported in Table 1. The clipping heights
applied to the stockpile ranges from 0 to 3m and varies by step of 0.5m. The wind
flow structure over two stockpile configurations was studied for four wind inci-
dence angles : θ = 0◦, 30◦, 60◦ and 90◦. Only one configuration of flat topped pile
(test 4) was compared to the sharp crested pile configuration in order to limit the
number of calculations.

2.2.2 Complete industrial site
The previously validated three-dimensional numerical simulations method was
also used to simulate the wind flow over coal stockpiles on a power plant in
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Figure 1: (a) Top view of the grid over the test 2, (b) transversal cut of the domain



Table 1: Geometric characteristics of the tested piles.

Test θ (◦) Volume (m3) Pile angle (◦) Height (m) Length (m) Width (m)

1, 8, 10, 12 90, 60, 30,0 31477 38 16 74,5 41.000

2 90 31477 38 15,5 74,5 41.016

3 90 31477 38 15 74,5 41.060

4, 9, 11, 13 90, 60, 30, 0 31477 38 14,5 74,5 41.140

5 90 31477 38 14 74,5 41.256

6 90 31477 38 13,5 74,5 41.414

7 90 31477 38 13 74,5 41.616
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Figure 2: (a) Top view of the industrial site, (b) Test names for the different con-
figurations.

real conditions. Two configurations were tested for various wind flow directions:
θ = 270◦, 315◦, 45◦ and 90◦. The first configuration represents the site with only
the stockpiles. The second one represents completely the site with the surround-
ing buildings. The various configurations tested are presented on Figure 2 and in
Table 1.

3 Results and discussion

3.1 Flat topped piles

Qualitatively, the overall results are consistent with literature and experimental
data [1, 10–12]: flow deceleration at the base of the pile, flow acceleration up the
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Figure 3: Top view of the normalized velocities contours us/ur at 25cm from the
pile surface for the tests 1, 3, 5 and 7.

windward slope and toward the sides, followed by a region of flow separation on
the crest, and finally a low velocity region of reversed flow in the lee side.

The pile geometry effect on the wind speed near the pile surface is shown in
Figure 3 through the contours of the normalized velocity us/ur. On the wind-
ward slope of the stockpiles, where the flow is accelerated, the normalized velocity
us/ur increases progressively from the toe to the top of the stockpile. Maximum
us/ur value are then recorded at the top, and on the lateral sides of the stockpiles,
what implies a high erosion potential in these zones. When the clipping height
increases, the ratio us/ur is increasing, this happens mostly on the top of the flat-
topped stockpiles (Figure 3). Figures 4(a) and (b) show the velocity contours for
the tests 1 and 4. They show that the pile geometry near the crest has a very strong
influence on the flow detachment. Figures 4(b) and (d) show, for flat topped pile
configuration, a strong low pressure field, and much larger velocity values near the
crest. Simulations predict a strongly negative pressure gradient on the first ridge
of the flat topped pile in comparison with the sharp crested configuration (Figure
4(d)) . This negative pressure gradient justifies the fact that the flow acceleration
up the stoss slope is higher on the flat topped pile configuration than in the sharp
crested configuration.

After the flat top, the flow separates from the surface and creates a large recir-
culation. Figure 3 shows that the flow recirculation in the lee side induces a low
velocity region which implies that the erosion process stops.

Figure 5 presents the emission factors calculated by the EPA method for the tests
1 to 7 for different wind speeds. It shows that the evolution of the emission fac-
tors for each configuration tested not depend on the wind velocity. For a clipping
height between 0 and 1.5m, the calculated emission factors increase significantly.
For a clipping height larger than 1.5m, the emission factors remain approximately
constant in comparison with the test 4. This is due to the fact that the pile’s heights
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Figure 4: Transversal cut following the wind flow direction of the velocity con-
tours (test 1 (a) and test 4 (b)) and the pressure contours (test 1 (c) and
test 4 (d)).

are smaller, and therefore, the stoss slope areas subject to the aeolian erosion are
reduced. Nevertheless, for these configurations, the maximum value of normalized
velocity increases as the clipping height grows up, in particular at the approach of
the stockpile flat top.

The contours of normalized velocity above the pile surfaces for the tests 1, 4
and 8 to 13 for different velocity directions are shown on Figure 6. They reveal
that when the wind incidence angle on the stockpiles θ varies from 90◦ to 0◦,
the impact zone of the flow on the pile upwind and the recirculation zone on the
leeward slope downstream are considerably modified and reduced. As a result,
the areas of low normalized velocity become smaller to the advantage of regions
subject to the aeolian erosion. These results provide important information on the
influence of the wind direction on dust emissions.

The clipping of the stockpiles does not allow to reduce dust emission but, on
contrary, increases the dust emission rates. Areas corresponding to erosion are
systematically higher for the flat topped configuration. The configuration having
the weakest potential erosion, among the tested configurations, is the sharped crest
stockpile put perpendicularly to the wind flow.

3.2 Complete industrial site

In order to extend the number of cartographies representing the wind exposure of
a stockpile available in the EPA report, three-dimensional numerical simulations
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Figure 5: Evolution of the emission factor of a pile as a function of the clipping
height for different wind speeds u+

10 = 5, 10 and 15m/s.
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Figure 6: Top view of the contours of normalized velocities us/ur at 25cm from
the pile surface for the tests 1, 4 and 8 to 13.

have been employed to simulate the wind flow structure over a wide variety of pile
geometries and dimensions that can be found on industrial sites [5–7]. In these
studies, the wind flow structure was analyzed only for isolated piles configurations
without considering their environment on the industrial site. However, the wind
erosion process is considerably affected by flow field changes, which are caused by
every modifications of the terrain geometry. Nevertheless, till now, at no time the
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Figure 7: Top view of the normalized velocities contours us/ur at 25cm from the
surface for the tests 1A, 2A, 3A and 4B.

effect of the buildings surrounding the stockpiles has been taken into account. In
this study, two configurations were tested for various wind flow directions: the first
one without representing the buildings and the second one with the surrounding
buildings in the calculation domain.
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In a general manner, buildings behave as huge obstacles for the wind flow and
perturb largely the dynamic flow structures over stockpiles. The turbulent flow
around isolated obstacles has been extensively studied notably by [13]. From their
experimental investigations, they have described in detail the flow past a cubical
obstacle placed in developed channel flow. When approaching the cube, the flow
is decelerates and separates on the upstream corners of the obstacle creating sep-
aration vortexes. The main vortex wraps as a horseshoe vortex around the cube.
A broad recirculation zone develops downstream of the obstacle. In presence of
several obstacles, wakes of the upstream obstacles interferes with the downstream
ones. When the obstacles are very close, the wakes interfere and tend to become
similar to the wake of a single body.

The effect of the surroundings buildings on the wind speed around the stockpiles
is shown in Figure 7 through the contours of the normalized velocity us/ur. In the
test 1A and 2A, where the wind first come across the stockpiles, the buildings do
not significantly disturb the flow structure over the stockpiles. The low velocity
region generated by the flow deceleration upstream the buildings (for the closest
to the stockpiles surrounded on Figure 7) interacts with the stockpiles and protects
the stockpiles from the wind erosion. The comparison of the results obtained by
the numerical simulation for the tests 1A-1B and 2A-2B show that the presence of
the buildings downstream the stockpiles lead to a decrease of the erosion potential
of the stockpiles. For the wind directions θ = 270◦ and 315◦, the estimation of
the dust emissions, calculated by the EPA method, for the tests 1A and 2A are
respectively reduced of 14% and 2.5% in comparison with the tests 1B and 2B.

When the flow circulates first of all around the buildings before reaches the
stockpiles, the flow structure over the stockpiles is strongly modified. Figure 7
shows, for the test 3A, that the vortexes generate downstream the closest buildings
to the stockpiles interfere with the stockpiles. Near the surface, these vortexes tend
to accelerate the wind speed over the stockpiles. In this configuration, the erosion
potential estimation increases of 21% in comparison with the configuration where
the buildings are not simulating (test 3B). In the test 4A, the wind flow first comes
across the higher buildings which are set very closely. Figure 7 shows that the flow
behave like if this group of buildings formed only one big obstacle (right side of
the picture), in fact the flow accelerates toward the sides of this large obstacle and a
large wake zone is created downstream. Over the stockpiles 1 and 2 the wind speed
is very high because these stockpiles are exactly located downstream the vortexes
generated by the buildings. The stockpile 3 is, as for it, located in the wake of the
buildings, so it is protected from the wind erosion. On average for the test 4A,
the erosion potential of the three stockpiles, calculated by the EPA method, has
dramatically (90%) increased by taking into account the presence of the buildings.

For this real configuration of a power plant, the comparison of the results from
the two tested configurations (with and without buildings) shows by evidence that
the topography of the site exerts large perturbations on the flow structure over the
stockpiles. This study shows the necessity to take into account the topography of
the industrial site, at least the main buildings and all the significant stockpiles, to
enhance the accuracy of the dust emission estimation.
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4 Conclusion

In this paper are presented the numerical modeling results of flow structures over
various flat-topped stockpiles and over a real configuration of a power plant. The
first part of the study consisted in analyzing the flattening effect of the stockpiles
crest on dust emissions. This work have revealed that the flattening of the stock-
piles crest not allowed to reduce the wind erosion of the stockpiles. The optimal
geometrical characteristics of a stockpile, among those tested, minimizing dust
emission is a sharped crest stockpile with the main direction perpendicular to the
wind flow. In the second part of the study, the presence of the surrounding build-
ings around the stockpiles was considered for the calculation of the dust emissions
rate from the stockpiles. The results of these simulations emphasize the necessity
to take into account the topography of the site, at least the main buildings and
all the significant stockpiles. In fact, previous studies carried out without regard-
ing the topography of the site led to an inaccurate evaluation of the fugitive dust
emissions.

The study reported in this paper improves the understanding of fugitive dust
emissions on industrial sites and in mining zones. These findings will allow a more
accurate and relevant evaluation of fugitive dust emissions from open storage sys-
tems on industrial sites and a better evaluation of its environmental impacts.
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