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Abstract: The environmental impacts as well as the economical aspects and regulation constraints related to wind
erosion motivate current efforts to model and quantify erosion. The nature of the underlying processes makes
quantification of diffuse dust emissions a very demanding exercise that is still subject of active research. Certain
aspects were not fully apprehended, others require further development. These include the influence of the wide
size distribution of granular materials and the sensitivity of the stockpiles’ wind exposure on industrial sites to
various parameters, such as the geometry of the pile and its location as well as the wind conditions. The objective
of this work is to improve the accuracy of diffuse dust emissions’ estimations, by creating precise and detailed
databases for existing models. Three-dimensional numerical simulations were developed and validated in order
to investigate the sensitivity of the mean flow structure to varying stockpile geometries and wind conditions. A
second local approach was also applied, which aims to study flow characteristics and the evolution of the friction
velocity at the wall in the presence of nonerodible elements for various configurations and roughness densities.

The numerical data can be used in order to improve the current models’ accuracy and performance.
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1 Introduction

Steel production, power generation and many more in-
dustries produce dust emissions that can have a detri-
mental effect on their nearby environment. With the
implementation of proper control methods these ef-
fects can be minimized. In order to assess impacts
and develop effective solutions, accurate evaluation of
diffuse dust emissions is needed. Because direct mea-
surements are expensive and difficult to implement on
site, quantification models are used instead. In spite
of their regular update, these models still suffer from
severe limitations, mostly related to a lack of empiri-
cal data of adequate quality and a lack of development
of new technologies and equipment. Reverse disper-
sion modelling is also used to asses on-site emissions
and allows the ranking of emission sources. It fails,
however, to accurately estimate emitted quantities.
The present work was motivated by a global study
concerning the quantification and reduction of diffuse
dust emissions on industrial sites with the collabora-
tion of ARCELOR MITTAL (integrated steel works
of Dunkerque and Fos-sur-mer), and sponsored by the
French Agency for Environment and Energy Manage-
ment (ADEME). It aims to improve the accuracy of
input data for erosion prediction models. It also al-

lows additional insight on the erosion processes and
takes into account the impact of relevant parameters
such as the wide size particles’ distribution. For this
purpose, two approaches were attempted using nu-
merical simulations. In the first approach, wind ex-
posure over stockpiles and its variation with the pile
configuration and wind conditions was assessed. The
second is a local-scale approach that deals with the
influence of nonerodible particles on the erosion pro-
gression of erodible particles. The use of CFD mod-
elling allows fine and quick monitoring of the spatial
changes of airflow over obstacles in response to vary-
ing different parameters.

2 Wind exposure of storage piles

A common method to quantify diffuse dust emissions
is the use of emission factors. The actual model used
by ARCELOR MITTAL is an upgraded version of
the USEPA emission factor formulation [3] that was
developed in collaboration with SECHAUD Environ-
ment to take into account important parameters such
as meteorological data, storage quantity and location,
traffic and transported quantities, and dust size distri-
bution.



Emission factors for open aggregate storage pile
sources, according to the USEPA formulation, are
function of the piles’ wind exposure characterized by
a velocity ratio us/u, [3], where us is the wind speed
at 0.25 cm from the pile surface and u, is the refer-
ence wind speed at the equivalent full-scale height of
10m. The piles are divided into sub-areas of constant
us/u, and each sub-area is considered as a separate
source. In the EPA report [3], profiles of us/u, over
two representative pile shapes and for three wind di-
rections were provided along with an approximated
surface area within each wind speed regime. These
data were derived from wind tunnel studies and show
a pronounced influence of the pile geometry and wind
direction on the velocity distribution over the piles.
However, the stockpiles investigated do not cover the
wide variety of pile shapes and dimensions that can
be found on industrial sites. This is also true for wind
conditions. Since flow patterns are affected by theses
parameters, more convenient data should be available
to accurately estimate emission factors.

Three-dimensional numerical simulations were
validated for wind tunnel measurements using the Flu-
ent CFD software. Full verification and validation of
the simulations were discussed in an earlier paper [1].
The numerical us/u, values can be retrieved for each
case study to compute emission factors. Apart from its
easier application in comparison with the complicated
experimental method and the possibility to test var-
ious pile configurations more quickly and with least
technical equipment, the asset of using this technique
is that it provides more detailed data of us/u, because
of the fine spatial resolution when computing velocity
distribution over the piles. This should improve the
estimation of diffuse particulate emission factors from
stockpiles. Figure 1 shows an example of numerical
us/u, contours over a particular stockpile configura-
tion, obtained from numerical simulations.
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Figure 1: Top view of us/u, contours over a particular
stockpile configuration (airflow is from below)

The numerical simulations were then used to in-
vestigate the sensitivity of the mean flow structure
to varying stockpile configurations (shape, dimension
and location) and wind conditions (magnitude and di-
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rection) [2]. These applications allowed additional in-
sight on the understanding of 3D flow processes oc-
curring around stockpiles and their implications on
particles’ uptake, the assessment of the impact of pile
configuration and wind conditions on dust emissions,
a more accurate evaluation of emission factors using
local wind characteristics near the piles, and the dis-
closure of the pile configurations that correspond to
the lower emission rates for a given wind condition.
Additionally, this approach helps determine the best
way a definite material quantity should be arranged
during storage, according to the dominant wind char-
acteristics of the site, in order to limit wind erosion

[2].

3 Roughness elements’ effect on ero-
sion

Most sedimentary environments subject to aeolian
erosion are characterized by a wide size particle dis-
tribution. This is also the case for raw materials such
as coal or iron ore on steelworks and power plants.
With the deflation of erodible particles on the surface
under wind action, the concentration of nonerodible
aggregates that are bound to the surface by their iner-
tia, increases. These roughness elements act to pro-
tect the underlying erodible surface either by covering
the surface or by creating lee-side wakes, in which
average wind speed is drastically reduced [10]. This
is called bed pavement and has direct effects on dust
emission rates. Nevertheless, most available models
for the estimation of dust emissions apply to particle
beds with a homogeneous size distribution [7]. A new
approach was proposed to model the temporal evolu-
tion in the grain size characteristics of surface aggre-
gates in a wide sized particle bed under aerodynamic
erosion conditions [5]. It is based on the close correla-
tion between particles’ uptake and turbulent structures
in the boundary layer and takes into account the salta-
tion phenomenon, as well as the probability distribu-
tion of the adhesive and aerodynamic lift forces acting
on a particle. Bed pavement is modelled by an incre-
mentation of the lift force. The model is able to pre-
dict the temporal decrease in the emitted mass flux and
the grain-size distribution of the eroded aggregates as
well. The model results were compared with wind
tunnel experimental data using sand with a bimodal
size distribution. Erodible particles had a mean diam-
eter of D = 100 um and that for nonerodible parti-
cles averaged approximately D = 1.074mm. The
comparison was performed for different mass frac-
tions and wind velocities, and revealed the influential
parameters that require additional investigations; the
decay rate needs to be adjusted in the actual version of
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the model. This parameter is controlled by the erosion
depth (the bed depth at which nearly all the surface is
covered with nonerodible particles) which in turn is
defined from the lift force increment.

A new approach is proposed that consists in as-
sessing the shear stress evolution on the erodible sur-
face using numerical simulations and compute the
aerodynamic lift force evolution accordingly. The ero-
sion depth will be then attained once the friction ve-
locity at the surface reaches the threshold value for the
erodible particles considered (U,y, = Uys). This ap-
proach is more in accordance with the physical nature
of the process.

3.1 Numerical simulations

The shear stress distribution over roughness arrays
of varying density, representing the erosion progress
on a bed of erodible and nonerodible particles, was
studied using the Fluent code. The studied configura-
tions correspond to a bed of granular materials where
nonerodible particles (NEP) are represented by ran-
domly distributed spheres, emerging at various lev-
els from the surface. Figure 2 summarizes the prin-
cipal parameters of the tested configurations. Vari-
ous roughness densities A = nb H /s, where n is the
number of roughness elements of width b and height
H per unit surface area, were simulated. This was
achieved by varying the number, diameter D and the
emerging height H (%) of the nonerodible particles.
Physically, the smooth case (test 0) corresponds to the
beginning of erosion, i.e. where erodible particles en-
tirely cover the surface and nonerodible elements are
trapped inside the granular mass. Each particle diam-
eter was treated seperately. Erodible particles were
not directly simulated, but were appended to the inter-
vening wall surface, S. The cover rate T'DC repre-
sents the surface proportion occupied by the NEP for
a given diameter (' DC = nnD?/459).

The computational domain was materialized by a
box of dimensions 3 cm x 3cm x 10 em (Fig. 3. Pe-
riodic conditions were applied to the entry and exit.
A mass flow rate value corresponding to a mean ve-
locity of 8 ms~! was used. For this windspeed, the
simulated particles (D = 1.074 and 2mm) are con-
sidered as nonerodible. The upper and lateral bound-
aries were defined as symmetry and the lower limit
as a smooth wall. These conditions take into account
the fact that the simulated bed is not isolated and rep-
resents a wider domain. The influence of the parti-
cles’ distribution was studied to ensure that the stud-
ied domain sample is fairly representative. Second-
order discretisation schemes were used for the nu-
merical solution (pressure terms and all other vari-
ables) to increase the accuracy and reduce numeri-
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N°test | TDC (%) | D (mm) | Hs(%) n H (mm) A

0 0 0 0 0 0 0

1 5 2 5 14 0.10 0.00135
2 5 2 10 14 0.20 0.00375
3 5 2 15 14 0.30 0.00676
4 5 2 20 14 0.40 0.01023
5 5 2 30 14 0.60 0.01833
6 5 2 40 14 0.80 0.02684
7 5 1.074 10 49 0.11 0.00331
8 5 1.074 20 49 0.21 0.00906
9 5 1.074 30 49 0.32 0.01605
10 5 1.074 40 49 0.43 0.02376
11 10 2 10 28 0.20 0.00748
12 10 2 20 28 0.40 0.02046
13 10 2 30 28 0.60 0.03626
14 10 2 40 28 0.80 0.05368
15 10 1.074 10 99 0.11 0.00669
16 10 1.074 20 99 0.21 0.01830
17 10 1.074 30 99 0.32 0.03243
18 10 1.074 40 99 0.43 0.04802
19 15 2 10 42 0.20 0.01122
20 15 2 40 42 0.80 0.08053
21 15 1.074 10 149 0.11 0.01007
22 15 1.074 40 149 0.43 0.07227
23 20 2 10 57 0.20 0.01522
24 20 2 20 57 0.40 0.10929
25 20 2 30 57 0.60 0.04165
26 20 2 40 57 0.80 0.07382

Figure 2: Characteristic parameters of the simulated
configurations

cal diffusion. The SimpleC algorithm was used for
pressure-velocity coupling. All the residuals were set
to 107°. It was considered that convergence will not
be attained unless velocity and turbulence profiles be-
come fully developed at the entry. Turbulence closure
was achieved through application of the two-equation
k —w — SST Transitional Flow model developed by
Menter [8]. This turbulence model takes into account
the low-Reynolds-number effects. Its eddy-viscosity
formulation also accounts for the principal turbulent
shear stress, making it appropriate for the prediction
of adverse pressure gradient flows [8]. The turbu-
lence closure model as well as the grid resolution were
checked to ascertain the robustness of the model and
the accuracy of its results.

The simulations results were compared and ap-
peared to be in good agreement with experimental
data from various authors [4, 9, 6]. The numerical R;
values, the ratio of the shear stress of the intervening
surface area to the total stress, were within the exper-
imental error estimated to +20% approximately [4].

3.2 Results and discussion

The evolution of friction velocity on the intervening
surface, representing erodible particles, was analyzed
with respect to the cover rate, the emerging height and
the density A\ of nonerodible particles. The effect of
each of these parameters was studied. Results show
that an increase in both, the cover rate and the height
of roughness elements will lead to a total suppression
of erosion. These two parameters control the variation
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Figure 3: Representation of the numerical domain

of )\, but their influence on this variation, as well as on
the friction velocity distribution and evolution is dif-
ferent. Indeed, flow disturbances near the surface are
controlled by pressure gradients induced by the pres-
ence of nonerodible particles. The simulations show
that for low H configurations, the flow circumvents
the particle without separating from the surface which
limits the zone of low friction velocity in the lee. With
roughness height increase, pressure gradients become
sufficiently important to induce a flow separation on
the sides and the development of a larger wake region
downstream. The extent of the wake surface is hence
function of the roughness height (Fig. 4) and con-
stitutes a shelter area for the underlying fine-grained
particles. Figure 4 also illustrates the cover rate effect
on the distribution of U,,. No wake interactions are
observed for the low H configurations even with the
particle’s number increase and a large part of the sur-
face remains subject to erosion. With the increase in
both the T'DC and H, wakes expand and start to inter-
act with the neighbouring particles leading to a drop
in friction velocity on most of the intervening surface
area.

The use of numerical simulations to supplement
experimental methods in assessing the shear stress
evolution at the erodible surface should allow addi-
tional insights and understanding of certain aspects of
the problem until now not fully apprehended because
of logistical and instrumentation limitations. Numer-
ical techniques have the advantage to be cheaper and
allow fast and controlled variation of different param-
eters, which is difficult to realize in wind tunnel ex-
periments and nearly impossible on site for such ap-
plications. Additionally, accurate characterization of
the shear stress evolution with the erosion progression
is of great importance since this parameter affects the
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Figure 4: Top view of friction velocity contours at the
intervening surface U for different cover rates T'DC'
and emerging heights H of nonerodible particles with
D = 2mm (airflow is from the left).

wind capacity to entrain particles and hence controls
erosion. The numerical data will be integrated in the
aeolian erosion model for multiple-sized particle beds
introduced earlier to improve its performance.

4 Conclusion

Diffuse dust emissions constitute a major concern for
many industrial sectors. Despite the great number of
studies conducted to quantify and limit emissions, this
issue remains the subject of large investment. The
ability to accurately predict wind erosion is essen-
tial for, among other things, reducing air pollution.
This paper constitutes a computational effort for a bet-
ter quantification and prediction of diffuse dust emis-
sions. It introduces new approaches to estimate emis-
sion rates from aggregate storage pile sources and
for multiple-sized particle beds more accurately using
data from CFD modelling.

These improvements will be integrated in a new
software for the quantification of dust emissions from
open sources based on an upgraded version of the
USEPA emission factor formulations. This applica-
tion will be developed in a protected Internet technol-
ogy that is easy to use and update.
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