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Résumé en français - Introduction
générale

Les tas de stockage de matières granulaires érodés par le vent sont considérés comme des sources
diffuses d’émissions de particules. Cette catégorie de sources peut être l’une des causes significatives
de l’altération de la qualité de l’air sur certains sites industriels, comme par exemple sur les sites
sidérurgiques. Ces effets peuvent s’étendre au voisinage et à des zones plus éloignées des sources
principales par la dispersion atmosphérique. Par conséquent, la présente étude s’inscrit dans le cadre
d’une investigation de la pollution atmosphérique dans laquelle les résultats et les discussions ont
pour objectif de satisfaire aux exigences environnementales et de contribuer au contrôle de la qualité
de l’air, par exemple, par la quantification plus précise des pollutions particulaires émises.

Les difficultés dans le processus de quantification des émissions de particules provenant de sources
diffuses sont principalement associées à la très grande taille des sources exposées à des conditions
météorologiques atmosphériques. Ainsi, des mesures précises étant quasi inaccessibles car rapidement
prohibitives en termes de coûts, ces émissions sont généralement estimées par des modèles numériques
qui reposent souvent sur des variables telles que : la composition des matériaux, les conditions
atmosphériques, l’exposition à l’écoulement du vent et la topographie du terrain. Les principaux
objectifs du travail réalisé et présenté dans ce mémoire portent sur l’amélioration des méthodes de
quantification des émissions de particules provenant de sources diffuses générées par érosion éolienne
de matières granulaires.

Un modèle largement utilisé et reconnu dans le monde est proposé par l’Agence Américaine pour
la Protection de l’Environnement (US EPA) [75]. Ce modèle est basé sur des facteurs d’émission.
Plusieurs études ont déjà été menées concernant la quantification des émissions de particules provenant
des tas de stockage. Toutefois, une partie des paramètres du modèle nécessite encore une analyse
et des investigations plus approfondies. Parmi les analyses et recherches complémentaires pour
améliorer les modèles de quantification des émissions, on peut citer notamment : les caractéristiques
de l’écoulement du vent proche paroi, les structures tridimensionnelles de l’écoulement d’air autour
des sources diffuses, des techniques expérimentales visant la validation des modèles numériques et
la quantification expérimentale de l’envol des particules.

Le Chapitre 1 expose une revue de la littérature, notamment: une introduction générale sur
l’érosion éolienne, la modélisation des écoulements turbulents, la physique de l’écoulement de fluides
autour d’obstacles, les méthodologies de quantification des émissions de particules et l’influence des
particules non-érodibles. Le Chapitre 2 est consacré à la présentation des installations expérimentales:
la technique du film d’huile de visualisation de la contrainte en surface et la mesure continue des
émissions d’un modèle de tas de stockage oblong constitué de sable de granulométrie bimodale.
Les deux techniques expérimentales ont été mises en œuvre dans une soufflerie. Les mesures en
continu de masse permettent d’évaluer l’évolution temporelle du flux massique émis. La technique
de visualisation par film d’huile a pour objectif l’étude des structures de l’écoulement proche de la
paroi. La méthode consiste à enduire un mélange d’huile sur une paroi exposée aux frottements d’un
écoulement de vent.

Les résultats sont ensuite présentés dans deux chapitres. Le Chapitre 3 se concentre sur l’influence
des particules non-érodibles sur l’érosion éolienne des tas de stockage de matières granulaires. En bref,
l’érodibilité d’une particule est principalement basée sur sa granulométrie et la vitesse de frottement
du vent. Pour une vitesse de vent donnée, les particules au delà d’un certain diamètre ne s’envolent
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pas et sont donc non-érodibles, en raison de leur inertie. Le Chapitre 3 présente quatre sections. Des
approches expérimentales et numériques sont utilisées pour obtenir les résultats.

La première section présente les résultats sous forme d’une publication en revue scientifique, qui
sera soumise à la revue « Atmospheric Environment », et intitulée « Effects of non-erodible
particles on aeolian erosion: wind-tunnel simulations of a sand oblong storage pile ». Cette
section est dédiée aux techniques expérimentales mises en œuvre en soufflerie afin de déterminer
l’influence des particules non-érodibles sur l’érosion éolienne des tas de stockage oblongs, notamment
sur l’évolution temporelle du flux de masse émise et la quantité de particules émises. Des expériences
en soufflerie sur un tas de sable oblong (granulométrie bimodale) ont été effectuées sur la base des
travaux antérieurs. La vitesse du vent et le ratio de la masse de particules non-érodibles (taux de
couverture) ont défini les configurations testées. Les tas de stockage testés sont perpendiculaires
à la direction principale de l’écoulement incident. La deuxième section du Chapitre 3 présente des
discussions similaires à celles de la première section. L’orientation du vent incident est modifiée.
Deux orientations obliques ont été testées dans la soufflerie. En effet, l’orientation de l’écoulement
du vent exerce une forte influence sur la configuration de l’écoulement autour du tas de stockage.

Une approche numérique locale de l’influence des particules non-érodibles est présentée dans la
troisième section. Les résultats sont présentés sous forme d’une publication, qui sera soumise à la
revue « Earth Surface Processes and Landforms », intitulée « Numerical modelling of aeolian
erosion over a surface with poly-dispersed roughness elements ». Elle traite de l’évaluation
locale de l’influence des particules non-érodibles. Les grosses particules sont prises en compte dans les
simulations numériques comme des éléments de rugosité sur une surface lisse. Une étude de référence
a défini une relation mathématique pour l’analyse de l’évolution de la vitesse de frottement sur la
surface érodible associée à la géométrie des éléments de rugosité [71]. Cette formulation caractérise
la diminution de la vitesse de frottement moyennée sur la surface lisse, c’est-à-dire, une atténuation
de l’érosion éolienne des surfaces érodibles due à l’accumulation de particules non-érodibles. La
corrélation vise à modifier l’utilisation de la vitesse de frottement dans les modèles mathématiques
de quantification des émissions de particules. Pour les simulations numériques initiales [71], des
particules avaient des diamètres et des hauteurs de sortie du lit égales, correspondant à une configu-
ration monodispersée de particules non-érodibles, ce qui n’est jamais le cas dans une situation réelle,
par exemple pour les matières présentes sur sites industriels (par exemple minerais ou charbons).
Par conséquent, cette section vise à réaliser des simulations numériques de plusieurs configurations
poly-dispersées : les diamètres et hauteurs de sortie du lit des particules non-érodibles sont variables.
L’objectif principal est de vérifier la validité de la formulation précedemment proposée pour toute
distribution de particules.

La dernière section du Chapitre 3 décrit une proposition de modification du modèle d’estimation
des émissions de particules développé par l’USEPA. Les modifications proposées sont fondées sur
les données de masses émises obtenus par mesures expérimentales en soufflerie. Une modification
de la formulation du facteur d’émission est présentée. A l’origine, la méthode USEPA ne transcrit
pas explicitement dans sa formulation, l’influence d’un paramètre prenant en compte la quantité
de particules non-érodibles présente dans la matière considérée. En effet, il a été montré par ces
mesures expérimentales que l’émission totale d’un tas de stockage est fortement réduite en raison de
la présence de particules non-érodibles.

Le Chapitre 4 est consacré à l’estimation de l’érosion éolienne de tas de stockage sur sites
industriels disposés dans plusieurs configurations. Le chapitre est divisé en deux sections: tas de
stockage isolés et divers arrangements de deux tas de stockage successifs. L’analyse la plus originale
et récente menée dans cette section porte sur l’investigation de la contribution des émissions sur
la région qui entoure les tas de stockage et la quantification de l’influence de tas successifs sur
l’écoulement du vent , la structuration de l’écoulement et les émissions associées. La revue de la
littérature réalisée n’a pas montré de travaux de recherche antérieurs sur ce sujet.

Deux publications résument les principaux résultats obtenus pour les configurations testées avec
un tas de stockage isolé. La première, publiée dans « Environmental Fluid Mechanics » est
intitulée «Experimental surface flow visualization and numerical investigation of flow structure
around an oblong stockpile». Cette publication présente les principaux résultats et les comparaisons
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effectuées sur la base de la technique expérimentale de visualisation de l’écoulement de surface mise
en œuvre dans ce travail. La section se concentre sur la région qui entoure les tas de stockage.
Sur les sites industriels, ces régions sont fortement couvertes par des particules fines. La technique
expérimentale aide l’analyse de la topologie d’écoulement en paroi et permet aussi une validation
partielle des simulations numériques. L’écoulement d’air qui entoure le tas est également décrit de
façon à déterminer les structures d’écoulement du fluide conduisant éventuellement à la réémission
de particules.

La deuxième publication concerne la quantification de la réémission de particules provenant de
la région autour d’un tas de stockage soumise à la revue « Environmental Fluid Mechanics »,
intitulée « Aeolian erosion of storage piles yards: contribution of the surrounding areas ».
Les émissions provenant du tas et de la région autour de celui-ci sont comparées à fin d’étudier la
contribution de la réémission aux émissions globales.

Une dernière section considère la modification de la crête du tas. Des travaux antérieurs ont
montré que la zone proche de la crête est la zone la plus exposée sur un tas et est par conséquent
d’une grande importance pour la quantification des émissions. En se basant sur des études antérieurs
ayant étudié d’autres formes de crêtes, et sur les travaux expérimentaux qui ont mis en évidence cette
forme pour les tas réalisés en soufflerie, l’influence du rayon de la crête a été analysée par simulations
numériques.

La deuxième partie du Chapitre 4 traite de l’influence de tas de stockage successifs sur la struc-
turation de l’écoulement du vent près de la paroi et donc sur les émissions estimées. L’analyse de
l’érosion éolienne sur le tas et sur la région environnante est présentée séparément dans cette sec-
tion. La section est également présentée sous la forme d’une publication, qui sera soumise à «
Applied Mathematical Modelling » et intitulée « Aeolian erosion of isolated and successive
arrangements of oblong storage piles ». Les résultats de simulations numériques sur plusieurs
arrangements successifs de deux tas de stockage oblongs y sont discutés. L’objectif de cette sec-
tion est de qualifier l’érosion éolienne sur la surface des tas. Une configuration oblique a indiqué
l’augmentation des émissions globales pour les deux tas de stockage. La section suivante présente
une analyse similaire pour les régions avoisinantes de plusieurs dispositions de deux tas de stockage
successifs: la technique expérimentale de visualisation de l’écoulement, la quantification des émis-
sions par la méthode USEPA et l’analyse de la topologie de l’écoulement de l’air par des simulations
numériques.

L’organigramme de la Figure 1 présente de façon synthétique les chapitres et sections de cette
thèse. Certaines sections, comme indiqué précédemment, sont présentées sous forme de publications.
En outre, l’organigramme précise comment chaque résultat est relié à un manque de connaissances
identifié lors de la revue bibliographique ainsi que la relation de chaque méthode d’analyse (expéri-
mentale et numérique) avec les résultats.

Les principaux objectifs de cette thèse sont les suivants:

• l’analyse expérimentale (soufflerie) de l’influence des particules non-érodibles sur les émissions
de particules avec une configuration géométrique de tas de stockage oblong;

• l’analyse locale de l’influence de la présence d’éléments de rugosité (particules non-érodibles)
dans une couche limite turbulente par simulations numériques;

• amélioration du modèle mathématique USEPA de la quantification d’émission de particules en
vue de la prise en compte de particules non-érodibles dans les paramètres du modèle;

• investigation de l’écoulement de vent (près de la paroi et la topologie de l’écoulement tridi-
mensionnel) sur la surface du sol entourant les tas de stockage oblongs à l’aide d’expériences
en soufflerie et de simulations numériques;

• évaluation de la réémission de particules retombées autour de tas de stockage;
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Figure 1: Organigramme de la thèse

• simulations numériques de différentes configurations de tas de stockage oblongs : divers amé-
nagements successifs de deux tas de stockage et qualification de l’impact de la modification
de la forme de crête sur les émissions à l’aide de la méthode USEPA.
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Introduction

Aeolian eroded storage piles of granular materials are classified as diffuse sources of dust emissions.
This class of source can be one of the important causes of air quality decrease on some industrial
sites, as example on steel plants sites. These effects may extend to the vicinity and even zones
far away the main source due to the atmospheric dispersion. Hence, the present study is part of
an atmospheric pollution investigation in which the results and discussions may fulfill environmental
requirements and assist the air quality control by, for instance, the quantification of emitted pollutant
rates.

The difficulties in the process of quantification of particles emissions from diffuse sources are
primarily associated to their large size. Therefore, these emissions are usually estimated by models
which are often based on variables such as: material composition, atmospheric conditions, wind flow
exposure and structure, topography of the land, etc. The main objectives arise from the need to
improve the methods for estimating dust emissions from diffuse sources.

A widely used model is proposed by the United States Environmental Protection Agency (US
EPA) [75] which is based on emission factors. Several studies have been already done about dust
emission quantification from stockpiles [1,2,24,69,70,72,73]. However, some of the model parameters
still require further analysis. Among the analysis that can be developed to improve the models of
emissions quantification there are: wind flow features on the near wall, three-dimensional air flow
structures around the diffuse sources, experimental techniques aiming the validation of numerical
models and experimental quantification of particles take-off.

Chapter 1 exposes the literature review including: wind erosion general introduction, modelling of
turbulent flows, physics of fluid flow around obstacles, methodologies of dust emission quantification
and influence of non-erodible particles. Chapter 2 is devoted to the experimental facilities: oil-film
surface flow visualization and continuous emissions measurement of an oblong stockpile model made
of sand. Both experimental techniques were carried out in a wind-tunnel. The measurements in wind-
tunnel allow the evaluation of the temporal evolution of emitted mass flux. The oil-film visualization
technique aims to investigate the fluid flow pattern over a given wall surface. The method consists
in coating an oil mixture over a given wall exposed to flow friction.

The results are divided into two chapters. Chapter 3 is focused on the influence of non-erodible
particles on the aeolian erosion of granular materials storage piles. Briefly, the erodibility of a
particle is mainly based on its granulometry and on the friction velocity of the eroding wind. Larger
particles are often categorized as non-erodible due to their inertia. Chapter 3 presents four sections.
Experimental and numerical approaches are employed to obtain the results.

The first section presents the results as an article to be submitted to the "Atmospheric
Environment" journal, and entitled "Effects of non-erodible particles on aeolian erosion:
wind-tunnel simulations of a sand oblong storage pile". The section deals with experimental
works performed in wind-tunnel to determine the influence of non-erodible particles on the aeolian
erosion of oblong stockpiles, notably on the temporal evolution of the emitted mass flux and on
the amount of emitted particles. Wind-tunnel experimentations of an oblong stockpile made of a
bimodal granulometry sand were carried out based on previous works. Wind velocity and ratio in
mass of non-erodible particles (cover rate) defined the tested configurations. The tested stockpiles
are perpendicular to the incoming wind flow.

The second section of Chapter 3 performed similar discussions than those presented in the first
section. The incoming wind flow orientation was changed. Two oblique orientations were tested in
the wind-tunnel. Indeed, the wind flow orientation has a strong influence on the flow pattern around
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the stockpile.

A numerical approach of the influence of non-erodible particles is presented in the third section.
The results, presented as an article, to be submitted to the "Earth Surface Processes and
Landforms" journal, entitled "Numerical modelling of aeolian erosion over a surface with
poly-dispersed roughness elements", refers to local evaluation of the influence of non-erodible
particles. The coarse particles are considered in the numerical simulations as roughness elements
over a smooth surface. A previous reference work has defined a mathematical relation between
the evolution of the friction velocity over the erodible surface and the geometry of the roughness
elements [71]. In fact, the formulation is a correlation that indicates the decrease of the mean friction
velocity, i. e., an attenuation of the wind erosion of erodible surfaces, with the accumulation of non-
erodible particles. The correlation aims to change the use of friction velocity in mathematical models
of dust emission quantification. A condition set in reference numerical simulations [71] is never
accomplished in nature: roughness particles have equal diameters and emerging heights. Therefore,
this section aimed to carry out numerical simulations of several configurations with poly-dispersed
configurations of diameters and emerging heights of non-erodible particles. The main objective was
to check the validity proposed formulation for any distribution of particles.

The last section of Chapter 3 shows initial propositions of modifications in the USEPA mathe-
matical model of dust emission estimation. The modifications are based on the data of emitted mass
obtained after wind-tunnel experimental works. A modification on the emission factor formulation
is presented. Originally, the USEPA methodology does not have in its formulations the description
of the amount of non-erodible particles contained in the storage pile. Indeed, it was shown by these
experimental measurements that the total emission from a stockpile is strongly reduced due to the
presence of non-erodible particles.

Chapter 4 is devoted to the aeolian erosion of open yards of oblong storage piles in its several
possible configurations. The chapter is divided into two sections: isolated stockpile and various
arrangements of two successive stockpiles. The most original and recent analysis carried out in this
part are the investigation of the ground region surrounding the stockpiles and the quantification of
the influence of a successive pile on the surrounding fluid flow. No previous research work has carried
out investigations about it.

Two publications summarizes the main results obtained for the configurations tested with one
isolated stockpile. The first, published in the "Environmental Fluid Mechanics" journal is
entitled "Experimental surface flow visualization and numerical investigation of flow structure
around an oblong stockpile". It shows the main results and comparisons carried out about an
experimental technique of surface flow visualization. The section focuses on the ground region
surrounding the stockpiles. On industrial sites, these regions are strongly covered by silt particles.
The experimental technique assists the analysis of the wall flow topology on the ground region as well
as a partial validation of numerical simulation of similar configurations. The air flow surrounding the
stockpile is also described to determine the fluid flow structures possibly leading to dust re-emission.

The second submitted to the "Environmental Fluid Mechanics" journal, entitled "Aeolian
erosion of storage piles yards: contribution of the surrounding areas", presents the quantifica-
tion of dust re-emission with the USEPA methodology. The dust emission quantification concerns the
ground region surrounding the stockpile. The emissions from the stockpile and from the surrounding
ground are compared to investigate the contribution of dust re-emission to global emissions.

A final subsection considers the modification of the pile crest. Previous works have shown that
the crest is the most eroded zone over the stockpile and consequently is of great significance on the
quantification of dust emissions. Based on previous studies, which studied other crest shapes, and
on the experimental works which showed this form, the rounded crest was analysed by the means of
numerical simulations.

The second section deals with the influence of a successive stockpile on the near wall fluid flow
pattern and consequently the dust emissions. The analysis of the aeolian erosion on the pile and
on the surrounding region is separately presented in this section. The section also presented as
an article, to be submitted to the "Applied Mathematical Modelling" journal and entitled
"Aeolian erosion of isolated and successive arrangements of oblong storage piles" shows the
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results of numerical simulations about several arrangements of two successive oblong stockpiles. The
focus of this section is the aeolian erosion over the pile surface. An oblique configuration has indicated
the increase of overall emissions for two nearby stockpiles. The next section shows similar analysis for
the surrounding regions of several arrangements of two successive stockpiles: experimental technique
of surface flow visualization, USEPA dust emission quantification and air flow topology by numerical
simulations.

The flowchart shown in Figure 2 presents the chapters and sections of this thesis. In some
sections, as previously stated, will be presented the articles on the developed subject. Also, the
flowchart shows the reader how each outcome is related to a lack of knowledge diagnosed in the
literature review as well as the relationship of each methodology (experimental and numerical) with
the results.

The main objectives of this thesis are:

• experimental analysis (wind-tunnel) of the influence of non-erodible particles on dust emissions
with a stockpile geometry configuration;

• local analysis of roughness elements (non-erodible particles) in a turbulent boundary layer by
means of numerical simulations;

• improvement of the mathematical model of dust emission quantification aiming the consider-
ation of non-erodible particles in the model parameters;

• investigation of the fluid flow (near wall and air flow topology) on the ground surface surround-
ing an oblong stockpile by means of wind-tunnel experiments and numerical simulations;

• evaluation of re-emission of dust settled around stockpiles;

• numerical simulations of remaining configurations of oblong stockpiles: various arrangements
of two successive stockpiles and impact of the modification of the crest shape on dust emission
by using the USEPA methodology.
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Figure 2: Flowchart of the thesis
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Chapter 1

Bibliographic Study

This literature review provides in three sections some concepts about aeolian erosion on industrial
sites, numerical modelling and experimental investigations on dust emission quantification. In general,
wind erosion leads to a negative impact on air quality. The physics of wind erosion is complex as it
involves atmospheric and land-surface processes [66]. The review article written by Merrison (2012)
[51] states that the research in aeolian transport involves two inter-related fields: fluid mechanics
and granular materials which are both discussed in this chapter.

The first section considers the wind erosion phenomena involving particles erodibility and par-
ticles take-off from the agglomeration. The next section is devoted to mathematical approaches,
formulations and turbulence models employed to model the fluid flow around obstacles. The last
section details the mathematical modelling of dust emissions quantification which is dependent on
the fluid flow around an obstacle and the particles being eroded.

Some of the concepts and literature works necessary to support the work are presented later in
the related sections of the papers included in this thesis.

1.1 Wind erosion: a general introduction

The aeolian erosion is a natural process which disturbs a given surface originating the movement of
particles towards the atmosphere. As reported by Duran et al. (2011) [25], if the wind blowing over
a surface of agglomerated particles, such as soil, sand, minerals or coal, exceeds a velocity threshold,
the particles are set into motion and transported elsewhere. Wind erosion depends on the granular
material chemical composition, density, atmospheric conditions (such as wind speed, precipitation,
air moisture and temperature) and the eroded surface characteristics (such as topography, roughness,
surface moisture, vegetation cover and presence of non-erodible particles).

The investigation concerning diffuse sources performed by the United States Environmental Pro-
tection Agency (USEPA) [75] states that the generation of dust may be caused by two main phe-
nomena: pulverization or abrasion of the surface material by mechanical force and entrainment of
dust particles (removed from the surface by the wind shear) by turbulent air currents, which is the
condition for wind erosion events.

Diffuse sources are categorized by USEPA (2006) [75] as: (i) agriculture operations, (ii) con-
struction, (iii) mining, (iv) paved and unpaved roads and (v) open storage yards of granular material.
Dust emissions from agricultural operations result from soil disturbances that occur during land
preparation for seeding which may be included as mechanical disturbances. Dust emissions from this
category exhibit a seasonal pattern. Construction operations can cause a temporary acute impact on
local air quality. Dust emissions from construction sites or roads are associated with land clearing,
drilling and blasting, ground excavation, and cut and fill operations. A vehicle travelling over an
unpaved road causes the pulverization of surface material due to the impact of the wheels on the
road surface. Particles are lifted and dropped from rolling wheels and the turbulent wake behind
the vehicle continues moving the particles from and to the road surface after the vehicle has passed.
Open storage yards are wide areas found out on some industrial sites used for the storage of granular
materials. An essential aim concerning the atmospheric pollution of these diffuse sources is the sig-

9



nificant amount of pollutant particles emitted due to aeolian erosion events. Particles take-off, and
the dust emissions associated, is a main action of the incoming wind flow on industrial sites. The
aeolian erosion of sand dunes, and their transport, is another field of study deserving attention in this
review. The works about sand dunes mobility appeared in the 1970s [10, 81]. The previous works
about sand dunes were concentrated on measurements of wind flow and sand flux by the means
of numerical and experimental simulations [26, 45, 62, 77]. A wide variety of dune shapes can be
found in deserts or sea-bottom, for instance. The study of sand dunes is of great significance for the
understanding of the aeolian erosion mechanisms.

First investigations concerning aeolian erosion, which started in 1941 with Bagnold [4], focused
on the movement of individual particles in the wind flow. After that, some works have discussed the
implications of the wind flow structure around a given source on the aeolian transport. For instance,
the studies of Lancaster et al. (1996) [41], Wiggs et al. (1996) [79], McKenna et al. (1997) [48] and
Parson et al. (2004) [57] have largely improved the description of the interactions between the fluid
flow around complex obstacle and the aeolian erosion. Recently, several experimental and numerical
works have been carried out to simulate the aeolian erosion over granular material agglomeration, for
instance, Ferreira and Oliveira (2009) [28], Ferreira and Lambert (2011) [27], Cong et al. (2011) [18]
and Faria et al. (2012) [26] carried out the analysis of pile protection by wind barriers using numerical
simulations of the fluid flow around the pile and wind-tunnel experiments.

Badr and Harion (2005) [2] have also described that the presence of piles, acting like obstacles to
the wind flow, causes flow streamlines to diverge and generates pressure gradients in flow field near
surfaces. Hence, the complex shape of these obstacles upsets the flow dynamics and changes the
near-field uptake force of the wind. The magnitude and extent of the modifications are essentially
controlled by the configurations of the piles and wind conditions. Later studies carried out by
the same research group aims to evaluate the influence of oblong stockpiles geometries on aeolian
transport [3, 72,73].

Badr and Harion (2007) [3] performed numerical simulations and results provided evidence to
suggest that modifications on piles arrangement may sensibly modify dust emissions. Carrying on this
subject, Turpin and Harion (2009) [72] investigated the effect of changing the shape of the crest. The
objective was the assessment of dust emission for various forms of crest. The main conclusion is based
on the fact that flat-topped piles are in fact more pollutant contrarily to the first thought. The last
study carried out by Turpin and Harion (2010) [73] promotes an important practical application for
industrial sites of these previously presented investigations, i.e., the simulation of the entire domain
including all the main buildings on the industrial site. Numerical simulations associated with the
USEPA model for the dust emission quantification showed the great influence of the surrounding
buildings on the overall fluid flow in the domain and, therefore, on the quantification of aeolian dust
emissions.

The present thesis corresponds to a next step on the investigations in this specific domain of
aeolian erosion which consists in testing new configurations taking into account parameters not yet
considered in dust emission quantification. Moreover, this work aims to enhance the knowledge
about particles take-off, re-emission from the ground region surrounding piles and non eroded coarse
particles. New experimental techniques and open-source numerical simulations are performed in this
study to achieve the objectives.

The understanding of particle entrainment mechanisms is of major importance for accurate pre-
dictions of particle transport rates and mobility and, as a consequence, for accurate quantification
of dust emission aiming the implementation of dust emission abatement strategies. The processes
of particle entrainment, transport and deposition involve a set of particle-to-flow, particle-to-surface
and particle-to-particle interactions. The physical properties of individual particles, such as shape,
size and density, play an important role in these interactions [66]. Moreover, the mechanisms of
entrainment of aeolian eroded particles are dependent on the parameters mentioned hereafter:

• particle mass which is associated to density and size,

• density ratio, between the particles and the fluid and
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Figure 1.1: Scheme showing the forces acting upon a granular particle submitted to wind erosion.
Adapted from Merrison (2012) [51]

• viscosity of the air.

These parameters will then define the forces components acting upon a granular particle being
eroded by a wind flow. A scheme is shown in Figure 1.1 representing such forces: lift (FL), torque
(FT ), adhesion (FAdh) and gravity (Fg) [51]. Lift and torque forces are associated to density ratio
and air viscosity. Gravity force is associated to the mass of the granular particle. Finally, for adhesion
forces, previous works (Zhao et al. (2003) [82] and Bowling (1988) [8]) have defined a dependence
on the particle diameter and the effective contact area between adjacent particles. These forces
(except for the gravity) are only known in an empirical or semi-empirical way.

Moreover, the work of Merrison (2012) [51] presents the force balance approach. The forces acting
on an individual particle are compared to define its threshold condition: FL + FT and Fg + FAdh.

Figure 1.2 introduces the three categories (modes) of particles transport by wind erosion: sus-
pension (pure or modified), saltation (pure or modified) and reptation.

Suspension
When aerodynamical forces are dominant (lift and torque) the particles may perform a pure or

modified suspension movement. Suspension movements are associated to small particles. For pure
suspension the particles are weightless and small enough to be entrained towards the free stream
flow. These particles are taken-off from the wall by lift forces and they are entrained by the turbulent
movements of the air flow. The modified suspension movements correspond to slightly heavier
particles and do not follow the small scale turbulent eddies because of their inertia. Particles eroded
with pure suspension movements reach distances from the take-off point further than those under
modified suspension movements.

Saltation
A second mode of particle movement, called saltation, indicates grains that rebound and expel

other grains when hitting a bed of particles. It is the principal mechanism for the transport of large
quantities of soil particles in the direction of the wind [66]. Saltation occurs if the lift force is greater
than the particle weight (gravity) and adhesion force, if existent. After take-off, gravity force becomes
more important than the lift force. Thus, the particle rise is interrupted and it falls back onto the
bed. The fate of this particle, can, then, be: rebounding and remaining as a saltation particle or
integrating the group of particles on the surface. A saltation particle can disturb the surface during
its rebounds causing an extra emission. As for the modified suspension, the modified saltation is
caused by the slightly heavier particles. This condition may leave the particles further in the pure
saltation than the modified saltation.

Reptation
Reptation is the third mode of particles movement and occurs if the density of the fluid is much

smaller than that of the grains. In fact, if the particles are too heavy to be lifted, they roll or
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Figure 1.2: Scheme of the three main modes of particle movement as an effect of aeolian erosion:
suspension, saltation and reptation. Adapted from Duran et al. (2011) [25]

slide along the surface under the effect of aerodynamic forces. According to some authors, this
phenomenon often occurs as a result of the impact of saltation particles. The momentum provided
to reptation particles by the impact of saltation particles is large enough for them to roll but not to
take-off. It is also noticed that one particle in reptation transmits momentum to other particles.

Some works on aeolian erosion have observed and worked on the fact that an agglomeration of
particles with large size distribution may be partly erodible and an another part non-erodible [9,33,54].
An erodible particle is defined, in simply words, as the particle displaced from a bed of particles under
a wind erosion event. Non-erodible particles have a very important effect on the quantification of
particles emission where, erodibility is easy to see on a curve representing the threshold velocity as a
function of the particle diameter.

The threshold friction velocity (u∗t ) is the friction velocity from which wind erosion is initiated.
u∗t is affected by surface and soil properties. It is a function of the particle size for idealized soils,
but also, in real cases, a function of material moisture. Earlier investigations carried out by Bagnold
(1941) [4] and Chepil (1942) [15] proposed a non-dimensional approach to group fluid flow velocity
and particle granulometry. The authors pointed out that if the mixed particles have a large amount of
very small particles or very large ones, the threshold friction velocity increases. These two conditions
are interesting to be analysed as the increase of the threshold friction velocity indicates an aeolian
erosion less efficient in terms of emitted particles. In this framework, later studies (for instance,
Iversen and White (1982) [37] and Foucaut [30]) established formulations associating non-dimensional
values of friction velocity and particle diameter. Foucaut [30] determined the formulation from the
experimental data and the correlation proposed by White (1982) [78]. The take-off velocity threshold
is introduced by Iversen and White (1982) [37] in Equations 1.1 and 1.2 and by Foucaut (1994) [30]
in Equation 1.3.

D̃p =
Dp

Dpref

ũ∗ =
u∗

u∗ref

(1.1)

where,

Dpref
=

(
ν2

γp

) 1

3

u∗ref = (γpν)
1

3 (1.2)

γp being the apparent gravity: γp =
ρpg

ρair

ũ∗t = 22, 71 D̃p

0,043
+ 10, 23 D̃p

−0,118
− 32, 5 (1.3)
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Figure 1.3: Take-off criterion curve. Adapted from Turpin (2010) [70]

where: Dp is the particle diameter [m], u∗ is the friction velocity [m/s], Dpref
is the reference

diameter particle [m], u∗ref is the reference friction velocity [m/s], ν is the kinematic viscosity of air
[m2/s], γp is the apparent gravity [m/s2], ρp is the particle density [kg/m3], ρair is the air density
[kg/m3] and g is the gravity [m/s2].

After presenting the formulations above, an analysis tool, called take-off criterion (Figure 1.3)
may be shown. It is an interesting alternative to assess the erodibility of a particle. The referred tool
intends to associate the threshold friction velocity of a material to its granulometry. The take-off
criterion plot presented in Figure 1.3 aims to determine the ranges of diameters of erodible and non-
erodible particles, for a given threshold friction velocity. The minimum value of ũ∗min (highlighted
in the plot as a dashed blue line) represents the velocity required to cause the first particle take-off.
There will be a range of critical diameters ([D̃p−crit(1),D̃p−crit(2)]) in which particles are emitted.
Outside of this range, particles remain on the surface caused mainly by, respectively, particle weight
for large particles and high adhesion force for small ones.

The wind velocity is directly linked to dust emissions. High wind velocity can cause particle
suspension from a surface and are related to high turbulence levels which influence particle transport
over long distances.

The aeolian transport takes place in a turbulent flow and the mathematical models of aeolian
erosion phenomena must take into account the effects of atmospheric turbulence on the wind flow.
The conditions and details of the turbulent approach are presented in section 1.2.

1.2 Modelling of turbulent flows

This section presents the governing equations of the atmospheric fluid flow and the turbulence
models usually employed to take into account the turbulence effects on momentum and mass transfer.
Equations 1.4 and 1.5 represent the transient and three dimensional form of the mass and momentum
conservation for a fluid:

∂ρ

∂t
+

∂

∂xi
(ρui) = 0 (1.4)
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∂

∂t
(ρui) +

∂

∂xj
(ρuiuj) = −

∂p

∂xi
+

∂

∂xj

[
µ

(
∂ui

∂xi

)]
(1.5)

where:
ρ represents density [kg/m3], ui corresponds to the component of velocity in direction i [m/s]

and µ is the dynamic viscosity [Pa.s].
Equations 1.4 and 1.5 are valid for both laminar and turbulent flows. As reported by Versteeg and

Malasekera (2007) [76], a complete and direct numerical solution of these equations, for all scales of
turbulent motion, would require very fine mesh resolution for the spatial discretization, requiring an
enormous computational effort. Thus, several turbulence models have been developed and presented
in the literature [16,39,42,49]. Wilcox (1998) [80] enunciates that an ideal model should introduce
the minimum amount of complexity while capturing the essence of the relevant physics.

The random nature of a turbulent flow property leads to a decomposition of each flow variable
into two main parts: a mean value (u) and a fluctuating component (u

′

). This decomposition was
proposed by Osborne Reynolds in the late 19th century:

u = u+ u
′

(1.6)

After the substitution of all variables in the mass and momentum conservation equations by their
mean values and fluctuations resulting in Equations 1.7 and 1.8:

∂

∂t
(ρ) +

∂

∂xi
(ρui) = 0 (1.7)

∂

∂t
(ρui) +

∂

∂xj
(ρuiuj) = −

∂p

∂xi
+

∂

∂xj

[
µ

(
∂ui

∂xj
+

∂uj

∂xi
−
2

3
δij

∂ul

∂xl

)]
+

∂

∂xj
(−ρui

′uj
′) (1.8)

These equations called the Reynolds Averaged Navier-Stokes (RANS) equations, yield to an
extra term (−ρui

′uj
′), the turbulent momentum flux, called Reynolds Stress tensor. Thus, after the

substitution of Reynolds decomposed variables there are more variables than equations to solve the
fluid flow field and a closure problem emerges. The main task of modelling turbulence is to develop
computational procedures of sufficient accuracy and generality to predict the Reynolds stresses.

Boussinesq (1887) introduced the eddy viscosity concept. According to Boussinesq, the Reynolds
stress can be treated as the laminar shear stress replacing the dynamic viscosity by the eddy viscosity
(the Boussinesq analogy) as shown in Equation 1.9. This analogy is accurate for many flows and
simplifies their mathematical description and solution.

τij = (−ρui
′uj

′) = µt

(
∂ui

∂xj
+

∂uj

∂xi

)
(1.9)

where, µt is the eddy viscosity having the same dimensions as the dynamic viscosity.
Santos (2000) pointed out that there are two main ways to solve turbulence modelling problems

based on the Reynolds decomposition: diffusion models (first-order closure, based on Boussinesq
analogy) and Reynolds stress model (second-order closure, which does not use the eddy viscosity
concept).

It is worth to note that, the numerical simulations to be performed in this thesis are a continuity
of some investigations carried out by Turpin (2010) [70] concerning the turbulent fluid flow around
wall-mounted obstacles and the aeolian transport of erodible and non-erodible particles. Turpin
(2010) [70] evaluated the use of the first order two-equations models K-ǫ and K-ω and found out
that K-ǫ was better employed in numerical simulations of an entire industrial site (macro-scale) and
the K-ω model gave better results when employed to model the fluid flow surrounding stockpiles and
roughness elements (micro-scale). Also, Turpin (2010) [70] indicated that the Large Eddy Simulation
(LES) seemed a good choice to enhance the accuracy of the results for simulations involving non-
erodible particles.
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The K-ǫ turbulence model is a RANS model which uses the Boussinesq analogy. The eddy
viscosity is determined based on the values of turbulent kinetic energy (K) and dissipation rate of
K (ǫ). The turbulent kinetic energy is given by Equation 1.10.

K = 1/2(u′
2
+ v′

2
+ w′

2
) (1.10)

The dissipation rate (ǫ) of the turbulent kinetic energy is caused by the work of the smallest
eddies against the viscous stresses in the fluid flow. The dissipation is the main destruction term in
the turbulent kinetic energy equation, with similar order of magnitude as the production term and
never negligible. Thus, the eddy viscosity is calculated as shown in Equation 1.11:

µt = Cµρ
K2

ǫ
(1.11)

where:
Cµ is a constant given by Table 1.1.

As a consequence, two differential equations concerning the transport of turbulent kinetic energy
(K) and the dissipation (ǫ) are written (Equation 1.12 and Equation 1.13).

∂

∂t
(ρK) +

∂

∂xi
(ρKuj) =

∂

∂xi

[(
µ+

µt

σK

)
∂K

∂xi

]
+GK − ρǫ (1.12)

∂

∂t
(ρǫ) +

∂

∂xj
(ρǫuj) =

∂

∂xi

[(
µ+

µt

σǫ

)
∂ǫ

∂xi

]
+ C1ǫ

ǫ

K
GK − C2ǫρ

ǫ2

K
(1.13)

where:
C1ǫ, C2ǫ, σK et σǫ are constants which values are presented in Table 1.1 and GK represents the

production of turbulent kinetic energy given by the following expression:

GK = µt

(√
2SijSij

)2
with Sij =

1

2

(
∂ui

∂xj
+

∂uj

∂xi

)
(1.14)

Table 1.1: K − ǫ standard model constants [42]
C1ǫ C2ǫ Cµ σK σǫ

1,44 1,92 0,09 1,0 1,3

The K − ǫ model allows the description of turbulence for very high Reynolds numbers. The
model presents a good performance in a variety of industrial applications and demands reasonable
computational effort. However, its main limitations concern complex fluid flows: recirculation, strong
anisotropy, negative production (some unconfined or rotating flows) and overestimation of K in
impinging flows [11].

An improved version of the standard K − ǫ was carried out by Shabbir (1998) [65], called the
Realizable K − ǫ model. The Realizable K − ǫ contains modifications in the transport equation
of dissipation and an important evolution of Cµ, written as a function of mean flow properties and
turbulent kinetic energy, rather than assumed to be a constant as in the standard model. These
modifications are written in terms of the averaged deformation and rotation tensors (Equations 1.15
to 1.17).

∂

∂t
(ρǫ) +

∂

∂xj
(ρǫuj) =

∂

∂xi

[(
µ+

µt

σǫ

)
∂ǫ

∂xi

]
+ ρC1Sǫ− ρC2

ǫ2

K +
√

υǫ
(1.15)

S =
√
2SijSij and C2 = 1, 9 (1.16)
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C1 = max

[
0, 43;

η

η + 5

]
with η = S

K

ǫ
(1.17)

Thus, this is a model more adapted to different classes of fluid flow including low values of
Reynolds number (as in the near wall region) and also is set to avoid the overestimation of K
production. This model was validated for a variety of turbulent flows: rotating, high pressure
gradients, separations and recirculation. Shabbir (1998) [65] enunciates that this model has been
obtained better results than the standard model.

In addition to the standard and realizable K−ǫ models, the literature reports the K-ω model [49]
in which eddy viscosity is calculated as a function of K and the specific dissipation rate ω as presented
in Equation 1.18:

µt = α∗ρ
K

ω
(1.18)

where:
α∗ is calculated in function of the Reynolds number. For a high Reynolds number α∗ = 1.
This model is based on the relation between K, ω and a characteristic integral length (l), initially

highlighted by Kolmogorov [76]:

ω =
CK

1

2

l
(1.19)

where:
C is a constant.
One of the advantages of the K−ω formulation is the near wall treatment. The K−ω model does

not involve the complex non-linear damping functions required for the K−ǫ model and it is therefore
more accurate. Equations 1.20 and 1.21 represent the formulation of the transport equations of the
K − ω model.

∂

∂t
(ρK) +

∂

∂xi
(ρKui) =

∂

∂xj

[
ΓK

∂K

∂xj

]
+GK − YK (1.20)

∂

∂t
(ρω) +

∂

∂xi
(ρωui) =

∂

∂xj

[
Γω

∂ω

∂xj

]
+Gω + Yω (1.21)

where:
GK and Gω represent the production of K and ω, ΓK and Γǫ represent the effective diffusion of

K and ω and YK and Yω represent the dissipation of K and ω.
Menter (1994) [49] reported that the K − ω gives more accurate results inside the logarithmic

zone than the K− ǫ model for compressible flows and flow with adverse pressure gradients (the case
of fluid flow surrounding stockpiles is an example). The model is better adapted to complex flows
and in the near wall region has given more accurate results. This model is strongly dependent on
the mesh refinement near the wall characterized by the chosen value of y+.

A variant of the K − ω model is the K − ω Shear Stress Transport (SST) model, developed
by Menter (1994) [49]. The K − ω SST model was designed to give a highly accurate prediction
of the flow separation under adverse pressure gradients by including the transport effects into the
formulation of the eddy-viscosity. The K − ω SST model includes two main modifications: (i) the
turbulent viscosity is modified (Equation 1.22) to better represent the effects of shear stress transport
which allows solving a wider range of problems than those solved by the K− ǫ model and (ii) nother
modification is the addition of a diffusion term in the ω equation and a specific function that allows
the validity of the equations in the near and far wall zones (Equation 1.24). These two K−ω models
are used for low and high Reynolds numbers.

µt =
ρK

ω

1

max
[

1
α∗ , ΩF2

a1ω

] (1.22)
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with
Ω =

√
2ΩijΩij (1.23)

where:
Ωij is the average rotation tensor and F2 is a function of ω.

∂

∂t
(ρω) +

∂

∂xi
(ρωui) =

∂

∂xj

[
Γω

∂ω

∂xj

]
+Gω + Yω +Dω (1.24)

The four models presented previously are first-order Reynolds Averaged models.

Turpin (2010) [70] proposed that the LES allows a more precisely study of turbulent properties
and flow structures downstream an obstacle as well the evolution of turbulence production. Ferziger
(2002) [29] and Blasek (2001) [6] pointed out that LES is based on the observation that small
turbulent structures are more universal in character than the large eddies. In general, LES is the
preferred method for flows in which the Reynolds number is too high or the geometry is too large
to allow application of DNS. In comparison to turbulence modelling based on the RANS equations,
LES requires higher grid resolution. It is worth to note that the LES, succinctly introduced in this
paragraph, is not explicitly performed in this thesis. Only very initial results are presented in the
section devoted to present the perspectives

1.3 Turbulent wall flow properties

1.3.1 Velocity profile

The effect of walls on fluid flows is related to turbulence damping and there are many practical
problems in which an accurate calculation of the flow field involving a solid surface is of great
importance, such as: the quantification of dust emission of erodible and non-erodible particles from
stockpiles (isolated, successive or placed in an industrial site surrounded by arrays of buildings)
requires accurate results of the flow field calculated over the near wall region. It is important to
point out that the local approach of the non-erodible particles over a surface characterizes this
surface as a rough wall instead of a smooth wall.

Ludwieg and Tillmann (1950) [47] found that near a smooth wall, the mean velocity points fall on
the well known universal curve of y+ (Equation 1.25) versus u+ (Equation 1.26), even if a pressure
gradient is presented.

y+ =
y.u∗

ν
(1.25)

u+ =
u

u∗
(1.26)

where, u∗ is the friction velocity given by Equation 1.27:

u∗ =

√
τw

ρ
(1.27)

where, finally, τw is the wall shear stress.
Figure 1.4, initially presented by Ludwieg and Tillmann (1950) [47] and also published in the

work of Clauser (1954) [17] presents the chart correlating the wall variable u+ and y+. Other authors
have also carried out this class of experimental work to determine this relation [40,64].

As y+ increases, the u+ profile presents three typical regions (as seen in Figure 1.4 adapted from
Chassaing (2000) [14]). The first region in the chart is the viscous sub-layer extending to y+ ≈ 7. In
the viscous sub-layer the effects of the viscosity are considerably stronger than the turbulence effects.
Furthermore, the relation between u+ and y+ has a form of a linear law u+ = y+.

After that, inside an intermediary zone (y+ approximately between 7 and 30), it is the transition
between the linear to the logarithmic profile. For values of y+ from 30 to approximately 400 the
velocity profile as presented in Figure 1.4 is represented by a logarithmic profile. The logarithmic
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profile is more discussed hereunder as it is influenced by the presence of roughness over the wall. This
logarithmic profile is presented by Equation 1.28. Finally, after the recovering region (log profile),
the fluid flow entries inside a wake region. The velocity profile for a completely smooth surface is:

u+ =
1

κ
ln(y+) + C (1.28)

where, κ is the Von Kármán constant (≈ 0.4) and C = 5.45.

1.3.2 Roughness effects

The presence of roughness impacts significantly the fluid flow turbulent properties [68]. For rough
walls, the most important effect found out over the fluid flow properties is the augmentation of
shear stress (friction). The work of Nikuradse (1932) [55] was pioneer in describe the effects of a
rough wall on the fluid flow. The main important effect of the roughness is the augmentation of
the turbulence near the wall as well the diminution of the mean velocities in the exterior zone of the
turbulent boundary layer.

A significant characteristic established was a change in the logarithmic profile (see Figure 1.5).
This modification in the profile has been presented in several works [14,17,58,71] which have given
a relation between the logarithm profile and a new parameter called roughness height (hs).The shift
between the logarithm profile and the actual profile is represented by ∆u+ (Equation 1.29).

∆u+(h+
s ) =

1

κ
ln(h+

s )−B (1.29)

with,

h+
s =

hs.u
∗

ν
(1.30)

where, B = 2.98, u∗ is the friction velocity over the underlying surface and roughness elements
and hs is the mean height of the roughness elements.

The velocity profile of the logarithmic zone for a fluid flow over a rough wall may then be described
as a parameter of the roughness height (Equation 1.31) based on Equation 1.28 and Equation 1.29:

u+ =
1

κ
ln(y/hs) + C +B (1.31)

where, B for a rough wall is then dependent on the flow regime and roughness height.
The concepts related to the presence of roughness elements on a smooth wall are not presented

in this section of the bibliographic review due to correlated investigations which are presented in a
section devoted to the local analysis of non-erodible particles.

1.3.3 Fluid flow around wall-mounted obstacles

The wind flow is strongly disturbed by complex wall-mounted obstacles. The presence of an obstacle
creates features such as: three-dimensional vortices, impingement, upwash and downwash. The solid
surfaces (ground floor and obstacles surface) generate more shear stress affecting the turbulent wind
flow.

The generalities of a fluid flow around a wall-mounted obstacle have been largely investigated by
different authors [7,32,44,59,61,67]. These works represent several applications of the investigation
of wall-mounted obstacle: contaminant dispersion, turbulence models validation and wind-tunnel
studies comparison and description of atmospheric boundary layer.

As reported by Santos (2000) [60], the fluid flow around an isolated building is very complex,
with highly unsteady and three-dimensional turbulent structures produced by the shear stress of
the flow disturbed by the building. Under neutral atmospheric conditions, buoyancy forces do not
affect the fluid flow and contaminant dispersion. Figure 1.6 shows a cubic obstacle and the usual
flow structures for a wind flow perpendicular to one of the obstacle faces. Although, the final flow
pattern depends on obstacles shape and dimensions and upstream flow characteristics, fluid flow
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Figure 1.4: Chart correlating the wall variables u+ and y+. Adapted from Chassaing (2000) [14]

around obstacles, generally, presents typical flow structures which are highlighted and numbered in
Figure 1.6. These structures were shown as characteristics by several experimental and numerical
reference works [20, 36, 50, 60, 67]. Thus, the five recognized flow structures around an obstacle
are: (i) incident flow region (structure 1), (ii) horseshoe vortex (structure 2), (iii) separation regions
(structure 3), (iv) near wake (structure 4) and (v) far wake (structure 5).

The incident flow region (structure 1) in Figure 1.6 presents the stagnation zone on the windward
wall where the maximum values of pressure are noticed. Moreover, wind and friction velocity are
smaller near the wall in the incident zone than in the other zones. Therefore, the fluid flows toward
the ground from the stagnation zone and just before touching the ground, it returns to the main flow
in the opposite direction (reverse flow), characterizing the first recirculation zone in this region. The
second structure (horseshoe vortex) is generated by the interaction between the flow stream and the
reverse incident flow. A combination of vorticity and pressure distribution in windward wall results in
flow disturbances generating streamlines towards the ground and consequently its spanwise deviation
forming the so-called horseshoe vortex due to its shape which is easily perceived in Figure 1.6 by
the helical vortices formed on the incident zone and further downwind. The main horseshoe vortex
induces the formation of other smaller similar vortices.

Fluid flow accelerates as the incident flow impinges on the windward wall, deviating (due to the
acceleration) towards the roof and lateral sides of the obstacle. Hence, the separation regions are
formed (see structure 3 in Figure 1.6) on the edges of the windward wall. The fluid flow momentum
is higher (high velocity values after the flow acceleration) which causes flow detachment instead of
smooth fluid movement around the obstacle. Downstream the wall-mounted obstacle, there exist
the near and far wake regions (structure 4 and 5 in Figure 1.6, respectively). The near wake region is
characterized by the recirculating region downstream the building. This region has intense circulatory
motion, low flow velocities and high turbulence intensity. As reported by Santos (2000) [60], the
turbulence causes mixing of adjacent layers inside and outside the separation regions. Large eddies will
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Figure 1.5: Shift in the logarithmic profile zone. Adapted from Cousteix (1989) [19]

Figure 1.6: Main flow features observed around an isolated cubical obstacle. Adapted from Hosker
(1980) [36]

occasionally penetrate both ways through this shear layer. The far wake region is located downwind
the reattachment zone and remains till the fluid flow is no longer disturbed by the obstacle. In the far
wake region, the turbulence intensity is still higher than in the regions of undisturbed flow, velocity
is lower and there is air movement towards the ground.

In addition of studies about typical features around cubical obstacles as shown above, Badr
(2007) [1], Toraño et al. (2009) [69] and Turpin (2010) [70] are examples of works that carried out
studies about wind flow impinging stockpiles. Figures 1.7a and 1.7b present the results of numerical
simulations of a scaled-up stockpile model oriented 90◦ to the wind flow direction. Turpin (2010) [70]
also performed PIV measurements in a wind-tunnel in order to validate the numerical results.

Figure 1.7a shows contours of static pressure at the solid surfaces (ground and stockpile). Three
main regions can be noticed: the incident flow region (structure A) where high levels of pressure
(stagnation zone) are noticed; recirculation zones (structure B, also called near wake) downstream the
stockpile where low pressure levels are perceived; further downwind is for turbulent wake (structure
C). The transition between regions B and C is marked by the reattachment line.

Figure 1.7b shows a lateral view of the stockpile, presenting four typical flow features similar to
those observed around the isolated cubical obstacle: flow impinging region (structure 1) where the

20



Figure 1.7: Numerical simulation of fluid flow around a stockpile perpendicular to the main wind flow
direction: (a) Contours of thermodynamic pressure at the wall over and around the stockpile and
(b) Coloured pathlines of fluid particles released from a line on the ground upstream the obstacle.
Adapted from Turpin (2010) [70]

fluid flows towards the stockpile top and lateral walls (structures 2 and 3) characterizing separate
zones and finally the reattachment (structure 4).

The literature review presented above showed various works concerning numerical simulations
which were validated by different experimental techniques. It also presented some theoretical aspects
of fluid flow structures around obstacles. Despite of the well established knowledge about this subject
and the good agreement between numerical simulations results and experimental data presented by
different authors, still there are many physical information to acquire, some numerical simulation
problems to be sorted out and experimental techniques to evaluate and test.

1.4 Dust emission quantification and physics

This section of the bibliographic review describes the physics of the dust emissions phenomena. It
describes the most widely used methodology for dust emission quantification of diffuse sources and
works concerning the effects of non-erodible particles.

1.4.1 USEPA model for dust emission quantification from diffuse sources

Important quantities of dust can be emitted from mechanical disturbances or even natural aeolian
erosion events on storage piles of granular materials. Much effort has been put to quantify and
analyse the efficiency of atmospheric pollution control techniques in open storage yards of steelworks
sites. As reported by Badr (2007) [1], fugitive dust emissions from stockpiles in open storage yards
of industrial sites and its atmospheric dispersion have brought many environmental and economical
problems.

The most widely used methodology to estimate dust emissions from diffuse sources is the model
proposed by USEPA (2006) [75]. This model is based on emission factors. As explained in the
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general USEPA guide about emission quantification (1985) [74], emission factors are representative
values that attempts to relate the quantity of a pollutant released to the atmosphere with an activity
associated with the release of that pollutant. These factors are usually expressed as the weight
(mass) of pollutant divided by sources conditions (weight, volume or dimensions) or duration of the
activity that causes the emission. Such factors facilitate emissions estimation of various sources of air
pollution. Equation 1.32 shows the general equation for emissions estimation using emission factors:

E = A.EF.(1− ER/100) (1.32)

where E = emissions; A = activity rate; EF = emission factor and ER =overall emission
reduction efficiency.

The USEPA general report (1985) [74] indicates that each emission factor is rated according to
its robustness. The robustness is related to the amount of data used to statistically produce the
emission factor, the quality of the data (how measurements were carried out) and the insufficiency of
parameters such as temperature and reactant concentrations to describe the physical and chemical
phenomena involved in the emission process. Thus, some emission factors yields to more realistic
estimations than others.

The methodology of dust emission quantification from stockpiles of granular materials is part of
a specific report of USEPA (2006) [75]. The model applies emission factors considering three main
input data:

• a size parameter for the emitted particles, through a multiplier related to the aerodynamic
particle size,

• a number of disturbances noticed over the pile during the period when the estimation of
emission rate is performed and

• an erosion potential associated to the velocity distribution at 25 cm above the stockpile wall
(perpendicular to the stockpile surface).

The emission factor (EF) for particle matter emissions due to wind erosion from mixtures of
erodible and non-erodible surfaces material calculated as expressed in the Equation 1.33, in g/m2:

EF = k
N∑

i=1

Pi (1.33)

where k is the particle size multiplier, N is the number of disturbances per year and Pi is the
erosion potential corresponding to the observed fastest mile of wind for the ith period between
disturbances, given in g/m2.

The first factor presented in this equation is the particle size multiplier (k) which varies with the
aerodynamic particle size as is presented in Table 1.2:

Table 1.2: Particle size multiplier (k) for several aerodynamic particle sizes
> 30µm 15µm 10µm 2.5µm

1.0 0.6 0.5 0.075

According to Table 1.2, for instance, emissions of PM10 are calculated by using k = 0.5.
The frequency of disturbances in each pile is taken into account by the variable N . USEPA

model defines a disturbance as an action that results in the exposure of fresh surface material. On a
storage pile, this would occur whenever aggregate material is added or removed from the pile surface.
Hence, for a surface disturbed in daily basis, N would be equal 365, and, on the other hand, for a
surface disturbed only each 4 months, N would equal 3 for an annual estimation.

The erosion potential (P) defines the value of dust mass emitted per unit of area of the stockpile
(Equation 1.34).
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{
P = 58 (u∗ − u∗t )

2 + 25 (u∗ − u∗t )
P = 0 for u∗ ≤ u∗t

(1.34)

where u∗ is the friction velocity (m/s) and u∗t is the threshold friction velocity (m/s).
Therefore, the formulation of the erosion potential presents two concepts of velocity: friction

velocity and threshold friction velocity. Threshold friction velocity is the friction velocity at which the
wind erosion is initiated. The value of threshold friction velocity is dependent on some characteristics:
surface material and free stream wind velocity in the region of the experiments. USEPA reports values
of threshold friction velocity determined by field measurements with a portable wind-tunnel. Table 1.3
presents typical values of u∗t for various materials linked to the roughness height and threshold wind
velocity at 10 m.

Table 1.3: Threshold friction velocity for several material and conditions as reported by the USEPA
(2006) [75]

Material Threshold Friction Velocity (m/s)
Overburden 1.02

Scoria (roadbed material) 1.33
Ground coal (surrounding coal pile) 0.55

Uncrusted coal pile 1.22
Scraper tracks on coal pile 0.62

Fine coal dust on concrete pad 0.54

The friction velocity (u∗) used in this emission factor formulation is based on logarithm wind
profile.This equation can then be rewritten as a linear function of the fastest mile of wind measured
by an anemometer of reference for a period between disturbances (Equation 1.35). This fastest
mile represents the magnitude of wind gusts with a typical duration of 2 min. However, the USEPA
model recommends that the friction velocity equation based on the logarithmic profile (Equation 1.35)
should not be applied because this equation was developed to describe a non disturbed wind velocity
profile, i. e., does not have influence from any obstacle as the stockpile model.

The incoming flow is largely disturbed by the presence of an obstacle such as a storage pile. This
perturbation is understood as significant variations of friction velocity on the surface relative to its
reference value without perturbation. The method implemented by USEPA consider each zone of
friction velocity of the same magnitude as a separate source. The friction velocity is then given by
Equation 1.36, derived from an undisturbed logarithmic velocity profile (Equation 1.35), but which
depends on the velocity us measured (or computed by CFD simulations) near the surface.

u∗ = 0.053u+
10 (1.35)

u∗ = 0.10

(
us

ur

)
u+

10 (1.36)

where u∗ is the friction velocity to take into account in Equation 1.34, us is the velocity measured
(computed, as example, by CFD simulations) at the surface correspoding to a height of 25 cm from
the ground, ur is the approaching wind speed (far from the stockpile) and u+

10 is the fastest mile of
a reference anemometer for a period between disturbances.

USEPA proposes the exposure factor distributions shown in Figure 1.8, derived from wind tunnel
measurement on isolated stockpiles. These subareas represent different levels of wind erosion expo-
sure. Figure 1.8 illustrates examples of different piles shape and configuration subdivided in regions
having the same values of the ratio us/ur.

Finally, Equation 1.37 gives the global dust emission for a stockpile. M represents the number
of different surfaces regarded as having the same value of the ratio us/ur. The dust emission E is
given in g.

E = k
N∑

i=1

M∑

j=1

PijSij (1.37)
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Figure 1.8: Contours of normalized surface windspeeds, us/ur [75]

For each perturbation i, the stockpile dry exposed surface area is divided in different subareas
(Sij) (Figure 1.8) according to the friction velocity distribution over the piles. The overall value of
Pij is the summation of the values for each subarea (Sij). Each surface (Sij) calculated is then
considered as a different source. The fastest mile of the wind velocity at 10 m height (u+

10) is one
of the input data as well as k (the particle size multiplier) and N (the number of perturbations),
thus, must be determined prior running the model. The friction velocity u∗ can be calculated using
Equation 1.36. For each ratio us/ur, a value of u∗ is calculated. The threshold friction velocity,
which is the friction velocity at which the wind erosion is initiated, is determined experimentally and
basically depends on the material and its granulometry used, thus it is also an input data to the
model. The erosion potential Pij is estimated using Equation 1.34 for each surface (subarea, j) in
which the stockpile was divided. The values of friction velocity and threshold friction velocity are
needed. It is important to note that emissions depend on exposure levels, especially by the different
values of us/ur, but also surface distributions associated with different values of us/ur.

1.4.2 Non-erodible particles and their influence on dust emission quantification

A surface of a granular material agglomeration is frequently a mixing of erodible and non-erodible
particles. The particles with relatively large diameters are not transported by the wind and remain over
the eroded surface. The discussion about the general effects of non-erodible particles on wind erosion
can be found in the literature [9,12,13,33,37,46,54,58,71]. The threshold friction velocity of a surface
covered by a large number of roughness elements (represented by non-erodible particles) assumes
a large value which indicates that the take-off of erodible particles is rather more difficult. The
erodible particles are sheltered by the non-erodible particles which reduces soil erodibility. Brown et
al. (2008) [9] stated that roughness elements attenuate wind erosion by physically covering a portion
of the surface and by extracting a portion of the wind momentum. Some of the literature works
about non-erodible particles effects on erodible surfaces above mentioned are described hereafter.

Raupach et al. (1993) [58] investigated the effects of roughness elements by proposing a param-
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eter that relates the threshold friction velocity for rough and smooth walls. These authors stated
that soil erosion is strongly attenuated by the presence of non-erodible particles. There are several
types or classes of non-erodible particles related to different diameters of the roughness elements.
The work of Raupach et al. (1993) [58] was based on two main simplifications: it has considered the
roughness density parameter (λ) without taking into account the shape of roughness elements and it
has disregarded the near wall turbulence. The roughness density (λ) is presented in Equation 1.38:

λ =
Npb(hNEP )

SNEP
(1.38)

where Np is the number of roughness elements and b and hNEP are width and height [mm],
respectively. SNEP is the total area of the domain where the elements are distributed [mm2]. As
in the formulation proposed by Raupach et al. (1993) [58] (Equation 1.38), the shape of the non-
erodible particle is not taken into account, a cylinder with b equals to hNEP and a hemisphere
leads to the same parameter λ (Np and SNEP are the same in both situations). The shape of the
non-erodible particle is taken into account by a more recent study that may be seen later.

In the work of Neuman and Nickling (1995) [54] , wind-tunnel simulations were carried out to
study the decay of particles mass flux due to the presence of non-erodible particles on an erodible
bed. These authors investigated the influence of non-erodible particles on shear stress distribution
over the surface and measured the threshold friction velocity. It was shown that the velocity profile
is an important parameter to the physical understanding of the mass flux decay. Friction velocity
and surface geometric roughness were also shown to be very important parameters. These results
confirm previous hypothesis that particle transport is reduced due to the presence of the non-erodible
particles over a large range of roughness density.

Brown et al. (2008) [9] also stated that surface roughness decreases the effects of wind erosion
on granular materials by means of wind-tunnel examination. This work performed experimental
measurements of the wall shear stress. As mentioned earlier, the amount of non-erodible particles
may shelter the erodible particles and avoid wind erosion. However, it is important to state that a
small quantity of non-erodible particles may result in an opposite effect, i.e., a stronger shear stress
on the erodible surface which can be explained by the presence of turbulent eddies around isolated
roughness particles.

Turpin et al. (2010) [71] performed three-dimensional numerical simulations, characterizing
the fluid flow over a bed simulating erodible particles covered by roughness elements (non-erodible
particles). The authors implemented two different geometries (spherical and cylindrical) with a
mono-dispersed distribution of the non-erodible particles. Mono-dispersion distribution means that
all elements have the same heights and diameters.

Two parameters are used to describe the influence of non-erodible particles on wind erosion of
granular materials: geometry of the roughness elements and the friction velocity ratio (Rfric). Rfric,
shown in Equation 1.39, is the ratio between u∗s, the mean friction velocity over a smooth wall, and
u∗r the mean friction velocity over the underlying surface around the roughness elements.

Rfric = u∗s/u∗r (1.39)

The roughness elements are represented by spherical and cylindrical elements in numerical simu-
lations, whilst natural beds are usually constituted of irregular roughness elements. Figure 1.9a shows
a cylindrical element used in the numerical simulations and its typical dimensions: hNEP (height)
and b (diameter). Spherical and cylindrical elements differ in relation to their influence on the original
flow modification. Spherical elements slightly perturb the flow field and cylindrical elements tend to
create flow detachment, recirculating zone downstream the element and zones of low friction velocity
linked to the development of large vortices on the lee sides. Turpin et al. (2010) [71] explain that a
natural roughness element is closer, in changes flow generated, to a cylindrical configuration than a
spherical one.

Numerical simulations results have shown that a low velocity region is created downstream of the
roughness element; this region constitutes an area of low shear stress on the wall and thereby forms a
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protection area for the underlying erodible particles. If roughness height increases, detachment of the
flow appears and forms larger wakes zone downstream. If height and breadth of the roughness element
increase, the flow patterns are significantly modified. At higher Reynolds number the recirculation
area downstream the element is well developed. Another noteworthy phenomenon is that as the height
and elements number increase, the wake zones are enlarged and as a consequence, the surrounding
roughness elements interact with each other leading to friction velocity decrease on the surface.

The parameter Rfric is, initially, related to the cover rate TDC and hNEP /b as shown in
Equation 1.40. TDC is the cover rate which indicates the ratio between the sum of the projected
surfaces of roughness elements (

∑
Sfloor) and the total erodible surface area (SNEP ). Numerical

simulations carried out by Turpin et al. (2010) [71] allowed to determine the values of Rfric for
cylindrical and spherical roughness elements and the least square method allowed to calculated the
constants ap, mp and np corresponding to the following formulation:

1−Rfric = ap · TDCmp(hNEP /b)np (1.40)

However, the geometrical parameter (hNEP /b) was tested by numerical simulations of flow around
an isolated roughness element for different configurations. For each configuration, the drag coef-
ficient (Cd), shown in Equation 1.41, was calculated. It was plotted against two dimensionless
geometrical parameters (hNEP /b and Sfrontal/Sfloor) as shown in Figure 1.9b and Figure 1.9c, re-
spectively. These figures show that the relation between Cd and Sfrontal/Sfloor does not depend
on the shape of the roughness element whereas different relationships between Cd and hNEP /b are
obtained for different shapes of the roughness element (spherical or cylindrical). Therefore, the use
of Sfrontal/Sfloor allows a more general equation to quantify Rfric.

Cd =
Fd

(1/2)ρSfrontalu∗s
2

(1.41)

where Fd is the drag force, ρ is the air density, Sfrontal is the frontal surface of the roughness
element and u∗s is the friction velocity on the smooth surface.

Figure 1.9: (c) Cylindrical roughness element. Evolution of the drag coefficient Cd for isolated
cylindrical and spherical roughness elements as a function of: (b) hNEP /b and (c) Sfrontal/Sfloor [70]

A further investigation performed by Turpin et al. (2010) [71] enabled an adjustment of Equa-
tion 1.40 considering the range of new variables Sfrontal/Sfloor and TDC.
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• for Sfrontal/Sfloor · TDC ≤ 2 :

1−Rfric = ap1 · TDCmp1

(
Sfrontal

Sfloor

)np1

(1.42)

• for Sfrontal/Sfloor · TDC > 2 :

1−Rfric = ap2 · TDCmp2

(
Sfrontal

Sfloor

)np2

(1.43)

Finally, Figure 1.10 shows the evolution of the parameter Rfric in function of the geometrical
parameter Sfrontal/Sfloor · TDC. The use of two sets of coefficients in Equations 1.42 and 1.43 is
justified by the slope break around 2.

Figure 1.10: Evolution of 1-Rfric in function of the value of Sfrontal/Sfloor · TDC [71]

Turpin et al. (2010) [71] investigated mono-dispersed bed (the elements have all the same height
and breadth) of non-erodible particles; however, in nature, particles have a variety of dimensions and
formats. Poly-dispersed beds of non-erodible particles are still an open subject in the literature.

The works described above presented the local analysis of non-erodible particles in order to
investigate its influence on the total emitted mass flux of particles. Those authors developed wind-
tunnel techniques to measure shear stress distribution on the solid surfaces as well as numerical
simulations. Next paragraphs present also experimental and numerical works that focused on another
impact of non-erodible particles: temporal decreasing of the emitted mass flux.

Descamps (2004) [21] has investigated the time decay of particles mass flux emitted from a bed
of granular materials exposed to a turbulent flow. The developed model is based on the interaction
between two phenomena: particles take-off and near wall turbulence structures. The near wall
turbulent structures are closely correlated to the take-off of a particle towards the free stream flow.
Thus, the particle is transported outside the surface layer. Once this particle is in the fully turbulent
boundary layer (away from the near wall region), there are two possible fates: atmospheric dispersion
or deposition, depending on its diameter, shape and density.
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The next paragraphs expose the numerical model proposed by Descamps (2004) [21] to quantify
the mass flux decay of a bed of particles. The emission model is divided in three main parts (cf.
Descamps (2004) [21] for more details about the model algorithm):

• the aerodynamic entrainment of particles,

• the definition of take-off criterion and

• the pavement modelling

The aerodynamic entrainment is based on the strong link between particles take-off and turbulent
structures above the surface. These turbulent structures are supposed to be independent of the
presence of particles over the surface and have a well known statistical spatial periodicity. The
spatial periodicity of appearance of turbulent vortex structures has been studied and calculated
as a non-dimensional value by numerical simulations (as those carried out by Jimenez and Moin
(2000) [38]). The spatial periodicity (λp) is non-dimensional and related to kinematic viscosity ν
[m2/s] and friction velocity u∗ [m/s] (Equation 1.44):

λ+
p =

λpu
∗

ν
(1.44)

Therefore, λp is a useful parameter to calculate the number of possible occurrences of take-off
along spanwise (λp−y) and streamwise (λp−x) directions. Figure 1.11 shows an schematic configu-
ration of bed surface divided in boxes in which an ejection (of a turbulent eddy), and consequently a
take-off of a particle is possible. In Figure 1.11, l and L represents the bed width and length, respec-
tively. Thus, by supposing a strong correlation between wall structures and particles take-off, the
numbers of possibilities of taking-off along the spanwise and streamwise directions can be estimated
by l/λp−y and L/λp−x, respectively.

Figure 1.11: Number of taking-off possibilities at the bed surface. Adapted from Descamps (2004)
[21]

Finally, the time step of the model is given by Tb which is the average periodicity of occurrence
of wall structures [5].

T+
B =

TBu2
τ

ν
≈ 250 (1.45)

After defining the number of take-off possibilities and the time step, it is necessary to determine
a take-off criterion which can be established considering the balance of forces exerted on a particle
lying at a flat horizontal surface. The balance of forces described in Equation 1.46 involves the lift
forces (upward), the adhesive forces and the particle weight (downward). The aerodynamic or lift
force and adhesive force are determined by the probability density functions as given by Mollinger
and Nieuwstadt (2000) [52] and Zimom (1982) [83]. Thus, given a representative diameter Dp
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Figure 1.12: Balance of forces exerted on a particle and the effect of pavement on particle take-off [22]

(representative of a range of diameters), Equation 1.46 presents the take-off criterion which gives
the decision if a particle either takes-off or stays over the surface.

F aero + F ′aero ≥ F ad + F ′ad + Fg =⇒ Particle take-off (1.46)

The phenomenon of pavement, previously discussed, leads to a temporal emission rate decay.
Based on the work carried out by Descamps (2004) [21], the erosion depth is a suitable parameter to
indicate if particles take-off is still physically possible. The erosion depth is a certain depth where the
overall bed surface is completely overlaid by non-erodible particles. Figure 1.12 shows the concepts
involved in erosion depth. The lift force incrementaly decreases for particles having a deeper position
in the bed.

Figure 1.13 shows schematically the modelling of the bed pavement. Some approaches presented
herein are also explained in Figure 1.12. The most important characteristic viewed in these two figures
is the decrease of the aerodynamic force when the erosion depth increases. When the maximum value
of the probability density function of lift force is lower than the minimum value of the sum of the
probability density function of adhesion and weight forces, the take-off is no longer possible.

Figure 1.13: Principle of the emitted mass flux simulation [22]

The results obtained by the model are the time evolution of the emitted mass rate of particles as
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well as the diameter distribution of eroded particles. Figure 1.14 shows the results obtained by the
model in terms of temporal mass flux evolution for a wind velocity equals to 10 m/s and for several
values of cover rates (TDC) (0, 5, 10 and 20%).

The model input variables are:

• exposition time to the turbulent flow (texpo [s]),

• flow velocity (U∞ [m/s]),

• particle density (ρ [kg/m3]) and size distribution,

• non-dimensional values of streamwise, spanwise and temporal appearing periodicities (λ+
p−x,

λ+
p−y and T+

b ),

• sizes of the bed (L and l [m]),

• kinematic viscosity (ν [m2/s]) and

• density of the flow (ρfluid [kg/m3]).

Figure 1.14: Results obtained by the model of a wide size distribution for several values of cover
rate, by numerical and experimental approaches [22]

The work of Descamps et al. (2005) [22] has concluded that the rate of this decrease depends
on the flow velocity and the characteristics of the particles. In order to improve the accuracy of
the estimation of fugitive particle emissions with a wide size distribution, it is necessary to take into
account this temporal decrease. The most important drawback of the model developed by Descamps
(2004) [21] is related to the definition of the erosion depth.

1.5 Conclusions of the literature review

The literature review presented numerical and experimental works dealing with the analysis of storage
piles of granular materials which due to wind erosion acts as a diffuse source of pollutants on industrial
sites. The main objectives of those works were related to the development of theoretical support to
enhance the accuracy of dust emission quantification.
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The first part of the review showed general concepts about the wind erosion of diffuse sources.
The particle entrainment mechanisms indicated the way the particles are transported after a wind
erosion event which can be: saltation, suspension or reptation. Several studies presented discussions
about the erodibility of particles by a turbulent flow.

Other studies have focused on the effects of a turbulent wind flow impinging diffuse sources. The
impact of the presence of wind barriers and the analysis of fluid under a variety of dimensions, shapes
and quantity of sources are examples of studies found in literature. The investigation of the fluid flow
surrounding wall-mounted obstacles showed the lack of information regarding the fluid flow structure
on and around oblong stockpiles. The basic features (initially noticed for a cubical obstacle) were
identified around oblong stockpiles. Finally, the influence of a successive stockpile was not found in
literature.

The review of dust emission quantification methodologies of diffuse sources has been focused
on the most widely used model proposed by USEPA [75]. The argument not found in literature
concerning the methodologies is the quantification of re-emission that may be noticed on the ground
region surrounding stockpiles. Precedent investigations have not been interested in these surrounding
regions which are, in fact, often strongly charged with silt particles on industrial sites.

The final part of the review exhibited the influence of non-erodible particles on aeolian erosion
of diffuse sources. A lack of information was identified after this review concerning the effects of
different erodible rates in the mixing of the agglomerated particles. Several conclusions were drawn
from studies considering only the analysis of turbulent flow over a flat bed of material. However,
the following sections of the literature review showed that the wall-mounted obstacle shape is highly
important in modifying the structure of the flow.

A numerical and an experimental work about this influence were presented. The first one, an
experimental investigation, showed the temporal decrease of the emitted mass flux of a bed of
erodible and non-erodible particles. Also, the same authors proposed a numerical model to calculate
the temporal decrease of emitted mass flux. A lack of information was identified regarding the
shape of the eroded pile. Precedent studies were only focused on flat bed of particles. The second
work investigated, numerically, the local fluid flow around the non-erodible particles. A formulation
was defined to link the evolution of the mean friction velocity (shear of the erodible wall) and the
geometrical parameters of the non-erodible particles which were taken as roughness elements in
the numerical simulations. The lack of information noticed concerns the range of validity of the
formulation: all configurations represented equal diameters and emerging heights for the elements.
Since several analysis showed in the thesis are numerical, a review was also done about the most
used turbulence models.
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Chapter 2

Experimental details

The experimental techniques performed in the present work used the wind-tunnel facilities installed
in the Industrial Energy Department (Département Energétique Industrielle) at Ecole des Mines de
Douai. The wind-tunnel was arranged in two configurations, each one with specificities for the
respective technique. The configurations required for the techniques carried out in the present work
are quite different compared to the original test section used in a previous work [70] studying Particle
Image Velocimetry (PIV). The first configuration enables surface flow visualization while the second
one is devoted to emitted mass flux measurements. The oil-film visualization investigates the fluid
flow pattern formed over a plane surface around a wall-mounted obstacle. The second experimental
technique aims the quantification of the emitted mass flux of a granular material stockpile model
formed by a mixing of erodible and non-erodible particles of sand.

2.1 Wind-tunnel description

The basic configuration of the wind-tunnel used for both experimental techniques is schematically
presented in Figure 2.1a. The wind-tunnel has the following main dimensions: Hs = 0.80 m of
height, Ws = 1.50 m of width and Ls = 8.12 m of length.

In its original configuration, the wind-tunnel presented these components:

• a circular plate of 0.95m diameter, used to modify the stockpile model orientation inside the
test section (the incoming flow orientation has strong influence on the final flow pattern),

• plexiglass walls (transparent) at test sections boundaries,

• honeycombs and very fine grid were placed upstream and downstream the test section, close to
inlet and outlet regions presenting, respectively, an important function to break-up the great
flow features coming from inlet region and to prevent ventilator perturbations at outlet region
and

• small obstacles are set upstream of the test section, near the entrance of the wind-tunnel, to
ensure the formation of a turbulent boundary layer.

Different tests were carried out to define quantity, dimensions and disposition of the small obsta-
cles allowing the formation of a fully developed turbulent boundary layer, δ = 0.160m, larger than
the stockpile model height. A detailed part of the Figure 2.1a presents the small obstacles and the
entrance of the wind-tunnel. Furthermore, the photograph in Figure 2.1b presents the test section
which can be observed the camera location (above the test section and plexiglass walls), the black
painted obstacle model and illumination arrangement previously used for PIV measurements.

The experimental scaled-down model is placed at the test section located 6.20 m downstream
the entrance of the wind-tunnel enabling the development of a turbulent boundary layer. The
velocity profile upstream the test section was investigated and validated by means of Laser Doppler
Anemometry (LDA) measurements. Figure 2.2a and Figure 2.2b (adapted from Turpin (2010) [70])
present two plots: (a) vertical profile of the longitudinal velocity in wall units comparing to reference
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Figure 2.1: Wind-tunnel facilities: (a) original wind-tunnel and main dimensions and (b) configuration
for oil-film surface flow visualization

values [63] and (b) turbulence intensity at the entrance of the test section also compared to reference
values. The plot exhibited in Figure 2.2a shows the classical pattern, i. e., the velocity profile is
firstly linear and far from the wall it assumes a logarithmic profile. LDA measurements were compared
with reference data [63] and the overall values have shown good agreement. Details concerning the
velocity profile at the test section inlet can be found out in the work of Turpin (2010) [70]. The
vertical profile of longitudinal velocity was also measured at other spanwise locations. The results
have indicated small disparities between the transversal profiles of about 4% which can be neglected.
It is worth to note that, the wind-tunnel is exactly the same that used for previous experimental
works except for the test section. It means that all information given in this section is valid for the
present investigations.

2.2 Surface flow visualization: oil-film technique

This section is focused on the presentation of the surface flow visualization. This technique aims to
investigate the fluid flow pattern over a given wall surface. There is a wide range of surface flow
visualization methods as can be seen in several reference works about this subject [34,43,53]. These
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Figure 2.2: Validation of the incoming wind profile at the entrance of the test section by literature
data [63]: (a) linear and log laws of the velocity profile and (b) turbulence intensity. Adapted from
Turpin (2010) [70]

works were applied to solve engineering problems in aero-, thermo- and hydrodynamics areas. Guiming
(1994) [34] has studied a flow visualization technique employing surface oil flow and liquid crystal
thermography suitable for use in impulse wind-tunnels (short test time and very low static pressure
compared to conventional wind-tunnels). The photographs of oil flow pattern were very useful
revealing detailed features of three-dimensional separated flow. Leeuw et al. (1995) [43] developed a
visual comparison between experimental oil-film visualization and numerical flow simulation applied
in a simplified configuration of an air-intake of a hypersonic transport vehicle. Also, the comparisons
presented good agreement and the experimental technique was very useful to feature the fluid flow on
the wall. Furthermore, Mosharov et al. (2009) [53] in a Patent Application Publication, has shown
an invention of an aero- and hydrodynamics experiment particularly applied to optical methods of
studying a structure of a gas or liquid stream on object surfaces. The surface studied was coated
with a viscous liquid layer having insoluble and visible particles. The study showed that particles
subjected to an outer stream move together with the viscous liquid.

The experimental technique of surface flow visualization chosen to be performed in the present
study is the oil-film method. The experimental photographs show the wall flow topology on the
surface of interest which in the present study is the ground region surrounding a wall-mounted
obstacle. The wall-mounted obstacle is a stockpile model representative of those ones found out on
industrial sites (cf. Figure 2.1a which presents the numerical model; Figure 2.5 presents a top view
of the experimental model). The technique is quite easily implemented in any wind-tunnel: it does
not require expensive financing (as laser techniques need) and gives photographs with good spatial
resolution and good accuracy.

The method consists in coating an oil mixture over a given wall exposed to flow friction. A thin
layer of the mixture is coated over a plane surface around an object around which the wall flow
pattern is analysed. Wind flow overpass the test section with oil-film mixture layer and creates some
changes on its initial pattern (homogeneous). Due to friction forces the wall flow features are then
revealed. Indeed, variation of color are directly linked to wall shear stress distribution on the coated
surface.

The oil-film mixture has three components: (i) oil, (ii) small particles which are the solid part
(coloured powder) and (iii) a chemical agent which allows the mixing between the others two com-
ponents. As proposed by Desreumaux and Bourez (1989) [23], the paraffin oil was initially used as
the oil part and the oleic acid as the mixing component. Figure 2.3 shows the three components
presented hereupon and some laboratory equipments used to make the oil-film mixture.

In the report of Desreumaux and Bourez (1989) [23], the use of titan oxide as the solid part
and coloured powder was proposed. This component and its initial proportion was imposed with
interesting results for velocities near 20.0 m/s, which is very higher than the maximum velocity in
the present tests. For all tested configurations in the present work the velocity value of 6.5 m/s was
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Figure 2.3: Three compounds used in the oil-film mixture: (a) paraffin oil, (b) yellow powder and
(c) oleic acid

set as the free stream velocity. Firstly, new proportions were defined for the free stream velocity
equal to 6.5 m/s after a direct linear proportion from reference values. It is worth to note that, in
this thesis, several tests have been also done with titan oxide as the coloured powder (solid part).
It was found that, the stabilization time of the wall featuring is too long (more than four hours).
Moreover, the contrast of the final image is not good enough. The tests using titan oxide has been
given up and the coloured powder has been changed to a yellow powder used usually as a colorant
for coating walls and others decorations works (Figure 2.3b). After some tests carried out in this
thesis, the most suitable proportion was defined to perform the technique in a wind-tunnel with a
free stream velocity equal to 6.5 m/s. The most suitable proportion results in the visible typical flow
structures on the wall after a viable duration time (for instance, the oil-film may still be modified
by the friction, i.e., it is not dried up). Each different experience is specific and the quantity of the
components must be analysed before the real tests.

The choice of oil and powder and their proportion is mainly based on experience and preliminary
tests for each experimental conditions or configuration [34]. Furthermore, the characteristics of the
technique depend on some factors: free stream wind velocity, material of the wind-tunnel wall, wall-
mounted obstacle dimensions and shape, surface roughness and inclination. For the free stream wind
velocity, high values of the velocity enable the possibility to use more quantity of powder: the wall
friction is strong enough to modify the initial oil-film pattern. The cases with low velocity values (the
case shown in the present study) must have an oil-film mixture more liquid: the lower levels of wall
friction require a less viscous oil-film. Often, some obstacles with small dimensions need a mixture
more liquid than that used for large dimensions explained by the higher shear stress presented around
the last ones. Surface roughness and inclination also influence the proportion to be applied. Rough
walls present high wall shear stress levels and consequently the oil-film mixture can be more pasty.
Inclined walls are the most difficult situations to apply the technique seen that it is necessary to
choose a proportion that is enough to be changed to the friction and to maintain over the inclined
surface without flowing downwards.

An ideal proportion was found suitable for the all tested configurations (different orientations
and number of stockpiles) to be applied around the obstacle at the bottom wall. The values of each
component to be applied are the following: 128.6 g/m2 of paraffin oil, 5.3 g/m2 of coloured powder
and 23 drops/m2 of oleic acid. The region chosen to be coated in the wind-tunnel is that enough
to visualize all the wall flow structures around the pile, for example, for the perpendicular stockpile:
5.0 cm (approximately 0.25l) upstream to the visualization of the windward wall, stagnation zone
and flow acceleration, 83.0 cm (approximately 4.1l) downstream due to the necessity to visualize the
wake zone and reattachment point and 20.0 cm (approximately 1l) on each side of the stockpile to
visualize the formation of the main vortices and the flow acceleration effects on the laterals. l is the
stockpile length represented in Figure 2.4.
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Figure 2.4: Typical photograph of oil-film surface flow visualization

During the experimentation, photographs were successively taken each 30 minutes. Figure 2.5
represents all the photographs of an oil-film experience. The time evolution of the method can be
seen in these images. This is a four hours experience. After 90 minutes (the third photograph)
of experience, the most important modifications in the original oil-film mixture pattern are noticed.
Later, until the last photograph, vortices are well formed, as well as, separation and wake zones.
If the experiment is left running more than the necessary, accumulation zones may lose the most
suitable pattern due to the sedimentation of tracers (coloured particles) and oil drying.

Qualitative and quantitative analysis were carried out considering the photograph for which no
more significant changes are noticed in the wall flow pattern. The qualitative analysis were basically
made with the comparison between the experimental photographs and wall shear stress contours
from numerical simulations. As already explained hereupon, the physical mechanism involved in this
method is the wind shear stress acting at the wall where is coated the oil-film mixture. Thus, in
the regions where high values of numerical shear stress are noticed, the experimental photograph
indicates zones of a thin layer of oil-film mixture leading to a decrease of the yellow colour intensity
(region A in Figure 2.4). On the other hand, regions of smaller values of wall shear stress, if visualizing
experimental photographs, result in no changes of the oil-film mixture or even an accumulation zone
(mixture coming from those regions with a large motion) with a thick layer of mixture having an
intense yellow colour (region B in Figure 2.4).

2.3 Dust emission investigation in wind-tunnel

The wind-tunnel previously described was reasonably modified for the conception and set-up of an
original experimental technique. The new experiment on view in this section was performed intending
the direct assessment of particles taking-off in wind-tunnel. The present section exposes the modifi-
cations imposed on the wind-tunnel described earlier to carry out the experimental measurements.

The alterations needed in the wind-tunnel for the accomplishment of this original technique were
mainly appended in the test section, upstream the ventilator as highlighted in Figure 2.6. The
entire zone upstream the test section and the ventilator are the same as the previously mentioned
configuration. Briefly, the technique consists in two ways of measuring the emitted dust mass from
a stockpile model made of real granular particles of sand: continuously mass measurements and
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Figure 2.5: Temporal evolution of oil-film mixture at wall in wind-tunnel around the stockpile oriented
90◦ to the wind flow direction

mass balance. The mass balance is executed outside the wind-tunnel in which does not take into
account the evolution of the emitted mass, but only the initial and final stockpile weight. On the
other hand, the continuous measurement system focus on the temporal evolution of the emitted
mass flux. Moreover, to achieve the continuous measurements some modifications were necessary
in the original test section. The next paragraphs are concentrated on the explanations about the
continuous measurement system and the experimental data processing.

Firstly, a totally airtight box was installed under the original circular plate which is located in the
test section. In addition, the above mentioned box contains the continue mass measurement system
associated to the circular plate where the oblong stockpile model is positioned. Essential structures
of this experimental configuration are listed hereafter and are associated to the reference numbers
highlighted in Figure 2.6: (i) supports, (ii) airtight box, (iii) circular plate, (iv) the weighing balance,
(v) the sand stockpile model, (vi) high quality photograph system and (vii) a filter.

The experimental device (Figure 2.6) presents structures that the operator must have a special
attention. The supports of the weighing device, as well as the supports of the airtight box (not shown
in Figure 2.6), must be horizontally leveled and parallel to the circular plate. These supports are
easily handled by the operator before the experiments. In addition, the supports are always in number
of three. This condition enables easily the equilibrium of the piece over that. The airtight box was
cautiously designed to avoid the creation of a fluid flow by-pass. The fact of having a by-pass inside
the box, where is installed the weighing device, may perturb the measurements by creating zones
of high pressure over the weighing device. Furthermore, the experimental data are acquired with a
frequency of 5 Hz being extremely sensible to, for instance, flow by-pass over the weighing device.

The location of the sand stockpile model on the circular plate was determined based on the
expected static pressure distribution over the plate. The static pressure may be associated to the
distribution of force at the wall. Numerical results for a similar oblong stockpile and incoming wind
flow shown the static pressure distribution in Figure 2.7. The chosen position takes into consideration
the smallest differences of static pressure around the pile near the contact with the wind-tunnel ground
wall. The black dashed lines represent the circular plate and the experimental oblong stockpile is
represented by the numerical model. The circular plate is completely free of contact with the wind-
tunnel ground wall. The weighing system used in our experiments is an electronic BEL Engineering
Mark K30.1 with 0.1 g of precision connected to a PC to effectuate mass measurements. For the
construction of the sand stockpile it was designed a system acting as a hopper found out on industrial
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Figure 2.6: Wind-tunnel configurations: dust emission quantification

sites. The mold over the hopper where the sand is discharged has the same volume and surface of
the original wood made stockpile model (see Figure 2.8 for more details).

A high quality camera was then installed over the wind-tunnel top wall (transparent one). The
resolution of the photographs is 3648x2650 pixels. The area visualized by the camera is more
concentrated on the stockpile. This system is capable of visualizing extremely detailed distribution
of particles over the sand stockpile model surface. Photographs were taken each 30 seconds until
the final covering of the stockpile surface. This device also permits the temporal evolution of specific
zones of wind erosion on the pile. As we test silt sand particles the installation of a filter was
obligatory to protect the ventilator downstream the wind-tunnel.

The sand stockpile model is assembled on the circular plate by the means of the structure
containing stockpile mold and hopper shown in Figure 2.8. The mixture of sand is discharged in
the mold. The two sizes of particles of the tested sand (erodible and non-erodible) are very mixed
before discharging in the mold. A temporary support holds the amount of sand. Thus, the operator
has to pull this support to make fall the amount sand similarly as in industrial hoppers. Before the
wind-tunnel experiments, a preliminary analysis was carried out to verify the repeatability of shape
and dimensions of the oblong stockpile obtained. Figure 2.9 shows the mean dimensions of the
sand stockpile in a top and side view. The results have shown a maximum coefficient of variation
(normalized measure of the dispersion of a distribution and calculated as the ratio of standard
deviation to the mean value) equal to 5.2 %. Values of the coefficient of variation close to 5 %
represent a good agreement.

The weighing system is reset before having the sand stockpile model over the circular plate. The
free stream velocity is set on the wind-tunnel frequency controller and the wind-tunnel is started.
The connection to a PC performs (frequency of 5 Hz) the data storage from the weighing device in
a text file which is plotted versus time to the evaluation of the temporal evolution of emitted mass.

Further analysis of the experimental data are carried out. The methodology used to perform
the processing of the weighing data are presented in section 3.1.1 concerning the investigation of a
perpendicular stockpile. The experimental data present a strong signal-to-noise ratio caused by some
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Figure 2.7: Numerical contours of static pressure and the delimitation of the wind-tunnel circular
plate

Figure 2.8: Hopper and mold used for the construction of the sand stockpile model

inconveniences during the measurements: vibrations of the circular plate, instabilities of the balance
support system and the inherent turbulence of this genre of fluid flow. Hence, the raw experimental
data require a processing step to result the temporal evolution of the emitted mass flux. As the
methodology was very detailed in a previous section it was decided to not repeat the steps herein.
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Figure 2.9: Oblong stockpile made with sand: shape and dimensions. (a) top view and (b) side view
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Chapter 3

Influence of non-erodible particles on
dust emissions

The main objective of this thesis is to improve the knowledge of physical phenomena involved in
dust emission from stockpiles due to wind erosion. As explained in section 1.4.2, the surface of a
stockpile of granular material is constituted of erodible and non-erodible particles. The latter are
characterized by strong inertia that plays an important role on erodibility and, as a consequence, on
dust emission. Furthermore, the non-erodible particles are usually very large and act as a shelter to
the erodible smaller particles. These phenomena are not directly taken into account by the USEPA
emission model; although numerous works using several approaches (see section 1.4.2) have proven
that accounting for the non-erodible particles as part of the initial mixing of particles in the piles
greatly modifies the total amount of emitted dust and its temporal variation. This chapter presents
these discussion using two approaches:

• a wind tunnel experimental work to quantify dust emission using a scaled stockpile sand (sec-
tion 3.1.1) and

• a numerical simulation of the fluid flow around the erodible and non-erodible particles to
investigate their behaviour as roughness elements (section 3.2).

3.1 Investigation of non-erodible particles effects by wind-tunnel sim-
ulations

3.1.1 Effects of non-erodible particles on aeolian erosion: wind-tunnel simulations
of a sand oblong storage pile

This section is presented as an article entitled "Effects of non-erodible particles on aeolian
erosion: wind-tunnel simulations of a sand oblong storage pile". The novelty of this article
is related to the oblong shape of the pile. The pile shape is based on the pile models used in
the experiments using PIV carried out by Turpin (2010) [70]; however, in the present work, sand
is used to simulate the mixing of erodible and non-erodible particle which gives a rounded crest
and characteristic dimensions (width, length, height and angle of response) to the stockpile. In the
experiments, a bimodal granulometry (125 µm and 875 µm) of sand was used to simulated erodible
and non-erodible particles and two surface cover rate of non-erodible particles (10% and 20%) and
three free stream velocity values (6, 7 and 8 m/s) were investigated. This article is to be submitted
to the "Atmospheric Environment" journal.
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Abstract

Non-erodible particles have strong influence on the aeolian erosion phe-
nomena. An oblong stockpile model of sand (bimodal granulometry) was
implemented to perform wind-tunnel experiments as similar literature works
have only carried out experimental investigations on a flat bed of particles.
Thus, the influence of the fluid flow structures around the complex obstacle
will be analysed. The tested configurations consisted of two different values of
non-erodible particles cover rate (10% and 20%), and three free stream veloc-
ities (6, 7 and 8 m/s). Good repeatability was found. The results showed that
the largest amount of particles emitted was for the highest wind velocity and
the smallest cover rate. The temporal decreasing of emitted mass flux was
found steeper for larger amount of non-erodible particles and higher velocity.
The mass flux of particles decreases very strongly in the first four minutes
of measurements and the cover rate influences this downward sloping. The
same analysis applies for the effects of the free stream velocity. The qual-
itative analysis (high quality photographic system) of the stockpile surface
gradual change has shown that non-erodible particles agglomeration induces
a pavement effect on some areas of the pile. This analysis indicated typical
wind erosion zones: high wall friction on the crest line and lateral sides; low
wall friction on the windward wall near the ground and on the recirculation
downstream the leeward wall. The results and discussions presented here
allows for the understanding of the impact of non-erodible particle on dust
emissions.

Keywords:

Aeolian erosion, Stockpiles, Diffuse dust emission, Non-erodible particles,
Wind-tunnel
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1. Introduction

The phenomenon of dust emission from piles of granular material exposed
to wind erosion has been studied by many researchers using different tools
such as computational fluid dynamics, field and wind-tunnel experimental
analysis. The studies of Cong et al. (2011), Neuman et al. (2009) and Roney
and White (2006) are examples of aeolian erosion investigation of diffuse
sources found in literature. Cong et al. (2011) carried out a CFD study (val-
idated by precedent field and experimental measurements) to verify the role
of porous fences in reducing dust emissions which was confirmed. Neuman
et al. (2009) have evaluated some environmental control techniques of diffuse
dust emissions from mine tailings by wind-tunnel simulations. Roney and
White (2006) estimated dust emission by means of wind-tunnel experiments
in which near surface steady-state concentration profiles and velocity profiles
are obtained in order to use a control volume approach to estimate emis-
sion rates. The estimated emission rates are comparable to those obtained
from field studies and lend to the validity of the wind-tunnel method for
determining fugitive dust emission rates.

The granular material subjected to wind erosion is constituted by par-
ticles that are classified based on their inertia, as erodible or non-erodible.
Discussions concerning non-erodible particles and the erodibility of surfaces
were carried out in various studies (Gillette and Stockton, 1989; Roney and
White, 2006, 2010; Benkhaldoun et al., 2011; Webb and Strong, 2011). In
general, the authors have concluded that the amount of particles emitted
due to wind erosion is strongly attenuated by the presence of non-erodible
particles.

The studies of Neuman and Nickling (1995), Li and Martz (1995) and
Descamps et al. (2005) performed, over flat beds of particles, numerical sim-
ulations and experimental wind-tunnel tests. The emitted mass flux was
found to decrease with time due to the presence of non-erodible particles
causing a phenomena called ”pavement effect” which represents the influ-
ence of non-erodible particles on the taking-off of erodible particles. The
”pavement effect” is the erodible surface covering by the non-erodible parti-
cles, i.e., erodible particles are impeded to take-off.

Other studies have carried out numerical and theoretical investigations
about the local impact of non-erodible particles, i.e., at the scale of one par-
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ticle (Raupach et al., 1993; Gillies et al., 2007; Turpin et al., 2010). These
studies analysed the micro-scale features of the fluid flow, using numerical
simulations around a given number of non-erodible particles. Raupach et al.
(1993) have developed a theory to describe the dependence upon roughness
density of a ratio of threshold friction velocities (between a surface without
and a surface with roughness elements). Gillies et al. (2007) have evalu-
ated the shear stress behavior on complex rough surfaces. A drag plate was
constructed to measure the surface shearing stress on representative surface
samples in a wind-tunnel boundary layer. In Turpin et al. (2010), the nu-
merical domain is a narrow area surrounding one particle or an array of well
defined particles. The numerical simulations results indicated that the mean
friction velocity decreases as the number of non-erodible particles increases
and the amount of dust emitted depends on the friction velocity. Thus, the
emitted mass flux tends to decay as non-erodible particles cover the stockpile
surface.

Summing up the literature, numerous works have already performed wind-
tunnel simulations of flat beds, sinusoidal or conic piles to investigate the
influence of non-erodible particles on dust emission. However, none of them
examined oblong piles. Thus, experimental wind tunnel tests on oblong piles
(for instance, those found in industrial sites of steel production) are firstly
carried out in the present study. The shape and dimensions of the pile were
similar to those tested in the studies of Turpin and Harion (2009) and Furieri
et al. (2012) in which the air flow pattern on and around the oblong shaped
stockpile is discussed. In the present work, the wind-tunnel tests are carried
out for two proportions of non-erodible particles (mass of non-erodible par-
ticles divided by the total mass of particles in the stockpile) and three free
stream velocity values using a bimodal distribution of sand (two main mean
particles diameters, 125µm and 850µm). The expected results aims to give
a better comprehension of the local fluid flow mechanisms surrounding the
non-erodible particles as well as the global quantification of the influence of
velocity and cover rate on the emissions.

2. Experimental set-up

2.1. Wind-tunnel and measurements procedures

The experimental investigation was conducted in a wind-tunnel. During
the experimental measurements weighing of the stockpile model was per-
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formed and high quality photographs were taken using a system installed
perpendicularly above the wind-tunnel test section.

Figure 1: Wind-tunnel set-up

The wind-tunnel presented in Fig. 1 has the same fundamental charac-
teristics of that described by Furieri et al. (2012) in which a surface flow
visualization technique was performed. At the inlet of the test section, a
turbulent boundary layer was created by means of several obstacles placed
upstream the zone of measurements. The test section was modified in order
to allow continuous weighing of the sand stockpile mass. Fig. 1 presents the
weighing system placed inside an airtight box underneath the circular plate
(test section). The airtightness is necessary to avoid flow disturbances. The
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Figure 2: Post-treatment of temporal weighing data recording

weighing device is the electronic balance BEL Engineering Mark K30.1 which
has a resolution of 0.1 g. Records measurements at a frequency of 5 Hz are
controlled by a program developed within Labview software. Typical records
present high signal-to-noise ratio caused by:

• turbulence inherent to the fluid flow,

• vibrations of the circular plate ((iii) in Fig. 1) and

• instabilities of the balance support system ((i) in Fig. 1).

The plot (A) in Fig. 2 shows the time series of raw data and its post-
treatment. The procedure to obtain the final curve that represents the tem-
poral variation of emitted mass flux (emitted mass per units of time and
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surface of the eroded pile) is presented in the plots (B)-(E) in Fig. 2. In
order to process the raw data, four steps were followed:

• (1) Calculation of the moving average (period of 60 seconds) to reduce
the data fluctuations seen in (A) in Fig. 2. The graphic (B) in Fig. 2
represents the result of this averaging procedure;

• (2) Discretization of the mass evaluated each minute. For instance,
the mass of time instant equal to 1 minute is the average of the data
measured between 0’30” and 1’30”. (3) in Fig. 2 shows the calculation
of the discretized emitted mass;

memitted(ti) = minitial −m(ti) (1)

where, memitted(ti) is the calculated emitted mass, minitial is mass at the
beginning of the experience and m(ti) is the mass at the time instant
i. i varies from 0 (beginning of experience) to N (end of experience).

• (4) Calculation of the emitted mass flux (Equation 2). The emitted
mass flux is the amount of mass emitted to the free stream flow per
unit of area and time. (E) in Fig. 2 shows the time series of emitted
mass flux;

Qti =
memitted(ti)−memitted(ti−1)

(ti − ti−1).S
(2)

where, Q is the emitted mass flux in g/min.m2, t is the time in minutes,
m is the mass in g and S is the area of the stockpile model surface in
m2.

• Fitting with an exponential curve (Equation 3) as seen in (E). Values
of the coefficients A and b are determined by means of the least square
method.

Q(i) = A.e−bti (3)
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Figure 3: Distribution of sand granulometry for the two tested cover rates

2.2. Granulometry description and oblong stockpile formation

The sand particles used in the wind tunnel experiments present a bimodal
distribution of granulometry (Fig. 3) in order to allow for the investigation
of the influence of non-erodible particles on dust emissions from a pile con-
stituted of erodible and non-erodible particles. The fine particles present a
mean diameter of 125 µm and the coarse particles, 850 µm. The cover rates
of non-erodible particles (the mass of non-erodible particles divided by the
total mass of sand) was determined using a sequence of sieves in which the
particles were sifted and weighted to give the mass percentage of each par-
ticles diameter range (Fig. 3). Two cover rate values are considered in the
present study: 10 and 20%.

Fig. 4 presents the take-off criterion obtained from the experimental stud-
ies of Iversen and White (1982), White (1982) and Foucaut and Stanislas
(1996). This criterion is based on the friction velocity (U∗) and particle di-
ameter (D̃p): from Foucaut and Stanislas (1996) Equations 4 and 5 and from
White (1982) Equation 6. The criterion is used to determine, for given flow
and particle characteristics, the erodibility conditions of the particle, i. e., if
the particle is erodible or non-erodible.
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D̃p = Dp/Dpref → Dpref =

(

ν2

γp

)1/3

(4)

Ũ∗ = U∗/U∗ref → U∗ref = (γpν)
1/3 (5)

where, ν is the kinematic viscosity of air, γp = (ρpg/ρair) the apparent
gravity, ρp is the particle density, ρair is the air density and g is gravity.

Ũ∗t = 22.71D̃0.043
p + 10.23D̃−0.118

p − 32.5 (6)

where, U∗t is the threshold friction velocity. The threshold friction velocity
is the friction velocity in which wind erosion is initiated. This velocity is
affected by surface and soil properties and herein is a function of the particle
size (Equation 6).

Three free stream velocities (6, 7 and 8 m/s) were tested in the wind tun-
nel. The friction velocity is estimated by Equation 7 determined by Kurose
and Komori (2001). Fig. 4 shows the calculated values of dimensionless fric-
tion velocity.

U∗ = U∗s (1 + 0.00431h
+
s ) (7)

where, U∗s is the friction velocity for the smooth wall and h
+
s is taken as

the dimensionless mean diameter of the non-erodible particles. The friction
velocities for smooth walls were experimentally measured for sand particles
in a reference work (Descamps, 2004).

The two ranges of sand particles diameters (erodible and non-erodible)
used in this work are shown as shaded areas in Fig. 4. The erodible and
non-erodible ranges of particles are, respectively, 56.0 - 194.2 and 500.0 -
1250.0 µm. The intersections between the plots of dimensionless friction ve-
locity (horizontal dashed lines) and the take-off criterion curve (black filled
line) define the critical diameters (DA and DB) for each velocity. The criti-
cal diameters indicate the dimensionless diameter range of erodible particles
(DA < D̃p < DB). Particles with dimensionless diameter lower than DA

are non-erodible due to adhesion forces. On the other hand, particles with
dimensionless diameter greater than DB are non-erodible due to their inertia.
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Figure 4: Take-off criterion: particles diameters and velocities tested

The oblong stockpile tested has the following dimensions: 0.074 m (height),
0.226 m (length) and 0.635 m (width), and 33.2◦ of angle of repose (charac-
teristic of an agglomeration of sand (Ferreira and Lambert, 2011)). The sand
stockpile models were built inside the wind-tunnel using a device manufac-
tured at Mines Douai similar to an industrial hopper (see Fig. 5). Several
tests were performed to ensure the repeatability of the pile shape and dimen-
sions given by this device.

3. Results and discussions

3.1. Repeatability of mass balance and continuous weighing

Preliminary tests were performed to verify the experimental measure-
ments repeatability. The typical configuration chosen for the repeatability
tests consisted of cover rate equal to 20% and free stream velocity equal to 7
m/s. Fig. 6 presents the temporal evolution of the emitted mass flux and the
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Figure 5: Wind-tunnel experimental hopper

emitted mass (calculated as the difference between the measured initial and
final total mass of the stockpile) for several tests. The temporal evolution
of the flux was calculated as described in section 2.1. Fig. 6 shows similar
tendency and values among the repeatability tests. The emitted mass flux
presents a generally good agreement concerning the temporal decreasing.
Emitted mass presents standard deviation equal to 15.3 and coefficient of
variation (defined as the ratio of the standard deviation to the mean) equal
to 6.5%.

3.2. Typical case: general description of wind erosion

This section presents an overall description of the wind erosion over a
granular material stockpile. The typical case considered here has cover rate
equal to 10% and free stream velocity of 7 m/s. Fig. 7 presents a top view of
the stockpile exposed to a perpendicular incoming flow in which distinctive
zones can be highlighted and numerical results of wall shear stress distribu-
tion on almost identical stockpile to illustrate details about the fluid flow on
this obstacle (cf. Turpin and Harion (2009) for details about the numerical
simulation).

It is worth to note that, there is a slight difference between the geometry
(stockpile dimensions and crest shape) of the stockpile models used in the
numerical and experimental simulations. The numerical simulation used a
stockpile of coal particles in which the angle of repose is 38◦ (Turpin and
Harion, 2009). On the other hand, the experimental work used a stockpile of

53



Figure 6: Repeatability tests of emitted mass flux and mass balance (cover rate = 20%
and free stream velocity = 7 m/s)

sand in which the angle of repose is 33.2◦. However, a qualitative comparison
is possible. The following significant fluid flow features are indeed noticed in
both pictures:

• flow separation zones where high friction on crest line and lateral sides
occur

• stagnation zone on windward wall where low levels of wall shear stress
take place

• recirculation zone on leeward wall

Fig. 7 presents six typical regions of wind erosion: two zones of high
levels of wall shear stress and erodible particles take-off (2 and 4), two zones
of particles agglomeration and low wall shear stress (1b and 5), one zone
showing no modifications on the original mixing of particles and low levels
of wall shear stress (3), a zone on the ground surrounding the pile in the
recirculation region (6) and finally, a zone on the pile surface where high wall
shear stress and agglomeration are observed (1a).

The wall shear stress on the stockpile surface causes the take-off of fine
particles which reveals the presence of the largest particles on the pile sur-
face and their displacement towards the stockpile bottom induced by gravity
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effects (from region 2 to 1a and 1b as shown in Fig. 7(a)). After the pave-
ment effect, when no more emission is noticed, regions 1a and 1b exhibit the
non-erodible particles as seen in Fig. 7. The most important change in the
original stockpile shape occurs in region 2 due to the high levels of shear
stress. The highest levels of wall shear stress occur on both lateral sides of
the pile facing the wind flow (regions 1a and 2) as shown by the numerical
simulation. Region 1a is the first erodible region on the pile to be totally
covered by the non-erodible particles.

A gradual variation of the wall shear stress is noticed on the windward
wall from the bottom to the top (expressed herein by regions 3 and 4 in
Fig. 7) and the corresponding distribution of non-erodible particles is found
in the photographs. Non-erodible particles are more concentrated on the
windward wall near the crest line. This can be explained by the fact that the
fluid flow detaches from the crest line (region 4) where there are high velocity
gradient values and thus, high shear stress levels. These particles near the
crest line are not moved due to gravity forces as they remain horizontally (or
in a small inclination) at the top of the stockpile and thus, protect this region
against wind erosion. In the impingement zone (region 3), the flow is devi-
ated towards the lateral walls and the crest and the initial sand distribution
remains.

Fig. 7(b) shows low levels of wall friction in region 5 and Fig. 7(a) presents
an agglomeration of non-erodible particles due two phenomena: rolling of
particles emerged on the crest line and recirculating zone on the leeward
wall. Finally, in region 6 (delimited by dashed white lines), the fluid flow
structures on the ground, illustrated in Fig. 7 by the arrows, (cf. Furieri et
al. (2012) for more details concerning the fluid flow pattern on the ground
region surrounding stockpiles) causes the particles of sand to accumulate. It
is worth to note that, in region 6, some non-erodible particles have effectuated
reptation movements which were clearly visualized during the experiments.

Fig. 8 shows the temporal variation of the emitted mass flux and the
corresponding experimental photographs. The white lines shown in the pho-
tographs in Fig. 8 bounds the agglomeration of non-erodible particles which
is caused, as mentioned before, by the particles that have rolled from the top
to the bottom (from region 2 to region 1a and 1b in Fig. 7) or have emerged
due to wind erosion. The region bounded by the white lines does not present
any significant modifications after 10’30” (the last photography presented in
this image) which is in agreement with the emitted mass flux that decreases
tending to a very small value. The curve shown in Fig. 8 indicates a fairly
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Figure 7: (a) Top view of eroded sand stockpile (cover rate = 10% and free stream velocity
= 7m/s) and (b) Numerical results of wall shear stress distribution on the pile surface (for
the two approaches, wind flow from top to bottom). The numerical data of wall shear
stress is presented as a non-dimensional value, divided by the value calculated on the
non-disturbed zone far from the pile.

rapid decrease of the emitted mass flux which may be associated to the sur-
face covering observed in the photographies. These analysis of Fig. 8 leads
to the conclusion that the decreasing of the emitted mass flux is directly
correlated to the covering of erodible surface by non-erodible particles.

3.3. Cover rate influence on particles emission

Two pile configurations with different cover rates were tested: 10 and
20%. Fig. 9 and Fig. 10 summarize the influence of cover rate on dust
emissions for a given free stream air flow velocity equal to 8 m/s.
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Figure 8: Typical evolution of experimental wind-tunnel photographs from beginning and
temporal evolution of the mass flux (cover rate = 10% and free stream velocity = 7 m/s)

Fig. 9(a) shows the temporal variation of the emitted mass flux. Fig. 9(b)
presents the photographs of the pile. These photographs were chosen to
enable the analysis of the effect of the non-erodible particles on dust emission
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Figure 9: Cover rate influence on time evolution of the emitted mass flux for airflow = 8
m/s: (a) plot of emitted mass flux and (b) experimental wind-tunnel photographs

from the lateral walls of the stockpile that represents the most eroded region.
It is clearly noticeable that the white lines bounding the eroded areas evolve
differently for different cover rates (Fig. 9(b)) and the emitted mass flux
present different time decaying trends for different cover rates (Fig. 9(a)).
The emitted mass flux decays faster in the case of 20% cover rate due to the
larger amount of non-erodible particles in the pile. As previously discussed,
the emitted mass flux is directly related to the mass of erodible particles
taken-off from the stockpile lateral walls which exhibit the highest levels of
wall shear stress. It can be confirmed by a more detailed observation of
particles distribution on the pile sides (regions A and B in Fig. 10).

Fig. 10 shows the region on the pile surface where the largest values of
wall shear stress occur (red dashed line). This region is determined by the
numerical simulations results as presented in Fig. 7(b). The same figure also
shows the regions where the pavement effect has occurred which are bounded
by white filled lines and it can be noticed that these two regions are different
for different cover rates, being smaller for smaller cover rate. In Fig. 10(a)
(cover rate 20%), more than half of the region bounded by the red dashed
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line is covered by non-erodible particles. In Fig. 10(b) (cover rate 10%), a
smaller region covered by non-erodible particles is noticed. The mass flux
temporal evolution for cover rate 20% indicates an intense decreasing from
one to four minutes. On the other hand, the emitted mass flux for cover rate
10% results is weaker for the same time interval. It means that the amount
of fine particles decreases faster for larger values of the cover rate.

Figure 10: Detailed analysis of the pavement of the regions A and B at 1’30”: (a) cover
rate = 20% and free stream velocity = 8 m/s and (b) cover rate = 10% and free stream
velocity = 8 m/s

3.4. Free stream velocity influence on particles emission

Fig. 11(a) presents the temporal variation of mass flux for the cover rate
10% and two of the tested free stream velocities (7 and 8 m/s). Fig. 11(b)
shows photographs at the instant t = 6’30” (chosen arbitrary) for each free
stream velocity presented in the plot. The influence of free stream velocity
on the erodible surface covering is associated with the correlation between
friction velocity and free stream velocity.
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Fig. 11(b) presents the regions of non-erodible particles agglomeration at
the chosen time instant for all tested velocities: region A on the stockpile
lateral walls, region B on the crest and windward wall and region C near the
ground on the leeward wall. Region A is larger for 8 m/s than for 7 m/s.
Regions B and C are totally covered by non-erodible particles for 8 m/s at
t = 6’30”. On the other hand, these regions are not paved for 7 m/s at the
same selected time.

As seen in Fig. 11(a), the emitted mass flux decreases more rapidly for
8 m/s. It is explained by the higher friction over the wall (when compared
to the free stream velocity 7 m/s) that causes non-erodible particles rapidly
emerge and agglomerate on the surface and thus accelerates the pavement
occurrence. The plots also shown that the free stream velocity has a smaller
influence on the decrease than the cover rate. The tendency for the very small
values of the emitted mass flux is very similar for the two tested velocities.
Indeed, the higher friction observed for 8 m/s is counterbalanced by the faster
covering of the erodible surface.

3.5. Comparison of emitted mass for all tested configurations

The emitted mass dependence on free stream velocity is presented in
Fig. 12 for all tested cover rates. Fig. 12(a) shows the results for all six
configurations tested in the wind tunnel and Fig. 12(b) presents the results
obtained by fitting second order polynomial curves these experimental data.

The influence of cover rate on the amount of emitted mass for the free
stream velocity of 6 m/s is very weak while it is very significant for 7 m/s
and 8 m/s. The emitted mass doubles as the cover rate decreases from 20%
to 10% for 7 m/s and 8 m/s. It is worth to note a more rapid increasing of
emitted mass with free stream velocity as cover rates decreases.

The curves presented in Fig. 12(b) seem to be analogous to the formu-
lation proposed by the USEPA (2006). This model is the most widely used
in the world for the estimation of dust emission from diffuse sources. The
erosion potential parameter in the USEPA model, which is the parameter
directly used to quantify the amount of dust emitted, is proportional to the
square of velocity as also shown in the curves presented in Fig. 12(b).

In summary, there is a strong dependence of the emitted mass on the per-
centage of non-erodible particles. For the same value of free stream velocity,
the amount of non-erodible particles strongly impact dust emission.
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Figure 11: Influence of the incident free stream velocity: (a) plot of emitted mass flux and
(b) experimental wind-tunnel photographs

Figure 12: Emitted mass for all tests carried out: (a) mass balance - wind-tunnel exper-
iments and (b) fitting with a power law function of dust emission for lower and higher
velocity values than the tested ones
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4. Conclusions

Wind tunnel experimental work was carried out to investigate the influ-
ence of non-erodible particles on the aeolian erosion of a sand pile model. Six
experimental configurations were tested: two cover rates (10% and 20%) and
three free stream velocities (6, 7 and 8 m/s). The granular material used in
the experiments was sand with bimodal granulometry: an erodible (125 µm)
and a non-erodible portion (850 µm). A weighing system was installed under
the test section in order to measure continuously the sand stockpile mass.

The general conclusions obtained in this study were:

• the analysis of temporal emitted mass flux indicates that its decay rates
depend on the amount of non-erodible particles present in the granu-
lar material: it decreases faster for a larger amount of non-erodible
particles,

• non-erodible particles accumulation on the pile surface causes a de-
crease in the amount of particles taken-off towards the free stream
flow,

• numerical simulations results of wall shear stress distribution agree with
erodible and non-erodible particles agglomeration on the pile surface
noticed from photographs,

• the photographs presented in this work indicate the impact of the tur-
bulent flow structures around the stockpiles on particles take-off: zones
of high shear stress on the crest line and lateral sides and zones of low
shear stress on the leeward wall (recirculation). The photographs also
show the gradual change of pavement on the pile lateral sides which are
the zones where the potential of particles take-off is most significant.
In these zones, non-erodible particle emerge and, due to gravity effects
and wind friction, roll down towards the ground, accumulating in the
bottom of the stockpile,

• the free stream velocity (for the same cover rate) influences the initial
decay rate of the emitted mass flux, as velocity increases, the decay
rate of emitted mass flux also decreases,

• mass balance (before and after the wind exposure) indicates that high-
est emission occurs for the highest velocity (8 m/s) and the lowest cover
rate (10%) tested,
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The results and discussions obtained herein are essential as a first step
to understand the impact of non-erodible particles on dust emissions of ob-
long stockpiles. The experimental simulations of different pile orientation in
relation to the wind direction and different cover rates values are the main
perspectives for future studies. The analysis of the temporal decreasing of
emitted mass flux should be included in the mathematical methodologies
used for dust emission quantification.
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3.1.2 Influence of stockpile orientation on the non-erodible particles effects on
dust emission

Last section has presented wind-tunnel experimental results of a sand made stockpile exclusively for
a perpendicular incoming wind flow. As a matter of fact, earlier studies (cf. section 1.4.2) have
shown that the incoming wind flow orientation has strong influence on the near wall flow pattern and
consequently on dust emissions. For that main reason, the present section aims to extend the analysis
shown in the last section for oblique piles. This influence has already been numerically studied in
literature and in the present study. The near wall fluid flow pattern is extremely different than for a
perpendicular oriented stockpile with more complex structures of the near wall fluid flow pattern.

Results are divided into three parts. Firstly, the distribution of non-erodible particles agglomerated
over the surface is analysed together with numerical contours of the near wall flow velocity ratio
(us/ur).Secondly, several plots of temporal decrease of emitted mass flux are presented. They are
similar to those shown in the previous section. The cover rate and the free stream velocity are the
parameters used in the comparisons. Finally, the amount of emitted mass for all angles of incidence of
the incoming wind flow, cover rates and velocity magnitude are summarized to enable the comparison
of dust emissions.

3.1.2.1 Comparison of non-erodible particles distribution pattern with CFD contours

The non-erodible particles agglomeration over the stockpile surface may be correlated with the
contours of near wall velocity distribution. It is worth to note that, the piles compared do not have
exactly the same dimensions. But, the distribution of wall friction is analogous.

Figure 3.1 shows the comparison between experimental and numerical approaches of wind erosion
prediction over an isolated stockpile oriented 30◦ to the incoming air flow. Figure 3.1a shows the
photographs of the experimental work in wind-tunnel. The photograph characterizes the stockpile
after the whole duration of the experimental test, i.e., no more erodible particle take-off is noticed.
Over the experimental photograph, dashed lines highlight zones of interest. The zones are selected in
terms of the pattern of non-erodible particles agglomeration. Indeed, they may indicate the situations
shown hereafter:

• highly eroded zones: erodible particles (fine ones) take-off while non-erodible particles emerge,
agglomerate and finally cover the surface,

• very weakly eroded zones, mainly near the bottom of the pile, where non-erodible particles
agglomerate after falling down from region near the crest due to gravity effects,

Figure 3.1b displays the results of numerical simulations: contours of near wall velocity distribution
(values of us/ur). The near wall velocity distribution is taken in this section to represent wall friction.

For the numerical and experimental stockpile models oriented 30◦, four regions were highlighted.
Region A which is the zone of incoming wind flow impingement is divided into two subregions, namely
A-1 and A-2. Subregion A-1 presents the smallest values of us/ur as predicted by previously validated
CFD calculations (Turpin and Harion (2009) [72], Furieri et al (2012) [31] and section 4.1.2). Here,
very small modifications are noticed on the original pattern of sand arrangement existing before the
experiments begin. On the other hand, in subregion A-2, the non-erodible particles emerge as the
wall friction becomes higher and promotes the taking-off of erodible particles.

Region B exhibits the highest levels of wall friction which are seen over the pile’s crest. This
region presents three subregions, namely B-1, B-2 and B-3. Subregion B-1 corresponds to the highest
levels of us/ur (which reaches 1.40, the maximum value). Observing the experimental stockpile,
a very large erosion is noticed. The stockpile shape at the end of the experimental work is not
strictly the same as at the beginning of the tests. A high agglomeration of non-erodible particles is
also observed, emerged after the erodible particles have taken-off. Subregions B-2 and B-3 indicate
zones of low erosion levels. The pattern is then different to that shown in subregion B-1. It can be
observed well delimited zones where the erodible surfaces are still covering the surface. In Region C
the highlighted surface is entirely covered by non-erodible particles. Two situations occur: high wall
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Figure 3.1: Qualitative comparison of erosion for an oblong stockpile oriented 30◦: (a) experimental
photographs representing a top view of the pile and some highlighted zones and (b) contours of
us/ur values from CFD calculations

friction with emerging non-erodible particles and the effects of gravity that causes the agglomeration
near the ground in where the friction is much less important.

On Region D, the zones of different levels of erosion are easily noticed on the experimental
photograph. The most upstream zone over the pile presents a local elevation of us/ur values (sub-
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region D-1). Accordingly, non-erodible particles accumulate over this sub-region. Over the subregion
D-2 the original pattern remains unchanged with erodible particles covering the surface. Moreover,
in the right of Region D, a significant agglomeration of coarse particles are observed. This region,
on the most downstream part of the leeward wall, presents high levels of wind erosion.

Figures 3.1.2.1a and 3.1.2.1b are, respectively, experimental photographs and numerical contours
of near wall wind velocity for the stockpile oriented 60◦. For this orientation, four regions were also
highlighted. Region E, in the right of the impingement zone on the windward wall, is divided in two
subregions: E-1 and E-2. In Figure 3.1.2.1b, the numerical contours show two categories of wall
friction. That corresponding to subregion E-1 presents low levels of wall friction (maximum us/ur

values equal to about 0.35) and in the photograph a distribution in which erodible particles cover
the surface with a very low quantity of non-erodible particles is shown. The other side of region E
(subregion E-2), presents a gradual evolution of the erosion levels over the stockpile surface. On
the experimental photograph, the agglomeration of non-erodible particles is the pattern seen over
subregion E-2.

Region F shows two very interesting subregions of this comparison. On subregion F-1, attention
was paid to the crest line. The original shape of the stockpile model rounded crest is completely
changed in which a great quantity of particles takes-off. The erosion stops after the covering by
the non-erodible particles. The erosion levels shown by numerical simulations are around 1.80, the
highest. On subregion F-2, a particular situation is noticed. Numerical results indicate low levels of
us/ur and a distribution of erodible particle is expected but not happens. As previously explained,
the agglomeration of non-erodible particles seen in subregion F-2 may be uniquely caused by the
emerged ones eroded on the crest rolling towards the bottom due to gravity effects.

The numerical distribution of near wall velocity shown in Region G (leeward wall of the stockpile
oriented 60◦) presents also a good agreement with the experimental photographs. At this point of
the crest the wall friction is still important and coarse particles are noticed covering the surface.
Also, subregion G-1 does not present the emerging of non-erodible particles and the pattern observed
is a uniform distribution of fine particles. Near the ground level, the effects of the main vortex
(formed on oblique oriented stockpiles and presented by Turpin and Harion (2009) [72] and Furieri
et al (2012) [31]) are clearly seen in both representations of subregion G-2. Finally, region H,
divided in subregions H-1 and H-2, shows the repartition of low and high friction (predicted in
numerical simulations) in the distribution of non-erodible particles over the surface. The zone between
subregions H-1 and H-2 should present a surface covered by fine particles due to the low levels of
friction seen in the numerical contours. However, it presents an agglomeration of non-erodible ones.
These particles are accumulated in this region caused by gravity effects.

The main conclusions obtained in this section fulfil the first aim of this section. A qualitative
comparison was performed and a good agreement was noticed for the two tested orientations. The
complex structures of the fluid flow over the surface of an oblique stockpile initially only predicted
by numerical simulations [3,31,72], were partial qualitatively validated. The qualitative analysis con-
cerned an oblong stockpile of a mixing of erodible and non-erodible particles. Herein, the qualitative
investigation of the final distribution of non-erodible particles over the eroded pile’s surface permitted
the observation of different zones of wind erosion that exist over an oblong stockpile surface. For both
wind flow directions, the numerical simulations predicted a crest highly eroded and an experimental
pile’s crest completely modified. The two possible patterns of non-erodible particles agglomeration
over the stockpile surface were also attested in both orientations. Moreover, the effects of the main
vortex on the leeward wall, as well as, the ineffective erosion regions over the pile are clearly noticed
on the experimental photographs.

3.1.2.2 Influence of cover rate and wind flow velocity on the temporal evolution of emitted
mass flux of sand

The present section analyses the temporal evolution of the emitted mass flux obtained by continuous
measurements in wind-tunnel. Previously, section 3.1.1, with focus on the perpendicular orientation,
has carried out an equivalent analysis that will be presented herein for 30◦ and 60◦. Indeed, the
present discussions concern the possible modifications that may occur on the influence of non-
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Figure 3.2: Qualitative comparison of erosion near the surface of an oblong stockpile oriented 60◦:
(a) experimental photographs representing a top view of the pile and some highlighted zones and
(b) contours of us/ur values from CFD calculations

erodible particles on the temporal evolution of emitted mass flux for oblique stockpiles. In addition,
the influence of cover rate and incoming wind velocity magnitude on the plots of emitted mass flux
are likewise subject of interest. The results are divided into three parts for each tested wind flow
orientation:

• evolution of non-erodible particles agglomeration over the surface (known as covering of the
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Figure 3.3: Temporal evolution of surface covering in wind-tunnel experiments of a stockpile oriented
30◦, cover rate 10% and wind velocity 7 m/s: (a) plot of emitted mass flux and (b) experimental
photographs of sand stockpile top view in which dashed lines show the evolution of non-erodible
particles agglomeration
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Figure 3.4: Influence of the cover rate on the temporal decrease of the emitted mass flux of a
stockpile oriented 30◦ and wind velocity equal to 8 m/s: (a) plot of emitted mass flux and (b)
experimental photographs of sand stockpile top view in which dashed lines show the evolution of
non-erodible particles agglomeration

erodible surface) together with the decrease of the emitted mass flux for a given configuration:
correlation between the zero mass flux reached in the plot and the last pattern observed by
the surface covering,

• analysis of the plot of temporal evolution of emitted mass flux and the non-erodible particles
distribution over the sand pile for a same incoming wind velocity and different cover rate values
and

• identical analysis of the precedent item, but for three wind velocity magnitudes and one cover
rate.

Figure 3.3 exhibits the temporal evolution of the emitted mass flux for an isolated stockpile
submitted to a turbulent flow in wind-tunnel. Additionally, a sequence of photographs, which are
top views of the stockpile during the experience, is presented.

The decrease of the emitted mass flux, noticed in the plot of Figure 3.3a, may be explained
through the growing surface for non-erodible particles which covers more and more the pile surface.
The emitted mass flux presents a rapid decrease during the first four minutes. The photographs in
Figure 3.3b show the begin of the covering over the crest line, the most eroded zone over the pile,
at 2’30”. The photographs after 2’30” show the evolution of the pavement over the highly eroded
regions, namely, the leeward wall (effects of the main vortex) and some zones over the windward
wall. The pattern shown at 10’30” remains unchanged if the air still flows over the pile. At this
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Figure 3.5: Influence of the wind velocity on the temporal decrease of the emitted mass flux of a
stockpile oriented 30◦ and cover rate equal to 10%: (a) plot of emitted mass flux and (b) experimental
photographs of sand stockpile top view in which dashed lines show the evolution of non-erodible
particles agglomeration

time, the emitted mass flux is undoubtedly zero as shows the plot. Finally, it should be said that the
temporal decrease of the emitted mass flux varies accordingly with the pavement of the surface by
the non-erodible particles.

The influence of the amount of non-erodible particles, i.e., the cover rate, for the same orientation,
is analysed in Figures 3.4a and 3.4b which present, respectively, the plot of temporal decrease of
emitted mass flux and the evolution of the agglomeration of non-erodible particles over the stockpile
surface for 10 and 20% and a high wind velocity of 8 m/s.

The temporal decrease seems to be slightly faster for the cover rate 20%. The erosion at the level
of the stockpile crest is very strong for this orientation (30◦). There are more erodible particles in
the cover rate 10%. Thus, those erodible particles are rapidly eroded from the crest and enable the
the agglomeration of the emerging non-erodible particles. The pavement occurs faster on the crest
zone for this cover rate. The zero seems to be reached slightly faster for 20% as the mass flux is
smaller since the beginning and the higher amount of non-erodible particles develops this condition.
The cover rate has lower influence on the different evolution patterns of emitted mass flux decrease
than it was observed for the perpendicular orientation.
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Figure 3.6: Temporal evolution of surface covering in wind-tunnel experiments of a stockpile oriented
60◦, cover rate 10% and wind velocity 7 m/s: (a) plot of emitted mass flux and (b) experimental
photographs of sand stockpile top view in which dashed lines show the evolution of non-erodible
particles agglomeration

Figure 3.5 shows the temporal evolution and photographs for the two tested velocities and a
same cover rate (10%). The photographs taken at the same time instant, indicate a higher covering
for 8 m/s. The initial values (first four minutes, approximately) of emitted mass flux are also highly
different among the tested velocities: almost two times the value for 8 m/s compared with 7 m/s.
The plot for 8 m/s shows a rapid decrease. As a result of that the zero seems to be reached at the
same time for the two configurations.

Identical analysis, as those carried out for the stockpiles oriented 30◦ are shown in Figure 3.6, 3.7
and 3.8 for another oblique configuration: 60◦. The zones of erosion over the pile (see Figure 3.1.2.1
for more details about the distribution of wall erosion) shows that the main eroded zones are entirely
covered at the instant 8’30” and 10’30”. It is worth to note that, the instant of surface covering
happens later for this orientation than for 30◦. This is in-line with previous CFD calculations and
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Figure 3.7: Influence of the cover rate on the temporal decrease of the emitted mass flux of a
stockpile oriented 60◦ and wind velocity equal to 8 m/s: (a) plot of emitted mass flux and (b)
experimental photographs of sand stockpile top view in which dashed lines show the evolution of
non-erodible particles agglomeration

mathematical quantification of dust emission (Turpin and Harion (2009) [72] and Furieri et al.
(2012) [31]) have already predicted that the oblique orientation 30◦ is the more eroded among the
tested configurations.

Furthermore, Figures 3.7 and 3.8, showing respectively the influence of cover rate and wind
velocity. The analysis of the influence of cover rate is quite different for 60◦. The temporal evolution
presents a slower decrease for the tested case presenting more non-erodible particles. The photographs
in Figure 3.7 qualitatively check this statement. The evolution of the covering is very similar between
the two cover rate values. The very strong erosion in these oblique configurations cause a high
movement of the coarse particles over the surface. Thus, for a longer time the erodible surface is
free for erosion. The wind velocity promotes equally evolution in time for each tested velocity.

The last part of this section concerns the summary of mass balance (weighing of the sand model
stockpile before and after the wind-tunnel experiments) for the three incoming flow orientations
tested in this work. Thus, Table 3.1 shows the values of emitted mass. These values are shown in
grammes. For each value, an interval is presented, which is the result of the uncertainty calculated by
means of repeatability tests carried out for at least one configuration of all tested orientations (those
tests are detailed, for the perpendicular configuration, in section 3.1.1). The uncertainty considered
for the values of emitted mass flux is the standard deviation of the repeatability tests which is about
100 g/min.m2. The values of emitted mass shown in Table 3.1 reveal a pattern similar to that
predicted in the numerical quantification (cf. section 4.1.2 for more details about the dust emissions
estimation). There is a generally good agreement between the present experimental mass balance
and numerical prediction.

The values of emitted mass for the orientation 30◦ are slightly higher (mean values) or even may
present the same values of other orientations depending on the uncertainty. For all tested cases, the
dust emission is considerably lower for the highest cover rate value (20%). Also, for all orientations

74



Figure 3.8: Influence of the wind velocity on the temporal decrease of the emitted mass flux of a
stockpile oriented 60◦ and cover rate equal to 10%: (a) plot of emitted mass flux and (b) experimental
photographs of sand stockpile top view in which dashed lines show the evolution of non-erodible
particles agglomeration

and cover rate values tested, the dust emission increases with the increase of wind velocity.

3.1.2.3 Conclusions

Wind-tunnel experiments were carried out for oblique oblong stockpiles, additionally to the results pre-
viously presented for the perpendicular orientation. The overall results have shown a good agreement
between numerical distribution of wall friction, and qualitative visualization of the agglomeration of
non-erodible particles on the stockpile surface. The zones of strong wind erosion, namely the crest
and the effects of the main vortex on the leeward wall, are easily identified in the experimental pho-
tographs. Furthermore, during the experiments the non-erodible particles cover the erodible surface
of the piles. The pavement condition is noticed in the plots of emitted mass flux in which a temporal
decrease exists for all tested configurations. Cover rate and wind velocity magnitude have shown
influence on the temporal decrease but with lower importance. Briefly, higher cover rates cause the
faster covering of the surface.

These last two sections are primarily important in the definition of the characteristics of the tur-
bulent wind flow over oblong stockpile models composed by real particles. It is worth to note that,
this genre of analysis of the wind flow on the wall of a storage pile has never been yet carried out.
Previously works in the open literature have only been focused on flat bed of particles. This state-
ment reinforces the fact that these investigations are recent and largely assists the understanding of
the diffuse sources erosion behaviour in the presence of non-erodible particles and various meteoro-
logical conditions (for instance, incoming wind flow orientation and magnitude). The main practical
application of this study is the summary of the overall information acquired for the three tested wind
flow orientations to achieve a proposition of substantial modifications in the mathematical model of
dust emission quantification widely used (USEPA (2006) [75]). Finally, the results have checked, for
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Table 3.1: Summary of emitted mass balance [g]
Cover rate: 10% Cover rate: 20%

Orientation Velocity [m/s] Mmin - Mmax M Mmin - Mmax M

6 183.9 - 204.5 194.2 91.0 - 101.2 96.1
30◦ 7 441.0 - 490.4 465.7 232.2 - 258.2 245.2

8 758.9 - 843.9 801.4 396.5 - 440.9 418.7
6 165.9 - 184.5 175.2 90.3 - 100.5 95.4

60◦ 7 436.0 - 484.8 460.4 222.5 - 247.5 235.0
8 756.5 - 841.1 798.8 380.8 - 423.4 402.1
6 126.9 - 141.1 134.0 80.9 - 89.9 85.4

90◦ 7 429.0 - 477.0 453.0 221.2 - 246.0 233.6
8 717.4 - 797.8 757.6 376.1 - 418.3 397.2

the several tested conditions, the presumption that non-erodible particles have a strong influence on
the dust emission pattern.

3.2 Local analysis of the influence of non-erodible particles on dust
emissions by means of numerical simulation approach

Previous sections have been focused on experimental measurements to analyse the influence of non-
erodible particles on the aeolian erosion of granular material agglomerations. The present section,
on the contrary, focuses on numerical simulations. Two numerical works were performed about
the non-erodible particles which are taken herein as roughness elements. The first analysis is about
steady simulations applying a RANS turbulence models in which the domain contains a poly-dispersed
distribution of roughness elements. The main objective is the validation of a formulation presented
in literature that associates the evolution of mean friction of an erodible surface with geometrical
parameters of the roughness elements. The second part, initially presented in the perspectives of the
study, deals with a LES investigation of roughness elements. The objectives include the understanding
of the turbulence on a bed of roughness elements and particularities given by an unsteady simulation.

3.2.1 Numerical modelling of aeolian erosion over a surface with poly-dispersed
roughness elements

Numerical simulations were carried with an open-source CFD code to obtain the fluid flow descrip-
tion over a bed of poly-dispersed roughness elements. The results are presented as an article, to
be submitted to the "Earth Surface Processes and Landforms" journal, entitled "Numerical
modelling of aeolian erosion over a surface with poly-dispersed roughness elements". The
investigation is interested in the evolution of the shear stress over the underlying surfaces surrounding
non-erodible particles. The domain containing an erodible surface in the presence of non-erodible
particles impinged by a turbulent boundary layer represents a typical surface of granular materials
agglomeration. The reference work performed by Turpin et al. (2010) [71] proposed a formulation
to describe the evolution of the mean friction velocity over the surface in the presence of roughness
elements which represent the non-erodible particles. The mean friction velocity (shear at the wall) is
a function of geometrical parameters of the domain. The formulation permits the understanding and
quantitative analysis of how the presence of non-erodible particles attenuates the aeolian erosion. In
fact, the purpose of the paper is check the validity of the formulation for a larger range of cases. The
original formulation is based on numerical simulations of mono-dispersed distributions of roughness
elements. The present numerical simulations are all based on a poly-dispersed distribution.
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Abstract9

The present study is focused on the analysis of the mean wall friction10

velocity on a surface including roughness elements exposed to a turbulent11

boundary layer. These roughness elements represent non-erodible particles12

over an erodible surface of an agglomeration of granular material on indus-13

trial sites. A first study (Turpin et al., 2010) has proposed a formulation that14

describes the evolution of the friction velocity as a function of geometrical15

parameters and cover rate with different mono-dispersed roughness distri-16

butions. The present simulations deal with poly-dispersed distribution of17

particles with a random sampling of diameter, height, position and arrange-18

ment. The evolution (relative to geometrical parameters of the roughness19

elements) of the friction velocity for several poly-dispersed distributions of20

roughness elements was analysed by the equation proposed in the literature21

and compared to the results obtained with the numerical simulations. This22

comparison showed a very good agreement. Thus, the formulation developed23

for mono-dispersed particles was found to be also valid for a larger spec-24

tra of particles noticed on industrial sites. The present work aims also to25

investigate in details the fluid mechanics over several roughness particles.26
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Table 1: Definition of symbols used in this paper
Symbol Units

(SI)
Definition

ap1, mp1, np1,
ap2, mp2, np2

Coefficients of Equation 2

b [mm] Roughness element diameter
CR Roughness element drag coefficient
CS Surface drag coefficient
h [mm] Roughness element height
hS [mm] Mean roughness elements height
m Surface shear stress inhomogeneity parameter
Np Number of roughness elements
Pfric Roughness element geometrical parameter (TDC.Sfloor/Sfrontal)
Rfric Friction velocity ratio
Rt Threshold friction velocity ratio
R Correlation coefficient
Sfloor [mm2] Roughness element basal surface
Sfrontal [mm2] Roughness element frontal surface
S [mm2] Computational domain basal surface
TDC Cover rate (TDC = (

∑
Sfloor)/S)

u∗R [ms−1] Friction velocity for an erodible surface protected by roughness elements
u∗S [ms−1] Friction velocity for a smooth erodible surface
u∗t [ms−1] Threshold friction velocity
u∗t−R [ms−1] Threshold friction velocity for an erodible surface protected by roughness

elements
u∗t−S [ms−1] Threshold friction velocity for a smooth erodible surface

x, y and z [m] Computational coordinates
x+, y+, z+, u+

and h+
S

Coordinates, streamwise wind velocity and mean roughness height in wall
units

β Ratio of roughness element to surface drag coefficients
λ Roughness density
ν [m2s−1] Kinematic viscosity
ρ [kgm−3] Air density
σ Ratio of roughness element basal to frontal area (Sfloor/Sfrontal)
τ [Pa] Total shear stress
τR [Pa] Roughness element shear stress
τS [Pa] Surface shear stress
τref [Pa] Reference shear stress computed over an erodible surface without roughness

elements

1. Introduction30

This work is within the framework of environmental effects caused by the31

aeolian erosion of granular materials (for example, coal or iron) commonly32

encountered on industrial sites. Diffuse sources generated by aeolian erosion33

events have motivated several studies (Zobeck et al. (2003); Castel (2006);34

Roney andWhite (2006); Badr and Harion (2007); Guingo and Minier (2008);35

Neuman et al. (2009); Roney and White (2010); Ferreira and Lambert (2011);36

Furieri et al. (2012)). Another kind of investigations is concerned with the37

quantitative analysis of atmospheric pollution. For that aim, mathematical38
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models are often employed. The models commonly encountered for the quan-39

tification of dust emission from diffuse sources present a lack of information40

regarding: the effects of coarse particles on the decrease of the emitted mass41

flux, the interactions between nearby sources and all kind of buildings that42

surround the sources, the atmosphere stability, and others.43

Thus, the present study focuses on the local analysis of an erodible sur-44

face exposed to wind erosion in the presence of coarse particles found on45

granular material agglomerations. These particles are treated in our study46

as roughness elements over a smooth surface. For a given wind velocity, an47

agglomeration of granular material with a large size distribution, is a mixing48

of erodible and non-erodible particles (Gillette and Stockton (1989); Neu-49

man and Nickling (1995); Neuman (1998); Al-Awadi and Willetts (1999);50

Gimenez et al. (2006); Lopez et al. (2007); Jiang et al. (2008); Benkhaldoun51

et al. (2011); Webb and Strong (2011)). By definition, the erodibility of52

particles submitted to aeolian erosion depends on the incoming wind flow53

velocity and their diameter. The non-erodible particles do not take-off from54

the surface because of their inertia.55

The analysis of an erodible surface in the presence of non-erodible parti-56

cles exposed to a turbulent wind flow is usually carried out by means of the57

wall shear stress repartition over the erodible surface. This approach was58

introduced, for roughness studies, by Schlichting (1968). The total stress (τ)59

is split into τR, the stress on roughness elements (non-erodible particles) and60

τS, the stress on the underlying surface.61

Earlier investigations have shown that the soil wind erosion is strongly62

attenuated by the presence of non-erodible particles. The near fluid flow63

over erodible surfaces in the presence of non-erodible particles (roughness64

elements) can be summarized by the following points Raupach et al. (1993);65

Neuman and Nickling (1995); King et al. (2005); Shao and Yang (2005);66

Gillies and Nickling (2007); Turpin et al. (2010):67

• increase of the threshold friction velocity,68

• decrease of the mean friction velocity and consequently of the soil erodi-69

bility and70

• temporal decrease of the emitted mass flux71

In fact, a phenomena commonly called pavement effect happens as the72

non-erodible particles emerge on the erodible surface and finally cover the73
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whole surface. Thus, the erodible particles can not be exposed to wind flow.74

The protection is characterized by the decrease of the mean shear stress on75

the underlying surface.76

The purpose of this work is to continue the original research initiated77

by Turpin et al. (2010) for mono-dispersed particles. Numerical simulations78

were performed from which a mathematical formulation was proposed to79

associate the geometrical characteristics of the non-erodible particles and the80

mean friction velocity of the erodible surface. Shortly, the above mentioned81

formulation proposes an evolution of the value of the friction velocity on82

the underlying surface (i.e., applied to erodible particles) as a function of83

roughness elements parameters.84

The formulation developed by Turpin et al. (2010) is presented by Equa-85

tions 1 and 2.86

Rfric =
u∗R
u∗S

(1)

1−Rfric = ap.(TDC)mp .(Sfrontal/Sfloor)
np (2)

where:87

in Equation 1, u∗R and u∗S are the friction velocities for, respectively, rough88

and smooth walls. In Equation 2, TDC is the cover rate, Sfrontal = bhNEP89

and Sfloor = πb2/4 are respectively the frontal and the basal area of a rough-90

ness element represented by a cylindrical non-erodible particle (b and hNEP91

are the particle diameter and height, respectively), ap, mp and np are em-92

pirical coefficients determined by the mono-dispersed numerical simulations93

carried out in the previous study. The coefficients depend on the range of94

the particle parameters.95

The formulation proposed by Turpin et al. (2010) was achieved after sev-96

eral similar numerical simulations. It was found that the parameter 1−Rfric97

increases with the increase of Pfric=TDC · (Sfrontal/Sfloor) in two different98

ways: higher slope when Pfric is between 0 and 2 and a smaller slope when99

Pfric is between 2 and 8. This behaviour is linked to the modification of100

the flow regime due to a modification of the roughness elements distribution.101

This modification observed in the flow behaviour was also previously found102

out by Lee and Soliman (1977). Therefore the coefficients in Equation 2103

depend on the range of Pfric.104

In the present paper, the range of cases to be simulated was based on105

the same limits imposed by Turpin et al. (2010) for their formulation: the106
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parameter Pfric is equal to a maximum of 8 which covers a large range of107

particles in nature.108

Despite the contribution of the formulation to improve the understanding109

of the impacts of the non-erodible particles and the manner in which the110

friction velocity is accounted for, the formulation still presents a restriction.111

The numerical simulations carried out by Turpin et al. (2010) suppose that112

all the roughness elements show the same emerging level and have the same113

diameter. Nevertheless, on industrial sites, the mono-dispersed condition is114

very rarely accomplished. It has arisen the interest in checking the robustness115

of the formulation proposed by Turpin et al. (2010) (Equation 2), with the116

same parameters and coefficients for a poly-dispersed roughness elements117

distribution, or perhaps, determining some modification to be considered in118

the model coefficients.119

For each simulation in the present study, particles diameters and heights120

are randomly chosen from a defined range of values. Therefore, numerical121

simulations were carried out with the open source Computational Fluid Me-122

chanics (CFD) code Code Saturne (Archambeau et al. (2004)). Moreover,123

the present work will exclusively investigate cylindrical particles, as they are124

more representative than spherical particles of the fully random pattern ob-125

served on industrial sites. In addition, a particular attention is paid to the126

fluid mechanics analysis over a surface presenting roughness elements. The127

effects of roughness particles are important on the turbulent pattern of the128

wind flow (Lee and Soliman (1977); Li and Martz (1995); Kurose and Ku-129

mori (2001); Carney et al. (2005); Orlandi and Leonardi (2008); Sutton and130

Neuman (2008)). This investigation aims to improve the manner in which131

some models take into account the evolution of the amount of non-erodible132

particles.133

2. Numerical simulations134

2.1. Geometry, meshing and boundary conditions135

All the results presented in this study were obtained by means of nu-136

merical simulations. The three dimensional (3D) equations of mass and mo-137

mentum governing the phenomena were computed with the open-source code138

Code Saturne (Archambeau et al. (2004)) which is based on a finite volume139

approach for co-located variables on an unstructured grid. It can handle140

complex geometries and physics. In our numerical simulations, we used a141

steady Reynolds Average Navier Stokes (RANS) approach and turbulence142
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Figure 1: Computational domain: (a) dimensions and boundary conditions, (b) mesh on
the wall of the erodible surface and roughness elements and (c) vertical mesh distribution

effects were accounted for by using the k-ω Shear Stress Transport (SST)143

model without wall functions for the turbulence damping near walls.144

Figure 1(a) shows the computational domain and the boundary condi-145

tions. The poly-dispersed pattern of the numerical simulations can be no-146

ticed in Figure 1. For all tested configurations, the domain is a rectangular147

box. The base is a square of 30 mm and the height is 100 mm. The dimen-148

sions of the base of the computational domain were chosen to be statistically149

representative of the repetition pattern of the particles: flow pattern and150

turbulent characteristics. Badr (2007) has validated these dimensions for a151

mono-dispersed configuration with non-erodible elements with diameters of152

1.0 to 3.0 mm and cover rates up to 20%. Later in the present work, a com-153

parison for different spatial distributions of particles, for a same tested case,154

is presented to validate the domain dimensions for poly-dispersed configura-155

tions.156

A periodic boundary condition is applied in the streamwise flow direction,157
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since the pattern of the flow solution is expected to be periodic (Turpin et158

al., 2010). In this way, the mass flow is fixed for a corresponding mean159

longitudinal velocity value equal to 8 m/s. For the upper boundary condition160

and laterals, symmetry is imposed to reduce computational efforts. Smooth161

walls with no-slip conditions are set at roughness elements and ground walls.162

Meshing and turbulence modelling choices were based on previous similar163

numerical calculations carried out by Turpin et al. (2010). Figures 1(b) and164

(c) present the meshing details. The mesh is produced by an extrusion from165

triangular cells defined on the erodible surface and roughness elements walls166

(see Figure 1(b)) towards the interface boundary of the computational do-167

main. Indeed, the calculation domain was divided into two parts with an in-168

terface at a height equal to three times the largest diameter (see Figure 1(c)).169

The use of an interface allows to mesh the upper part with quadrilateral ele-170

ments for a better computational efficiency. Near the particles and the walls171

the mesh was constructed with hexahedral and pentahedral elements for a172

good refinement in the spanwise and streamwise directions. As required by173

the closure of the turbulence model there is a mesh refinement near the wall174

surface where z+ ≤ 1.5 (to ensure no use of wall functions) based on the175

friction velocity for the smooth case.176

It is worth to note that, the numerical simulations perfomed by Turpin177

et al. (2010) were validated with previous numerical and experimental stud-178

ies concerning roughness elements. The same comparison and validation is179

performed in the present study (Figure 2). The comparison plots the ratio180

of threshold friction velocity Rt = u∗t−r/u
∗

t−s versus the roughness density181

λ = NpbhNEP/SNEP in logarithmic representation.182

The roughness density λ was defined by Marshall (1971) which stated183

that the shear stress partition depends primarily on the roughness density184

parameter λ and on lesser extend on roughness shape and distribution. With185

our numerical results the same mean behaviour was found out.186

Rt =
u∗t−r
u∗t−s

=

[

1

(1−mσλ)(1 +mβλ)

]1/2

(3)

where, β is the ratio of the drag coefficient CR of an isolated roughness187

element on the surface to the drag coefficient CS of the substrate surface188

itself. Values for CR are approximately 0.25 for cylinders (Taylor, 1988)189

and values for CS have been reported to be approximately 0.0025 (Crawley190

and Nickling, 2003). σ is the basal-to-frontal area ratio of the roughness191
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Figure 2: Comparison of the friction velocity ratio Rt from various sources )(Marshall
(1971), Lyles and Allison (1975), Gillette and Stockton (1989), Musick and Gillette (1990),
McKenna Neuman and Nickling (1995), Crawley and Nickling (2003), Gillies et al. (2007),
Turpin et al. (2010)) with those from the numerical simulations presented in this paper.
Error bars 20% represent the accuracy of the Gillette and Stockton (1989) data.

elements, and m < 1 is a parameter accounting for differences between the192

average substrate surface stress and the maximum stress on the surface at193

any point (see Turpin et al. (2010) for more details).194

A comparison was performed between the numerical data of Turpin et195

al. (2010) and those presently obtained with the above mentioned numeri-196

cal model Code Saturne for the same mono-dispersed configurations. These197

extra simulations make sure that the code and numerical model used in the198

present work give the same results as previously taken into consideration to199

construct the formulation. Table 2 presents the three mono-dispersed config-200

urations simulated with Code Saturne and previously with Fluent in Turpin201

et al. (2010). A good agreement was found out for the values of 1 − Rfric202

calculated with the two codes. The three cases were chosen to represent very203

different particles distributions. These results are plotted in Figure 3(a) by204

three extra couple of points, green and red.205
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Two additional simulations were performed (beyond the tests presented in206

Table 3) to validate the representativeness of the computational domain: for207

the same values of TDC and (Sfrontal/Sfloor), the geometry parameters were208

changed (particle heights, diameters and distribution). The values of 1−Rfric209

computed with the numerical results show a maximum difference of 5.2%210

between the tested cases. This low difference validates the domain dimensions211

and we may consider that it is well representative of the repeatability found212

in nature.213

Table 2: Comparison of mono-dispersed configurations: present numerical simulations
with Code Saturne vs (Turpin et al., 2010) numerical simulations with Fluent

Test Np b [mm] h [mm] TDC 1−Rfric Code Saturne 1−Rfric Fluent
A 14 1.830 0.600 4.06 0.163 0.160
B 42 1.960 0.800 13.98 0.379 0.374
C 14 0.870 0.100 0.89 0.002 0.000

2.2. Tested configurations214

Several configurations of poly-dispersed particles were carried out and215

they are listed in Table 3. The parameters that define each test are:216

• range of particle diameters (b),217

• mean diameter (b),218

• range of particle heights (hNEP as a percentage of b),219

• mean height (hNEP ),220

• number of particles (Np),221

• cover rate TDC = (
∑

Sfloor)/S,222

• Pfric=TDC · (Sfrontal/Sfloor),223

• 1 − Rfric directly assessed from numerical computations of the mean224

friction velocity on the erodible surface (u∗r),225

• 1 − Rfric calculated with the formulation proposed by Turpin et al.226

(2010) (Equation 2).227
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Table 3: Tested configurations
Test b [mm] b[mm] h [% (b)] h[mm] Np TDC P∗

fric
u∗r [m/s] 1−R∗∗

fric
1−R∗∗∗

fric

1 0.5-1.0 0.75 20 - 50 0.263 20 0.97 0.396 0.3415 0.049 0.032
2 0.5-1.5 1.00 10 - 30 0.200 18 2.01 0.536 0.3419 0.048 0.039
3 0.5-1.0 0.75 20 - 50 0.263 23 1.38 0.636 0.3379 0.059 0.053
4 0.5-1.0 0.75 20 - 50 0.263 43 2.05 0.927 0.3302 0.081 0.079
5 1.5-2.0 1.75 10 - 30 0.350 15 3.88 1.149 0.3237 0.099 0.090
6 0.7-1.7 1.20 10 - 40 0.300 34 4.13 1.206 0.3266 0.091 0.093
7 0.5-1.0 0.75 20 - 50 0.263 52 2.58 1.226 0.3239 0.098 0.100
8 1.0-1.5 1.25 10 - 30 0.250 42 5.87 1.426 0.3183 0.114 0.109
9 2.5-3.5 3.00 10 - 20 0.450 11 8.44 1.611 0.3099 0.137 0.118
10 0.5-1.5 1.00 20 - 50 0.350 46 4.16 1.942 0.3026 0.157 0.168
11 1.0-3.0 2.00 20 - 45 0.650 11 4.64 2.088 0.2984 0.169 0.169
12 0.7-1.7 1.20 10 - 40 0.300 54 6.57 2.111 0.3419 0.154 0.160
13 1.0-1.5 1.25 10 - 45 0.333 51 6.67 2.163 0.3012 0.161 0.165
14 1.0-2.0 1.50 40 - 50 0.675 20 4.32 2.492 0.2916 0.188 0.196
15 1.0-3.0 2.00 25 - 45 0.700 14 5.98 2.542 0.2909 0.190 0.190
16 1.5-2.0 1.75 05 - 50 0.481 25 8.51 2.793 0.2910 0.190 0.193
17 0.7-1.7 1.20 20 - 50 0.420 56 7.28 3.279 0.2809 0.218 0.222
18 1.0-3.0 2.00 20 - 40 0.600 25 8.14 3.379 0.2822 0.214 0.225
19 2.0-2.5 2.25 40 - 50 0.750 15 6.50 3.678 0.2724 0.242 0.250
20 1.0-3.0 2.00 10 - 50 0.600 34 11.67 3.945 0.2776 0.227 0.239
21 1.0-3.0 2.00 45 - 50 0.950 22 7.28 4.404 0.2534 0.294 0.282
22 0.9-2.9 1.90 20 - 50 0.665 34 11.72 5.114 0.2567 0.285 0.295
23 0.5-2.5 1.50 45 - 50 0.713 54 11.03 6.706 0.2394 0.333 0.365
24 1.3-1.8 1.50 45 - 50 0.713 53 10.16 6.116 0.2336 0.350 0.345
25 1.8-2.0 1.88 45 - 50 0.891 40 12.45 7.532 0.2285 0.364 0.392
∗ Pfric = Sfrontal/Sfloor · TDC
∗∗ = Present numerical simulations
∗∗∗ = Turpin et al. (2010)
Smooth friction velocity - u∗s = 0.3591 m/s

To define a test case, a random sampling of diameters (among the pos-228

sible values established in the range) and height values of each particle is229

done. A cover rate for the test is also specified. A routine developed for the230

construction of numerical cases stops the sampling of particles as the defined231

cover rate value is reached.232

Since the particles do not present the same diameter and height we must233

choose a mean value of Sfrontal/Sfloor to be representative of this distribution234

and to be replaced in the formulation of Turpin et al. (2010) (Equation 2).235

The mean value of the parameter Sfrontal/Sfloor may be calculated in two236

ways: Sfrontal/Sfloor or Sfrontal/Sfloor. A maximum difference of 5% was237

found out among the overall tested cases. Finally, the second approach was238

chosen: Sfrontal/Sfloor. Table 4 details the sampling for a given configuration239

(test 11). The accumulation of cover rate after each random sample, the240

dimensions and the computed values of Sfrontal and Sfloor are presented.241
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Table 4: Summary of particles of Test 11 with b=2.00,hNPE=0.650 and Pfric = 2.088
Element b [mm] h [mm] Sfrontal Sfloor Sfrontal/Sfloor Accumulated TDC

1 1.14 0.39 0.45 1.02 0.44 0.11
2 1.86 0.83 1.54 2.72 0.57 0.42
3 2.39 0.91 2.18 4.47 0.49 0.91
4 2.71 0.66 1.78 5.75 0.31 1.55
5 2.74 1.05 2.88 5.90 0.49 2.21
6 1.17 0.42 0.49 1.08 0.46 2.33
7 2.68 1.16 3.12 5.65 0.55 2.96
8 2.43 0.98 2.38 4.65 0.51 3.47
9 2.56 0.76 1.93 5.13 0.38 4.04
10 2.04 0.65 1.33 3.28 0.41 4.41
11 1.65 0.44 0.73 2.15 0.34 4.64

Sfrontal/Sfloor = 0.45
TDC = 4.64 %

1−Rfric = A.(TDC)M .(Sfrontal/Sfloor)
N = 0.123(4.640.613)(0.450.77) = 0.169

3. Results and discussions242

The results section is divided in two parts. Firstly, the discussions concern243

the comparisons between numerical results of previous (Turpin et al., 2010)244

and present works to test the relevance of Equation 2 using poly-dispersed245

particles. The second part analyses the flow characteristics over the flat246

bed of poly-dispersed particles: distribution of wall shear stress, fluid flow247

patterns surrounding the various particles and roughness wind velocity profile248

for smooth and rough simulations.249

3.1. Analysis of the validity of mono-dispersed formulation for poly-dispersed250

configurations251

The main purpose of this section is the evaluation of the mathematical for-252

mulation initially proposed for mono-dispersed particles (Equation 2). The253

evaluation will be carried out by a comparison between the values calculated254

with Equation 2 and the results of numerical simulations of poly-dispersed255

configurations done for this work (cf. Table 3). The aim is to check whether256

the same representation in the poly-dispersed cases can be used.257

Figure 3 presents two plots: Figure 3(a) shows the evolution of 1−Rfric258

versus the parameter Pfric=TDC · (Sfrontal/Sfloor) computed by the two ap-259

proaches mentioned above and Figure 3(b) shows the correlation between260

these values of 1−Rfric.261

The formulation is, as shows the plot, well-founded enough to represent262

a wide range of particle diameters and heights distribution. Figure 3 shows263

a good agreement between the formulation and the numerical results when264
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Figure 3: Parameter 1−Rfric: (a) 1−Rfric calculated by the present numerical simulations
and 1 − Rfric calculated with the formulation proposed by Turpin et al. (2010) and (b)
correlation between 1− Rfric compared with the formulation of Turpin et al. (2010) and
with the results of the numerical simulations R is the value of the correlation coefficient

applied to poly-dispersed particles, Figure 3(a), with a high correlation R2
265

= 0.9917 (Figure 3(b)). The break in the slope is observed in the same way266

for the poly-dispersed numerical simulation results (Figure 3(a)).267

3.2. Analysis of fluid flow over roughness elements268

The second part of this section presents a focus on the fluid flow character-269

istics for various cases. Top and three-dimensional visualizations illustrate270

the distribution of wall shear stress over the erodible surface surrounding271

the roughness elements. Also, the effects of the roughness elements on the272

mean velocity profile are analysed comparing the velocity profile for various273

roughness configurations with the one over a smooth wall. The discussions274
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carried out in this section concern the fluid flow features observed around275

the different emerging forms of the non-erodible particles.276

3.2.1. Top visualization of the shear stress partitioning over the erodible sur-277

face278

Figure 4 presents for four tested configurations a top view of the wall279

shear stress distribution. The cases were represented with the same scale of280

values. The values of wall shear stress are normalized by the value computed281

in the smooth case (τref = 0.158Pa).282

Figure 4(a) presents the configuration with the smallest mean diameter283

(Test 13 - b13=1.25 mm) among the tests shown in Figure 4. The range284

of diameters is also small (between 1.0 and 1.5 mm) which means a test285

close to the mono-dispersed distribution. The number of particles (Nb=51)286

is among the most elevated of the overall tested configurations and the cover287

rate reaches almost 7%. The range of particle heights is important (between288

10 and 45% of b). However, as the mean diameter is small, this configuration289

does not present any high emerging particles. The most part of the surface290

presents a normalized wall shear stress values (τ/τref ) of about 0.800. The291

highest wall friction values are found on the detachment points of the most292

emerged particles. Test 13 presents only very small zones with the normalized293

wall shear stress around 1.700. Moreover, the arrangement of the roughness294

elements in this configuration is characterized by: small diameters, large295

number and magnitude of gaps between the elements and free zones on the296

erodible surface. Accordingly, the known effects of wakes on the erodible297

surface (diminution of the overall erosion) are reduced for this configuration.298

Figure 4(b) represents Test 15. This configuration has been chosen to be299

compared with both Tests 13 (Figure 4(a)) and 16 (Figure 4(c)). Firstly, it300

can be noticed that Tests 13 and 15 present about same cover rate values301

(6.67% and 5.98%, cf. Table 3). However, the parameter Pfric is higher for302

Test 15 which induces an augmentation in the value of 1−Rfric (from 0.161303

for the Test 13 to 0.190 for the Test 15). Also, it shows a slight diminution304

of the mean rough friction velocity (from 0.3012 to 0.2909).305

In Test 15, although observing larger wake zones downstream particles of306

greater diameters (vs. Test 13), higher maximum values of the normalized307

wall shear stress are reached. The wakes of the larger particles (high diameter308

values) have normally the main impact on the reduction of the overall erosion.309

However in this case, some of these larger particles are located in the wake of310

upstream particles (in the lower left of Figure 4(b)) and have therefore weaker311
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Figure 4: Distribution of non-dimensional wall shear stress over the erodible surface sur-
rounding the roughness elements: (a) Test 13, (b) Test 15, (c) Test 16 and (d) Test 25

reducing impacts. On the other hand, particles positioned transversely to312

the flow direction (upper left of Figure 4(b)) produce a very large area of313

protection inducing a reduced wall friction.314

Test 16 in Figure 4(c) presents a mean rough friction velocity very close315

to Test 15 (0.2910 and 0.2909, respectively). But, the ranges of diameter and316

height as well as the cover rate are quite different. This comparison is then317

interesting to show the influence of each parameter on the modifications of318

the friction velocity on the erodible surface. Test 16 has a higher cover rate,319

normally resulting in a reduction of the mean friction velocity. On the other320

hand, Test 16 presents more elevated emerging particles which lead to higher321

zones with normalized wall shear stress close to the maximum. In addition,322

Test 15 with a smaller cover rate, presents larger particles than Test 16 which323

possibly increases wake zones and reduces the mean friction velocity.324
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Finally, Figure 4(d) shows a high agglomeration of non-erodible particles325

(Test 25). The most part of the erodible surface shows a normalized shear326

stress lower than 0.250. The cover rate is the highest (12.45 %) among the327

overall tested configurations. Furthermore, due to the presence of high parti-328

cles, the agglomeration of wakes has more influence on the overall distribution329

of wall shear stress.330

Lee and Soliman (1977) have classified the flow over roughness elements331

with the values of the cover rate. Two regimes have been identified: isolated332

roughness flow (TDC < 8) and wake interference flow (8 < TDC < 44).333

Based on these definitions, Tests 13 and 15, previously presented in Figure 4,334

represent two cases of isolated roughness flow. Tests 16 and 25 belong to the335

wake interference flow regime. But our work show that we cannot conclude336

of a direct link between the flow regime and the erosion potential of a bed of337

particles.338

Indeed, it has been shown previously, for mono-dispersed configurations339

(Turpin et al., 2010), that the increase of roughness proportion, i.e., the in-340

crease of the parameter Pfric causes the decrease of the mean friction velocity.341

Our study confirmed that statement for poly-dispersed configurations. Nev-342

ertheless, this conclusion is not true for the cover rate (TDC) itself as other343

geometry parameters also influence the final value of the mean friction ve-344

locity. For instance, Test 15 which cover rate is 5.98%, lower than the one345

of Test 13, presents a slightly lower mean friction velocity. However, Test 15346

presents a mean particle diameter of about twice as large as the one of Test347

13 which causes the augmentation of the protection zones and consequently348

the reduction of the mean friction velocity.349

3.2.2. Three-dimensional visualization of fluid flow over roughness elements350

Three-dimensional visualizations are presented in Figure 5. The differ-351

ences observed in the roughness element dimensions may explain the impor-352

tant differences in wall shear stress results. Figure 5(a), presenting Test 9,353

contains particles with very low heights, but with great diameters. It means,354

a low value of the parameter (Sfrontal/Sfloor) = 0.190 (cf. Table 3). The355

highlighted region a-1 shows the detail of the wall shear stress distribution356

surrounding a particle. The normalized shear stress around this particle is357

not greater than 2.000. Even the particles which are not placed in the wake of358

other elements do not present high levels of wall shear stress. Despite the low359

level of shear stress computed around each single particle, it can be noticed360

that for a significant extended area of the underlying erodible surface the361

91



Figure 5: Three-dimensional view for three tested cases - distribution of non-dimensional
wall shear stress with focus on specific roughness elements: (a) Test 9, (b) Test 16 and (c)
Test 22

mean normalized wall shear stress is greater than 1.000 which means erosion362

levels higher than the smooth case.363

Test 16 in Figure 5(b) shows larger wake zones compared to Test 9 for364

some particles. Assisted by the highlighted region b-1 one can identify the365

variability of the influence on the shear stress caused by the roughness height.366

These three particles have almost the same diameter. The level of the nor-367

malized shear stress on the wall surrounding each particle increases with the368
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increase in height.369

The distribution of Test 16 has an overall mean height much higher than370

Test 9. This causes an increase of the parameter (Sfrontal/Sfloor). By apply-371

ing Equation 2 it leads to a higher value of 1− Rfric for a same cover rate,372

which is verified in the simulations. Concerning the shear stress distribution,373

particles with larger diameters exhibit an expanded region over them with374

an increase in shear stress. Therefore, one can observe higher mean friction375

velocities for Test 16.376

For Test 22 (Figure 5(c)), the wake zones are the largest. Furthermore,377

two highlighted regions are noticed. Region c-1, shows an agglomeration of378

roughness elements and the formation of a high wake with the lowest levels of379

the normalized wall shear stress. Region c-2, exhibits the pattern found out380

over a highly emerged particle. The effects of a main vortex formed around381

the highlighted particle is noticed over the entire represented domain.382

Figures 6(a), 6(b) and 6(c), focused on Tests 9 and 22, present, respec-383

tively, streamlines at a XZ plane, streamwise component of the wall shear384

stress (τxz) and plot of the evolution of streamwise wall shear stress. In Test385

9 a smaller roughness element shows low friction levels surrounding; there386

are no complex structures that could affect the ground surface (see the small387

peak upstream the element in Figure 6(c)). On the other hand, in Test 22388

the high area of the windward wall of the emerged particle promotes the389

formation of vortices (notably towards the left) that impact the ground re-390

gion (Region B) and increase the velocity gradient and consequently the wall391

shear stress. Moreover, Figure 6(b) displays the distribution of the longitudi-392

nal component of the wall shear stress on the underlying surface surrounding393

the roughness elements. The values were normalized by the value computed394

for the smooth case (τref ). Near the windward wall of the highest particle395

(Region B) peaks of negative longitudinal wall shear stress values are ob-396

served (τxz/τref = −3.35 in Figure 6(c)). Region B is indeed associated to397

negative values of X-velocity in Figure 6(a). The roughness element high-398

lighted in Test 9 shows a maximum negative value of τxz/τref = −0.50, in399

Region A, which is very smaller than the value noticed in Region B.400

The three-dimensional visualization allowed more local analysis of the401

turbulent fluid flow surrounding a roughness element with variability in their402

aspect ratios. The analysis have shown that the fluid flow pass over the403

low emerged particles without main influence on the ground wall while high404

emerged particles present strong shear stress levels on the windward wall with405

the creation of a main vortex which causes elevated friction on the ground406
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Figure 6: Local fluid flow modified due to the roughness elements for Test 9 and Test 22:
(a) streamlines plotted on a XZ plane, (b) contours of the streamwise component of the
wall shear stress and (c) evolution of the streamwise component of the wall shear stress

wall. This analysis is useful to check the discussions of Figure 4 mainly407

concerning the influence of the emerging height.408

3.2.3. Analysis of the vertical velocity profile for roughness elements im-409

mersed in a turbulent boundary layer410

The numerical simulations of poly-dispersed non-erodible particles deal411

with the study of a turbulent boundary layer in the presence of roughness412

elements. Figure 7 plots mean velocity profiles (spanwise averaged) for Tests413

5, 15 and 22 (see Table 3) illustrating different cover rates and roughness414

proportions. The profiles of u+ = u/u∗ and z+ = z.u∗/ν (respectively, lon-415

gitudinal velocity and vertical coordinate both calculated in wall units) are416

plotted. u∗ is the mean shear velocity over the erodible and roughness ele-417
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Figure 7: Vertical velocity profiles in wall units: comparison between the smooth config-
uration and different configurations of roughness elements

ments surfaces for each test. The profiles are extracted at a same streamwise418

coordinate (x = 0.0299m) close to the periodic boundary (x = 0.03m).419

The roughness height in wall units is defined by: h+

S = hSu
∗/ν. For the420

smallest value of the cover rate (3.88 %, Test 5) and mean roughness height421

equal to 0.350 mm (h+

S=8.29), the profile is the most similar to that over a422

smooth surface. Test 15 and 22 present respectively a cover rate of 5.98% and423

11.72% and mean roughness height of approximately 0.700 mm (h+

S=19.2)424

and 0.665 mm (h+

S=18.97).425

For those configurations, the profiles are gradually distant (∆u+

5 < ∆u+

15426

< ∆u+

22). The red marks in Figure 7 are a visual approach to point out the427

beginning of the logarithmic zone of the velocity profile built. These marks428

also indicate the height of the turbulent boundary layer over an array of429

roughness elements. Thus, Figure 7 illustrates that in comparisons to the430

smooth pattern the effect of the roughness elements change is to the vertical431

profile (slope changes close to the wall) and also the height of the viscous432

layer.433

These numerical simulations results agree with the experimental work434

carried out by Clauser (1954). This reference work has defined the turbulent435

boundary layer in which roughness elements are immersed in the logarith-436

mic zone of the velocity profile, the profiles must approach straight lines of437
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slope close to 5.6 (Clauser, 1954) which can be noticed in our tested cases.438

Moreover, it can be seen that, as the cover rate or roughness elements height439

increases there is a different transition between the logarithmic and the linear440

profile. As it was also remarked by Turpin et al. (2010) for their simulations,441

a distinct break in slope is observed close to the wall (z+ < 5).442

4. Conclusions443

The main objective of this paper was the analysis of a mathematical for-444

mulation previously proposed in the open literature for the quantification of445

the mean friction velocity evolution of a domain partially covered by rough-446

ness elements. These roughness elements represent non-erodible particles447

over an erodible surface. The above mentioned formulation (detailed in the448

work of Turpin et al. (2010)) has been defined after some results of numeri-449

cal simulations validated with experimental works. However, the formulation450

was only representative of a bed of particles with equal diameters and heights,451

i.e., mono-dispersed distribution. On industrial sites, this condition is very452

rarely encountered.453

Thus, several numerical simulations were carried out (with an open-source454

CFD code) to check the application of this formulation to poly-dispersed455

roughness elements (i. e., with different diameters and heights). The com-456

parison has shown a very good agreement. Some validations were addition-457

ally performed: three mono-dispersed configurations to compare the current458

simulations and those previously carried out, results of friction velocity ratio459

compared with various experimental and field simulations and modifications460

of the particle distribution to validate the domain dimensions. All compar-461

isons and validations have presented good agreement.462

A finer analysis of the numerical simulations results has shown that:463

• the cover rate and the surface ratio (Sfrontal/Sfloor) are still (for a poly-464

dispersed distribution) the main parameters defining the evolution of465

the mean friction velocity over the erodible surface. The increase of466

their product (i.e., the parameter Pfric) leads to the diminution of the467

mean friction velocity,468

• the mean particle diameter presents a high influence on the erosion469

of the ground surface due to the formation of more extended wake470

zones downstream the roughness elements inducing the reduction of471

the erosion,472
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• the mean particle height presents a high influence on the erosion of the473

ground surface due to the vortices potentially highly eroding the region474

around the roughness elements and475

Finally, the present results state that the original formulation given by476

Turpin et al. (2010) is useful, without any modification in its form and coef-477

ficients, for a wide range of particles, with a random distribution and a large478

spectra of dimensions. The application on fugitive dust emissions is then479

more refined due to the poly-dispersed numerical simulations carried out.480
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3.3 Non-erodible particles effects on the methodology of dust emis-
sion quantification

Previous sections aimed the description of the influence of non-erodible particles on the aeolian
erosion of storage piles of granular materials. For that objective, numerical and, mainly experimental
works were performed. The results have given relevant conclusions about the wind erosion on the
wall of an oblong stockpile containing erodible and non-erodible particles:

• reduction of the mean wall friction velocity on the erodible partition of a given surface in the
presence of non-erodible particles,

• temporal decrease of the emitted mass flux,

• increase of the total emitted mass as it is reduced the amount of non-erodible particle in the
mixing.

In such manner, the present investigation aims to use the experimental data presented in ear-
lier sections to propose modifications in the USEPA mathematical methodology of dust emission
quantification [75] (see section 1.4.1 for more details about references and utilization of the take-off
velocity).

This model, as seen in section 1.4.1, is based on the definition of emission factors. The main
relation is the definition of the erosion potential (P shown in Equation 3.1) recalled here:

P = 58(u∗ − u∗t )
2 + 25(u∗ − u∗t ) (3.1)

where,

u∗ = 0.10u+
10(us/ur) (3.2)

The original methodology, as suggests USEPA (2006) [75], specifies the time evolution of the
emitted mass flux:

"Field testing of coal piles and other exposed materials using a portable wind tunnel has shown
that particulate emission rates tend to decay rapidly (half-life of a few minutes) during an erosion
event. In other words, these aggregate material surfaces are characterized by finite availability of
erodible material (mass/area) referred to as the erosion potential. Any natural crusting of the surface
binds the erodible material, thereby reducing the erosion potential."

The variable number of perturbations N (see section 1.4.1) is directly related to this observation.
However, the erosion potential recalled in Equation 3.1 does not take into account this phenomena
and the particle size distribution is not taken into account as a parameter of the model.

In this section, we will examine the results of measurements by analysing the emitted mass
weighing for different configurations tested. The same experimental set-up presented in section 3.1.1
was used. Indeed, the mass balance (emitted mass of sand weighed before and after the experiments)
has been performed for four mass percentages of non-erodible particles (%EP ): 50%, 65%, 80%
and 90%, i. e., total mass of non-erodible particles divided by the stockpile mass. Three values of
free stream velocities were tested: 6, 7 and 8 m/s. All tested configurations were carried out for
an isolated and perpendicular oriented stockpile. These data will be useful to plot the emitted mass
versus the percentage of non-erodible particles. Additionally to the experimental data, the value of
100% of non-erodible data was also considered. For a stockpile presenting only non-erodible particles,
the emitted mass is zero. It is worth to note that, the experimental data used in the propositions are
based on a bimodal granulometry of sand.

At first, wind-tunnel experimental tests resulted in the values presented in Table 3.2. Figure 3.9
shows the results obtained by the wind-tunnel measurements for one wind velocity, 8 m/s. The
emitted mass (Mbalance [g]) is represented as a function of the percentage of erodible particles
(%EP = 1 − %NEP ). Two additional informations have been added on this figure. On the one
hand, the point %EP = 0 (%NEP = 100 - only non-erodible particles constitute the granular pile)
correspond to an emitted mass equals to zero. On the other hand, the dashed line presents the value
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of emission defined with the USEPA model for the same configuration. The wind exposure (us/ur

ratio) was produced by a numerical simulation corresponding in terms of geometry to an oblong,
isolated and perpendicular oriented stockpile. The threshold friction velocity is a constant value
dependent only of the material investigated. It is worth to note that, the threshold friction velocity
value for sand was determined after wind-tunnel experiments [35] which is equal to 0.25 m/s.

Table 3.2: Mass balance for a perpendicular oriented stockpile and various percentage values of
non-erodible particles

Mass Balance [g]
%EP 6 m/s 7 m/s 8 m/s

0 0.0 0.0 0.0
50 4.3 36.2 57.2
65 28.7 115.8 195.2
80 85.4 254.2 397.2
90 134.0 453.0 757.6

Figure 3.9: Results obtained by the wind-tunnel measurements for one wind velocity

The value obtained by the USEPA model is consistent with the measurements. It corresponds to
relatively low value of %EP , corresponding to a proportion of non-erodible particles of the order of
85%, which is a commonly encountered configuration for coal or ore on industrial sites.

Figure 3.10 shows that the results can be fitted, as function of %EP , by a function like:

Mbalance = a1(%EP )a2 (3.3)

In Equation 3.3, the emitted mass is presented as a function of the proportion of erodible particles.
The two coefficients (a1 and a2) were defined by the least square method and the results are shown in
Figure 3.11. The coefficient a1 increases with the velocity and a2 is the same for all tested velocities.
Figure 3.10 shows plots of mass balance and percentage of non-erodible particles for the three tested
velocities representing the data correlation shown in Equation 3.3. Equation 3.3 allows to predict the
proportion of non-erodible particles for the emitted mass calculated by USEPA methodology. The
estimated emitted mass of 0.36 g (shown in Figure 3.9) applied in Equation 3.3 using the coefficients
presented in Figure 3.11 for 8 m/s and results in 88% of non-erodible particles, which agrees with
the above mentioned proportion.

From these results, it seems possible to propose a modification of the erosion potential (Equa-
tion 3.1) by taking into account the influence of the parameter %EP . The proposition of modification
presented in this thesis, is to substitute the two constants 58 and 25 by two functions such as that
defined by Equation 3.4 :

Pmod = b1(%EP )b2(u∗ − u∗t )
2 + c1(%EP )c2(u∗ − u∗t ) (3.4)
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Figure 3.10: Plots of the correlation between emitted mass calculated in wind-tunnel and the values
of Mbalance by the Equation 3.3

Figure 3.11: Steps of data management carried out to propose modifications in the USEPA method-
ology of diffuse dust quantification

The next aim is to find the best values of the coefficients b1, b2, c1 and c2 to correlate with the
values of emitted mass quantified by Equation 3.3. Again, the least square method is applied to
calculate these coefficients. The emitted mass is calculated, as previously for results presented on
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Figure 3.10, by using the USEPA model, but with a erosion potential given by Equation 3.4.
The values found for the coefficients are: b1 = 0.0047, b2 = 3.90, c1 = -0.0007 and c2 = 3.90.

These values are valid for the three tested velocities. Figures 3.12a, 3.12b and 3.12c shown the plots
comparing the calculations. An overall good agreement was found between the data for all tested
velocities with only a difference for elevated cover rates in the cases where the wind velocity is equal
to 6 and 8 m/s.

Figure 3.12: Plots of the correlation between emitted mass calculated in wind-tunnel and the values
of Mbalance by the Equation 3.3

As extensively said, the values and equations proposed in this section are only a first step in the
modifications needed in the USEPA methodology of dust quantification. In fact, the results were
based on experimental works that may be improved to consider more conditions of granular materials
stored in wind eroded open yards. The formulations proposed in this section presented results in good
agreement with the experimental measurements. This attests that the propositions could be well
representative of the reality found on industrial sites.
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Chapter 4

Analysis of aeolian erosion over oblong
stockpiles: experimental and numerical
approaches for turbulent fluid flow
featuring and dust emission
quantification

The present chapter is devoted to numerical and experimental simulations for the prediction of fluid
flow over several arrangements of oblong storage piles. Previous works carried out dust emission
studies about open yards of storage piles. However, those literature works did not take into account
the re-emission from the ground surface around the stockpiles. In industrial sites, the vicinity of a
stockpile is significantly loaded with silt particles originated from: piles disturbances, pile erosion
and transport of material in the surrounding regions. Moreover, from the literature review, a lack of
information regarding the influence of a successive stockpile was identified. Finally, a new shape of
storage pile crest was simulated to analyse its impact on emissions of particles.

This chapter is divided into two main sections, (i) investigation of an isolated stockpile and (ii)
investigation of various arrangements of two successive stockpiles:

• (i) the first subsection studies the ground region surrounding an oblong stockpile by means of
numerical and experimental simulations. For the experimental investigation the oil-film surface
flow visualization is firstly applied. In this approach the potential zones of particle take-off are
identified assisted by both experimental and numerical simulations. From numerical simulations
the contours of near wall velocity distribution are analysed. The second subsection aims to
quantify the amount of particles emitted from the stockpile and from the ground surface around
the pile. The main result is the calculation of the contribution of re-emission in the global
emissions of an open storage yard.

• (ii) the results of the second section are a continuation of the investigations presented in
the first section. In fact, the numerical analysis in these subsections were all performed with
the open-source code Code_Saturne. For analysis of a second successive stockpile, various
arrangements are studied, including the impacts of wind orientation, the gap between the piles
and wind speed are analysed.

4.1 Investigation of isolated oblong stockpiles

4.1.1 Experimental surface flow visualization and numerical investigation of flow
structure around an oblong stockpile

This subsection presents the results as an article published in the "Environmental Fluid Mechanics"
journal and entitled "Experimental surface flow visualization and numerical investigation of
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flow structure around an oblong stockpile". It presents the main results and comparisons carried
out about the surface flow visualization technique and numerical simulations of the fluid flow around
three tested stockpiles configurations. This article discusses the wall and air flow surrounding the
stockpile and its associated potential of dust emission due to wind erosion of the region around piles.
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4.1.2 Aeolian erosion of storage piles yards: contribution of the surrounding areas

Previous section has shown, numerically and experimentally, on the ground region surrounding oblong
stockpiles, potential zones of particles take-off. As it was depicted, this subject is of great significance
as a good part of the industrial sites presents the ground region strongly charged with silt particles.
Thus, the objective is to present a quantification of these particles take-off which we can call re-
emission. It presents the emission quantification of the dust re-emission from the ground region
surrounding the stockpile and the comparison to the emissions calculated on the stockpile surface.
The USEPA (2006) [75] is used with that aim. Input parameters of the model, for instance, surface
and threshold friction velocity, are taken otherwise to fit the new conditions established for the
quantification of emissions from the ground region. Thus, this subsection presents the results as an
article entitled "Aeolian erosion of storage piles yards: contribution of the surrounding areas"
submitted to the "Environmental Fluid Mechanics" journal. The status is currently under review.
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for dust emission quantification. Nevertheless, two input parameters can be chosen13

judiciously to fit the specific conditions of this secondary source: threshold friction ve-14

locity and the dimensions of the area region where the re-emission may occur. This15

work aims to quantify the contribution of dust re-emission from the areas surrounding16

the piles in the total emission of an open storage yard. Three angles of incidence of17

the incoming wind flow are investigated (30◦, 60◦ and 90◦). Results of friction velocity18

from numerical modelling of fluid dynamics were used in the USEPA model to deter-19

mine dust emission. It was found that as the wind velocity increases, the contribution20

of particles re-emission from the ground area around the pile in the total emission also21

increases. The dust emission from the pile surface is higher for piles oriented 30◦ to22

the wind direction. On the other hand, considering the ground area around the pile,23

the 60◦ configuration is responsible for higher emission rates (up to 43%). The global24
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1 Introduction29

Diffuse sources such as open storage yards are commonly found at industrial sites.30

Aeolian erosion of granular material may cause release of large quantities of dust to31

the atmosphere. The estimation of dust emission from stockpiles is often carry out by32

two approaches: field measurements or mathematical models. The most widely used33

mathematical model to estimate dust emissions from stockpiles is that proposed by the34

United States Environmental Protection Agency (USEPA) [13]. This is an empirical35

model based on several experimental measurements that defines an emission factor36

which relates the average emission rate to an independent variable (for example, source37

mass or dimensions, production rate or number of sources). The emission factor used38

to estimate dust emission rates from stockpiles depends on the erosion potential which39

is a function of the friction velocity on the stockpile surface and the threshold friction40

velocity u∗t (defined as the friction velocity above which particles take off). The USEPA41

model proposes a subdivision of the whole pile surface area into isosurfaces of the42

friction velocity. Each of these areas is treated as a distinctive source and the total43

dust emission is afterall calculated as a summation of the emissions from each area.44

A literature review shows several works using the USEPA model to quantify dust45

emission rates from storage piles [1–3,7,8,10,11]. Badr and Harion [1] investigated the46

influence of wind flow conditions and pile dimensions (height and width) on dust emis-47

sion rates of an aggregate storage pile using the USEPA model. Numerical simulations48

were carried out to obtain the needed local wind properties near the pile. The authors49

concluded that changing pile configuration can reduce dust emissions. It was also found50

that an intermediate pile height shape leads to lower dust emissions, reaching 24% of re-51

duction from their maximum values. Toraño et al [7] also carried out a similar study on52

various shapes of piles. These authors found a strong influence of the wind flow on the53

typical fluid flow structures around a pile and consequently on the dust emission rates54

calculated by using the USEPA model. Toraño et al [7] also stated that a semicircular55

stockpile shape corresponds to lower emission rate when compared to conic and flat-56

topped stockpile shapes. Diego et al [2] carried out an implementation of the USEPA57

model in a commercial CFD package to calculate emission rates. They investigated a58

configuration of parallel stockpiles and found out that one pile works as a protection to59

the other pile. Toraño et al [8] studied the influence of wind barriers on dust emissions60

from storage piles using numerical simulation and the USEPA model and compared61

their results with literature data and industrial measurements. Their study has shown62

a reduction of about 66% on dust emission due to the existence of barriers. Turpin63

and Harion [10] based their work on the analysis of the great influence of the stockpile64

crest on the overall dust emission. Several clipping heights of flat-topped piles were65

examined to determine their impact on dust emission. The main conclusion was that66

the flattening of stockpile’s crest does not reduce the pollution. Turpin and Harion [11]67

employed the USEPA model to investigate the influence of nearby buildings on dust68

emissions from stockpiles of real industrial sites. The complex configuration of these69

sites was simulated: three stockpiles and several rectangular and cylindrical buildings.70

The remarkable influence of the obstacles on the total stockpile dust emissions was71

highlighted by these results. Ferreira et al [3] performed numerical and experimental72

simulations of fluid flow around a conical pile under atmospheric flow conditions in-73

fluenced by wind barriers. Although these authors have not quantified dust emissions,74

they compared the us/ur distribution to experimental results of pile erosion and a75

consistent correlation was observed.76
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The studies described above used different techniques to investigate the influence of77

various parameters on the emission rate. However, it is worth to note that, these works78

did not take into account the emissions from the ground surface around the stockpiles.79

In industrial sites, the vicinity of a stockpile is significantly loaded with small granular80

particles originated from: piles poerturbations, pile erosion or transport of material in81

the surrounding regions. Furieri et al [5] have previously studied the near wall flow82

features (by the oil-film flow visualization technique) and three-dimensional air flow83

structure around piles (using numerical simulations validated by PIV measurements).84

The presence of regions of potential particles take-off from the ground was highlighted85

by the authors.86

The present work aims to quantify the amount of particles emitted from the stock-87

pile and from the ground surface around the pile. The friction velocity distribution88

on the pile surface and on the ground around the pile is calculated by using CFD.89

The USEPA model, usually employed to quantify the amount of particles from the90

stockpile, is used here to quantify emissions from the surrounding ground region. The91

contribution of particles re-emission from the ground around a pile in the overall dust92

emission from an open storage yard is discussed considering three different stockpiles93

orientations and its dependence on wind velocity magnitude.94

2 Numerical simulation background95

Numerical simulations were performed to solve the three-dimensional Reynolds Aver-96

aged Navier-Stokes equations governing the flow around the stockpile using a finite97

volume based CFD code [4]. Fig. 1 shows the computational domain and the boundary98

conditions. The dimensions of the real stockpile were scaled-down by a factor of 1:20099

for numerical simulations: 0.578 m (width), 0.205 m (length) and 0.08 m (height). The100

model tested was an oblong stockpiles with an angle of repose equal to 38◦ [12] rep-101

resentative of coal piles commonly found in real industrial sites. Spanwise and vertical102

dimensions correspond to the wind-tunnel dimensions where PIV experiments were103

carried out to validate the results of numerical simulations, see Turpin [9]. Dimensions104

of upstream and downstream zones were chosen to ensure that the results are not in-105

fluenced by the size of the domain. In fact, the vertical dimension of the computation106

domain was set as half of the wind-tunnel height. Turbulence effects were accounted107

for by using the k-ω Shear Stress Transport (SST) model with the option Transitional108

Flow (available on the FLUENT package [4]). This option yields the enhancement of109

certain modelling conditions: adverse pressure gradient, flow separation and reattach-110

ment [10,9]. Mesh size was chosen based on sensivity tests previously carried out by111

Badr and Harion [1] for the same configurations. The size of the first cell at the wall112

was taken as z+ = 4 (z+ = ρu∗z/µ), as required for the use of this turbulent model113

(z+ ≤ 5) to ensure that no wall functions are used (for better accuracy) to account114

for the turbulence damping near walls. The mesh is produced by an extrusion from115

triangular cells defined on the ground surface and pile walls (see Fig. 2(a)) towards the116

top boundary of the computational domain (see Fig. 2(b)).117

The inlet boundary conditions for velocity (u, v and w), turbulent kinetic energy (k)118

and specific dissipation rate (ω) were obtained from previous numerical simulations of119

a flow in a channel with the same dimensions (height and width) of the computational120

domain used in the present work. In these previous simulations, a periodic streamwise121

flow was set to produce a fully developed channel flow and the converged flow field is122
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Fig. 1 Schematic configuration of the computational domain and boundary conditions.

Fig. 2 Mesh (a) on the ground surface (z=0) around the pile and (b) above the stockpile
surface on the symmetry plane (y=0).

considered to be the inlet condition for the present simulation. For the outlet boundary123

conditions, it is assumed that the flow is fully developed and for the upper boundary124

condition, symmetry was imposed. Finally, smooth walls with no-slip conditions are125

set at domain lateral walls, as well, at stockpile and ground walls. Further details of126

the numerical procedure can be found in Turpin [9].127

3 USEPA model to estimate aeolian dust emission128

This section presents two distinctive parts. At first, the USEPA mathematical model is129

described in details by an algorithm. Each parameter is also presented with the expla-130
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Fig. 3 USEPA model algorithm.

nation of the chosen value in our study. The second part deals with the discretisation131

levels that are obtained when CFD simulations are used.132

3.1 Mathematical model set-up133

The model used for the assessment of dust emission [13] is presented herein under134

an algorithm chart in Fig. 3. Several input data are required: particle size multiplier135

(taken for the average particles size) (k), wind erosion threshold friction velocity (u∗t ),136

distribution of us/ur on the surface of interest (ur is the reference velocity at 10 m137

height from the ground and us is the velocity at 25 cm from the surface, both for138

real scale), number of perturbations (N), number of isosurfaces of us/ur (M) and the139
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highest velocity value (fastest mile wind speed) measured by an anemometer at a140

reference height for a period between perturbations (u+10).141

A perturbation is defined in the USEPA guide [13] as an intervention done on a142

storage pile yard for maintenance and transport of material. The first loop concerns143

the number of perturbation per year (operations on pile’s surfaces). For the sake of144

simplification, the results of dust emission in the present work are presented in kg per145

perturbation. The number of perturbations should be defined for a practical application146

of emission quantification on a real industrial site.147

It is worth to note that, the us/ur ratios which are obtained by CFD calcula-148

tions are strongly influenced by the wind flow direction, which changes during a day149

in industrial sites. The threshold friction velocity value is subjected to particle matter150

characteristics, such as granulometry, density, moisture and, if existent, surface treat-151

ment. The friction velocity is calculated based on the ratio between near wall velocity152

us and free stream velocity ur.153

The USEPA model is based on emission factors, see Equation 1. The methodology154

consists in implementing Equation 1 to calculate the emission rate (E). The whole pile155

surface is divided in different subareas each representing a given level of wind erosion156

exposure, i. e., a value of the ratio us/ur. Each subarea is then considered as a single157

source (this explains the summation in Equation 1).158

E = k
N
∑

i=1

M
∑

j=1

PijSij (1)

where Pij is the erosion potential (g/m2) and Sij (m2) is the fraction of the surface159

area (subarea) corresponding to a constant value of us/ur. In this equation, the erosion160

potential is calculated based on the difference between the friction velocity (u∗) for the161

fastest mile of the wind and the wind erosion threshold friction velocity (u∗t ) as shown162

in Equation 2.163

{

P = 58 (u∗ − u∗t )
2
+ 25 (u∗ − u∗t ) for u∗ > u∗t

P = 0 for u∗ ≤ u∗t
(2)

The friction velocity is then calculated as presented in Equation 3 which is based164

on the logarithmic velocity profile of the undisturbed surface boundary layer. However,165

for the fluid flow disturbed by a stockpile the USEPA model proposes Equation 4 to166

determine friction velocity.167

u∗ = 0.053u+10 (3)

u∗ = 0.10

(

us

ur

)

u+10 (4)

Fig. 4a shows an example of typical contours of us/ur calculated by numerical168

simulations. From the calculation of the friction velocity we can define erodible and169

non-erodible zones over the surfaces of interest. Zones with friction velocity greater170

than the erosion threshold value are denominated erodible. On the other hand, for171

u∗ < u∗t , zones are called non-erodible. Larger values of us/ur are found downstream172

the stockpile. Wall shear stress and friction velocity values are also large. On the other173

hand, in the stagnation zone, upstream the pile, the lowest levels of us/ur are noticed.174
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Table 1 Chosen values of us/ur to be replaced in the equations of the USEPA methodology
of dust quantification: in left of the table those originally proposed by the model and in right
those taken from numerical simulations.

USEPA model [13] Reference works
us/ur range Chosen Value us/ur range Chosen Value

0.0 ≤ us/ur < 0.4 0.20 0.0 ≤ us/ur < 0.1 0.05
0.1 ≤ us/ur < 0.2 0.15
0.2 ≤ us/ur < 0.3 0.25
0.3 ≤ us/ur < 0.4 0.35

0.4 ≤ us/ur < 0.8 0.60 0.4 ≤ us/ur < 0.5 0.45
0.5 ≤ us/ur < 0.6 0.55
0.6 ≤ us/ur < 0.7 0.65
0.7 ≤ us/ur < 0.8 0.75

0.8 ≤ us/ur < 1.0 0.90 0.8 ≤ us/ur < 0.9 0.85
0.9 ≤ us/ur < 1.0 0.95

us/ur ≥ 1.0 1.10 1.0 ≤ us/ur < 1.1 1.05
1.1 ≤ us/ur < 1.2 1.15
1.2 ≤ us/ur < 1.3 1.25
1.3 ≤ us/ur < 1.4 1.35
1.4 ≤ us/ur < 1.5 1.45
1.5 ≤ us/ur < 1.6 1.55
1.6 ≤ us/ur < 1.7 1.65

Reference works = Badr and Harion (2007) [1] and Turpin and Harion (2009) [10]

Finally, the dashed ellipses presented in Fig. 4a are examples of areas over the ground175

surface in which the surface boundary layer is not disturbed by the stockpile. It can176

be checked by the values of us/ur on these regions. Indeed, from the logarithmic law177

governing an undisturbed wind velocity profile [6] for a roughness height equal to 0.03 m178

(open flat terrain) [14] the value of us/ur over an undisturbed region is approximately179

0.366 (see Fig. 6). This value is identical to that found in the numerical simulation180

(highlighted in the colormap of us/ur values in Fig. 4a).181

In order to calculate the re-emission of silt particles settled on the ground surface182

around the stockpile, two input parameters of the formulations presented above (Equa-183

tions 1 to 4) have different values to that usually used to assess the emissions from the184

stockpile surface.185

Firstly, a delimited surface S must be defined around the pile to represent the region186

in which the amount of settled dust has to be assessed. The choice of the dimensions187

of this area should be driven by the quantity of material emitted by the stockpile188

surface and on how far it accumulates or other source such as material transport and189

pile maintenance and can be determined by field observations in industrial sites. The190

dimensions of the surface S were defined arbitrarily by the authors as about ten times191

the stockpile surface area (Fig. 5). Fig. 5 then presents the two characteristic regions:192

(i) the stockpile vicinity is the surface taken into account to calculate the re-emission193

and (ii) the zone far away from the stockpile where the ratio us/ur is approximately194

equal to 0.366 (undisturbed velocity profiles).195

The second parameter to be chosen is the erosion threshold friction velocity for the196

surrounding regions. The USEPA guide gives values of u∗t for several materials and197

conditions and among them the value for the ground surrounding a stockpile (cf. Table198

13.2.5-2 in US-EPA [13]). For coal on the ground surface around the pile a value of199

0.55 m/s is proposed. It can be compared to the value of 0.35 m/s that was used in200

the calculation of dust emission from the stockpile surface. The value for the stockpile201

surface was determined from wind-tunnel experiments (cf. Turpin and Harion [10]).202

The other input values, aerodynamic particle size multiplier (k) and fastest mile of203

the wind velocity (u+10), remain unchanged and are equally used in both quantifications204
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on and around the stockpile. The aerodynamic particle size multiplier (k), as indicated205

by the USEPA model, assumes a value for each aerodynamic particle size (cf. Section206

13.2.5.3 in USEPA [13]). The value of k equal to 0.5 was chosen to represent PM10207

emissions.208

Three values of the fastest mile of the wind velocity (u+10−A, u
+
10−B and u+10−C)209

were chosen to represent different situations of dust re-emission:210

– no dust emission at all (u+10−A),211

– dust emission over the whole region (u+10−B),212

– no dust emission over the undisturbed area (surface boundary layer) and emission213

from the region disturbed by the stockpile (u+10−C).214

For the third case (u+10−C), the wind erosion friction velocity has to be chosen215

lower than the erosion threshold velocity around the piles, i. e., u∗ ≤ 0.55m/s. Then216

considering Equation 3 which links the friction velocity and the fastest mile wind217

velocity, the value of u+10 can be defined:218

u+10 ≤ 10.38m/s (5)

Finally, a smaller and a greater value than u+10−C=10.38 m/s were chosen to rep-219

resent the two other cases above mentioned: u+10−A=5.0 m/s and u+10−B=15.0 m/s.220

3.2 Dust emission estimation using different subarea discretisation levels221

The original USEPA model proposes a distribution of the us/ur ratio for stockpiles222

based on wind-tunnel measurements (Fig. 6). Previous numerical studies (cf. Badr and223

Harion [1] and Toraño et al [7]) were carried out to investigate the us/ur distribution224

on the pile surface. However, the USEPA model proposes a maximum of four subareas225

of us/ur, mainly due to the feeble velocity distribution detail obtained by the wind-226

tunnel experiments in which the model is based on. Contrarily, the CFD technique227

yields to a detailed velocity distribution and thus it is possible to enlarge the number228

of subareas used in the emission model. For example, Badr and Harion [1] and Turpin229

and Harion [10] presented seventeen subareas for oblong stockpiles obtained by CFD230

presented in Fig. 7 (also, see Table 1). By comparing Fig. 6 and Fig. 7, it can be seen231

that the distribution of us/ur is quite similar in both cases, although the maximum232

values of us/ur are slightly different and, furthermore, these differences increase as the233

stockpile orientation becomes aligned to the wind direction.234

Table 2 synthesizes a comparison between dust emission quantification using these235

different discretisation levels. Although, both methods indicate an increment in dust236

emission from the perpendicular configuration to the stockpile oriented 30◦, the more237

refined discretisation applied by Badr and Harion [1] and Turpin and Harion [10] per-238

mits better interpretation of the stockpile wind exposure. The maximum difference239

found was approximately 11.2% and most cases showed differences reaching a max-240

imum value of 5%. These differences are more pronounced for u+10 = 5.0 m/s. The241

results obtained by using the USEPA discretisation method may underestimate dust242

emission due to the fact that the USEPA model also underestimates the maximum243

values of us/ur on the piles surface.244
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Fig. 4 (a) Typical contours of us/ur on the horizontal plane parallel at 0.25 m above the
ground surface (it corresponds to 0.00125 in the wind-tunnel and numerical scale). (b) Vertical
logarithmic profile of wind velocity [6] that is used to calculate us/ur in the undisturbed flow
zones.

Table 2 Dust emission estimation for two different discretisation levels of us/ur distribution.

Emission (kg/perturbation)

u
+

10
m/s Wind angle of incidence USEPA [13] Reference works Difference (%)

90◦ 0.7 0.8 7.4
5.00 60◦ 1.4 1.5 9.2

30◦ 1.4 1.6 11.2
90◦ 16.5 16.5 0.0

10.38 60◦ 29.1 30.0 3.2
30◦ 33.2 32.6 -1.7
90◦ 43.1 44.4 3.0

15.00 60◦ 76.1 79.7 4.8
30◦ 87.4 87.5 0.1

Reference works = Badr and Harion (2007) [1] and Turpin and Harion (2009) [10]

4 Results245

4.1 Wind exposure of pile surface246

Fig. 7 presents the distribution of us/ur on the three piles’ surfaces and features the247

influence of main wind direction. The scale of us/ur values in the figure is the same248
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Fig. 5 Schematic representation of undisturbed zone away from the pile and zone considered
for dust emission calculations including the stockpile and the ground surface where re-emission
of settled particles may occurs (for perpendicular configuration).

Fig. 6 Subdivision of the stockpile surface in four subareas corresponding to constant values
of us/ur as proposed by the USEPA for (a) perpendicular, (b) 60◦ and (c) 30◦ configurations.

for all orientations allowing a better visualization of the differences. In Fig. 7a, the249

stockpile is perpendicular to the wind direction and the maximum value of us/ur is250

0.98 which is the lowest among all investigated configurations. The highest levels of251

us/ur are located on the pile crest and on both pile sides. In these regions, the flow252

is accelerated and detaches from the stockpile (Turpin and Harion [10]). The ratio253

us/ur progressively increases with height on the windward wall. The minimum values254

of us/ur are found on the leeward wall in the zone of recirculating flow.255
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Fig. 7 Contours of us/ur on the planes parallel to the stockpile surface at 0.25 m above the
pile surface in real scale (it corresponds to 0.00125 in the wind-tunnel and numerical scale) for
(a) perpendicular, (b) 60◦ and (c) 30◦ configurations.

The modification in the stockpile orientation deeply changes the us/ur distribu-256

tion, as is noticed in Figs. 7b and 7c. The us/ur distribution patterns for the 60◦257

configuration (Fig. 7b) shows that the highest levels of us/ur are found on the left side258

of the windward wall (maximum value equal to 1.26) where an helical vortex arises259

and causes velocity augmentation (Turpin and Harion [10] and Furieri et al [5]). In this260

configuration, the helical vortex is also responsible for the high values of us/ur on the261

leeward wall. The configuration 30◦ presents almost the same flow pattern as noticed262

for 60◦ except for some details downstream. The us/ur distribution pattern for the263

30◦ configuration (Fig. 7c) shows that the maximum values of the us/ur are found264

on the pile crest and windward wall where large part of the surface exhibits values of265

us/ur greater than 0.70 whereas for the perpendicular configuration it displays val-266

ues between 0.10 and 0.50 and for the 60◦ configuration these values are in the range267

between 0.40 and 0.80.268

4.2 Wind exposure of ground surface around a pile269

Figs. 8a, 9a and 10a present us/ur distribution on the ground around the stockpile for270

the whole domain. The zone near the stockpile considered in dust emission calculations271

(as defined in Fig. 5) is highlighted by means of dashed lines. Figs. 8b, 9b and 10b272

present the zones where friction velocity (u∗) is larger than the threshold friction273

velocity for the ground region (u∗t = 0.55 m/s) for a situation in which u+10 is equal274
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Fig. 8 Contours of us/ur on the horizontal plane parallel at 0.25 m above the ground surface in
real scale (it corresponds to 0.00125 in the wind-tunnel and numerical scale) for perpendicular
configuration: (a) on the whole ground surface and (b) on the ground surface considered for
dust emission calculations. (c) Streamlines coloured by the X-vorticity

to 10.38. These figures highlight only the contours of us/ur larger than 0.50. From275

Equation 4, us/ur values larger than 0.50 indicate a friction velocity larger than 0.57276

m/s. Indeed, according to Equation 2, an emission event occurs as the friction velocity277

of the considered subarea is higher than 0.55 m/s which is the case for the highlighted278

regions. Finally, Figs. 8c, 9c and 10c represent the fluid flow streamlines over the279

stockpiles coloured by the streamwise component of the vorticity.280

For the perpendicular configuration, the dust emission zones are located on both281

stockpile lateral sides as shown in Fig. 8. These are flow acceleration zones (Turpin282

and Harion [10] and Furieri et al [5]) where the flow structures formed due to the283

stockpile presence cause high levels of friction velocity and, consequently, particles284

take-off events. In the zone upstream the stockpile, as well as in the wake region, the285

friction velocity levels are lower and do not suggest the re-emission of settled dust.286

Fig. 8c shows main vortices developing. These vortices have opposite values of the X-287

vorticity meaning that they are contra-rotative. Moreover, the contours of the zones288

suggesting dust re-emission (Fig. 8b) indicate downstream the pile the downwash effects289

(fluid flow impinging vertically the ground causing high velocity gradient values) on290

the wall of these contra-rotative vortices. The lateral sides of each main vortex also291
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Fig. 9 Contours of us/ur on the horizontal plane parallel at 0.25 m above the ground surface
in real scale (it corresponds to 0.00125 in the wind-tunnel and numerical scale) for 60◦ con-
figuration: (a) on the whole ground surface and (b) on the ground surface considered for dust
emission calculations. (c) Streamlines coloured by the X-vorticity

present a secondary vortex, which is smaller and contra-rotative to the main vortex.292

The zones of formation of the secondary vortex are the flow acceleration.293

Figs. 9a and 9b show the us/ur distribution on the ground for the 60◦ configu-294

ration. The region of dust emission, in which the friction velocity is greater than the295

threshold friction velocity, is larger for this configuration. The main vortex formed296

downstream the pile and the intense velocity gradients near wall in this region down-297

stream the pile (Turpin and Harion [10] and Furieri et al [5]) is the flow structure298

responsible for the high values of us/ur that cause high wall shear stress. Fig. 9c show299

the single main vortex formed in this configuration. Also, in Fig. 9c, it is worth to300

note the secondary vortex with opposite values of X-vorticity which characterizes it as301

contra-rotative to the main vortex. Furthermore, the secondary vortex is responsible302

for a smaller zone of dust emission, highlighted in Fig. 9b.303

Finally, Figs. 10a and 10b present the us/ur distribution on the ground around the304

stockpile for the 30◦ configuration. Approximately, the values of us/ur are in the range305

between 0.6 and 0.7, i.e. lower than those for the two other configurations investigated.306

In this orientation, as it was observed for 60◦, there is a main vortex formed downstream307

the pile responsible for the zones of potential dust emissions. Figs. 10c shows the308

streamlines of this structure. The main vortex in this configuration is smaller and309

present lower effects on the ground than the one formed in the configuration 60◦.310

For all wind flow orientations, details about wall shear stress distribution, vortices,311

downwash and upwash zones are shown in the work of Furieri et al [5].312
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Table 3 Erodible and non-erodible areas for u
+

10
=10.38 m/s on (u∗

t
= 0.35 m/s) and around

(u∗

t
= 0.55 m/s) the stockpile.

% %
us/ur u

∗ (m/s) On the stockpile us/ur u
∗ (m/s) Around the stockpile

90◦ 60◦ 30◦ 90◦ 60◦ 30◦

0.05 0.05 9.5 6.0 2.7 0.05 0.05 3.2 0.4 0.1
0.15 0.16 28.2 11.7 5.6 0.15 0.16 5.7 2.9 0.4
0.25 0.26 20.2 9.9 7.3 0.25 0.26 7.5 3.7 1.5

Non-erodible 57.9 27.6 15.6 0.35 0.36 13.8 14.7 17.8
0.35 0.36 6.7 9.8 9.7 0.45 0.47 52.9 51.8 60.5
0.45 0.47 7.1 11.1 15.9 Non-erodible 83.1 73.5 80.3

0.55 0.57 7.4 13.0 20.3 0.55 0.57 8.6 10.5 10.1
0.65 0.67 6.7 13.9 15.3 0.65 0.66 6.5 11.2 5.8
0.75 0.78 5.9 12.2 10.9 0.75 0.77 1.8 3.4 3.8
0.85 0.88 5.4 7.5 5.4 0.85 0.88 0.0 1.4 0.0
0.95 0.99 2.9 2.3 3.5 0.95 0.99 0.0 0.0 0.0
1.05 1.09 0.0 1.4 2.4 1.05 1.10 0.0 0.0 0.0
1.15 1.19 0.0 0.9 0.6 1.15 1.21 0.0 0.0 0.0
1.25 1.30 0.0 0.3 0.3 1.25 1.32 0.0 0.0 0.0
1.35 1.40 0.0 0.0 0.1 1.35 1.43 0.0 0.0 0.0
1.45 1.50 0.0 0.0 0.0 1.45 1.54 0.0 0.0 0.0
1.55 1.61 0.0 0.0 0.0 1.55 1.65 0.0 0.0 0.0
1.65 1.71 0.0 0.0 0.0 1.65 1.76 0.0 0.0 0.0

Erodible 42.1 72.4 84.4 Erodible 16.9 26.5 19.7

*Values in bold represent an accumulation of surface percentage

Fig. 10 Contours of us/ur on the horizontal plane parallel at 0.25 m above the ground
surface in real scale (it corresponds to 0.00125 in the wind-tunnel and numerical scale) for 30◦

configuration: (a) on the whole ground surface and (b) on the ground surface considered for
dust emission calculations. (c) Streamlines coloured by the X-vorticity

4.3 Quantitative analysis of dust emissions313

This section presents the results obtained by using the USEPA model previous pre-314

sented in Section 3. Table 3 presents the percentage of erodible and non-erodible areas315
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Table 4 Dust emissions from stockpile surface and ground surface around the pile.

Emissions (kg/perturbation) Contribution (%)

u
+

10
(m/s) u

+

10
(m/s)

5 10.38 15 5 10.38 15
90◦ 0.8 16.5 44.4 100 67.7 34.2

Surface du tas 60◦ 1.5 30.0 79.7 100 57.1 32.8
30◦ 1.6 32.6 87.5 100 71.8 41.1

90◦ 0.0 7.9 85.2 0.0 32.3 65.8
Surface autour du tas 60◦ 0.0 22.6 163.5 0.0 42.9 67.2

30◦ 0.0 12.8 125.6 0.0 28.2 58.9

90◦ 0.8 24.4 129.6
Emissions globales 60◦ 1.5 52.6 243.2

30◦ 1.6 45.4 214.1

on and around the stockpile (based on the total area of the considered surface, see316

Fig. 5) that are calculated by summation of subareas for each us/ur range (see Equa-317

tion 1). The friction velocity was calculated using u+10 equal to 10.38 m/s as presented318

in Equation 5. The erodible area on the stockpile was found larger for the 30◦ configu-319

ration than for the other configurations, reaching about two times the value calculated320

for the perpendicular configuration. The results in Table 3 showed that the erodible321

area around the stockpile, for all configurations, is smaller than the erodible area on322

the stockpile surface. It can be explained by the fact that the threshold friction ve-323

locity is higher for the region around the stockpile and the ratio of us/ur is higher324

on the stockpile surface. Thus, for the perpendicular configuration, the percentage of325

erodible area is equal to 42.1% on the stockpile and 16.9% around the pile. For the 60◦326

and 30◦ configurations, respectively, these values are 72.4% and 26.5%, and 84.4% and327

19.7%. In addition, the results presented in Table 3 shows that the highest percentage328

of erodible area on pile surface was found for the 30◦ configuration and around the pile329

the same trend was found for the 60◦ configuration. This large erodible area around330

the stockpile for the 60◦ configuration may be explained by the intense and larger main331

vortex formed downstream the pile close to the leeward wall and extended to the far332

wake region.333

Table 4 synthesizes the overall data of dust emission estimation from stockpile sur-334

face and ground surface around the pile. The emission rates are calculated for different335

values of u+10. For all the values of u+10 investigated, the stockpile emissions are higher336

for the 30◦. For instance, if u+10 = 10.38, in this configuration the emission per per-337

turbation is equal to 32.6 kg whereas for the 60◦ and 90◦ configurations it was found338

equal to 30.0 and 16.5 kg, respectively. The ground surface surrounding the pile gives339

the highest values of dust emissions for the 60◦ configuration (22.6 kg for u+10 = 10.38)340

while the other configurations it gives smaller values of dust emissions per perturbation341

(7.9 kg for 90◦ configuration and 12.8 kg for 30◦ configuration for the same fastest mile342

of the wind velocity). Table 4 illustrates the importance of re-emission by showing that343

the existence of silt particles on the ground around the pile and their emission due to344

the wind erosion cannot be neglected. For u+10 equal to 10.38 m/s, the contribution of345

re-emission is approximately 30% for the 90◦ and 30◦ configurations and reaches about346

43% for the 60◦ configuration. For u+10 equal to 15 m/s, the contribution of re-emission347

doubles while for u+10 equal to 5 m/s, the re-emission is found to be negligible.348
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5 Conclusions349

A quantitative investigation of particles re-emission from the regions surrounding stock-350

piles by using the USEPA methodology was presented. In order to estimate emissions351

rates from the ground surface around the stockpile, some input parameters have specific352

values to fit the conditions of this region: threshold friction velocity and the dimensions353

of the region where the re-emission may occur. The influence of the fastest mile of the354

reference velocity and pile orientation in relation to wind direction were investigated.355

The value of k equal to 0.5 was chosen to represent PM10 emissions from both356

regions analysed. The threshold friction velocity equal to 0.55 m/s was applied for357

particles take-off from the ground surface around the pile and 0.35 m/s for emissions358

from the stockpile surface. The fastest mile of the reference velocity equal to 10.38359

m/s was taken as the limit value for which there is no emission from the undisturbed360

region in the vicinity of the stockpile. Under these conditions the ground surface where361

re-emission can occur is delimited by us/ur greater than 0.50.362

The present investigation shows that (i) there exists a zone of particles take-off363

downstream the pile and its size depends on the incoming wind flow direction and (ii)364

the contribution of re-emission of dust particles settled around in global emissions is365

significant.366

It was established that as the wind velocity increases, the contribution of re-367

emission also increases. In fact, among the wind velocities tested, for values lower368

than 5 m/s, no contribution of re-emission in the global emission was found. The dust369

emission from the pile surface is larger for 30◦ configuration. On the other hand, con-370

sidering the ground surface around the pile, the 60◦ configuration is responsible for371

a greater emission rate. The contribution of the re-emission in the global emissions372

has indicated a maximum value of 43% for the 60◦ configuration for u+10=10.38 m/s.373

It can be concluded that for u+10 equal or greater than 10.38 m/s, re-emission from374

the ground surface around the pile must not be neglected or, as a consequence, the375

global emission from a open stockpile yard will be underestimated. Finally, the global376

emissions assumed a minimum value for the piles oriented perpendicular to the wind377

direction for all wind velocity investigated.378
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4.1.3 Analysis of a rounded crest stockpile: influence on dust emissions

The present chapter intends to investigate the effect of a rounded shape of the oblong stockpile crest
on dust emissions. Similar situations found in literature and previous analysis carried out in the present
thesis, have motivated the numerical simulations of a rounded crest. Firstly, the work of Turpin and
Harion (2009) [72], also concerning oblong stockpiles, has already presented a comparative analysis
of different shapes of crest, notably various flat-topped stockpiles height. The work of Turpin and
Harion (2009) [72] was based on a previous study of Badr and Harion (2007) [3], which for a similar
geometry, showed that the crest line is the zone over the pile exhibiting the highest levels of near
wall flow velocity distribution and consequently the highest dust emission rate. Hence, a suitable
arrangement of the crest may limit the negative effects of the wind erosion of piles on storage yards of
industrial sites. The flat-topping of the crest was tested in the work of Turpin and Harion (2009) [72]
to check if this modification of the crest could reduce the rates of dust emissions from this region.
But, for all tested cases, the numerical simulations of several flat-topped crests resulted in an overall
increase of the total dust emissions.

The second motivation raised from the wind-tunnel experiments performed in this thesis with an
oblong stockpile made of sand (cf. section 3.1.1 for more details). These experiments have suggested
that at the wind-tunnel scale, and for the experimental sand pile configuration, the rounded form of
the crest had a significant radius relative to the height of the pile of sand. The manner in which the
piles were set up in the wind-tunnel is similar to that usually accomplished on real industrial sites
(hopper). The crests are not normally sharped as it is considered in simulations concerning oblong
stockpiles.

At the real scale, the radius is very small relative to the height of the pile. However, it could be
relevant to evaluate the influence on dust emission of a rounded form crest of an oblong stockpile,
with a significant radius. Different radius of the rounded crest shape were then tested for different
wind flow orientations and free stream velocities. Also, the stockpiles were designed to maintain
some characteristics of the models with sharped crest already simulated: angle of repose, width of
the crest and volume of the pile.

The aims of this subsection are listed below:

• evaluation of the modifications noticed on the near wall flow distribution on the stockpile
surface due to the rounded crest shape,

• simplified investigations of the air flow pattern surrounding the rounded shape of the crest and

• as a consequence of the two points above mentioned, perform the analysis of the dust emission
by using the USEPA (2006) [75] methodology.

It is worth to note that all numerical simulations of the rounded form of the crest were done with
the open-source CFD code Code_Saturne.

4.1.3.1 Tested configurations

The tested cases are presented in Figure 4.1 which shows two rounded crest geometries compared
to the sharped one. The main dimensions are highlighted in the figure for the three cases. The
numerical model presents a scale ratio of 1:200. It can be noticed, in these images, the geometrical
parameters of the stockpiles that have been kept, between the sharped and rounded shapes: crest
length Lcrest = 0.373m (maintain the same dimensions of the crest which is the zone of interest in
these analysis), side slope α = 38◦ (to simulate the same material, coal) and volume V = 0.00364m3

(to compare the emissions from a same quantity of granular material).
As the above mentioned, there are identical dimensions between the tested configurations. Thus,

others have to be changed to accomplish the same volume of stored material. In that way, stockpile
length (L) and half-width (l) are larger as the value of (rpile) increases. Indeed, rpile is the parameter
that defines the rounded shape of the crest. Figure 4.2 details the configuration where rpile=1. The
value of rpile is given in cm and indicates the radius of a circle limited in the pile. Black dashed lines
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represent the original sharped crest. Thus, the volume comprised between the original shape and the
limited circle is deleted from the pile. For the sake of understanding, rpile=2 is also represented in
the image. The rounded crest stockpile presents lower heights. For the extreme case that is tested
in this subsection (rpile = 5), the height is about 10% smaller. The dimensions of the pile are
calculated after a routine that effectuate the minimisation between the volume of the rounded crest
and the sharped one. The value of l is obtained to minimize this difference and the others are taken
from it.

Figure 4.1: Tested configurations and different shapes of stockpile crests: (a) sharped crest, (b)
rounded crest with radius rpile = 1 and (c) rounded crest with radius rpile = 5

For the tested wind flow orientations (30◦, 60◦ and 90◦), two values of the parameter rpile of
the rounded crest were simulated: rpile = 1 (Figure 4.1b) and rpile = 5 (Figure 4.1c). rpile = 0
means the sharped crest (Figure 4.1a). The values chosen allow an analysis of the evolution of the
aeolian erosion with the gradual modification of the crest rounded form. The wind direction that
resulted in more modifications of the wind flow distribution on the crest (60◦) is also simulated for
rpile = 0.5. This smallest value of rpile = 0.5 was considered in numerical simulations to check if,
even for a slight rounding of the crest, the near wall flow distribution presents important differences.
The results are reported in following paragraphs.

The first part of the discussions in this chapter concerns the comparisons about the near wall
flow distribution over the stockpile surface between sharped and rounded crests. These comparisons
are shown in Figures 4.3, 4.4 and 4.5, respectively presenting stockpiles oriented 30◦, 90◦ and
60◦. The near wall flow distribution is shown by means of us/ur values over the pile surface. The
parameter us/ur, already presented in previously sections of the present thesis indicates the ratio
between the near wall velocity us, calculated at 0.25 m (in real scale) from the surface of interest
and the free stream velocity referent to the value at 10 m height, ur. The parameter us/ur was
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Figure 4.2: Definition of rpile

chosen to perform the comparisons between each configuration as it is an input data of the USEPA
used to estimate dust emissions (USEPA (2006) [75]).

4.1.3.2 Near wall flow topology over a rounded crest of an oblique and perpendicular
stockpiles

Oblique - 30◦

For 30◦, Figures 4.3a, 4.3b and 4.3c are the results of near wall flow distribution for, respectively,
a sharped crest, a rounded with rpile = 1 and a rounded with rpile = 5. The near wall flow
distribution is represented with the same scale to enable the visualization of differences between the
configurations.

The numerical results have shown differences but an overall near wall flow pattern nearly the
same. In Figures 4.3a, 4.3b and 4.3c three main regions have been highlighted:

• regions 1-a, 1-b and 1-c: stockpile crest and the detachment point,

• regions 2-a, 2-b and 2-c: leeward wall,

• regions 3-a, 3-b and 3-c: ineffective zone of the stockpile surface (the zone without effects on
dust emissions)

Other regions have less importance on the final distribution: the windward wall and the impinge-
ment region (smaller shear over the wall).

In Figure 4.3b, about the rounded crest with rpile = 1, some significant modifications are ob-
served. The rounded crest (region 1-b) presents a significant increasing of us/ur levels compared
to region 1-a on the sharped crest, from approximately 0.90 to 1.30. Due to the modification of
the crest’s shape (from sharped to rounded) the fluid behaviour on the crest line is strongly altered.
For the sharped crest, the elevated levels of us/ur are result of flow acceleration, normally observed
on this kind of geometry. In the case of a rounded crest, the flow presents a different pattern of
acceleration. The rounding of the crests causes the increasing of zones with strong velocity gradient
and consequently higher levels of us/ur.

For rpile = 1, there are no significant modifications of the leeward wall flow pattern or the
ineffective zone (respectively, regions 2-b and 3-b). The main vortex is differently formed and as
a consequence has lower effects on the leeward wall of the rounded configuration. The ineffective
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Figure 4.3: Numerical simulation results of the near wall flow distribution by means of the ratio
us/ur of a stockpile oriented 30◦: (a) sharped crest, (b) rounded crest with radius rpile = 1 and (c)
rounded crest with radius rpile = 5

zone on the leeward wall is slightly augmented and the highest value observed over this zone is not
greater than 1.00 while for the sharped crest it overpasses this value.

Among the tested configurations the crest presented in region 1-c (rpile = 5) has the lowest
exposure levels. The maximum value of us/ur is about 1.15 near the portion located more upstream
the crest. However, the higher radius caused the formation of a crest having a higher surface of
contact with the incoming wind flow at the top of the pile. In that case, even the weaker acceleration
occurs over a greater zone which may represent in the quantifications a elevated dust emission rate.
Regions 2-c and 3-c have smaller surfaces than those seen in Figure 4.3b but present the same
features: ineffective zone and effects of the main downstream vortex.

Oblique - 90◦

Besides the results of the pile oriented 30◦, the investigation of an another oblique pile (60◦)
and a perpendicular pile is also the scope of the present work . The results corresponding to the
perpendicular stockpile will be presented in this chapter before those of 90◦. For 60◦ additional
informations are given due to their more importance in near wall, air flow and dust quantification.

In that way, Figure 4.4 illustrates the near wall flow topology for the perpendicular stockpile. The
main near wall flow features for this configuration are: the highest zones of wall friction values (or
near wall velocity) are located on both stockpiles lateral sides (region 1-a) and over the entire crest
equally distributed (region 2-a) and two zones of very low levels of velocity near the stockpile surface,
close to the ground on the windward wall and on the leeward wall (3-a). The first ineffective zone
on the pile is the stagnation region where the incoming flow is deviated in this region towards sides
and top of the pile. Secondly, the leeward wall is inside the recirculation bubble formed downstream
the pile.

The modification of the crest, firstly considering rpile = 1, causes the increase of the maximum
velocity ratio value from about 1.00 to approximately 1.15 (region 2-b). These high values are
noticed over a significant region along the crest line. The others features, commonly observed on
the sharped crest, are also noticed on the rounded crest with rpile = 1. The featuring of rpile = 5
shows the formation of an extended zone of high values of us/ur along the crest (regions 1-c and
2-c). However, its maximum value is reduced to approximately 0.95, the lowest among the crests
tested.
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Figure 4.4: Numerical simulation results of the near wall flow distribution by means of the ratio
us/ur of a stockpile oriented 90◦: (a) sharped crest, (b) rounded crest with radius rpile = 1 and (c)
rounded crest with radius rpile = 5

Oblique - 60◦

The near wall flow distribution of the stockpiles oriented 60◦ is shown in Figures 4.5a-4.5d.
Modifications of the fluid flow pattern caused by the rounded shape of the crest are more clearly
noticed for this wind flow direction. For this configuration, a third value was tested: rpile = 0.5.
The aim is to check the sensibility of the fluid flow pattern due to a slight rounding of the crest.

The sharped pile does not present a clear visualization, because of this scale, of the fluid flow
pattern normally observed in other sections. Here, only a local augmentation of the levels of us/ur is
observed, the detachment point very upstream the crest line (near to mark 2-a). us/ur level reaches
1.30 in this region. On region 3-a the main vortex presents its main effects in which high levels of
us/ur are noticed near the ground at the bottom of the wall. In a comparison between the four cases,
regions 1-a to 1-d present very few differences. Only approaching the crest, the most considerable
discrepancies are noticed. The zones of us/ur greater than 0.75 slightly increases over regions 3-a
to 3-d. The pattern of region 3 is highly modified for rpile = 5.

Finally, the rounded crest causes a high increase of us/ur values for a significant surface over the
crest line. The distribution over the crest line, increases from values lower than 1.00 to maximums
about 1.80. Figure 4.5b, which represents rpile = 0.5, shows that, even for a small rounding of
the crest line the us/ur values are increased. The configuration with rpile = 1 (Figure 4.5c) also
presents the high levels near wall velocity distribution. Figure 4.5d (rpile = 5) shows a maximum of
about 1.30 for the values of the near wall velocity ratio. As for the other orientations, the maximum
magnitude is not very high, but the surface of impact is the largest. For instance, in the configuration
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Figure 4.5: Numerical simulation results of the near wall flow distribution: ratio us/ur of a stockpile
oriented 60◦: (a) sharped crest, (b) rounded crest with rpile = 1 and (c) rounded crest with rpile = 5

30◦, rpile = 1 presented a maximum of 1.40 and rpile = 5 a maximum of 1.05.

A more detailed understanding of the way that the fluid flow is modified due to the different
shapes of crest, is presented in Figure 4.6. In this figure, for the four tested cases of the 60◦ wind
direction, the fluid flow is shown by means of contours of the longitudinal wind velocity over a plane
XZ in the middle of the pile. The longitudinal velocity values are normalized by their values measured
at the distance corresponding in the model scale to 10 m height in real scale (Uref = 5.26 m/s).
The fluid flow pattern near the stockpile peak (crest line) is magnified permitting a more detailed
observation of the velocity distribution very near the crest.

The longitudinal fluid flow observed for the four tested configurations presented in Figures 4.6a-
4.6d has similar characteristics. The most relevant discrepancies are found on: (i) the near wall
of the crest line, (ii) the formation of the main vortex and (iii) its effects on the leeward wall. A
representation of the main vortex is noticed in this plane by the negative velocity values downstream
the pile. The smaller vortex is more attached to the leeward wall of the pile and presents more effects
on this surface (highlighted arrow at the right of Figures 4.6). Moreover, on the leeward wall, the
ineffective zone is smaller for the rounded crest piles. The rounding of the crest promotes a very
less abrupt flow detachment. This situation is clearly observed in Figure 4.6a which is compared to
the other Figures 4.6. In fact, the recirculation observed in Figure 4.6a means a flow that has been
more accelerated due to the shape of the stockpile crest. Additionally, the colours of the contours
near the leeward wall show a more accelerated flow in Figure 4.6d. The length of the main vortex is
strongly reduced.

Zone B on the four sub-figures show the evolution of the downstream main coherent structure
which correspond to the change in wind exposure downstream of the pile seen in Figure 4.6. For
the sharped crest, the flow separation is located on the crest. The separation angle is very close to
the side slope. For rpile ranging from 0.5 to 5, the separation angle decreases and the separation is
extruded downstream from the beginning of curvature of the pile surface.
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Figure 4.6: Contours of longitudinal wind velocity plotted over a XZ plane located at the computa-
tional domain center line for the stockpile oriented 60◦ (at right, detail of separation on the crest):
(a) sharped crest, (b) rounded with radius rpile = 0.5, (c) rounded with radius rpile = 1 and (d)
rounded with radius rpile = 5

4.1.3.3 Dust emission quantification

Table 4.1 summarizes the quantification of dust emissions from rounded crest stockpiles comparing
to sharped crests. The quantification was calculated using the USEPA (2006) [75] methodology.
The dust emissions are shown in kg per perturbation and are calculated for three values of u+

10: 5,
10 and 15 m/s. It is worth to note that these estimations are presented in the real scale and are
identically carried out as those already discussed in previous chapters.

The oblique configuration of stockpile oriented 30◦ shows a very slight reduction of the values
of emissions for a rounded crest pile. The two rounded crest piles configurations have resulted in
almost identical values of dust emissions. A link with the near wall velocity distribution should be
done to a better understanding of the alteration in the quantification caused by the different crest
shapes. The visualization of the pile oriented 30◦ indicates that the increasing of low level zones over
the leeward wall has promoted the slightly reduction in the emission. The crest line is more eroded
in Figure 4.3b which would result in more dust emitted. However, on the rounded crest piles the
ineffective zones on the leeward wall is increased and the region near the crest (still on the leeward
wall) is protected in these rounded configurations. The differences of dust quantification between
rounded rpile = 1 and rpile = 5 are very low.

The emissions for the perpendicular orientation have shown a different behaviour. The dust
emissions, contrarily to that observed for 30◦, slightly increase as the crest becomes more rounded
(from rpile = 1 to rpile = 5). For instance, the emissions corresponding to a fastest mile equal to
10 m/s results in 17.4, 18.7 and 20.6 kg per perturbation, respectively for, sharped, rpile = 1 and
rpile = 5. Differently to what is observed in the results of the pile oriented 30◦, the leeward wall doe
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not present a different pattern of the ineffective zones due to the alterations of the rounded crest.
In fact, the distribution on the leeward wall is very similar while over the crest the values of us/ur

are higher and involves a higher surface which defined more dust emitted. The emissions increase
about 10% as the crest is modified for wind velocity equals to 10 m/s, and about 25% for 15 m/s.

Table 4.1: Dust emission quantification of two shapes of stockpile’s crest: sharped and rounded
Emissions (kg)

u+

10
= 5 m/s u+

10
= 10 m/s u+

10
= 15 m/s

Sharped 1.8 33.8 89.9
30◦ Rounded (rpile = 1) 1.7 28.2 85.1

Rounded (rpile = 5) 1.7 28.8 85.4
Sharped 1.1 17.4 47.6

90◦ Rounded (rpile = 1) 1.4 18.7 54.2
Rounded (rpile = 5) 1.5 20.6 59.0

Sharped 1.5 24.7 73.8
60◦ Rounded (rpile = 0.5) 2.9 34.3 96.8

Rounded (rpile = 1) 2.8 34.0 96.2
Rounded (rpile = 5) 3.1 35.9 100.9

Finally, the dust emission quantification for the orientation 60◦ shown the highest differences
between sharped and rounded crest stockpiles. The dust emitted from the sharped crest was found
to be about the half of the value calculated for the rounded crest (results corresponding to u+

10 =
5 m/s). For other velocity values, the increasing noticed on the dust emitted values is lower but
reaches about 40%. It is worth to note that, this important increased dust emissions quantified for
this orientation are observed for the calculation performed with the lowest rounded crest analysed
(rpile = 0.5). The emissions for the others two tested values of rpile are slightly higher for all
velocities calculated. The increasing of emissions may be easily understood after a visualization of
the near wall flow distribution (Figure 4.5). The crest shows very high velocity ratio values and,
as shown in previous paragraphs, the leeward wall is exposed to higher velocities. For the pile with
rpile = 5 the eroded zone over the leeward wall is smaller, however, the crest shows eroded surfaces
over a higher value of than the sharped one.

4.1.3.4 Conclusions

The present chapter was carried out in order to analyse the implication on dust emissions of the
modifications on the stockpiles crest. Motivated by previous studies that have checked the highly
influence of the crest on dust emissions, the analysis presented herein aimed to investigate a shape
of crest until now not tested in the terms carried out in this chapter: a rounded shape. The rounded
crest was already observed on experimental models of oblong piles. The flow near the wall was found
to be highly modified by the shape of crest.

The investigations have presented the zones over the stockpile surface more modified due to
the rounded crest. For all orientations, the crest and leeward wall (for oblique configurations) are
the regions highly changed due to the modification noticed of the crests. The numerical simulation
results and dust emission quantification have shown that for all velocity values tested, the pile
oriented 60◦ and rounded crest has presented the highest global dust emission values. Only for one
tested configuration (30◦), the dust emission results were very slightly reduced for a rounded crest
compared with the sharped configuration. The values increase for the perpendicular stockpile with
rounded crest. However, the perpendicular orientation still presents the lowest levels among all tested
configurations. The tested cases of the stockpile oriented 60◦, which is not the worst atmospheric
pollution situation for a sharped crest, becomes it for the rounded crest for all velocity values tested.
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4.2 Investigation of various arrangements of two successive stock-
piles

4.2.1 Aeolian erosion of isolated and successive arrangements of oblong storage
piles

The analysis of dust emissions from isolated piles has been published in the last few years. However,
it has also been verified the strong influence of a nearby obstacle on the overall fluid flow distribution
over that previously isolated. In this framework, this subsection presents the results and discussions
about the influence of a second nearby stockpile on, firstly, the near wall flow distribution near the
surface of interest (stockpile surface) and, secondly, on the global dust emissions. These results were
then presented as an article entitled "Aeolian erosion of isolated and successive arrangements of
oblong storage piles" to be submitted to the "Applied Mathematical Modelling" journal. The
oblong stockpile was numerically simulated under three configurations: isolated and successive with
two values for the gap between them. The meteorological conditions were evaluated by changing
the incoming wind orientation and velocity magnitude. The numerical simulations for the results
presented in this subsection were performed with an open-source CFD code called Code_Saturne.
Finally, dust emissions were assessed by the widely used mathematical methodology proposed by
USEPA (2006) [75].
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Abstract9

The present work is focused on the investigation of overall emissions from10

several arrangements of oblong stockpiles. Previous studies dealt with dust11

emission quantification and wall flow topology concerning isolated oblong12

piles. This paper aims to analyse the influence of a second successive pile13

on global dust emissions on industrial sites, on which there is rarely a sin-14

gle isolated pile. Dust emission rates are assessed by the US-EPA model15

and fluid flow data is predicted by numerical simulations carried out with16

the open-source Computational Fluid Dynamic (CFD) code Code Saturne.17

Orientation, free stream velocity and distance between piles are the param-18

eters analysed in these investigations. Three scenarios conducted in these19

investigations indicate that dust emission from two successive close stock-20

piles is: (i) increased for the piles oriented 60◦, (ii) slightly decreased for the21

perpendicular piles and (iii) was not influenced by the interactions for the22

orientation 30◦. The analysis of the downstream stockpile shows that, as23

the gap increases, the interactions have less impacts on dust emission. It is24

also found that the isolated stockpile emits less dust than the upstream or25

downstream pile in the successive configuration. Total emissions are found26

to be approximately the same for the two distances between piles that have27

been tested. This study provides to the industrial management several infor-28

mation concerning the best arrangement of the piles in order to limit particle29

emissions.30

Keywords:31

Aeolian erosion, Dust emission quantification, US-EPA methodology,32
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Successive stockpiles, Computational Fluid Dynamics (CFD), Open-source33

CFD code34

1. Introduction35

In industrial sites worldwide, diffuse sources present a negative contri-36

bution to the overall ambient air quality. The effects of wind erosion of37

industrial granular materials on diffuse source emissions were subjects re-38

cently studied by several authors (7; 10; 12; 14; 18). The aeolian erosion on39

industrial sites must be surveyed and controlled, as it is requested by environ-40

mental authorities. Three approaches are usually performed to survey and41

manage emission from diffuse sources: field measurements, experimental sim-42

ulations (in laboratories) or numerical calculations. Field measurements are43

expensive and although wind tunnel measurements are in constant improve-44

ment concerning the quality of techniques ((7; 8; 10; 13)), measurements45

techniques are complex to perform and difficult to implement. Thus, math-46

ematical methodologies are a suitable solution for the investigation of wind47

flow impact on diffuse sources. Numerical simulations provide detailed in-48

formation concerning the fluid flow that includes the most important input49

data for the mathematical model of diffuse dust emission estimation: wind50

velocity distribution near the surface of interest. A literature survey re-51

veals numerous studies about experimental and numerical analysis of diffuse52

sources (2; 3; 4; 5; 6; 9; 10; 18; 19).53

Badr and Harion (2007) (2) investigated the effects of the stockpile config-54

uration on dust emissions calculated by the USEPAmethodology USEPA2006.55

Numerical simulations were performed to improve the understanding of three-56

dimensional flow processes occurring around stockpiles of varying shapes. An57

optimal configuration emitting less dust was found. Later, Turpin and Har-58

ion (2009) (18) carried out numerical simulations for several stockpile shapes.59

The results of the flow field on the stockpiles surfaces were integrated in the60

USEPA methodology. Results showed that flattening the stockpile crest did61

not lead to a decrease of dust emissions. Indeed, the acceleration at the top62

of the stockpile and on the lateral sides increases with the clipping height.63

Recently, Furieri et al. (2012) (10) used experimental and numerical tech-64

niques to evaluate the wind flow near the wall surrounding isolated oblong65

stockpiles. The authors found airflow turbulent structures and areas of high66

wall friction levels that may be linked to potential dust emission from the67

ground surface around the piles. These authors presented discussions about68
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the fluid mechanics on and around isolated oblong piles and consequently the69

overall dust quantification. However, numerous works have shown that the70

fluid flow interactions occurring between nearby obstacles and surrounding71

buildings are very important and have a strong impact on the overall dis-72

tribution of the fluid flow velocity near the surface (6; 19; 5). Furthermore,73

an isolated configuration of stockpile is rarely encountered in industrial sites.74

Stockpiles are usually arranged successively in parallel lines. However, these75

articles did not evaluate in details the near wall flow distribution and the76

main fluid flow structures formed due to the interactions between piles. Very77

recently, Cong et al (5) presented the effects of the arrangement of multiple78

stockpiles on the quantification of dust emissions. These authors focused79

on flat-topped and conical piles, however, oblong piles are more commonly80

found in industrial sites. The USEPA methodology was used in Cong et al81

(5) work to determine emission rate without further discussions about the82

fluid flow structures.83

The present work aims the investigation of fluid flow structures around84

multiple oblong stockpiles and their influence on the global amount of emitted85

dust. This paper presents discuss the influence of the number of piles, the86

stockpile orientation in relation to the incoming wind flow direction and the87

distance between piles on dust emission rates calculated by using the USEPA88

methodology.89

2. Mathematical methodology90

2.1. Numerical simulation background91

The numerical simulation performed in this work are based on the pre-92

vious work carried out by Turpin and Harion (2009) (18) which has been93

validated by wind tunnel data. These authors investigated the influence of94

different crest shapes on the emission rates of an oblong isolated stockpile.95

In the present work, the solution of the three dimensional equations of96

mass and momentum was computed with the open-source code (1) named97

Code-Saturne which is based on the co-located finite volume approach. The98

standard k-ω Shear Stress Transport (SST) model was used to account for99

turbulence effects. Figure 1(a) shows the computational domain and bound-100

ary conditions. The mesh is produced by an extrusion from triangular cells101

defined on the ground surface and pile walls (see Figure 1(b)) towards the102

top boundary of the computational domain. As required by the turbulence103
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Figure 1: (a) Computational domain and (b) Meshing

model k-ω SST closure, there is a mesh refinement near the wall surface104

where z+ ≤ 5.105

The modelled stockpile is an oblong stockpile with an angle of repose106

equal to 38◦ which is representative of coal piles commonly found in real107

industrial sites. The dimensions of the real stockpile were scaled-down by a108

factor of 1:200 to carry out the numerical simulations: 0.578 m (width), 0.205109

m (length) and 0.08 m (height). Dimensions of upstream and downstream110

zones were set in the computational domain to ensure that the results are111

not influenced by the size of the domain (as performed by Turpin and Har-112

ion (2009) (18)). Spanwise and vertical dimensions of the domain are based113

on the dimensions of wind-tunnel in which Turpin and Harion (2009) (18)114

carried out the experimental work to validate the numerical simulations. In115

fact, the vertical dimension of the computational domain was set as half of116

the wind-tunnel height reducing computational cost. This condition has been117

tested and there is no influence on the obtained results. The inlet boundary118

conditions for velocity (u, v and w), turbulent kinetic energy (k) and specific119

dissipation rate (ω) were obtained from preliminary numerical simulations of120

a flow in a channel in which a periodic streamwise flow was set as bound-121

ary conditions at the inlet and outlet in order to produce a fully developed122

channel flow and the final converged flow field was set as the inlet condition123

for the simulation presented in this paper. The free stream velocity (ur) was124

equal to 6.5 m/s. For the outlet boundary conditions, it was assumed that125

the flow is fully developed and for the upper boundary condition, symme-126
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try was imposed. Finally, smooth walls with no-slip conditions were set at127

domain lateral walls, as well as at stockpile and ground walls.128

2.2. USEPA model for dust emission quantification129

The USEPA model of dust emission quantification requires the following130

input data:131

• particle size multiplier (taken as the average particles size) (k)132

• threshold friction velocity (u∗t )133

• distribution of us/ur on the surface of interest (ur is the reference ve-134

locity at 10 m height from the ground and us is the velocity at 25 cm135

from the surface, both for real scale)136

• number of perturbations (N)137

• number of isosurfaces of us/ur (M)138

• the highest velocity value measured by an anemometer at a reference139

height for a period between perturbations (u+10)140

The whole input data set is dependent on the characteristics of materi-141

als and the industrial site configuration. However, the distribution of the142

ratio us/ur needs further investigation which can be pursued by means of143

numerical simulations. An experimental distribution of this parameter is144

given in the USEPA guide for isolated stockpile. Thus, numerical simula-145

tions were carried out using the open-source model Code Saturne to obtain146

the us/ur distribution on the surfaces of interest. A single pile perturbation147

was considered for the investigated configurations. A perturbation is defined148

in the USEPA guidance (20) as an intervention done in a storage pile yard149

for maintenance and transport of material.150

Equation 1 is the fundamental formulation of USEPA methodology to151

calculate the emission rate (E). The pile surface is divided in subareas repre-152

senting different levels of wind erosion exposure, each subarea being consid-153

ered as a distinct source corresponding to a constant value of us/ur. Thus,154

the summation in Equation 1 considers these subareas separately accounting155

for the respective fraction of subarea S.156
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E = k

N
∑

i=1

M
∑

j=1

PijSij (1)

where P is the erosion potential (g/m2). The erosion potential P is calculated157

based on the friction velocity (u∗) and threshold friction velocity (u∗t ) as158

shown in Equation 2. For the disturbed fluid flow around stockpiles the159

USEPA model proposes Equation 3 to determine friction velocity.160

{

P = 58 (u∗ − u∗t )
2 + 25 (u∗ − u∗t )

P = 0 for u∗ ≤ u∗t
(2)

161

u∗ = 0.10

(

us

ur

)

u+10 (3)

The aerodynamic particle size multiplier (k) is different for each consid-162

ered aerodynamic particle size (cf. Section 13.2.5.3 in USEPA guide (20)).163

The value of k equal to 0.5 was chosen to represent PM10 particles emissions164

(PM10 defines the particles in suspension presenting diameter less than 10165

µm). The value of the threshold friction velocity equal to 0.35 m/s (represent-166

ing an agglomeration of coal) was determined by wind-tunnel experiments167

(cf. (18)). Three different values of u+10 were investigated (5, 10 and 15 m/s)168

to simulate different atmospheric conditions. It is important to note that,169

according to (18), the us/ur distribution does not vary for different values of170

ur and thus, although for the numerical simulations u
+
10 is equal to ur, it is171

not worth to run the simulations for different values of u+10 as these simulation172

would produce the same us/ur distribution.173

3. Results and discussions174

The tested configurations were: one isolated stockpile, two parallel stock-175

piles with a gap equal to 1e and 2e (e = 0.9h where h is the stockpile height),176

and three stockpiles orientations in relation to wind direction: 30◦, 60◦ and177

90◦.178

3.1. Wind exposure of pile surface and surrounding air flow179

Figures 2 and 3 represent, respectively, the results of numerical simu-180

lations of the distribution of near wall flow velocity (us/ur) and the flow181

160



streamlines around the piles for the orientation 30◦. The same results are182

presented in Figures 4 and 5 (60◦) and Figures 6 and 7 (90◦) for the orien-183

tation 60◦ and 90◦, respectively. The wind exposure patterns on the piles184

surfaces for the three configurations are very similar. Figure 2 presents the185

distribution of us/ur for one isolated pile (Figure 2a), two successive piles186

with a gap 1e (Figure 2b) and two successive piles with a gap 2e (Figure 2c).187

Figure 2d shows the contours of the longitudinal flow velocity on a XZ plan.188

Figure 2a presents the near wall wind flow pattern for the isolated stock-189

pile and shows high values of the ratio us/ur near the crest with a maximum190

on the first detachment point, three zones with low values of us/ur (impinge-191

ment zone, upstream and on the bottom of the leeward wall) and traces of192

the main vortex on the leeward wall. Zone A indicated in Figures 2a, 2b193

and 2c presents the differences found in us/ur distribution for these three194

configurations. The other zones present very similar distributions: (i) the195

impingement region and the line along the crest both presenting the highest196

levels of the ratio us/ur, (ii) an unaffected region on the leeward and wind-197

ward wall and (iii) the effect of the main vortex on the leeward wall (high198

wall friction).199

Figure 2d shows a contour plot of the longitudinal wind velocity for the200

configuration in which the gap between piles is equal to 1e. Point (I) indi-201

cates a recirculation (negative values of the X velocity very near the wall)202

and the effect on the upstream pile is the low levels of us/ur. The fluid203

flow detachment is highlighted by point (II): the fluid flow is accelerated204

and causes much larger velocity values near the crest. Point (III) indicates205

a recirculation region and a larger zone of negative velocities near the zone206

A, downstream pile. The streamlines show that in the leeward side, the207

flow separates from the pile surface and creates this recirculation zone. The208

streamlines over the successive piles present behaviour than the ones around209

the isolated pile. In fact, it suggests that for this orientation (30◦) the in-210

fluence of the second pile may be neglected. The main vortex, which is the211

structure responsible for the erosion on the first stockpile, does not impinge212

on the second pile and the recirculation structures do not reduce the levels213

of us/ur. These findings can be verified for both tested gaps.214

The wall flow distribution and plot of longitudinal wind velocity for the215

piles oriented 60◦ are presented in Figures 4a to 4d. Zone B is characterized216

by low levels of us/ur as the fluid impinging the windward wall flows towards217

the laterals and top stockpile walls. The deviation of the free stream flow218

impinging the stockpile causes the appearance of zones C and D. Zone C219
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Figure 2: Wind flow exposure on the stockpile oriented 30◦: (a) isolated stockpile, (b)
two successive stockpiles with gap 1e and (c) two successive stockpiles with gap 2e (with
e = 0.9h where h is the stockpile height). (d) Plan of dimensionless longitudinal wind
velocity
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Figure 3: Streamlines coloured by the wind flow velocity magnitude for the orientation
30◦: (a) two stockpiles with a gap equal to 1e and (b) two stockpiles with a gap equal to
2e. (The velocity measured at 10m in real scale is chosen as the reference velocity Uref
=5.26 m/s)

presents the highest levels of us/ur. Each configuration for the piles oriented220

60◦ has different values of us/ur in zone C where the interactions between221

successive piles are more significantly seen. Zones E and F can be observed in222

the leeward side of the stockpiles. Zone E is the region of ineffective erosion.223

Zone F presents the effects of the main vortex and a slight augmentation of224

us/ur levels is perceived on the upstream piles for both configurations with225

two stockpiles. For this orientation (60◦), there are differences of great signif-226

icance of wind exposure between the tested configurations: the interactions227

between the piles in this case show the most visible differences among all228

the tested orientations. The stockpiles with a gap 1e present the maximum229

levels of us/ur in zone C (equal to 1.63). The isolated stockpile presents230

a maximum value of 1.40 in zone C which is lower than the configurations231

with multiple piles. The most pronounced variations of us/ur in zone D are232

perceived in the downstream piles and the maximum value of us/ur for the233

isolated pile is approximately equal to 1.02. In the first piles for the mul-234

tiple pile configurations, there is an augmentation of us/ur to 1.30 in zone235

D while the second piles do not present significant modifications in zones236

D. The comparisons between isolated and successive piles indicated strong237

163



modifications of zone D in the case where the piles have a gap equal to 1e.238

Values of us/ur reach 0.50 on most part of this region, whereas for an isolated239

pile or piles separated by 2e this value is lower than 0.20. Finally, zone F240

may be analysed for both upstream and downstream piles. For downstream241

piles this zone does not present significant modifications, only a slight reduc-242

tion of the ineffective zone. However, if the analysis is carried out for the243

upstream stockpiles for both tested gaps, one can notice the influence of the244

interactions between stockpiles on the near wall velocity distribution. The245

interaction corresponds to the main vortex. Zone F shows higher values of246

us/ur in the first piles for the multiple piles configurations. A maximum of247

0.85 is found for the isolated pile and the downstream piles in the multiple248

pile configurations. The upstream piles result in us/ur values greater than249

1.30.250

Figure 4d presents the plots of longitudinal wind velocity for two XZ251

plans. The plan XZ 1 shows at point (I) the fluid flow acceleration on the252

pile crest and consequently the highest values of wind velocity. Point (II)253

indicates the main vortex of the upstream stockpile. The acceleration can254

also be seen near the crest of the downstream pile. Observing plan XZ255

2, the highlighted points (III) and (IV) represent the main vortices formed256

downstream each pile. Focusing on the first main vortex (between the piles),257

it is possible to notice its effects on the downstream pile (zone D).258

High levels of us/ur noticed for the orientation 60
◦, are seen in Figure 5.259

The main vortex formed downstream the first pile impinges the windward260

wall of the second pile. Moreover, this main vortex has more influence on261

the leeward wall of the upstream pile than the isolated one. The amount262

of disturbed fluid flow impinging the downstream pile is more significant for263

the gap equal to 1e. The near wall flow velocity distribution for the three264

perpendicular cases tested is presented in Figure 6. The results of the near265

wall flow topology for two successive stockpiles (Figure 6 (b) and Figure 6266

(c)) show that the distribution of the near wall flow velocity does not present267

a symmetric pattern as it is expected for RANS numerical simulations of268

geometrical symmetric configurations. However, the configurations with two269

geometrical symmetric obstacles (as the two successive stockpiles) may result270

in non symmetrical results of the near wall flow distribution. This condition271

may be called bistability. The bistability was already investigated by few272

authors (15; 11). Both studies performed numerical and experimental simu-273

lations for an incoming wind flow oriented in angles around the perpendicular274

position. The authors have studied the fluid flow impinging symmetrical ge-275
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ometries and both found a bistable flow. Extra numerical simulations were276

performed to verify if the asymmetric results for the orientation 90◦ are valu-277

able for the discussions and comparisons with other wind orientations. Thus,278

stockpiles oriented 89.5◦ and 90.5◦ were simulated (see Figure 8 for details279

of the near wall velocity distribution). For these numerical simulations, the280

fluid flow pattern of 90◦ is very near the orientation 89.5◦ and the main vortex281

impinges the windward wall of the downstream pile on the same side (black282

dashed line). For the configuration 90.5◦, this structure is observed on the283

opposite side.284

As the main aim of the present work is to quantify dust emission and285

the obtained results of dust emitted for the three orientations (90◦, 90.5◦286

and 89.5◦) where lower than 3 %, the dust quantified for 90◦ will be taken287

hereafter for the comparisons with 30◦ and 60◦. Finally, Figures 6 will be288

used for the discussions of the modification on the near wall flow topology.289

The isolated stockpile oriented 90◦ (Figure 6a) presents the following main290

characteristics of the near wall velocity distribution: (i) the highest levels of291

us/ur are found on the crest and on the sides of the piles, (ii) the recirculation292

zone downstream the pile causes the lowest levels of the ratio and (iii) on293

the lower part of the windward wall us/ur values are near to zero and theses294

values increases the top and sides. The analysis of the two nearby stockpiles295

leads to the identification of several zones of surface protection (low levels296

of us/ur). Zone G in the leeward wall is more representative on the piles297

separated by the gap 1e. Also, the zones having high levels of us/ur are298

smaller in these configurations. The analysis of the regions indicating the299

existence of ineffective zones over the wall, zone H shows up the differences300

on the near wall velocity distribution on the leeward wall. Here, on both301

piles it is increased the amount of surface with very low levels of us/ur. The302

formation of a large recirculation zone is the main cause of this behaviour303

on these walls. The perpendicular stockpile streamlines (Figure 7) show the304

two strong recirculation zones formed between piles and on the leeward wall305

of the downstream pile. Some zones in where the fluid flow does not impinge306

the piles are also perceived.307

3.2. Dust emissions quantification308

The graphics presented in Figure 9 summarize the quantitative analysis309

of dust emission for all the configurations. The quantification of emitted310

dust (in kg per perturbation), calculated by the USEPA methodology previ-311

ously presented, is shown in the plots divided into three categories: (i) piles312
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Figure 4: Wind flow exposure on the stockpile oriented 60◦: (a) isolated stockpile, (b)
two successive stockpiles with gap 1e and (c) two successive stockpiles with gap 2e (with
e = 0.9h where h is the stockpile height). (d) Plans of dimensionless longitudinal wind
velocity

separated by the gap 1e, (ii) piles separated by the gap 2e and (iii) isolated313

pile.314
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Figure 5: Streamlines coloured by the wind flow velocity magnitude for the orientation
60◦: (a) two stockpiles with a gap equal to 1e and (b) two stockpiles with a gap equal to
2e. (The velocity measured at 10m in real scale is chosen as the reference velocity Uref
=5.26 m/s)

Firstly, a slightly reduction of the amount of emitted dust is assessed for315

two nearby stockpiles perpendicular to the main wind flow direction. More-316

over, the strong impact of a second parallel stockpile, seen for the orientation317

60◦, and the low modifications of the fluid flow pattern, for 30◦, are clearly318

noticed in the values of emitted dust presented in Figure 9.319

The differences of percentage values between the dust quantification of320

the isolated pile and the two nearby stockpiles are presented hereafter. The321

piles oriented 30◦ indicate a maximum difference of 3.5% for the test with322

main wind velocity equal to 5 m/s and gap 1e, compared to the isolated one.323

This slight reduction of emitted dust is mainly caused by the differences of324

the ratio us/ur seen in zone A among the tested configurations. The levels325

of us/ur with emission potential for this velocity are those more modified326

by the phenomena explained in zone A. Other values of velocity indicate327

differences close to 1%, which agree with the uniformity of the near wall328

velocity distribution for this orientation.329

The highest differences are found for the configuration 60◦ which are330

higher than twice for the lowest velocity values tested and 55.0% for 10 m/s.331

This condition is extremely important as these values of wind velocity are332

the most observed in nature. For this configuration, the interactions between333
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Figure 6: Wind flow exposure on the stockpile oriented 90◦: (a) isolated stockpile, (b)
two successive stockpiles with gap 1e and (c) two successive stockpiles with gap 2e (with
e = 0.9h where h is the stockpile height).

nearby stockpiles (stronger as the gap is smaller), are mainly responsible for334

the great increase in dust emissions noticed for all tested velocities. Even335

for a gap greater than approximately twice the pile height, the emissions336

are almost 10 % higher than for an isolated pile. In this way, there is a337

strong influence of the fluid flow pattern on dust emission which is strongly338

increased.339

The perpendicular configuration shows that the comparison reaches a340

maximum of 22.7% also for 5 m/s. In this configuration, all the compar-341

isons show negative percentage values as there is always a reduction of dust342

emitted between the isolated pile and the sum of two nearby stockpiles. The343

recirculation zones formed downstream the piles oriented 90◦ is the main344

reason for the reduction on the emitted mass.345

The whole discussion performed in this section reveals the importance of346
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Figure 7: Streamlines coloured by the wind flow velocity magnitude for the orientation
90◦: (a) two stockpiles with a gap equal to 1e and (b) two stockpiles with a gap equal to
2e. (The velocity measured at 10m in real scale is chosen as the reference velocity Uref
=5.26 m/s)

Figure 8: Wind flow exposure on two nearby stockpiles with gap 2e oriented 89.5◦, 90◦

and 90.5◦

investigating the interactions between wall-mounted obstacles. The results347

are a practical application for industrial sites. The quantification carried out348

for several arrangements assists the definition of a configuration presenting349

the best condition reducing the final global emission. For instance, accord-350

ing to the USEPA quantification previously presented, a pair of stockpiles351

with a gap approximately equal to the stockpile height and perpendicular352

to the most recurrent wind flow direction is preferable to reduce levels of353

atmospheric pollution from industrial sites with diffuse sources.354
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Figure 9: Quantification of dust emission for an isolated stockpile (black), two stockpiles
separated by a gap 1e (grey) and two stockpiles separated by a gap 2e (yellow). e = 0.9h
where h is the stockpile height)

4. Conclusions355

The present analysis of wall flow topology and dust emission quantifi-356

cation focused on oblong stockpiles found on industrial sites. The main357

objectives were: near wall flow topology, air flow visualization and effective358

quantification of emitted dust for several configurations and arrangements359

using the USEPA methodology. The numerical simulations were carried out360

with the CFD open-source code Code Saturne.361

Three stockpile arrangements were tested: one isolated stockpile, two362

nearby stockpiles with gap 1e and with gap 2e (e = 0.9h where h is the363

stockpile height. The wall flow topology indicated significant conclusions364

assisted by the analysis of streamlines over the piles: (i) proximal values of365

near wall velocity distribution for all the cases of the configuration 30◦, (ii)366

the streamlines of the piles oriented 30◦ shown that the main vortex formed367

downstream the first pile does not impinge the windward wall of the upstream368

stockpile for both gaps, (iii) the highest levels of us/ur for each configuration369

(one pile or two piles) are always reached for the configuration 60◦, (iv) the370

smaller the gap is the higher the levels of us/ur for the configuration 60
◦ are,371
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(v) streamlines of the configuration 60◦ have clearly shown that the main372

vortex impinges the downstream pile, (vi) the perpendicular configuration373

is characterized by the reduction on the values of us/ur along the stockpile374

(mainly on the downstream stockpile).375

The results of dust emission quantification are a consequence of the near376

wall fluid flow pattern. Thus, the quantification of the emission from twice377

the amount emitted by an isolated stockpile oriented 30◦ is approximately378

67.6 kg for 10 m/s and, for the same velocity and orientation, the two suc-379

cessive stockpiles with gap 1e and 2e emit, respectively, 67.0 kg and 67.8 kg.380

The results of wall flow topology and dust emission quantification indicate381

the significance of the interactions existing between successive stockpiles for382

60◦ and 90◦. The adverse environmental effects, after a wind erosion event,383

may be minimized performing the arrangement of the piles on industrial sites.384

The objective is to orient the piles perpendicular the most usual wind flow385

direction which results in the lowest amount of dust emissions. For instance,386

for a free stream velocity equal to 10 m/s, 34.8 kg for gap 1e and 35.9 kg387

for gap 2e are emitted for the perpendicular stockpiles against 38.4 kg for388

twice the isolated pile. The main advice for industrial operators is to avoid389

the orientation in which the stockpiles are approximately 60◦ to the main390

wind flow direction. In this condition, the main vortex has strong effects on391

the successive pile increasing the amount of dust emitted (61.0 kg for the392

isolated pile and 84.7 and 76.1 kg for 1e and 2e also for 10 m/s).393
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4.2.2 Analysis of dust re-emission from the ground region surrounding successive
stockpiles

Previous works have deeply studied the aeolian erosion over oblong storage piles:

• in section 4.1.1, wall and air flow pattern surrounding isolated stockpiles were presented.
Delimitation of the potential zones of settled dust re-emission;

• in section 4.1.2, quantification of dust re-emission by means of the USEPA methodology (three
incoming wind flow directions and three wind velocities) of an isolated stockpile and

• in section 4.2.1, the work discussed the influence of a second nearby stockpile on the near wall
flow topology and consequently on the dust emission quantification. The complex fluid flow
structures formed due to the presence of a successive pile has presented strong effects over the
piles.

The ground region surrounding storage piles presents a strong impact on the overall atmospheric
condition. The estimated amount of the settled dust re-emitted may not be neglected as it was shown
in section 4.1.2. The results of the quantification of dust re-emission, presented in section 4.1.2,
showed for a given wind flow condition that 67% of the overall emitted dust is subject of the re-
emission from the ground region around stockpiles. Furthermore, the results in section 4.2.1, dealing
with the complex structures formed between successive stockpiles and their influence on dust emission
quantification, shown a considerable increase on the values of kg/m2 for two successive stockpiles
oriented 60◦. The increase on dust emissions for the last mentioned configuration is about 45%.

In that way, the present subsection aims to proceed previous investigations, studying the influence
of complex structures (formed due to the stockpile arrangement) on the fluid flow near the ground
region surrounding piles. For that aim, the results and discussions are divided in three parts:

• a comparison between numerical contours of normalized wall shear stress and oil-film fluid flow
visualization (cf. Chapter 2) is done for some tested cases;

• distribution of the near wall velocity surrounding the stockpiles by means of numerical simula-
tions (cf. section 4.2.1 for details about modelling parameters), for all tested configurations,
aiming the calculation of the ratio us/ur and

• dust emission quantification (USEPA methodology).

4.2.2.1 Wall and air flow topology around successive stockpiles

The experimental technique of oil-film fluid flow visualization, applied on the wall around a stockpile
model, intends to obtain a more suitable understanding of the flow featuring on this region. As
extensively said in previous sections, this experimental approach offers a two-dimensional visualization
with a good spatial resolution of the distribution of the wall friction which is associated to dust re-
emission. The fluid flow visualization by this experimental technique is presented for the following
configurations: 30◦ and gap 1e (Figure 4.7), 60◦ and gap 2e (Figure 4.10) and 90◦ and gap 2e
(Figure 4.13). The objective is, for each flow orientation which presents a specific flow pattern,
analyse more detailed, by means of this comparison, the near wall flow for at least one gap. The
numerical near wall flow distribution for the other gaps is presented later in this subsection.

Therefore, Figure 4.7a presents numerical contours of normalized wall shear stress (τref = 0.07Pa
computed for the undisturbed region on the computational domain) and Figure 4.7b shows the
last photograph taken during the experimental technique of surface flow visualization. The last
photograph indicates the instant when the oil-film pattern does not present more modifications.
The numerical results have shown a good agreement with the experimental technique. Indeed, the
highlighted zones are very similar in both approaches.

Region 1 depicts the effects, on the ground surface, of the main vortex formed downstream the
first stockpile. A strong friction on the wall is noticed in this highlighted region. The high wall
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Figure 4.7: Numerical and experimental approaches of the wall shear stress evaluation on the ground
region surrounding two successive stockpiles oriented 30◦ with a gap equal to 1e (e = 0.9h, h is the
stockpile height): (a) numerical contours of normalized wall shear stress magnitude (τref = 0.07Pa)
and (b) photograph of oil-film surface flow visualization

friction caused by the main vortex is also identified in the photograph. The darkest regions indicate
high wall friction: the oil-film is dislocated towards another region on the plate. Region 2 is also
an example of high friction on the wall: effect of the main vortex formed downstream of the second
pile. On the other hand, regions of intense yellow color represent an accumulation of the oil-film
corresponding in the numerical results of low levels of wall shear stress. Regions 3, 4, 5 and 6 indicate
the accumulation of the oil-film. Numerical results have shown for regions 3 and 4 the lowest levels
of normalized wall shear stress (blue contours in Figure 4.7a). Region 5 is 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 acceleration perceived in this region: a local
augmentation of the wall shear stress. The experimental photograph shows black areas near the
stockpile as an effect of the flow acceleration. Section 4.2.1 presented streamlines between the
successive piles and their effects on the piles. The analysis of streamlines shows the incoming fluid
flow deviation and the formation of the main vortices on both stockpiles. Finally, Region 6 shows
an ineffective zone on the ground downstream the second pile, right of the main vortex. In the first
pile, this region is concentrated between the piles.

The dashed lines on Figure 4.7 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 downstream pile. These
vortices are also highlighted in Figure 4.8. Figure 4.8 presents the evolution of the spanwise com-
ponent of the wall shear stress and the streamlines 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 modification of the main vortex A by the downstream pile.
The smaller vortex does not present an important effect on the surface. The normalized wall shear
stress levels are not higher than 0.75.

On the regions modified by the main vortices, downwash zones are noticed. These structures,
highlighted over the streamlines, are responsible for high velocity gradient values near the wall which
consequently results in high wall shear stress values (τyz/τref = 1.10 for the main vortex A and
τyz/τref = 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
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of the main vortex A with the downstream pile. In fact, the main vortex A does not impinge the
downstream pile, however it is slightly modified by its presence (cf. section 4.2.1 for more details
about the streamlines surrounding the stockpiles). Settled particles are re-emitted as a result of
upwash zones. For instance, the streamlines in Figure 4.8, show an upwash zone is noticed at y/h
approximately equal to -3.75. Accordingly, surface flow visualization shows at this transversal location
an intense yellow color which is related to an accumulation of the coating.

Figure 4.8: Numerical results of the air flow topology surrounding the successive stockpiles oriented
30◦: (a) streamlines over a transversal (YZ) plane and (b) plot of normalized spanwise wall shear
stress (τref = 0.07Pa)

Figure 4.9 shows the near wall velocity distribution, by the means of the ratio us/ur, for the three
tested arrangements. A better comprehension of the modifications caused by the successive pile may
be seen in these contours. Also, the influence of the gap between the piles on this distribution is
analysed using Figures 4.9b and 4.9c.

The pattern of the fluid flow distribution near the wall for the isolated stockpile indicates four
main zones:

• region 1, effect of the main vortex,

• region 2, effect of the secondary vortex,

• region 3, ineffective zone downstream the pile (lowest levels of us/ur) ,

• region 4, wind flow impingement and

• region 5, ineffective zone in the right of the main vortex.

Figures 4.9b and 4.9c show that some of these structures are strongly modified by the presence of
a successive stockpile. In fact, only the region 4 does not present significant differences. Figure 4.9b
(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.

In conclusion, the analysis carried out in previous paragraphs indicated that the arrangement of
piles orientated 30◦ presents more significant modifications of near wall flow topology on the ground
surface than on the surface of the pile. Indeed, the results presented in section 4.2.1 have shown
that the modifications on the pile are very small. This condition is observed for both tested gaps.
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Figure 4.9: Near wall flow velocity distribution in terms of the ratio us/ur of the configuration 30◦:
(a) isolated stockpile, (b) two successive stockpiles with a gap 1e, (c) two successive stockpiles with
a gap 2e (e = 0.9h, h is the stockpile height)

However, the results of wall flow topology around the piles are sensibly different between the three
tested arrangements. The effects of the main vortex A (formed upstream) are highly modified by
the downstream stockpile. Furthermore, the areas called region 3, for the downstream piles, are
completely different in both configurations with two stockpiles.

Results for the orientation 60◦ are presented in Figures 4.10, 4.11 and 4.12. 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. Figure 4.10 presents the numerical contours of
normalized wall shear stress and the experimental photograph of oil-film surface flow visualization.
In Figure 4.10, four regions were highlighted:

• 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),

• region 2 is the effect of the secondary vortex which is modified due to the presence of a
downstream pile,

• region 3 the ineffective zone, indicates low levels of wall shear stress on the ground region
situated between the main vortices and

• region 4 is the impingement region.

It is worth to note that, a very good agreement is observed between the visualizations shown
in Figures 4.10a and 4.10b. Region 1 presents the highest levels of normalized wall shear stress: a
peak of approximately 4.30 is computed. The higher friction existent in the orientation 60◦ may
be noticed comparing Figure 4.10 and Figure 4.7 (30◦, maximal value: 2.57). Indeed, the zones
of intense black color are greatly more visible for the orientation 60◦ (regions 1 in Figure 4.10).
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 the second stockpile, the values of
wall shear stress become more intense in the gap between the piles. The main vortex A is deviated
caused 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.
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Figure 4.10: Numerical and experimental approaches of the wall shear stress evaluation on the ground
region surrounding two successive stockpiles oriented 60◦ with a gap equal to 1e (e = 0.9h, h is the
stockpile height): (a) numerical contours of normalized wall shear stress magnitude (τref = 0.07Pa)
and (b) photograph of oil-film surface flow visualization

The important effects of the secondary vortex, which is a structure normally found in the isolated
configuration, is not noticed in Figure 4.10. Region 2 is the effect on the wall of a modified secondary
vortex. The region 2 in the photograph 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 technique 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 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 acceleration is equally observed in both piles and
highlighted by the black arrows. Dashed lines on Figure 4.10 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 Figure 4.11. Figure 4.11a depicts the streamlines over a spanwise
plane. Figure 4.11b 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
Figure 4.11: main vortices A and B. Main vortex A is modified by the presence of the downstream
stockpile. While main vortex B indicates a maximum value of shear stress τyz/τref = 2.60, the peak
for the main vortex A is smaller, about τyz/τref = 1.80. Furthermore, in the right and left sides of
the main vortex A smaller structures causing augmentations of the levels of τyz/τref are noticed. The
evolution of the spanwise shear stress of the main vortex B is about the same observed in the isolated
stockpile (see section 4.1.1 for more details about the air flow topology of the isolated stockpile).
The black arrows represent upwash and downwash zones. The two peaks of normalized spanwise
shear stress observed in Figure 4.11a are linked to the downwash zones highlighted in Figure 4.11b.
Finally, there is an upwash zone for approximately y/h between -3.75 and 5.

Figure 4.12 shows numerical contours of us/ur for all the tested arrangements of stockpiles
oriented 60◦ to the main wind flow direction. The four regions previously listed in Figure 4.10 are
highlighted in Figure 4.12. The highest levels of us/ur are found over the gap between successive
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Figure 4.11: Numerical results of the air flow topology surrounding the successive stockpiles oriented
60◦: (a) streamlines over a transversal (YZ) plane and (b) plot of normalized spanwise wall shear
stress (τref = 0.07Pa)

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
1e, 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.

Figure 4.12: Near wall flow velocity distribution in terms of the ratio us/ur of the configuration 60◦:
(a) isolated stockpile, (b) two successive stockpiles with a gap 1e, (c) two successive stockpiles with
a gap 2e (e = 0.9h, h is the stockpile height)

Figures 4.13, 4.14 and 4.15 present numerical and experimental results for the perpendicular
inflow. The numerical simulations results of the perpendicular orientation contain the effects of
the bi-stability. More detailed information about the bi-stability of the fluid flow is presented in
section 4.2.1 (the numerical simulation results presented in the section 4.2.1 are the same as those
shown in the current section). The analogies found out between normalized wall shear stress and
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the experimental surface flow visualization are presented in Figure 4.13. 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 recirculation zone in the wake (region 3).

Figure 4.13: Numerical and experimental approaches of the wall shear stress evaluation on the
ground region surrounding two successive stockpiles perpendicular to the incoming wind flow with
a gap equal to 1e (e = 0.9h, h is the stockpile height): (a) numerical contours of normalized wall
shear stress magnitude (τref = 0.07Pa) and (b) photograph of oil-film surface flow visualization

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 more intense on the right side of the piles
(region 1). This condition is also caused by the bi-stability 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). A comparison with the isolated pile results (cf. section 4.1.1)
of normalized shear stress shows a reduction of these values around the piles. The zones of more
concentrated values of wall shear stress, noticed on the isolated configuration, are less present in this
case.

In Figure 4.14, presenting streamlines and spanwise wall shear stress evolution, the bi-stability of
the flow is easily recognized. For instance, the main vortex A presents a peak of τyz/τref = −2.14
while the main vortex B expected to be symmetric 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). At the streamlines plane a great main vortex is noticed beside a small one.

Figure 4.15 shows the comparison of near wall flow distribution in terms of the ratio us/ur for the
three arrangements of perpendicular stockpiles. The main conclusion of this image is that the zones
of low ratio us/ur and consequently no take-off are greater where there is a successive stockpile.

4.2.2.2 Dust emission quantification

The quantification of dust re-emissions on the surrounding areas was carried out by using the USEPA
methododology [75]. Table 4.2 compiles the data of mass of dust re-emission per area of the surface
being analysed. Table 4.3 summarizes the contribution of the re-emission on the overall emissions in
real industrial site scale. For more details about the methodology of dust re-emission quantification
implemented hereafter, cf. section 4.1.2.

180



Figure 4.14: Numerical results of the air flow topology surrounding the perpendicular successive
stockpiles: (a) streamlines over a transversal (YZ) plane and (b) plot of normalized spanwise wall
shear stress (τref = 0.07Pa)

The area of the surface of interest surrounding the stockpiles changes for each tested configura-
tion. For this reason, the quantification of dust re-emission was chosen to be presented in units of
g/m2 which normalizes the data (isolated pile, 52998 m2; two piles gap 1e, 64031 m2 and two piles
gap 2e, 68219 m2 in real scale). The surface around the pile was chosen arbitrarily as it was done
in section 4.1.2. The isolated pile case characterizes a situation on industrial sites where successive
piles present a very high gap between them.

The choice of the tested values of u+
10 is explained in section 4.1.2. For the smallest wind

velocity (u+
10 = 5 m/s) there is no emission of settled dust on the surrounding areas for all tested

configurations. On the other hand, for the results of intermediate tested wind velocity (u+
10 = 10.38

m/s) the re-emission reaches 2.87 g/m2 for two stockpiles oriented 60◦ with a gap equal to 2e.
Events of very high velocity values of the incoming flow (u+

10 = 15 m/s) result in the increase of
approximately ten times the values of dust re-emission rate.

The orientation 60◦ presents for all velocities the highest values of re-emitted dust on the sur-
rounding areas. In addition, the gap between piles has few influence on the analysis of dust re-emission
for the orientations 60◦ and 90◦ for all wind velocities tested. On the other hand, for the orientation
30◦, the re-emission is very sensible to the modification of the gap which indicates a difference about
19% for a given velocity. The re-emission increases for the configuration with two nearby stock-
piles (compared with the isolated stockpile) for the oblique orientations, 30◦ and 60◦ while for the
perpendicular orientation there is a decrease.

Table 4.2: Dust emissions per perturbation in g/m2 for the tested cases: on and around the stockpiles
Emissions (g/m2)

u+

10
= 5 m/s u+

10
= 10.38 m/s u+

10
= 15 m/s

One pile 30◦ 0.0 0.15 1.63
Two piles 30◦ 1e 0.0 0.22 1.95
Two piles 30◦ 2e 0.0 0.26 2.12

One pile 60◦ 0.0 0.34 2.52
Around the stockpiles Two piles 60◦ 1e 0.0 0.44 2.83

Two piles 60◦ 2e 0.0 0.47 2.87
One pile 90◦ 0.0 0.16 1.63

Two piles 90◦ 1e 0.0 0.11 1.52
Two piles 90◦ 2e 0.0 0.12 1.56
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Figure 4.15: Near wall flow velocity distribution in terms of the ratio us/ur of the perpendicular
configuration: (a) isolated stockpile, (b) two successive stockpiles with a gap 1e, (c) two successive
stockpiles with a gap 2e (e = 0.9h, h is the stockpile height)

The information presented in Table 4.3 determines the importance of the re-emission of settled
particles on the overall emissions of yards of granular material agglomeration. The contribution of
the ground region shows that for the smallest velocity there is no re-emission and it increases if the
velocity increases. The other two velocities have shown that the re-emission is more important for
the isolated stockpile and the two tested gaps have shown a very small influence on the value of
the contribution of the surrounding region. For the intermediate tested velocity, u+

10 = 10.38 m/s,
the maximum importance of the region surrounding the pile is found for the isolated pile oriented
60◦: 38.9 %. The results for the greatest velocity present, also for the isolated pile oriented 60◦, the
maximum value found for the contribution of the surrounding stockpile equal to 63.8 %.

4.2.2.3 Conclusions

The quantification of dust re-emission was not considered in any previous work concerning the aeolian
erosion of successive 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 comparative analysis of dust emission between
different velocities, orientations and arrangements. The fluid flow over a stockpile or a group of
stockpiles oriented 60◦ presented huge vortices with great effects on the ground. This arrangement
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Table 4.3: Contribution in percent of the ground region surrounding stockpiles
Contribution of the surrounding region (%)

u+

10
= 5 m/s u+

10
= 10.38 m/s u+

10
= 15 m/s

One pile 30◦ 0.0 20.2 47.4
Two piles 30◦ 1e 0.0 16.7 40.4
Two piles 30◦ 2e 0.0 18.0 43.9

One pile 60◦ 0.0 38.9 63.8
Contribution Around the Pile Two piles 60◦ 1e 0.0 25.1 46.2

Two piles 60◦ 2e 0.0 29.6 49.6
One pile 90◦ 0.0 30.0 62.2

Two piles 90◦ 1e 0.0 16.3 50.2
Two piles 90◦ 2e 0.0 17.9 51.7

has to be avoided on industrial sites. However, if this orientation must be set operators must
separate the piles the maximum. Finally, the perpendicular orientation shown, for all configurations,
the lowest emission rates. In this orientation there is no main vortex acting around the pile which
is the structures responsible for the elevated rates of dust emission for the other orientations and
successive stockpiles promotes an ineffective zone. On some industrial sites, the amount of dust
re-emitted from the ground is being considered in the final quantification of emissions.
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Résumé en français - Conclusions

Cette thèse a été consacrée à l’étude de l’érosion éolienne des tas de stockage de matières granu-
laires sur les sites industriels. Les caractéristiques globales de l’écoulement turbulent sur des tas de
stockage et les caractéristiques locales de l’écoulement sur des éléments de rugosité, qui représen-
tent les particules de la matière granulaire, sont les principaux résultats obtenus à l’aide d’approches
expérimentales (soufflerie) et numériques.

Les visualisations pariétales de l’écoulement à l’aide de la technique du film d’huile ont contribué
à répondre au manque d’informations concernant la topologie de l’écoulement proche paroi autour de
tas de stockage et ont fourni des indications qualitatives qui ont contribué à une validation partielle
des simulations numériques présentant plusieurs zones potentielles de réémissions de particules. Ces
zones au sol entourant les tas sont généralement chargées de particules fines sur les sites industriels.

Pour le cas d’un tas de stockage impacté par un écoulement de vent perpendiculaire, des zones
d’accélération sur chaque côté du tas sont observées. Elles induisent des zones de fort frottement
pariétal qui présentent donc un potentiel élevé de réémission de particules. Les tas orientés à 30◦ et
60◦ par rapport au vent incident ont présenté les valeurs les plus élevées de la contrainte pariétale dans
leur sillage. Ce résultat est lié à la formation et au développement d’un tourbillon quasi longitudinal
en aval du tas. Des configurations de tas de stockage oblongs et successifs ont été également été
étudiées. Les configurations testées (un tas isolé et deux tas proches avec des distances différentes
entre les deux tas) ont montré les effets de la complexité des structures d’écoulement formées par
l’interaction entre les tas.

La quantification de la réémission de particules dans le voisinage des tas de stockage par la
méthode USEPA qui dépend de la distribution de vitesse proche paroi (us/ur) entourant les piles, a
été prédite par simulations numériques. La contribution de la réémission de particules déposées autour
des tas est dans certaines configurations particulièrement importante: par exemple, les réémissions
répresentent jusqu’à 43% du total émis au global pour un tas orienté 60◦ pour une vitesse de de vent
de 10 m/s. Les émissions globales d’un site industriel peuvent aussi être grandement sous-estimées
si ces émissions supplémentaires environnantes ne sont pas prises en compte. La quantification de
différents arrangements de tas successifs a également été réalisée. Les résultats montrent que la
disposition des tas orientés 60◦ par rapport à la direction principal du vent doit être évitée sur les
sites industriels. L’incidence sur les émissions de particules des modifications de la crête des tas a
été réalisée pour un tas isolé.

Les mesures continues en soufflerie de la masse émise ont été réalisées dans le but d’évaluer
l’influence des particules non-érodibles pour un tas de stockage isolé et perpendiculaire par rapport
au vent. Le sable testé présente une granulométrie bimodale. Deux taux de couverture (10 et 20%)
et trois vitesses de l’écoulement libre (6, 7 et 8 m/s) ont été testés. Les résultats ont montré une
décroissance temporelle du flux de masse émise du fait de la présence de particules non-érodibles.
La valeur de masse émise à partir de pesées différentielles est la plus élevée pour la vitesse la plus
élevée et le plus faible taux de couverture. L’agglomération des particules non-érodibles sur la surface
érodible provoque la diminution de la quantité de particules émise. D’autres expériences en soufflerie
pour des tas de stockage obliques ont montré une forte érosion sur la crête et la formation d’un
tourbillon fortement érosif sur la paroi.

Les investigations menées sur l’influence des particules non-érodibles ont conduit à des résultats
importants pour la quantification d’émissions de particules sur les sites industriels. La technique
expérimentale de mesure en continu menée dans cette thèse est originale. Elle a conduit à des
perspectives intéressantes. De plus, ces résultats expérimentaux ont été utilisés pour proposer une
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amélioration de la méthodologie de l’USEPA. Un manque remarqué dans cette méthodologie réside
dans le fait que les différentes proportions de particules non-érodibles présentes dans des agglomérats
de matières granulaires naturels ne sont pas explicitement prises en compte. Ainsi, il a été proposé
une modification de la formulation du potentiel d’érosion qui intègre ce paramètre.

L’analyse de l’influence locale de la présence de particules non-érodibles a été effectuée avec
des simulations numériques. L’évolution de la vitesse de frottement moyennée est analysée pour
un domaine partiellement couvert par des éléments de rugosité de distribution poly-dispersée. Une
formulation mathématique associe le frottement sur les parois et les paramètres géométriques des
éléments de rugosité pour un lit de particules avec des diamètres et des hauteurs égales (condition
rarement rencontrée pour des matériaux granulaires réels). Les résultats ont montré que la formula-
tion originale [71], initialement développée pour des éléments de rugosité mono-dispersés (diamètre
et hauteurs identiques), reste valable pour les distributions de particules poly-dispersées utilisées dans
cette thèse.
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Conclusions and Perspectives

Conclusions

This thesis was dedicated to investigate the wind erosion of granular material storage piles commonly
found on industrial sites. Turbulent flow patterns over storage piles and local turbulent flow char-
acteristics over roughness elements which represent granular material particles are the main results
obtained by means of experimental (wind-tunnel) and numerical approaches.

The oil-film surface flow visualization contribute to fulfil the lack of wall flow topology informa-
tions and provided partial validation of numerical simulations presenting several potential zones of
particles re-emission. These should not be neglected if the ground surrounding the piles is charged
with silt particles which is commonly the case on industrial sites. For the stockpile impinged by a
perpendicular incoming flow the acceleration zones on each lateral side indicate high wall friction
and high potential of dust re-emission. Stockpiles oriented 30◦ and 60◦ to the main incoming wind
flow presented the highest values of wall shear stress in the near wake, caused by a strong main
longitudinal vortex. Successive oblong stockpiles were also studied. The tested arrangements (one
isolated stockpile and two nearby stockpiles with different gaps) showed the effects of complex fluid
flow structures formed due to interactions between piles.

The quantification of dust re-emission by means of the USEPA methodology which depends on the
near wall flow distribution (us/ur) surrounding the piles was predicted by numerical simulations. The
contribution of re-emission of settled dust particles is found to be significant: for instance, a value of
43% (ratio between dust re-emission and global emissions) is obtained for the 60◦ configuration for a
velocity about 10 m/s. The global emission from a open stockpile yard may be underestimated if these
additional surrounding emissions are not taken into account. The quantification with arrangements
of successive stockpiles was also carried out. The arrangement of stockpiles arranged 60◦ has to be
avoided on industrial sites. The implication on dust emissions of the modifications of the stockpile
crest was carried out for an isolated pile. The rounded crest oriented 60◦ has presented the highest
global dust emission values. Only for one tested configuration (30◦), the dust emission results were
very slightly reduced for a rounded crest compared to the sharped configuration.

The wind-tunnel continuous measurements of the emitted mass primarily investigated the influ-
ence of non-erodible particles for an isolated and perpendicular stockpile. The tested sand had a
bimodal granulometry. Two cover rates 10 and 20% and three free stream velocities (6, 7 and 8 m/s)
were tested. The results showed a temporal decrease of the emitted mass flux due to the presence
of non-erodible particles. The mass balance value was the highest for the highest velocity and lowest
cover rate. The agglomeration of non-erodible particles on the erodible surface causes the diminution
of the amount of particles taking-off towards the free stream flow. Further wind-tunnel experiments
for oblique stockpiles have shown a strong erosion on the crest and the formation of a huge main
vortex impacting on the leeward wall. Cover rate and wind velocity magnitude showed influence on
the temporal decrease but with lower importance than for the perpendicular orientation.

The investigations about non-erodible particles showed results of great significance on the dust
emission behaviour on industrial sites. The original experimental technique carried out in this thesis
lead to some interesting perspectives which are described in the next section. Moreover, these
experimental results were used to propose improvements to the USEPA methodology. A lack noticed
in this methodology lies in the fact that the various proportions of non-erodible particles found in
natural granular materials are not explicitly taken into account. Thus, we propose a modification of
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the erosion potential parameter which is now modified to be dependent on the amount of non-erodible
particles.

The local analysis of non-erodible particles was carried out by means of numerical simulations.
The mean friction velocity evolution on the erodible fraction is analysed for a domain partially covered
by roughness elements. A mathematical formulation associating wall friction and roughness elements
geometrical parameters had been set for a bed of particles with equal diameters and heights (condition
rarely encountered in nature). The present numerical analysis enables to state that the original
formulation [71] is still valid for poly-dispersed roughness elements distributions. The emerging
height and the diameter of the non-erodible particles have a strong influence on the erosion potential
of an erodible surface.

Associated with these works it may seem appropriate to consider the perspectives presented in
the following section.

Perspectives

The main suggestions for future works include numerical and experimental analysis of the effects
of non-erodible particles. In addition, there are also scope for further investigations concerning the
aeolian erosion of oblong stockpiles (isolated, successive and on industrial situations).

The discussions about the agglomeration of non-erodible particles over an oblong stockpile model
surface gave a lot of information regarding their influence on dust emissions. Even if the results
shown in this thesis for a bimodal size distribution have greatly extended the understanding of the
influence of non-erodible particles on emissions, the wind-tunnel experiences of sand particles should
be extended.

The implementation of the existent data to improve the most used methodology of dust quan-
tification showed the necessity to adapt the experiments to the actual conditions found in nature.
For the tested bimodal granulometry, the two modes keep their properties, i. e., erodible and non-
erodible, for all the tested wind velocities. In this framework, it is suggested, at first, to carry out
experiments with a new particle size distribution. It could be very interesting to add a third mode
between the two previous. This range of particules sizes would then be non-erodible for low ve-
locities and become erodible as the velocity increases. This would provide relevant measurements
being closer to real size distributions of granular materials on industrial sites. Figure 4.16 (take-off
criterion) illustrates the new cases with three modes of size distribution. The velocities 9 and 10
m/s were inserted in the graphic to be tested in future works. For instance, the zone between black
arrows illustrate the erodible fraction for 7 m/s. Otherwise, the zone between red arrows shows the
erodible fraction for 9 m/s. It is worth to note that, the third mode becomes erodible for the higher
velocity.

Additionally, the experimental simulation of successive stockpiles are also of great interest for
future works. Numerical simulations have shown that the interactions between successive stockpiles
present strong influence on the final pattern of near wall flow distribution on the stockpile surface.
It is of great interest to visualize the influence of the complex structures formed between nearby
stockpiles on their surfaces.

The second main suggestion for future works corresponds to the local analysis of non-erodible
particles. While the numerical simulations of poly-dispersed distributions of roughness elements have
given important results on non-erodible particles influence, further numerical simulations are proposed
for future works, namely, the implementation of Large Eddy Simulation (LES) analysis. LES allow
an access to accurate data on turbulence quantities.

The RANS steady simulations carried out previously present only the mean field. LES are then
expected to complete the current study on the evolution of the friction velocity based on the geo-
metrical characteristics of the elements on the underlying surface. These simulations would assess
more precisely the wind friction velocity. Also, future works should study in greater detail the vortical
structures formed around the non-erodible particles and the evolution of the production of turbulence
with the gradual increase of the erodible surface cover.

Large eddy simulations have already been started. The subgrid-scales model chosen was the
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Figure 4.16: New particle size distribution to be tested in future works

dynamic model, which is the one mostly tested by other authors using Code_Saturne. The mesh is
highly refined near the wall (z+ < 1 for the first mesh). Further analysis about the best modelling of
the subgrid-scales should be carried out. First results are presented illustrating our interest in these
simulations. The results do not yet present the needed levels of convergence. Thus, it was decided
to present only the current results illustrating the progress of the numerical simulations. Figure 4.17
presents instantaneous contours (four time-steps) of wall shear stress normalized by the value found
in previous RANS numerical simulations of a smooth domain (τref = 0.158 Pa).

These contours show peaks of high wall shear stress for all the time-steps. The mean distribution
(computed by RANS simulations) presents the maximum value of the normalized wall shear stress
approximately equal to 2.8. The black dashed lines highlight those zones of high wall shear stress
values which reaches 11.1. It may indicate that some zones seen as low friction in RANS simulations
may present for several time-steps peaks of very high friction.

Some LES numerical simulations are currently running for a mono-dispersed distribution of par-
ticle diameters and heights. Other configurations are aimed for future works with the objective to
create a database of turbulence description for several roughness elements distributions. The sim-
ulations will be assessed and validated by comparisons with direct numerical simulations published
for homogeneous roughness (Orlandi and Leonardi (2006) [56]). Other configurations are aimed
for future works creating then a data base of turbulence description for several roughness elements
distributions.

It is also thought to perform some experiments to validate the numerical study. These measures
will help to characterize the influence of the presence of non-erodible particles on the turbulence near
the wall. Experiments are intended to be carried out in wind tunnel using 3D PIV in horizontal planes
positioned below the non-erodible particles. Random distributions, i.e., mono-and poly-dispersed, will
be tested.
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Figure 4.17: Instantaneous contours of wall shear stress on the underlying surface surrounding cylin-
drical roughness elements.
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EROSION ÉOLIENNE DE TAS DE STOCKAGE DE MATIÈRES GRANULAIRES SUR SITES
INDUSTRIELS : AMÉLIORATION DES MÉTHODES DE QUANTIFICATION DES ÉMISSIONS

Résumé: L’érosion éolienne des matières granulaires (minerais, charbons,. . . ) est un des facteurs influençant grande-
ment la qualité de l’air dans l’environnement proche de nombreux sites industriels. L’objectif principal de ce travail est
l’amélioration des méthodologies de quantification des émissions des sources diffuses, notamment à partir d’une meilleure
prise en compte de l’exposition éolienne des sources que sont les tas de stockage et des répartitions granulométriques
des matières présentes sur les sites de stockage. Les observations sur sites industriels montrent que les régions proches
des tas de stockage de matières granulaires sont chargées de particules de granulométries plutôt fines. Celles-ci sont
susceptibles d’être remises en suspension par les structures tourbillonnaires générées par le vent incident. Ainsi, ces
zones d’envol potentiel ont fait l’objet d’analyses afin de quantifier leur contribution aux émissions globales. Une tech-
nique de visualisation d’écoulement pariétal, associée à des simulations numériques tridimensionnelles, ont été mises en
œuvre pour mieux comprendre ces structures de l’écoulement. Les matières granulaires sont un mélange de particules
érodibles et non-érodibles. Le caractère érodible étant lié aux propriétés des particules (principalement granulométrie
et masse volumique), ainsi qu’à la vitesse du vent incident. Dans ce cadre, deux types d’études ont été menées: des
essais expérimentaux d’envol de particules dans une soufflerie et des simulations numériques tridimensionnelles avec un
logiciel open-source de mécanique des fluides (Code_Saturne). Une technique originale a ainsi été développée pour
quantifier, par une pesée en continue, l’influence des particules non-érodibles sur le flux massique envolé. En parallèle,
le comportement des particules sur la surface est analysé à l’aide de clichés photographiques. L’analyse de l’effet des
particules non-érodibles au niveau local est réalisée grâce à des simulations numériques pour des configurations poly-
dispersées. Les résultats présentés dans ce mémoire constituent de premiers éléments pouvant possiblement contribuer
à l’amélioration des modèles actuels de quantification des émissions de particules par une meilleure intégration et pris
en compte de la présence de particules non-érodibles pour les matières présentant de larges spectres granulométriques.
Mots clés: érosion éolienne, émissions diffuses, tas de stockage, simulations numériques, soufflerie, particules non-
érodibles

Abstract: Wind erosion of granular materials (ores, coal, ...) is one of the factors that greatly influence the quality
of the air in the immediate vicinity of many industrial sites. The main objective of this work is the improvement of
methodologies for quantifying emissions from diffuse sources. It may be carried out by a better consideration of wind
exposure on the sources (storage piles) and larger size distributions of granular materials present at the storage sites.
Observations show that areas near storage piles of granular materials on industrial sites are loaded with silt particles.
These particles may be re-emitted by vortex structures. Thus, these areas of potential particles take-off were analyzed
to quantify their contribution to global emissions. A wall flow visualization technique associated with three-dimensional
numerical simulations have been implemented. Granular material is a mixture of erodible and non-erodible particle.
The erodible character may be associated to particle properties (mainly size and density), as well as the ambient wind
speed. In this context, two types of studies were conducted: experimental tests of particles take-off in a wind-tunnel and
numerical simulations with a three-dimensional open-source fluid dynamics code (Code_Saturne). An original technique
has been developed to quantify, by a continuous weighing, the influence of non-erodible particles of the mass flow. In
parallel, the behaviour of particles on the surface is analyzed using photographs. The analysis of the effect of non-
erodible particles at local level is achieved through numerical simulations for poly-dispersed configurations. The results
presented in this thesis are the first elements that can potentially contribute to the improvement of current models of
quantification of particulate emissions through a better integration of the presence of non-erodible particles for materials
with large particle size spectra.
Keywords: wind erosion, fugitive emissions, storage piles, numerical simulations, wind-tunnel, non-erodible particles


