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ABSTRACT  

This dissertation focuses on aerosol transport modeling in occupational environments and 

mining sites in Arizona using computational fluid dynamics (CFD). The impacts of human 

exposure in both environments are explored with the emphasis on turbulence, wind speed, 

wind direction and particle sizes. Final emissions simulations involved the digitalization 

process of available elevation contour plots of one of the mining sites to account for 

realistic topographical features. The digital elevation map (DEM) of one of the sites was 

imported to COMSOL MULTIPHYSICS® for subsequent turbulence and particle 

simulations. Simulation results that include realistic topography show considerable 

deviations of wind direction.  Inter-element correlation results using metal and metalloid 

size resolved concentration data using a Micro-Orifice Uniform Deposit Impactor 

(MOUDI) under given wind speeds and directions provided guidance on groups of metals 

that coexist throughout mining activities.  Groups between Fe-Mg, Cr-Fe, Al-Sc, Sc-Fe, 

and Mg-Al are strongly correlated for unrestricted wind directions and speeds, suggesting 

that the source may be of soil origin (e.g. ore and tailings); also, groups of elements where 

Cu is present, in the coarse fraction range, may come from mechanical action mining 

activities and saltation phenomenon.  Besides, MOUDI data under low wind speeds (<2 

m/s) and at night showed a strong correlation for 1 m particles between the groups: Sc-

Be-Mg, Cr-Al, Cu-Mn, Cd-Pb-Be, Cd-Cr, Cu-Pb, Pb-Cd, As-Cd-Pb. The As-Cd-Pb 

correlates strongly in almost all ranges of particle sizes.  When restricted low wind speeds 

were imposed more groups of elements are evident and this may be justified with the fact 

that at lower speeds particles are more likely to settle. When linking these results with CFD 
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simulations and Pb-isotope results it is concluded that the source of elements found in 

association with Pb in the fine fraction come from the ore that is subsequently processed 

in the smelter site, whereas the source of elements associated to Pb in the coarse fraction 

is of different origin. CFD simulation results will not only provide realistic and quantifiable 

information in terms of potential deleterious effects, but also that the application of CFD 

represents an important contribution to actual dispersion modeling studies; therefore, 

Computational Fluid Dynamics can be used as a source apportionment tool to identify areas 

that have an effect over specific sampling points and susceptible regions under certain 

meteorological conditions, and these conclusions can be supported with inter-element 

correlation matrices and lead isotope analysis, especially since there is limited access to 

the mining sites.  Additional results concluded that grid adaption is a powerful tool that 

allows to refine specific regions that require lots of detail and therefore better resolve flow 

detail, provides higher number of locations with monotonic convergence than the manual 

grids, and requires the least computational effort. CFD simulations were approached using 

the k-model, with the aid of computer aided engineering software: ANSYS® and 

COMSOL MULTIPHYSICS®. The success of aerosol transport simulations depends on a 

good simulation of the turbulent flow. A lot of attention was placed on investigating and 

choosing the best models in terms of convergence, independence and computational effort.  

This dissertation also includes preliminary studies of transient discrete phase, eulerian and 

species transport modeling, importance of saltation of particles, information on CFD 

methods, and strategies for future directions that should be taken. 
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CHAPTER 1. INTRODUCTION  

Chapter 1 with Appendices A and B explain the impact of inhalable aerosols in an 

occupational environment and show how imperative it is to improve existing occupational 

samplers that can better represent the human inhalability of toxic particles. For this, CFD 

models were developed to determine particle aspiration efficiencies.  The CFD modeling 

of particle uptake by an inhalable sampler was based on the commonly used 37-mm 

cassette that consisted on a new inlet designed to meet the inhalable sampling criterion at 

10 L/min.  The results are described in the co-authored paper entitled: Design and 

Computational Fluid Dynamics Investigation of a Personal, High Flow Inhalable Sampler 

(T. Renée Anthony, Andrea C. Landázuri, Mike van Dyke & John Volckens, 2010) 

published in the Annals of Occupational Hygiene.  Different sampler orientations were 

tested and “the porous high-flow sampler oriented 30º downward showed reasonable 

agreements with published mannequin wind tunnel studies and humanoid CFD 

investigations for solid particle aspiration into the mouth, whereas the horizontal 

orientation resulted in oversampling” (Anthony et al., 2010).  Also, the verification results 

and model setting of the horizontally oriented sampler were published in the Journal of 

Aerosol Science as an Original Research Paper entitled: Three-Dimensional Computational 

Fluid Dynamics Modelling of Particle Uptake by an Occupational Air Sampler using 

Manually-Scaled and Adaptive Grids (Andrea C. Landázuri, A. Eduardo Sáez & T. Renée 

Anthony, 2016). The main objective of this work was to perform fluid and particle 

simulation studies to determine the aspiration efficiency of the horizontally-oriented 

occupational air sampler, described in Anthony et al.  (2010), and to explain the models 
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and parameters used in the final turbulent model used for particle simulations using 

computational fluid dynamics with the use of grid adaption techniques.  

The second project deals with the modeling of dust and aerosol transport in the atmosphere 

at two mining sites in AZ: the Hayden and Iron King sites.  The objective of the research 

is to explore the impacts of mining activities on the atmospheric contamination of the local 

environment based mainly on wind speed and wind direction using computational fluid 

dynamics.  Detailed discussions can be found in Chapters 3, 4 and 5, and also background 

information, characterization data and supplementary materials are available in 

Appendices C, D, and E.  Important conclusions from field measurements showed that 

aerosols contain toxic metal and metalloids such as As, Cd and Pb in two relevant particle 

size ranges: a fine fraction (particles <1 m in diameter) and a coarse fraction (3-18 m) 

using a Micro-Orifice Uniform Deposit Impactor (MOUDI) (Csavina et al., 2011; 2012).  

It was hypothesized that the fine range is the product of condensation and coagulation of 

smelting vapors, and that the coarse range is related to dust generated from mine tailings 

and fugitive emissions.  Also it was found that As, Cd and Pb share a common source of 

contamination in the fine fractions, that it different to the source of the coarse fractions 

(Csavina et al., 2011).  The main contribution of the author of this dissertation in the papers 

by Csavina et al.  (2011, 2012) was in the state of the art literature review of modeling and 

in the generation and analysis of inter-element correlation matrices for source 

apportionment support.  Literature review of atmospheric dispersion and pollutant 

transport models applied to dust studies from mining operations has been updated and can 

be found in section 3.2. 
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Chapters 3, 4 and 5 are dedicated to CFD research work using computer aided engineering 

(CAE) software: ANSYS FLUENT® and COMSOL MULTIPHYSICS®. Particle 

transport and fate were simulated at different scenarios and levels of complexity.  In the 

case of ANSYS FLUENT simulations, a discrete phase model (DPM) was coupled to the 

turbulent velocity flow fields over simplified versions of the Iron King and Hayden mining 

sites; whereas the particle tracing module (PTM) was used in COMSOL MULTIPHYSICS 

over a realistic (complex) representation of the Hayden-Winkelman site.  Preliminary 

studies, described in Chapter 3, consisted mainly on discrete phase modeling (Lagrangian 

approach) to simulate suspended dust particles emanating from mine tailings.  An 

approximate geometry of mine tailings in Dewey-Humboldt located in the Iron King 

facility has been constructed and meshed using ANSYS mesh generator.  This tailing is 

massive in size and it is close in proximity to near-by residents.  The tailings impoundment 

consists of two areas: the main tailings impoundment with a total aerial extent of 96,000 

m2 and the lower tailings region located directly adjacent to the main tailings impoundment 

with a total aerial extent of 84,000 m2 (Stovern et al., 2014) Particulate transport was 

investigated using the discrete phase model (DPM) available in the computational fluid 

dynamics (CFD) software ANSYS FLUENT.  The wind flow field was simulated using 

the k- turbulent flow model and appropriate boundary conditions in terms of the 

unidirectional logarithmic wind profile that characterizes a neutral  (i.e. temperature 

variables will not play an active role) atmospheric boundary layer were used.  In addition, 

directed winds at a reference height of 10 m ranged from 1 to 15 m/s were simulated and 

qualitative and quantitative information was obtained from the trajectories of particles with 
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densities comparable to that of dust (about 1000-2500 kg/m3). Particles 3-100 m in 

diameter were released from various locations of the tailings pile with the objective of 

investigating how particles dispersed and how their trajectories compare to ideal cases 

where topography is not included.  Results suggest that the vertical drag exerted on the 

particle can have low or no effect on particles greater than 15 m during the initial stage 

of injection and therefore gravitational force is dominant.  As particle motion progresses, 

horizontal drag becomes more important for smaller particles causing them to settle first.  

Variables such as angle of injection, velocity of injection, and height of injection were also 

investigated.  Subsequently, Stovern et al. (2014) incorporated realistic topographical 

features and weather patterns of the local region. Fine aerosol particles were simulated 

using the Eulerian approach whereas a Lagrangian approach was used to model the fate 

and transport of larger particles (Stovern et al., 2014). Also, preliminary results from plume 

dispersion modeling with CALPUFF® and calculations using existing semi-empirical 

equations to estimate dust fluxes have been incorporated in Chapter 3. 

Chapter 4 and 5 instead, focus on geometry and mesh generation methods,  turbulent 

simulations at low wind speeds (1 m/s), and particle tracing from the Hayden Site using 

COMSOL MULTIPHYSICS. Interest was centered on the incorporation of the Hayden 

smokestack (1000 ft tall, with almost 6 m in diameter) and the inclusion of the ASARCO-

Hayden tailings impoundments. Tailings Impoundment AB/BC is located south of State 

Route 177 and north of the Gila River, and extends for approximately 2.5 miles. Tailings 

Impoundment AB/BC has a maximum width of one mile and a maximum height of  

200 feet. The newer Tailings Impoundment D is located south of the Gila River, extends 
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for a length of approximately two miles, has a maximum width of 1,500 feet, and a 

maximum height of 150 feet (EPA, http://yosemite.epa.gov/r9/sfund/r9sfdocw.nsf/ViewByEPAID/AZD008397127, 

last accessed February 16, 2016). 

Several domains were constructed and the respective geometries were digitalized using the 

ARCMAP module from the ARCGIS Platform from ESRI.  The resulting digital elevation 

map (DEM) was imported to COMSOL, using the Elevation (DEM) Function. Preliminary 

results and discussion in terms of modeling particulate and species transport using ANSYS 

FLUENT over ideal domains are presented and results from simulations that account for 

topographical features suggest that the main source of contamination for particles less than 

or equal to 1 m may not be the smokestack, but instead, processing areas located a lower 

elevations. This result is supported by inter-element correlation matrices information 

(Appendix E).  For example, from MOUDI data considering all winds speeds showed that 

in the most frequent size fraction (0.32 m) As-Cd-Pb and Al-Mg-Sc are strongly 

correlated; but there was little correlation between 6.2 m As, Cd and Pb particles 

suggesting that these particles come from different sources. Coarse particles source may 

be due to mechanical action activities and saltation phenomenon. Through lead isotope 

analysis it was found that lead in the coarse fraction comes from a source different to that 

of fine particles. The coarse fraction was found in association to legacy lead used in fossil 

fuels. MOUDI data provided by Félix (2014, through personal communication) when the 

sampler was activated under low wind speeds (<2 m/s) and at night showed a strong 

correlation for 1 m particles between the groups: Sc-Be-Mg, Cr-Al, Cu-Mn, Cd-Pb-Be, 

Cd-Cr, Cu-Pb, Pb-Cd As-Cd-Pb.  In addition, when wind was directed at 250 to 300º 
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oncoming winds a strong correlation between Be-Mg-Al-Sc, Cr-Fe-Cu, As-Pd-Cd is 

observed for all MOUDI stages.  This may imply that the main source area could be the 

smelter and concentrator areas, where the operations are carried under lower elevations.  

Naturally, there are various processing activities related to that area and access is restricted, 

therefore for the moment it is not certain the exact location of the source. Nonetheless 

turbulent simulations under more wind speeds and directions are currently being tested and 

may provide more insightful information regarding the most probable area that contributes 

to more contamination levels with respect to particle size based on the available contour 

data that was digitalized for subsequent use in turbulent simulations.  

Key aspects in CFD studies are thoroughly addressed in this work and the following points 

can be summarized: a) Ill conditioned problems will lead to bad results: the appropriate 

boundary conditions should be imposed and there should be some knowledge on the 

physics of the problem; b) in general, the more refined the grid is, the more accurate is the 

solution; c) a grid consist of different types of elements: volume (domain) elements, 

boundary (face) element, and edge elements, triangles, quads, prisms, hexahedra, among 

other.  Faces and volumes can build structured grids which are characterized by regular 

placement of elements and require less computing power, or a grid can be unstructured 

without any pattern of repetition, which turns into a slower problem solution that require 

more computing power; d) the solution of a problem should be at least verified and if 

possible validated.  Verification relates to the adequacy of the mesh: errors between three 

grids under three tolerances.  A CFD solution should be grid independent and should have 

iterative convergence. Validation instead has to do with the comparison of experimental 
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results with respect to a proposed model.  However, this point is not always possible due 

to economic limitations, or if a domain is extremely large; e) discretization of equations 

and computing capabilities. If a discretized domain is too coarse, then the solution will not 

adequately represent the behavior, and on the other hand if it is too fine, it will require too 

much computational effort.  This dissertation also includes preliminary studies of transient 

DPM, Eulerian modeling and species transport modeling, and information on CFD 

methods and strategies for future directions that should be taken to continue the 

investigations of particle transport and fate in occupational and outdoor environments. 
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CHAPTER 2. AEROSOL TRANSPORT SIMULATIONS IN INDOOR 

ENVIRONMENTS: OCCUPATIONAL AIR SAMPLER APPLICATION  

 

2.1 Summary  

The resulting papers of this work are found in Appendices A and B.  The paper by Andrea 

C. Landázuri, A. Eduardo Sáez & T. Renée Anthony (2016) (Appendix A) presents results 

that can be extended to other environmental and occupational modeling studies where 

different length scales are present in the domain of study.  This paper is oriented to indoor 

environments/air quality studies with the use of computational fluid dynamics to model 

turbulent flow and particle trajectories using grid adaption techniques to allow for the least 

computational effort.  The software used was FLUENT 6.3.26 (ANSYS Inc., Lebanon, 

NH).   

Fluid flow and particle trajectory simulations were performed to determine the aspiration 

efficiency of a horizontally oriented occupational air sampler using ANSYS to represent 

human inhalability. Two different scaling methods were used: grid adaption and manual 

scaling. The domain includes a wind tunnel, a cylinder representing a simplified torso, and 

two sampler prototypes based on a 37-mm cassette with 1043 pores with 254-m diameter.  

The tunnel extends 3.1 m in X, and 1.8 m in Y, and 1.2 m in Z.  Special attention should 

be taken to the level of detail and refinement of the sampler pores.  The suction rate of the 

sampler is: 10 L/min, and the air velocity is 0.4 m/s.  Sampler 1 takes into account a porous 

filter, and results indicated that it does not play a noticeable role in particle aspiration. As 

mentioned before the more refined the grid is, the more accurate is the solution, but not 
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every model (even if it converges) necessarily is good or acceptable. It may be intuitive 

that curved geometries or tiny spaces should be more refined than a flat and big rectangular 

wall, for example.  By grid adaption, these types of areas can be identified and the surfaces 

of the geometry can be divided into more cells to get a better representation of the flow 

field.  It was imposed to adapt (divide) the surfaces based on the gradient in the x velocity, 

which is the main air flow direction.  The original grid was the result of manually scaling 

the geometry.  Basically, each edge of the domain was discretized in certain number of 

nodes, manually (based on trial and error and available computing memory). Results 

concluded that grid adaption is a powerful tool that allows to refine specific regions that 

require lots of detail and therefore better resolve flow detail.  It was verified that adaptive 

grids provided a higher number of locations with monotonic convergence than the manual 

grids, and required the least computational effort.  

Manually scaled grids did not provide grid independence for all six degrees of freedom. L2 

error norm is a criterion for having an adequately solved grid at a sufficiently low global 

squared error tolerance, and calculated L2 error norms using grid adaption had values less 

than 2.5% and 3.25%, for samplers 1 and 2 for each GSE established tolerance.  Also, 84% 

of locations showed monotonic convergence. In terms of the differences of the two sampler 

configurations, the aspiration efficiency is essentially the same; therefore, the filter could 

be excluded from the model.   

After the flow field was evaluated for iterative convergence and grid independence, then 

the particle simulations were carried out using a discrete phase model where drag force and 



 22 

gravity were taken into account.  Particles were released from critical areas that represent 

the areas from which particles will make it through the sampler.  Heavier particles were 

released at a higher height so that they can follow the path of the flow and enter the sampler. 

By knowing the freestream velocity, the total area of the sampler pores, the velocity of the 

sampler pores and the critical area, then the fraction of particles that make it to the sampler 

can be established and in consequence, the aspiration efficiency. 

These results are part of the paper by T. Renée Anthony, Andrea C. Landázuri, Mike van 

Dyke & John Volckens (2010) that includes additional sampler configurations.  For 

example a 30 degree down position sampler adjusts better to the aspiration efficiency 

obtained from mannequin/wind tunnel simulations, whereas the 0 degree sampler 

overestimates the aspiration efficiency.  A 30 degree sampler represents a more realistic 

position of the sampler that is worn at work. Nonetheless, the verification procedures and 

comparison between two construction methods (through manual and grid adaption), can be 

applied to any type of CFD simulation.  
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CHAPTER 3. AEROSOL TRANSPORT SIMULATIONS IN OUTDOOR 

ENVIRONMENTS USING ANSYS FLUENT: APPLICATIONS AND PRELIMINARY 

RESULTS IN MINING SITES  

 

3.1  Background   

Semiarid regions such as the US Southwest are susceptible to dust emissions and dust 

storms.  Mining activities involve potential sources for fugitive dust emissions and hot 

vapors from smelting operations that may contain toxic levels of metal and metalloids.  

Mechanical action activities, such as grinding and crushing of the ore, are associated to 

emissions of coarse particles that can deposit in the human respiratory system.  Finer 

particles, which are related to high temperature processes, can penetrate deep into the lungs 

and can even migrate to other organs.  

There is evidence that mining activities present a threat to near-by residents of these sites 

and the environment.  For example, health assessment studies that took place from 1991 to 

2000 in the vicinity of a major smelting and refining complex in Arizona estimated that the 

lifetime excess cancer risk from exposure to arsenic from all sources was approximately 2 

in 10,000, and this represents a moderate cancer risk (Arizona Department of Health 

Services, 2002).  The US EPA estimated that the lifetime cancer risk of the people living 

in the twin cities of Winkelman and Hayden in Arizona, where this plant operates, may be 

as high as one in one hundred (Earth Justice, 2003).  In addition, concentration data 

obtained from a Micro Orifice Uniform Deposition Impactor (MOUDI) sampler located in 

the vicinity of the plant show that arsenic particulate matter with size less than 10 m 
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(PM10) in air exceeds the recommended value of 3 ng/m3 proposed by the Expert Panel on 

Air Quality Standards (Csavina et al., 2011; DEFRA, 2008).   

The following sections present a literature review of dust and pollutant dispersion models 

as of today and preliminary results of idealized cases of emissions studies from mining 

sources from the Iron King and ASARCO Hayden sites centered on geometry, mesh 

generation, turbulent flow and particle model settings.  A section using non-CFD methods 

has also been included. 

3.2 Literature a review of atmospheric dispersion and pollutant transport models 

applied to dust studies from mining operations  

The physics of wind erosion involves atmospheric, soil and land surface processes; dust 

produced by wind erosion is a major source of atmospheric aerosols (Shao, 2008).  Dust 

emissions and dispersion of contaminants due to the action of the wind can be investigated 

by means of field measurements, physical approaches and computer modeling or by the 

integration of these approaches.   The pioneer work developed by Bagnold (1941) and 

investigations by Chepil and his co-workers (Chepil et al., 1962; Woodruff and Siddoway, 

1965) served as starting point to numerous and current sand and dust models (Goudie et 

al., 2006).  However, the majority of models are constrained by the assumption that flow 

is steady, turbulence is homogeneous, and that saltation (the main transport mechanism) 

has reached equilibrium; however, the reality is that an erosive gust may initiate a shear 

flow and transport from a still air condition (Butterfield, 1998).  For example, Owen (1964) 

who was the first to look into the particle-wind interaction with an analytical model (Spies 
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et al., 2000); and Butterfield (1991, 1993) found that transport rates may lag up to 2 s 

behind wind velocity for negative or extreme velocity changes.  Noticeably, models are 

becoming progressively complex and require the enhancement of computing power.   

Existing models use mathematical equations which are continuously adapted based on 

physical and/or empirical approaches to describe the factors and processes that are involved 

in wind erosion.  Therefore, the key issue is to identify the concepts behind the 

parameterization of soil (i.e. understand the transport mechanisms that contribute to dust 

emissions), vegetation, and land management effects on the susceptibility of landscapes to 

wind erosion (Webb et al., 2009).  Webb et al.  (2009) describe the components of several 

models based on temporal and spatial scales.  A disadvantage of the empirical models 

described in their work is that most models rely upon field-measured inputs, which are not 

available at broad spatial scales (Woodruff et al., 1965; Fryrear et al., 1998; Webb et al., 

2009).  On the other hand, physically based models typically do not account for temporal 

variations in soil erodibility (Webb et al., 2009).  However, to our knowledge, there is a 

limited number of integrated dust modeling systems that can provide forecasts in both time 

and space, such as the Dust REgional Atmospheric Model (DREAM). 

The DREAM model is a deterministic numerical model that simulates the emission, 

transport and deposition of dust with predicted atmospheric conditions, and is nested to the 

Weather Research and Forecasting (WRF) model (Regional Airborne Particulates Group, 

University of Arizona, 2008).  WRF is the state-of-the art in weather forecasting and 

meteorological data that is targeted at resolutions of 1-10 km (Skamarock, 2005).  Models 
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are validated with in situ PM2.5 and PM10 data usually from Environmental Protection 

Agency monitoring stations, satellite images of the dust plumes, and ground based optical 

sensing of vertical profiles and visibility or other light extinction monitoring instruments.  

In addition to this, its performance has been tested for various dust storm events in various 

places using gridded analysis or forecasting fields from various sources for initial and 

boundary conditions (Regional Airborne Particulates Group, University of Arizona, 2008; 

Nickovic, 2001). 

Soil parameterization is an essential aspect that requires a thorough understanding.  This 

takes into account the modes of transport that take place during wind erosion. Three major 

modes of transport mechanisms have been recognized (Figure 3.1): creep, saltation and 

suspension (Bagnold, 1941), with saltation being the mechanism that accounts for 75-80% 

of the total transport (Ritter, 2006). Creep is characterized by particles that are so large that 

cannot be lifted and roll along the surface liberating dust particles; saltation consists of 

particles that are lifted from the ground by aerodynamic forces but are too heavy to be 

dispersed into the atmosphere and therefore hop across the surface, releasing fine particles 

to the atmosphere upon impact with the soil; and suspension is the transport of fine dust 

particles that are carried away over large distances by wind (Kon et al., 2007; Bagnold, 

1941).  Strong cohesive forces bind fine particles together and, therefore, wind alone 

cannot entrain these fine dust particles, instead dust is formed because of particle collision 

with the erodible bed; their kinetic energies are high enough to liberate dust into the 

atmosphere (Shao et al.,  1993); this process is referred to as splash and observations show 
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that typical lift-off angles are around 55º and typical impact angles are around 10º (Shao, 

2008).   

A comprehensive numerical model of steady state saltation (COMSALT) was the first 

physically based model that could reproduce a wide range of experimental observations 

using a minimum of empirical equations (Kok et al., 2009).  It can simulate saltation over 

mixed soils and was developed by Kok et al.  (2009).  It takes into account gravity, drag, 

particle spin, fluid shear, turbulence and a parameterization of the splashing of surface 

particles by impacting saltating particles; the latter is a stochastic process.  

 

 

Figure 3.1 Particle transport mechanisms during dust generation from soil by wind. 
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A current strategy to model wind and particle flows form areas susceptible to wind erosion 

involves the use of Computational Fluid Dynamics (CFD).  Computer modeling is an 

inexpensive and versatile method for analyzing a real-life situation (Reed, 2005).  

Computational fluid dynamics (CFD) models provide complex analysis of fluid flow based 

on conservation of mass and momentum by solving the Navier–Stokes equation using finite 

difference, finite elements, and finite volume methods in three dimensions (Holmes & 

Morawska, 2006). CFD software can be used to solve the governing equations for the 

conservation of mass, momentum, energy, and scalars such as a pollutant concentration 

(Huber, 2006a).  Unlike most currently used regulatory air quality models, CFD 

simulations are able to treat topographical details such as terrain variations and building 

structures in urban areas, as well as local aerodynamics and turbulence (Huber, 2006b; 

Schijndel, 2012).  The physical domain of interest has to be represented with a 

computational grid or mesh.  The domain is divided into discrete control volume cells 

where an unstructured grid (or mesh) can be used to concentrate the elements in areas 

where more detail is needed to capture the behavior of complex flows.  CFD provides high 

resolution results and it is a promising tool that is thought to replace wind tunnel studies in 

the future although it can become computationally expensive (Huber, 2006a).  

For example, Torno et al.  (2011) calculated dust emissions using Computational Fluid 

Dynamics (CFD), which employs first principles to model wind coupled with emission 

factors that have been calculated empirically, and realistic topography obtained from Light 

Detection and Ranging (LIDAR) techniques.  Four surface treatments of landfills were 

investigated and vegetated landfills correlated with lower emissions from the source.  
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LIDAR is a technique that provides high resolution topographic data, and wind events from 

a fixed direction correlated well with wind speed measurements.  Maximum CFD emission 

values, which incorporate empirical US EPA emission formulae, were in good agreement 

with experimental values for all treatments, and minimum CFD emission value slightly 

overestimated experimental values by 13%.   Point data obtained from LIDAR 

techniques/laser scanning was exported to Solidworks and subsequently the domain was 

meshed through ICEMCFD 10.0 software. Wind was modeled through ANSYS CFX-10.0 

at steady state where a prevailing wind direction was chosen.  The turbulent model used is 

the k-The reference height of 1.5 m/s at 10 m high over a terrain with a roughness of 

0.05 m was selected.  In addition, dust behavior was modeled using particle tracking 

(Lagrangian algorithm) where particles are treated as a solid phase.  The following US EPA 

formulae (US EPA, 1995) were implemented in ANSYS CFX-10.0: 

The grams per year per square meter of windblown particles are determined by 

(3.1)           

where K is the multiplier factor of particle size, N is the number of disturbances per year 

and Pi is the erosion potential calculated by 

(3.2)   

(3.3)  for          
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where u* is the friction velocity (m/s) and ut* is the threshold friction velocity.  Threshold 

friction velocity is the minimum friction velocity required to initiate movement of soil 

particles, representing the strength of forces among soil particles and capacity of an aeolian 

surface to resist wind erosion (Batt et al., 1999; Shao et al., 2000). 

In addition, dust behavior was modeled using particle tracking (Lagrangian algorithm) 

where particles are treated as a solid phase.  One of the drawbacks is that LIDAR scanning 

can be very expensive. 

Jeong et al.  (2008) provided a novel application in terms of coupling a multi-scale 

numerical modeling system of the Advanced Research WRF (ARW) and Computational 

Fluid Dynamics (CFD) codes.  Their main insight was that meteorological data can be used 

to perform transient simulations of wind patterns across irregular topography that will 

eventually correlate well to experimentation.  Moreover, a dust module could be 

incorporated in the codes.   

Feng & Ning (2010) used CFD and Owen’s model (Owen, 1964) to determine saltation 

fluxes.  FLUENT is used to reproduce wind patterns over a complex with microtopography 

(60 m × 60 m) in the Chihuahuan desert that were previously obtained by the Quick Urban 

& Industrial Complex (QUIC) field model (Bowker, Gillette, Bergametti, Marticorena, & 

Heist, 2007; Bowker et al., 2006) Wind profiles using FLUENT agreed well with measured 

wind speeds. The authors also simulated sand fluxes at several positions of a dune brick in 

Minquin under two different wind directions.  Owen’s model (1964) was linked to 

FLUENT’s codes to simulate sand fluxes.  QUIC (Quick Urban & Industrial Complex, 

javascript:openreferences('batt99')
javascript:openreferences('shao00')
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version 3.5) is a fast-processing mass-consistent, semi-empirical wind field model being 

developed by Los Alamos National Laboratory and the University of Utah (Pardyjak et al., 

2001; Pardyjak et al.; 2002; Williams et al., 2004). QUIC does not attempt to solve the 

Navier–Stokes equations. It applies an input vertical boundary layer to empirical 

formulations of the flow around blocks or cylinders. Then, the model forces mass-

conservation throughout the volume of the domain.  Primarily, QUIC is used to model wind 

flow and dispersion patterns in complex urban areas defined by regions of tall buildings 

and street canyons situated on flat terrain (Bowker et al., 2006). 

Dispersion models use different mathematical algorithms such as the Box model, Gaussian 

model, Lagrangian model, and Eulerian model.  Box models are widely used in air 

pollution modeling (Sportisse, 2001) when the pollutant is assumed to be homogeneous 

across an airshed (Reed, 2005).  The site is treated as a black box into which pollutants are 

emitted and undergo chemical and physical processes.  A drawback is that it is unsuitable 

to modeling the particle concentrations within a local environment, where concentrations 

and thus particle dynamics are highly influenced by local changes to the wind field and 

emissions (Holmes & Morawska, 2006). 

Gaussian models are most often used for predicting the dispersion of continuous, buoyant 

air pollution plumes originating from ground-level or elevated sources.  Gaussian models 

are based on a Gaussian distribution of the plume in the vertical and horizontal directions 

under steady state conditions (Holmes & Morawska, 2006). The standard deviations of the 

horizontal and vertical Gaussian distributions are used to represent the plume of the 
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pollutant and are based upon the atmospheric stability coefficients  terms defined by 

Pasquill and coworkers (Pasquill, 1961; Gifford, 1961; Heidorn, 1978; Reed, 2005) and 

they generally become larger as the distance downwind from the source becomes greater.  

One of the early air pollutant plume dispersion equations was derived by Bosanquet & 

Pearson (1936) where the authors developed a point-source diffusion model using 

statistical concepts similar to those of Taylor (Taylor, 1935, 1936) (e.g. statistical theory 

of turbulence)  and the Gaussian plume model, developed in 1932 by Sutton (1932) 

(Heidorn, 1978).    

Gaussian theory has been adopted in most current dust and dispersion models that not only 

predict concentrations from point sources, but from line, area and volume sources as well. 

CALPUFF is an example of a Lagrangian model that uses continuous puffs to simulate 

emissions from point, area and volume sources (EPA, 2011) and it is more suitable for 

long-range pollutant dispersion (>50 km) (Collett & Oduyemi, 1997; Reed, 2005).  For 

example, PM10 and PM2.5 concentrations can be obtained without information about 

particle size distribution; it is also a preferred EPA model for regulatory purposes (Holmes 

& Morawska, 2006).  Investigations show that the Gaussian model is only 20% accurate 

for ground level emissions and 40% accurate for elevated emissions (Collett & Oduyemi, 

1997).   

Eulerian models may be computationally expensive since they solve the equation of 

conservation of mass for a given pollutant and provide a description of the relevant 

transport dynamics at all defined points throughout the domain (Collett & Oduyemi, 1997). 
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It is easier to validate measurements with Eulerian models in contrast to Lagrangian models 

that are based upon a moving reference grid (Reed, 2005); the Lagrangian approach differs 

from the Eulerian in that its reference system follows the prevailing vector of atmospheric 

motion and the dispersion phenomena being calculated as a concentration field is relative 

to the domain (Collett & Oduyemi, 1997). 

Spies & McEwan (2000) developed a one-dimensional numerical model that can simulate 

transport rate under unsteady winds.  Sinusoidal winds were imposed and results showed 

that transport rate depends on the amplitude and frequency of the wind fluctuations.  Efforts 

to simulate transient sand transport and to understand the process at the individual particle 

level have also been made with the aid of CFD in the investigation by Kang & Guo (2006).  

The authors incorporated interparticle collisions to an Eulerian-Lagrangian model that can 

simulate the dynamic process that takes place within a two-dimensional rectangular region 

of 0.2 m  0.15 m, where detailed information of the motion of particles and non-uniform 

spatial distribution of particles is given (Kang & Guo, 2006). 

Stovern et al.  (2014) developed a CFD model for the emission, transport and deposition 

of a contaminated dust from a mine tailing site in Arizona, where fine aerosol transport 

was simulated via a distributed Eulerian model, whereas the fate and transport of larger 

particles were modeled using a Lagrangian approach. For this, the topographic data was 

obtained from the United States Geological Survey Seamless Data Server with a resolution 

of about 10.3 m.  Then, the data were processed using a 3D Non-Uniform Rational B-

Spline (NURBS) surface utilizing Rhinoceros 4.0 2008 and the tailing topography was 
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included by hand. The geometry was imported into ANSYS Design Modeler (2013) for 

subsequent to mesh generation using tetrahedrals.  The CFD simulations were performed 

using ANSYS FLUENT. 

The examples and models briefly described in this review are found to have application to 

dust modeling from mining sources.  Dust dispersion models will keep improving and with 

no surprise higher resolutions may be incorporated in future dust integrated modeling 

systems.  Nevertheless, certain approaches may be more suitable depending on the scale of 

the problem and output required from the models, such as the use of CFD, when short range 

transport is considered.  But clearly all approaches will lead to better predictions when real 

parameters such as topography and real time meteorological data are included. 

This dissertation includes a novel methodology of geometry construction using digital 

elevation maps (DEM) for subsequent meshing and use in computational fluid dynamics 

simulations. 
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3.3  Dispersion Modeling using CALPUFF® 

CALPUFF was used to model dispersion of contaminants from the ASARCO-Hayden 

plant, located in the twin cities of Hayden and Winkelman (Figure 3.2).   

Source input data are required to apply the basic Gaussian plume dispersion equation: 

(3.5) 

(3.6) 

 

where Q is emission rate from the source (g/s), u is wind speed (m/s), H is height above 

the ground of the puff center (m), h is the mixing height (m), σx, σy and σz are the standard 

deviations of the Gaussian plume in the horizontal x, vertical z and cross-wind y directions, 

da is distance in the along-wind direction, dc is cross-wind distance.    

This study intended to evaluate potential impacts in the vicinity of the site as a function of 

time and spatial extent as well as to provide an estimate of the emissions from the 1000 ft 

smokestack and from the two tailings impoundments. Initially, fine particulate transport 

was modeled using CALPUFF (Figure 3.3 and Figure 3.4). High concentration levels 

correspond with the variations in wind direction as illustrated by the wind roses. 
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Figure 3.2 Google Earth image of the physical domain investigated for simulations.  

Outer squared area represents the domain for CALPUFF simulations, and inner 

squared region represents top view of the domain used in FLUENT simulations.  A 

windrose is included (0º implies that wind is coming from the north). 
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In the first period simulated (Figure 3.3), prevailing winds are from the Southeast while in 

the second period (Figure 3.4), they are from the Southwest to West. Note that the plumes 

disperse mostly along the wind direction. The higher level plumes come very close to the 

receptor for March 4-7.  The concentration at the receptor, 1.76×10-11 g/m3 is an order of 

magnitude greater than the concentrations for the February plots.  A hypothetical stack 

emission rate of 1×10-3 kg/s was used.  These results suggest that contaminant 

concentration at the field sampling sites may not be representative of the highest levels 

present in surrounding areas. 

Figure 3.5 shows size-dependent concentrations of As, Cd and Pb as yearly averages, as 

measured at the receptor. Results show that contaminants follow a bimodal distribution. A 

preliminary correlation analysis between metals and metalloids at each stage of the 

MOUDI has been performed in order to identify the number of possible sources that 

contribute to atmospheric contamination around the site, and to determine the proportion 

of metals in each of the stages. Tables 3.1 and 3.2 present inter-element correlation matrices 

for particles in stages with 0.054-1 m cutpoint diameters and for particles in stages with 

1.8-18 m cutpoint diameters, respectively; where the values represent correlation 

coefficients, R, between each pair of metals.   

From these results, some groups of correlated metals can be identified and are shaded: Al-

Sc-Mg, As-Cd-Pb, which have the strongest correlation in both ranges; Fe-Mg, with strong 

correlation in the coarser range; Al-Fe, Sc-Fe, with weak correlations in the coarser range; 

and Fe-Mg, Cu-Pb, with weak correlations in the finer range.  More detailed information 
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can be elucidated by building correlation matrices between metals for each stage.   Table 

3.3 summarizes the groups of metals, that were obtained from these inter-element 

correlation matrices, and only groups that are strongly correlated (i.e. correlation 

coefficient, R > 0.8) are included.  The proportion between metals in each stage is presented 

in Table 3.4.  From these results it can be inferred that toxic metalloids and metals such as 

As, Cd and Pb come from the same source having the strongest correlation in the finer 

particle size stages (between 1 m and 0.18 m cutpoint diameters) and possibly, the 

source is the ASARCO smelting area.  It is also suspected that the groups where Cu is 

present come from mining activity (i.e. mechanical action) and that the Fe-Mg, Cr-Fe, Al-

Sc, Sc-Fe, and Mg-Al groups may be of soil origin (i.e. tailings).   

In a subsequent investigation, arbitrary but representative emission values from the sources 

were assigned: 10 g/s for the smokestack, modeled as a point source, and an erosion emitted 

dust flux value of 3×10-4 g/m2s for each of the mine tailings, which are modeled as area 

sources.   Since smokestack emissions are related to aerosols in the fine range, the point 

source simulations were carried out for a particle size of 0.3-m in diameter, which 

corresponds to the first mode of the concentration distribution found from MOUDI 

experiments (Csavina et al., 2011).  Area source simulations take into account PM10 

emissions, since it is a principal pollutant of interest and is representative of fugitive dust 

sources; that is, dust generated from open sources such as unpaved roads, agricultural 

tilling operations, aggregate storage piles, and heavy construction operations (AP 42, 

1995).  Simulations were carried out for the same several periods of operation of the 

MOUDI sampler.    
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Figure 3.3 Windrose (top) shows winds coming from the SE direction towards the 

NW.  This correlates well to the concentration contours (bottom) for the period of 

Feb. 18-21, 2009. Receptor Concentration: 2.9×10-13 g/m3 at 10 m above ground 

level.  The source (smokestack) is 304.8 m in height. 
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Figure 3.4 Windrose (top) shows winds coming from the SW direction 

towards the NE.  This correlates well to the concentration contours 

(right) for the period of March 4-7, 2009.  Receptor Concentration: 

1.8x10-11 g/m3 
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Figure 3.5 Annual averaged lead, arsenic and cadmium concentrations from MOUDI 

observations at the Hayden site for the period December 2008 through November 

2009. Data represent average concentrations over thirty six 96-hour sampling periods; 

AF denotes after filter sample. 
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Table 3.1 Inter-element correlation matrix for particles in stages 0.054 – 1 m.  Values 

represent the coefficient of correlation, R.  Darkest color represents strongest correlation. 

  Be Mg Al Sc Cr Fe Cu As Cd Pb 

Be   0.221 0.194 0.237 -0.251 0.225 0.281 0.367 0.589 0.539 

Mg     0.859 0.845 0.513 0.741 0.545 0.082 0.086 0.094 

Al       0.887 0.477 0.473 0.506 0.023 0.109 0.157 

Sc         0.391 0.424 0.402 -0.051 0.05 0.103 

Cr           0.485 0.33 -0.123 -0.26 -0.125 

Fe             0.552 0.304 0.256 0.226 

Cu               0.596 0.643 0.686 

As                 0.893 0.931 

Cd                   0.931 

Pb                     
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Table 3.2 Inter-element correlation matrix for particles in stages 1.8 – 18 m.  Values 

represent the coefficient of correlation, R.  Darkest color represents strongest correlation. 

  Be Mg Al Sc Cr Fe Cu As Cd Pb 

Be   0.334 0.232 0.31 0.007 0.467 0.374 0.231 0.454 0.432 

Mg     0.895 0.916 0.43 0.864 0.443 -0.114 -0.116 -0.093 

Al       0.895 0.47 0.686 0.516 -0.02 -0.01 0.035 

Sc         0.403 0.774 0.472 -0.141 -0.114 -0.05 

Cr           0.409 0.072 -0.076 -0.222 -0.094 

Fe             0.507 -0.043 0.006 0.007 

Cu               0.513 0.584 0.618 

As                 0.894 0.936 

Cd                   0.936 

Pb                     
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Table 3.3  Correlation between metals for each MOUDI stage. 15 MOUDI periods were 

investigated. 

m Be Mg Al Sc Cr Fe Cu As Cd Pb R 

18           
0.9195 (Cu-Pb) 

 

9.9           
0.85 (Mg-Fe) 

 

6.2           

0.89 (Cr-Fe), 

0.9157 (Cu-Pb) 

 

3.1           

0.87 (Al-Sc), 0.90 

(Cu-Cd), 0.93 

(Cu-Pb), 0.88 

(Cd-Pb) 

1.8           

0.91 (Cu-Cd), 

0.94 (Cu-Pb), 

0.92(Cd-Pb) 

1           

0.93 (As-Cd), 

0.91 (As-Pb), 

0.88 (Cd-Pb) 

0.55           

0.90 (As-Cd), 

0.90 (As-Pb), 

0.95 (Cd-Pb) 

0.32           

0.97 (As-Cd), 

0.94 (As-Pb), 

0.97 (Cd-Pb) 

0.18           

0.85 (As-Cd), 

0.82 (As-Pb), 

0.93 (Cd-Pb) 

0.1           

0.86 (Cu-Cd), 

0.81 (Cu-Pb), 

0.83(Cd-Pb) 

0.054           

0.80 (Mg-Al), 

0.98 (Mg-Cd), 

0.95 (Al-Cd) 
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Table 3.4  Metal proportions per stage 

 [ng/m3] 

m M1 M2 a b R2 

18  Pb Cu  52.204   -2.5102 0.85  

9.9  Mg  Fe 3.3251   -9.1928  0.85 

6.2 Cr Fe 21.887 37.322 0.80 

6.2 Pb  Cu   29.696 2. 3201 0.84  

3.1 Cd Cu 403.65 2.0231 0.81 

3.1 Pb Cu 21.195 3.0738 0.87 

3.1 Cd Pb 17.717 0.0546 0.78 

3.1  Sc Al  1278.5  -13.055  0.76 

1.8 Cd Pb 12.063 0.1525 0.84 

1.8 Cd Cu 220.26 3.2994 0.83 

1.8 Pb   Cu 17.985   0.9634 0.89  

1  Cd  As 1.712  0.1458  0.86  

1 Cd Pb 6.4447 0.4372 0.77 

1 As Pb 3.4372 0.0144 0.83 

0.55 Cd As 3.2756 0.2682 0.80 

0.55 Cd Pb 15.597 0.4545 0.90 

0.55 As Pb 4.0188 -0.1754 0.80 

0.32 Cd As 4.8298 0.3177 0.93 

0.32 Cd Pb 20.569 0.26 0.95 

0.32 As Pb 3.9606 -0.5606 0.88 

0.18 Sc Al 1738 -37.946 0.91 

0.18 Cd As 12.816 0.0038 0.72 

0.18 Cd Pb 39.695 -0.4097 0.87 

0.18 As Pb 2.2751 0.6252 0.67 

0.1 Cd Cu 93.173 0.3599 0.75 

0.1 Cd Pb 37.193 3.073 0.68 

0.1 Cu Pb 1.7083 0.4304 0.66 

0.054 Cd Pb 2.9827 0.0189 0.81 

0.054 Cd Mg 127.07 10.636 0.96 

0.054 Cd Al 4199.6 20.272 0.90 

0.054 Mg Al 11.566 -50.237 0.65 

 

baMM  12
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Each period was characterized by their respective meteorological data obtained from the 

EPA meteorological station that is located at the sampling point.  A mixing height of 1000 

m was assigned for every hour.  Simulations were set to get ground concentration levels in 

the whole grid and at the coordinates representing the MOUDI sampler location, as shown 

in Figure 3.2.  Sensitivity tests shows that mixing height is a parameter that changes 

drastically the concentration values, therefore real mixing height values are required for 

every hour of the day.  CALPUFF results involve 0.3 m particle and PM10 concentrations 

in ng/m3 as a function of time over a period of 4 days.  The total concentration equivalent 

to the same 4-day MOUDI periods was compared to MOUDI observations.  

Pollutant concentration depends on numerous factors such as hour of the day, wind 

direction and wind speed.  CALPUFF simulations did not consider the effects of relative 

humidity, precipitation, chemical reactions, topography and variable emissions, which will 

add more complexity but will lead to more realistic results.  Figure 3.6 shows the impact 

of wind speed and wind direction in fine and coarse particles’ concentrations. For the 

period presented in the figure, when wind speed has values higher than approximately 1.2 

m/s, even though wind is blowing from the tailings, PM10 and 0.3 m-particles 

concentration is at a minimum.  Also, when wind speeds start decreasing, wind starts 

blowing from the SSW towards the NNE until wind speed increases and stabilizes with 

wind direction, blowing back again towards the tailings and stack area as wind speeds 

decreases.  A sudden jump to values higher than 1.2 m/s occur at approximately 11 am 

where concentrations go back to minimum values and no dependency with wind direction 

is noticed.  Fine particle concentrations increases with decreasing wind speeds.  This 
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conclusion is drawn by comparing FLUENT simulation results at wind speeds of 1-15 m/s 

(Refer to Section 3.4.3.2. Steady State Pollutant emissions simulations: Emissions from 

Tailings) and simulation results at a wind speed of 0.5 m/s (Refer to Section 3.4.3.3. 

Transient Pollutant simulation results).   

Point source simulation results, based only on one particle diameter of 0.3 m, were plotted 

against MOUDI concentrations of each metal compound at stage 0.32-m diameter, 

whereas area source simulation results were plotted against each metal-PM10 concentration 

obtained from MOUDI experiments with the purpose of observing if these exhibit any trend 

(Figure 3.7 and Figure 3.8).   It can be observed in Figure 3.7 that there is a minor increasing 

trend in the parity plots between simulated and measured concentrations of As-PM10 and 

Mg-PM10.  No matter if the MOUDI did not detect any concentration; there is always a 

simulated value different from zero, as long as the wind is blowing towards the sampler.  

With such variability in the results, as shown in the bar plots, the MOUDI could not be 

scaled to the simulated values in order to find realistic emission rates for each period. For 

this reason, the bar plots present two Y axes: one with higher scale (right vertical axis) 

represents the simulated values obtained for the arbitrary emission rates.   
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Figure 3.6 Wind direction, speed, and CALPUFF concentrations of 0.3-m particles and 

PM10 as a function of time for the 2-day period starting on February 25, 2009.  Higher PM10 

concentrations are reached when wind is more directed toward the MOUDI sampler but at 

wind speeds less than about 1.2 m/s; this happens approximately from 20h00 to 9h00 of 

the next day.  Higher fine particles correlate to lower wind speeds.  As expected, 

concentrations decrease when wind is blowing from directions other than the mine tailings 

and stack areas.  
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Figure 3.7a.  Normalized PM10 simulation results and normalized PM10 MOUDI data for 

arsenic.  Right vertical axis represents CALPUFF results.  It is assumed that erosion is the 

same for all periods and that it does not depend on wind speed. 
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Figure 3.7b Normalized PM10 simulation results and MOUDI data for Magnesium.  Higher 

scale on the Y axis represents CALPUFF results.  It is assumed that erosion is the same for 

all periods and that it does not depend on wind speed. 

  

0.00E+00

2.00E+04

4.00E+04

6.00E+04

8.00E+04

1.00E+05

1.20E+05

0 100 200 300 400 500

Measured Mg- PM10

S
im

u
la

te
d

 P
M

1
0

0

50

100

150

200

250

300

350

400

450

1/
14

1/
21

2/
18

2/
25 3/

4
3/

11
3/

18
3/

25 4/
1
7/

22
7/

29 8/
5
8/

12
8/

19
8/

26 9/
2

9/
9

0.00E+00

2.00E+04

4.00E+04

6.00E+04

8.00E+04

1.00E+05

1.20E+05

Measured PM10 Simulated PM10

0.00E+00

2.00E+04

4.00E+04

6.00E+04

8.00E+04

1.00E+05

1.20E+05

0 2 4 6 8 10 12 14

Measured As-PM10

S
im

u
la

te
d

 P
M

1
0

Normalized 

1 

0 
0 1 

0 

1 



 51 

  

 

Figure 3.8a. Normalized PM0.3 simulation results and MOUDI data for Copper. It is 

assumed that stack emission is continuous and that it is operating the full 4-day period.  

It is presumed that periods that are comparable to the simulation results coincide with 

the stack hours of operation. 
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Figure 3.8b. Normalized PM0.3 simulation results and MOUDI data for Arsenic.  It is 

assumed that stack emission is continuous and that it is operating the full 4-day period.  

It is presumed that periods that are comparable to the simulation results coincide with 

the stack hours of operation. 
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Results show that there are a few periods where similar concentration trends are observed 

between the measured and simulated values. The parity plots show a trend for the data to 

have intercepts different from zero, which could be a consequence of the fact that the 

emissions that are assigned in CALPUFF are constant, and could also signify that wind 

erosion did occur in those periods at some proportional erosion rate.  In the case of point 

source simulations, (example shown in Figure 3.8), similar trends could imply that the 

stack was active during those periods. 

During the CALPUFF studies, it was clear that this dispersion model should be used to 

determine pollutant concentration, as long as a real emission from a source is known, 

starting at the exact hour of day and during a known period of time or cycle of operation.  

On the other hand, the fact that similar trends are found in some periods is advantageous 

since presumably better estimates of mixing heights and knowledge of when the stack was 

operating allows for better estimates of emission rates thus obtaining comparable results to 

experimental ones.   

3.3.1 Iron King mine tailings emissions 

A simulation that is of particular interest in this project is that of mine tailings emissions.  

Mine tailings in arid and semiarid regions are susceptible to erosion of dust particles by 

means of wind (wind erosion), which can occur given certain characteristics of the soil and 

meteorological conditions. Mine tailings are large piles of crushed rock with silty sand-like 

texture that are left over after the material/metal of interest has been extracted from the ore 

(Ramirez, 2007).   
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Figure 3.9  Iron King Mine facility, located near the cities of Dewey and Humboldt in 

Arizona. 

tailings 
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 Naturally occurring elements in the earth’s crust such as arsenic can produce detrimental 

effects once dispersed in the environment.  Arsenic has been found to be in association 

with gold ores, and such is the case of the Iron King Mine Facility in Arizona (Figure 3.9) 

which is no longer in operation but its tailings, which occupy more than 69 600 m2, is a 

cause of concern among nearby residents.  Mechanical action activities such as tailings 

management and wind erosion mobilize dust particles containing trace metals; for example, 

it was calculated that during dust storms, emissions can be as high as 1 mg/cm2s and once 

airborne, particles smaller than 20 m can remain suspended for as long as several days 

and therefore are transported over large distances (Shao, 2008). Investigations show that 

the concentrations of As and Pb can reach values as high as 4000 mg/kg of tailings (Maier, 

2009).  Exposure to metals and metalloids could present a health risk if a person is in 

contact with them over a long period of time.  EPA conducted a risk assessment study that 

indicates that contamination of the site could pose cancer risks and other hazards if no 

cleanup action is taken (EPA, 2010). Airborne particles greater than 2.5 microns can 

deposit in the upper respiratory system, and finer particles are even more hazardous since 

these can damage the cardiovascular system and could even migrate to other organs (EPA, 

2011). 

Horizontal or saltation flux (Q) [kg/m s], and vertical flux (F) [kg/m2 s] can be determined 

by (Kon et al.,2007): 

(3.7), (3.8) 
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(3.9)  dQ
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where 
*u  is the wind friction velocity, tu* is the wind threshold friction velocity, b is the 

bulk density, p is the particle density, a  is the air density, p is the soil surface hardness 

parameter, dust is the fraction of dust, g is gravity, and C , C  and tw are empirical 

constants and can be found in Kon et al.  (2007) and in Lu and Shao (1999). 

The friction velocity is determined by:   

(3.10) 
)/ln(
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u          

where k=0.4 is the Von Karman constant; Z is equal to 10 m; Zo is the surface roughness 

length, equal to d50/30, and d50 is the median diameter of the particle size distribution of 

the bed; and u10 is the wind velocity measured at 10 m. 

The condition that must hold so that wind erosion occurs is u* > u*t.  Where u*t is the 

threshold friction velocity which is a function mainly of particle diameter. The model used 

to determine u*t  has the form (Kon et al., 2007): 
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(3.12)  dZos 5.1472exp100.2 6     

is the aerodynamic roughness length of a bed composed of uniform grains with diameter 

d, and 

(3.13)         gddGFAdu
a

ap

t


 
 **0* ReRe ,     

(3.14) 


*

*Re
du

     

with u* as the wind friction velocity and   as the air kinematic viscosity,  

(3.15) 
5.2

3106
1)(

gd
dG

a


     

(with d in mm) and finally Re, A(Re), and F(Re) presented in Table 3.5. 

By satisfying all the equations with the constraint that u* > u*t, the friction velocity curve 

is obtained and u10 is obtained for this to hold true.  For example, when a bed is composed 

of uniform quartz particles (density of 2.65 g/cm3), the minimum u*t is about 0.2 m/s (and 

occurs at approximately 0.1 mm).  Particles with diameters below 0.1 mm are dominated 

by interparticle cohesive forces and that is why the frictional velocity decreases with 

increasing diameter.  On the other hand, particles with diameters above 0.1 mm are 

dominated by gravitational force and that is why larger frictional velocities are required to 

lift bigger particles (Figure 3.10).  Figure 3.11 shows that dust emissions from the erodible 
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bed start when wind speed measured at 10 m exceeds 16 mph.  At this speed, 10-9 kg/m2 s 

are emitted to the atmosphere.   

 

 

Table 3.5  Equations and constants required to calculate Equation (3.13) 

Re* A(Re*) F(Re*) 

0.03  Re*0.3 0.20   5.0

*Re5.21


  

0.3  Re*10 0.13   5.0092.0

* 1Re928.1


  

Re*10 0.12   10Re0.0617- 0.0858exp-1 *   
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Figure 3.10  Wind friction velocity profile as a function of bed particle 

diameter. Source: Kon et al.  (2007) 
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Figure 3.11 Vertical dust flux as a function of wind speed measured at 10 m. 

  

1.00E-10

1.00E-09

1.00E-08

1.00E-07

1.00E-06

1.00E-05

1.00E-04

1.00E-03

1.00E-02

1.00E-01

1.00E+00

1.00E+01

0.1 1 10

U* [m/s]

V
e

rt
ic

a
l 

d
u

s
t 

fl
u

x
 [

k
g

/m
2
 s

]

1.00E-10

1.00E-09

1.00E-08

1.00E-07

1.00E-06

1.00E-05

1.00E-04

1.00E-03

1.00E-02

1.00E-01

1.00E+00

1.00E+01

10 20 30 40 50 60 70

wind speed [mph]

V
e

rt
ic

a
l 

d
u

s
t 

fl
u

x

 [
k

g
/m2  s

]



 61 

These results can be validated from a CFD simulation and also results of dust fluxes from 

the simulations can be validated from field measurements performed in the site at different 

heights.  Simulations can be used to alert people living near mining sites of dust storms 

from wind speed forecasts. 

3.4 Preliminary Studies using CFD Modeling using ANSYS FLUENT: ideal and 

simplified cases 

Computational Fluid Dynamics is a promising technology for air quality and risk 

assessment studies.  Simulations of dispersion of contaminants in complex terrain and in 

the presence of buildings are of importance, even when “new buildings are planned, new 

emissions are proposed or production changes are expected” (Riddle et al., 2004). Huber 

et al.  (2006) from the EPA concluded that “plume dispersion in absence of buildings is 

demonstrated to be comparable with standard plume dispersion models for point and line 

source pollutant.”  Since the models to be used are based on physical principles and realistic 

topographic conditions, these are expected to be more accurate than Gaussian models, for 

example.  The success of the simulations; that is, how well the turbulent dispersion is 

modeled, depends on a good simulation of the turbulent flow.  One of the aims of this 

project was to investigate and choose the best models in terms of convergence, mesh 

independence and computing effort.  It was believed that results from CFD simulations 

will not only provide realistic and quantifiable information, but also that the application of 

CFD represents an important contribution to actual dispersion modeling studies.         
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It was proposed to use ANSYS FLUENT to simulate emissions from the hypothesized 

mining sources. Simulations would consist on isolated and combined sources depending 

on computer capabilities.  For this purpose, two 64-bit PC’s with parallel processing were 

available.  Simulations were performed in sequential manner, that is, simpler geometries 

were constructed in order to obtained converged solutions and test models, because it was 

not only necessary to construct a grid that can lead to convergence and at low numerical 

tolerances; it was also important to test for grid independence.  This means that at least 

three grids for each scenario (with different number of nodes) had to be constructed and 

had to give the same results.  Once grid independence was verified, a final model could be 

proposed for each of the conditions described. 

The general objective of the proposed study was to model aerosols emissions from specific 

mining activities and sites using computational fluid dynamics (CFD) with models that 

resolve the atmospheric boundary layer and include topographical features. 

Specifically, it was suggested to perform Lagrangian simulations to investigate particle 

trajectories in the vicinity of the site with the purpose of being compared to results from 

Eulerian simulations. 

The simulation of the atmospheric boundary layer (ABL) with grids that exclude and 

include the presence of buildings and topography was successfully accomplished.  The  

k- turbulent model using the Richard-Hoxey (1993) equations was used to model the 

ABL. Adequate modeling of the atmospheric boundary layer will ensure concentration data 

to be as reliable as possible. Lagrangian simulations were carried out using the Discrete 
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Phase Model (DPM) available in FLUENT, to explore suspension of particles under 

various wind speeds in two domains: a flat and empty domain, and a domain that includes 

an approximate geometry of the Iron King tailing in three dimensions. 

The Species Transport and Eulerian Models were investigated briefly and require a more 

in-depth examination. 

3.4.1 Importance 

Results from these simulations can help visualize the extent of contamination under various 

wind speeds and wind directions, and most importantly, the concentration fields could be 

obtained in all locations of the grid and at the location of the samplers for validation 

purposes.  It is believed that results from simulations that account for topography will 

correlate better than those from flat terrain simulations to field observations.  Also, 

windroses showed that simultaneous wind directions at the Winkelman and Hayden cities 

are different from each other and we hypothesize that it is due to topographical features.  

Actual emission potentials suggested by the EPA do not consider the effect of topography 

and presence of buildings.   

So far, only 2D and 3D studies of wind flow over industrial sites have been investigated, 

but emissions where not included (Turpin and Harion, 2010).  It was concluded that large 

buildings on industrial sites and topography can affect the flow and exert large 

perturbations over stockpiles, therefore, there is a necessity to enhance dust emission 

estimations.  On the other hand, 3D simulations of emissions from open pits and piles have 

been investigated, but do not include the vicinity of the emitter (Badr and Harion, 2007).   
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An Eulerian approach to solve for contaminant concentrations could be used to model 

emissions from sources.  Preliminary studies using an EPA preferred model for air quality 

studies, namely CALPUFF, showed little agreement between measured concentrations 

obtained from the MOUDI sampler and simulated concentrations (Refer to Non-CFD 

Modeling Section).  Real meteorological data in hourly format, and arbitrary emissions 

from hypothesized sources such as the stack and tailings were included in the model; 

however, a flat terrain, constant mixing height data was used in the simulations.  These 

simulations where performed assuming a flat terrain and a uniform wind field distribution.  

CALPUFF is based on the Gaussian plume equation, instead, ANSYS FLUENT solves the 

Navier Stokes equations, turbulent models and the species transport equations, which 

suggest the latter method to be more accurate to describe a real world situation. 

It was known, for example, that smelting operations release particulate matter, sulfur 

dioxide and NOx.  The source strength of these compounds from the smokestack was 

known; however the source strength from the tailings was not.  Specifically, particle 

transport from the tailings was intended to be studied setting different particle densities, 

and also, several hypothetical source strengths were considered.  Moreover, steady state 

and transient saltation and suspension of particles from the tailings were investigated.  The 

Discrete Phase Model, Species Transport Model, and Eulerian Models were examined and 

different case studies are presented in the following pages.  Some case studies were not 

completely successful, and more time should be invested to fully comprehend the 

capabilities of the models and to discover possible simplifications of the problems.  
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Nonetheless, the examples presented in this report present a range of applications of CFD 

to study aerosol transport.  

3.4.2 Physical Domains and Procedure 

Google map images of the two superfund sites that have been investigated are shown in 

Figure 3.12 and Figure 3.13.  Domains that represent the ASARCO Hayden smokestack in 

AZ, and the Iron King Tailing in Dewey, AZ, have been constructed using the ANSYS 

mesh generator  considering different X km × Y km × Z km domains: for example  

10 km × 10 km × 1 km (which took a lot of computational effort and given computer 

capabilities did not allow for higher resolutions), 5 × 5 × 1 km (provided better trade-offs 

than the previous effort), 2.5 km × 2.5 km × 0.5 km, 1 km × 1 km × 50 m.  These domains 

were divided into discrete control volume cells using a computational grid mesh.  

Unstructured meshing was used to concentrate the grid mesh in areas where more detail is 

needed to capture the behavior of complex flows.  ANSYS FLUENT, was used to solve 

the governing equations for the conservation of mass, momentum, energy, and scalars such 

as a pollutant concentration.   
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Figure 3.12  Hayden site physical and computational domains.  Area defined 

by the white line extends is a 10 km by 10 km with an atmospheric boundary 

layer height of 1 km.  A smaller domain that extends 2.5 km × 2.5 km × 1 

km was also constructed and was used to test models. The smokestack is 

located in the center. 
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Figure 3.13  Iron King’s investigation domain. 

 

500 m app. 
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3.4.2.1 Mesh generation 

In general, the MultiZone meshing method provided satisfactory and better results 

compared to the patch conforming and patch independent methods in the case of the box 

plus stack domains and empty box domains. Figure 3.14 shows the relevance of choosing 

the appropriate mesh generation method and depicts the consequence of a grid with poor 

quality where the patch independent method was used (right) against the results using a 

grid with a MultiZone meshing for the case of the box plus stack domain. Hydrodynamic 

simulations that used the MultiZone method were able to model the ABL logarithmic wind 

profile accurately in all portions of the 3D domain of an empty box.   The MultiZone 

meshing provides methods to generate a pure hexahedral or hexahedral-dominant mesh 

(uniform quads), whereas patch methods use predominantly tetrahedral meshing.  Instead, 

tetrahedral meshing methods were used in the case of the box plus tailing domains due to 

the irregularity of the tailings geometry (Figure 3.15). 
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Figure 3.14 Comparison of air velocity magnitude profiles in different parts of the domain 

along the 1 km atmospheric boundary layer when grids with good left) and poor quality 

(right) are used.  The top-left grid used multizone methods and the top-right grid used 

tetrahedral meshing.  Note that nodes are more concentrated in the center of the domains 

since the ASARCO Hayden 1000 ft (~6 m diameter) smokestack is included in the domain.   
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Figure 3.15  Top view of the mesh distribution of the tailings and 

ground (only a segment of the mesh is shown). 

1 km 
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3.4.2.2 Atmospheric Boundary Layer Modeling equations 

The Standard k- transport equations are used to model the turbulent wind flow at specific 

wind speeds and directions. It is a two-equation model, proposed by Launder and Spalding 

(1972), and it is commonly used to investigate fluctuating velocity fields which are 

characteristic of turbulent flows.  To solve the exact governing equations requires a lot of 

computational effort and become impractical to carry out; instead, modified governing 

equations are solved requiring two separate transport equations that account for the 

fluctuations of the transported quantities and thus reducing computational effort.  The 

Standard k- model is a semi-empirical model that allows the turbulent velocity and length 

scales to be independently determined and assumes that the flow is fully turbulent (ANSYS 

FLUENT, Theory Guide).   The equations are as follows: 

(3.16) 
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𝜅
+ 𝑆𝜀    

where  is the fluid density, u is velocity, t is time, is viscosity, t represents turbulent 

viscosity, G is the generation of turbulence kinetic energy due to the mean velocity 

gradients, Gb is generation of turbulence kinetic energy due to buoyancy, YM is the 

contribution of the fluctuating dilatation in compressible turbulence to the overall 

dissipation rate.  ,  are the turbulent Prandtl numbers for k and , respectively.  S, 
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S are user-defined source terms.  C1, C2, and C3 are constants.   represents turbulent 

kinetic energy and  is the turbulent dissipation rate. 

k,  and u are described by the following expressions and values that satisfy the transport 

equations (proposed by Richard and Hoxey (1993), note that C and    adopt different 

values compared to the original Standard  k- model): 

(3.18) 
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where 

u*: threshold velocity,  

 : Von Karman constant 

z0: roughness length 

C1 = 1.44, C2 = 1.92, C = 0.013, k= 1.0, and  = 3.22 



 73 

Uh: reference velocity (usually obtained from a weather station or from forecasts) 

h: reference height, usually 10 m. 

z: height 

The terrain roughness is characterized by the roughness height, R: 

(3.22) 020zR       

3.4.2.3 Pollutant transport modeling equations 

There are two approaches for the numerical calculation of multiphase flows: the Euler-

Lagrange approach and the Euler-Euler approach (ANSYS Theory Guide, section 15). 

3.4.2.3.1 Discrete Phase Model  

The discrete phase model follows the Euler-Lagrange approach.  The fluid phase is treated 

as a continuum by solving the Navier-Stokes equations, while the dispersed phase (e.g. 

dust, SO2) is solved by tracking a large number of particles, through the calculated flow 

field (i.e. air).  The dispersed phase can exchange momentum, mass, and energy with the 

fluid phase.  It is assumed that the dispersed second phase occupies a low volume fraction.  

The particle trajectories are computed individually at specified intervals during the fluid 

phase calculation. 

ANSYS FLUENT predicts the trajectory of a discrete phase particle by integrating the 

force balance on the particle, written in a Lagrangian reference frame.  This force balance 

equates particle inertia with the forces acting on the particle, and can be written as   
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(3.23)  
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Where xF  is an additional acceleration (force/unit particle mass) term,  pD uuF   is the 

drag force per unit particle mass and  

(3.24) 
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Here, u is the fluid phase velocity, pu is the particle velocity,  is the molecular viscosity 

of the fluid,   is the fluid density, p is the density of the particle, and pd is the particle 

diameter.  Re is the relative Reynolds number, which is defined as 

(3.25) 


 uup 


pd
Re    

Equation 19 incorporates additional forces ( xF ) in the particle force balance that can be 

important under special circumstances.  The acceleration of the particle is determined by 

the forces acting on the particles, which include the aerodynamic drag, FD; and, as 

additional forces.  It may include aerodynamic lift, FL; Magnus force due to spinning and 

electrostatic forces, FE.   Lift is perpendicular to the oncoming flow direction, in contrast 

with the drag force, which is parallel to the flow direction.  Experiments show that the lift 

forces, Magnus force, and electrostatic forces are typically two orders of magnitude smaller 

than the gravitational force and FD, therefore they are often not considered.  Nalpanis et al.  

(1993) found that by neglecting lift and inertial forces, it follows that for a particle in 

http://en.wikipedia.org/wiki/Perpendicular
http://en.wiktionary.org/wiki/oncoming
http://en.wikipedia.org/wiki/Drag_(physics)
http://en.wikipedia.org/wiki/Parallel_(geometry)
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saltation, when its height is above a few grain sizes (z >> dp), the most significant forces 

acting on it are drag and gravity.  Figure 3.16 shows the forces acting on a spherical particle 

moving with velocity pu through a flow with velocityu . 

3.4.2.3.2 Treatment of Particle Trajectories  

Based on the study by Nicking & Gillies (1986), the Iron King mine tailings have a median 

diameter of 5 m.  Moreover, it was determined that the vertical saltation flux from these 

tailings was 7×10-8 kg/m2s on average.  Since this was the only experimental and real data 

point that was available in the literature, these values were assumed as starting point for 

simulations.  As mentioned in the Literature Review section, particles in reality detach 

from the surface due to the action of the wind and subsequently, if not entrained, they 

impact other particles that are located in the ground and/or gain kinetic energy that let them 

bounce again and again.   Two different investigations were made using FLUENT.  Firstly, 

monodisperse particles were allowed to bounce in the ground, and secondly, particles were 

not allowed to bounce.  Particle sizes ranging from 2.5-100 m were investigated under 

different steady state wind events, from 1 to 15 m/s. 
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Figure 3.16  Forces acting on a spherical particle moving with velocity pu through 

a flow with velocity u . 
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For the no-bounce allowed treatment, particles were not allowed to bounce on the surface, 

since the objective was to explore the behavior of particles from the time of injection until 

they hit the ground (wall); the ground was set as a trap boundary condition.  

On the other hand, in the bounce allowed simulations, a ¨reflection¨ boundary condition 

was set on the ground.  The particle rebounds off the boundary in question with a change 

in its momentum as defined by the coefficient of restitution.  The normal coefficient of 

restitution (Figure 3.17) defines the amount of momentum in the direction normal to the 

wall that is retained by the particle after the collision with the boundary (Tabakoff and 

Wakeman, 1982).  The default setting for both coefficients of restitution is a constant value 

of 1.0 (all normal and tangential momentum retained).  Initial simulations were performed 

with the default value of 1, however, the coefficient should be corrected for future 

simulations knowing that the angle of detachment, 2  is of about 55º, and the angle of 

impaction, 1 , is typically around 10º (Shao, 2008).   
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Figure 3.17 "Reflect'' Boundary Condition for the Discrete Phase simulation, where nv  is 

the particle velocity normal to the wall and the subscripts 1 and 2 refer to before and after 

collision, respectively.   
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3.4.2.3.3 Species transport model  

ANSYS FLUENT can model the mixing and transport of chemical species by solving 

conservation equations describing convection, diffusion, and reaction sources for each 

component species.  The program predicts the local mass fraction of each species, iY , 

through the solution of a convection-diffusion equation for the ith species.  This 

conservation equation takes the following general form (ANSYS FLUENT User’s Guide, 

section 15.4; ANSYS FLUENT Theory guide, section 7): 

(3.26)   

where iR is the net rate of production of species i by chemical reaction and iS is the rate 

of creation by addition from the dispersed phase plus any user-defined sources. An 

equation of this form will be solved for 1-N species where N is the total number of fluid 

phase chemical species present in the system.  Since the mass fraction of the species must 

sum to unity, the N th mass fraction is determined as one minus the sum of the 1-N

solved mass fractions.  Reactions were not considered in the simulations. 

In turbulent flows, ANSYS FLUENT computes the mass diffusion in the following form:  

(3.27)   
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iJ


 is the diffusion flux of species i, which arises due to gradients of concentration and 

temperature.  By default, ANSYS FLUENT uses the dilute approximation (Fick’s law) to 

model mass diffusion due to concentration gradients.  Here mi,D  is the mass diffusion 

coefficient for species i in the mixture, and iT,D  is the thermal (Soret) diffusion coefficient.  

Where CtS  is the turbulent Schmidt number (
t

t

D


 where t is the turbulent viscosity and 

tD is the turbulent diffusivity). The default CtS is 0.7. Note that turbulent diffusion 

generally overwhelms laminar diffusion, and the specification of detailed laminar diffusion 

properties in turbulent flows is generally not necessary.  

3.4.2.3.4 Multiphase models: Euler-Euler Approach 

In the Euler-Euler approach, the different phases are treated mathematically as 

interpenetrating continua. Since the volume of a phase cannot be occupied by the other 

phases, the concept of phasic volume fraction is introduced. These volume fractions are 

assumed to be continuous functions of space and time and their sum is equal to one. 

Conservation equations for each phase are derived to obtain a set of equations, which have 

similar structure for all phases. These equations are closed by providing constitutive 

relations that are obtained from empirical information, or, in the case of granular flows, by 

application of kinetic theory.  

In ANSYS FLUENT, three different Euler-Euler multiphase models are available: the 

volume of fluid (VOF) model, the mixture model, and the Eulerian model.  The VOF model 
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is appropriate for stratified or free-surface flows, and the mixture and Eulerian models are 

appropriate for flows in which the phases mix or separate and/or dispersed-phase volume 

fractions exceed 10%. Flows in which the dispersed-phase volume fractions are less than 

or equal to 10% can be modeled using the discrete phase model.  For more information 

refer to ANSYS FLUENT’s Theory Guide, section 16.   

Preliminary investigations of smokestack emissions showed that an Euler-Euler approach 

can be a good alternative to determine the volume fractions of SOx and NOx emissions 

from the smokestack.  This approach requires considerable computing power.  On the other 

hand, a discrete phase model approach (lagrangian) requires less computing resources and 

each one of them is more suitable depending on the application, if particle tracing is 

required and not the concentration of a species, then a discrete approach may be enough.  

More studies in this regard are suggested. 

3.4.2.4 Simulations set-up and boundary conditions 

Grid verification and hydrodynamic simulations were performed using the least-squared 

discretization methods for gradients and derivatives, and a first-order upwind scheme to 

help stabilize the convective terms.  Higher order schemes can be used along with the Green 

Gauss node-based methods to get more accurate solutions. The program can generate 

iteratively the air flow field solution from the steady-state, incompressible, turbulent 

Navier-Stokes equations and species transport equations. Steady-state simulations 

considering only the hydrodynamic part of the problems were performed first.  Different 

pollutant transport modeling alternatives were explored using ANSYS FLUENT.  Going 
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one step further, unsteady state simulations were performed considering the reference wind 

speed at 10 m high, Uh, shown in Figure 3.18.  The fitted function is represented by the 

equation inside the box and was substituted in logarithmic wind profile described above.  

The black squares represent field data from the Iron King Site.    

The boundary conditions were imposed as velocity inlet, pressure outlet (or outflow) and 

symmetry conditions in ANSYS FLUENT (Figure 3.19). The top of the box was set to 

have a zero shear stress condition. The positive X direction, for example, corresponds to 

the wind direction; wind is coming from the velocity inlet boundary.  The ground was set 

to have either a roughness height of about 0.0028 m (typical of desert type of roughness, 

Nicking and Gillies, 1986) or a tailings type of roughness, of about 0.015 m (~5 times 

rougher than a desert type of terrain).   Velocities from 1-15 m/s at predominant wind 

directions were tested at steady state.   

User defined functions (UDFs) were created to allow for changes in height (required by 

the logarithmic wind profile) and changes with time (as required by transient simulations, 

e.g. Figure 3.18).  An example of a steady state UDF code is available in Appendix E. 
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Figure 3.18 Real and fitted wind speed obtained from the meteorological station in Iron 

King.  Measurement period from November 5-6, 2008.  Most frequent wind direction was 

NNW. 

   

  

0 20 0 40 0 60 0 8 0 0 10 00 1 2 00

0

1

2

3

4

5

D a ta : fir stp e a k _ B

M o d e l:  E xt re m e

E q u a t io n :  y =  y0 +A *e xp (-e x p (- z)- z+ 1 )

z =  ( x-x c) /w

  

y0 0 .5 1

x c 6 5 0

w 1 7 3 .1 6 0 1

A 4 .4 4

W
in

d
 s

p
e

e
d

 a
t 

1
0

 m
 [

m
/s

]

Time [s]



 84 

 

 

 

Figure 3.19 Boundaries that define the domain of study 
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3.4.2.5 Verification and Validation 

Field data from MOUDI, SMPS, and TSP are available for several meteorological 

conditions and seasons and will continue to be available at different locations in the vicinity 

of the mining site.  These data could be used to compare and validate results obtained from 

the simulations. When field data are not available, we can still verify the solutions given 

for different grids and different tolerances (for more information, refer to Appendix A).   

It is important to keep in mind that the inlet velocity profile is known a priori, and for the 

case of a steady state simulation, it is required that this profile remains the same throughout 

the whole domain since the terrain is flat.  Therefore, the verification procedure and 

decision of whether a simulation has converged was based mostly on this requirement.   

Results can be visualized from contour plots of contaminant plumes and wind patterns in 

order to have an idea of the extent of contamination in the physical domain of study.  Point 

data at any location of the domain can be extracted from the simulations. 

3.4.3 Results and Discussion 

3.4.3.1 Hydrodynamic simulations 

To assess that the k- model with the Richard-Hoxey approach solves well the ABL, a  

10 km × 10 km × 1 km box with flat terrain was built using ANSYS 12 mesh generator.  

The models do an excellent job reproducing the logarithmic wind profile at different 

locations of the domain.  Figure 3.20 shows a top view of the locations of profiles chosen 

for comparison purposes to the known logarithmic wind profile.  One of the simulations 
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involved the inclusion of the smokestack in a flat terrain domain.  Figure 3.21 and  

Figure 3.22 presents velocity magnitude contour plots as well as velocity magnitude 

profiles along the rakes depicted in Figure 3.20. 

For the simulation of the wind in the Iron King tailings domain, it can be observed in Figure 

3.23 how the flow accelerates as it passes through the highest elevation of the tailings as it 

should be expected.  

To choose several random “rakes” of lines throughout the vertical direction (extending 

from the ground to the top) at different positions of the domain along with the comparison 

of these results at lower tolerances was a simple way of verifying that the solutions was 

converged and to determine what tolerance was good enough.  Once the hydrodynamic 

simulations were performed, either particle track or inclusions of species models were 

tested. 
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Figure 3.20 Top view of different locations chosen for comparison purposes of the ABL 

profiles to the boundary conditions.  
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Figure 3.21 Contour and velocity magnitude profiles at different planes and locations of 

the domain.  Wind speed at a reference height of 10 meters is 3 m/s (for rake locations, 

see Figure 3.20). 
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Figure 3.22 Contour and velocity magnitude profiles at different planes and locations of 

the domain.  Wind speed at a reference height of 10 meters is 10 m/s. 
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Figure 3.23 Velocity magnitude contour plot for a reference wind speed Uh = 1 m/s. 
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3.4.3.2 Steady State Pollutant emissions simulations 

3.4.3.2.1 Asarco Hayden Smokestack 

As mentioned before, at some point one of the projects of interest was to determine whether 

fine particles were coming from the smokestack.  To resolve this issue, Eulerian models, 

species transport model and the discrete phase model were investigated.  Figure 3.24 shows 

a sample simulation of emissions from the smokestack using the Eulerian and Lagrangian 

approaches.  The Eulerian model was unable to fully converge (top); the settings of this 

particular contour plot solved the Navier-Stokes equation for both phases, the k- 

equations, energy and continuity equations.  It required a lot of computational effort.  

Excluding temperature differences might aid in the simulation and more attention can be 

given in this aspect of the project studying emissions of SO2; however, energy balances 

should be included afterwards to account for buoyancy effects on the plume.  Nonetheless, 

Figure 3.24 gives an idea of how pollutant volume fractions can be visualized using the 

Eulerian method.  When the Lagrangian model is used instead of solving the species 

transport equation, only the hydrodynamic simulation is necessary and then a determined 

number of particles are injected from a point or surface and are then tracked as they are 

carried by the flow.  

Eulerian simulations are much more computationally expensive to perform than 

Lagrangian ones.  Low to high wind speeds scenarios and directions were investigated, 

with the objective of getting well converged solutions and propose final models that could 

be used to validate MOUDI and other field data. 
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Figure 3.24 Eulerian (top) and Lagrangian (bottom) simulations of particles from the 

smokestack.   
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Figure 3.25 Metalloid and metal trajectories from the ASARCO Hayden smokestack 

during 10 m/s and 3 m/s at 10 m wind speeds. The standard k- turbulent model was used 

to simulate NNW winds at four different speeds in a three dimensional grid that includes 

the ASARCO Hayden smokestack (304.8 m in height and 5.182 m in diameter) and the 

MOUDI sampler location (1.22 km away from the smokestack). 

 

3 m/s 10 m/s 

http://www.dhironkingsmelter.info/
http://www.dhironkingsmelter.info/
http://www.dhironkingsmelter.info/
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Lagrangian simulations of metal and metalloid particles coming from the smokestack with 

a real emission velocity of 5.91 m/s were carried out during steady state NNW winds at 10 

m/s and 3 m/s at a 10 m reference height.  It was of interest to investigate the size of 

particles containing metals and metalloids that would actually make it to the MOUDI 

sampler.  Figure 3.25 shows that those particles range between 76-78 m for Pb,  

87-90 m for Cd, 107-110 m for As at 10 m/s wind speeds; and 63 m for Pb, 73 m for 

Cd, 90 m for As.  Particles need to be these large to settle and get trapped by the sampler.  

Fine particles can be entrained by the wind and get mobilized over larger distances, mainly 

due to the height of the smokestack.  The smaller the stack, the higher is the chance of big 

particles to settle down.  Likewise, the lower the wind speed, the higher the chance of 

particles getting trapped by the sampler. 

3.4.3.2.2 Emissions from Tailings 

Experimental air quality studies in the vicinity and on top of the Iron King tailings were 

carried out by the Dust Group of the University of Arizona, and to complement this 

investigation, computational studies were performed using computational fluid dynamics 

(CFD) and this section focuses on the following objectives and conditions: 1) to simulate 

dust trajectories from desert and tailings type of terrains, where a tailings type of terrain is 

about 5 times rougher than a desert type of terrain; particles are not allowed to bounce in 

the surface; instead the interest is to explore the effects of angles and velocities of 

detachment of dust particles from the surface under different wind speeds; 2) to analyze 

dust particles trajectories which are 2.5 -100 m in diameter (it is assumed that particles 

are spherical in shape); 3) investigate topography and wind velocity effects; and for this, a 
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flat terrain and a terrain that includes a simplified version of the tailings have been 

considered and the simulations were carried out at steady state.  Also, this section seeks to 

emphasize the need of high resolution topographic data, initially unavailable, that could be 

coupled to the CFD software and could provide more realistic results; nonetheless, all the 

boundary conditions and simulations set-up are explained in detail and are recommended 

to be used in future works that include a better geometrical representation. 

One of the first things to investigate was the effect of bounce and no bounce conditions, 

using the Stokes-Cunningham correction factor which accounts for non-continuum effects 

when calculating the drag on small particles.  When particles are allowed to roll and bounce 

on the ground they travel a few hundreds of meters as observed in  

Figure 3.26. Moreover, these particles travel further as wind speed increases.   

Figure 3.27 shows a summary of the maximum distance reached by these saltating particles 

as a function of particle diameter.  On the other hand, no bouncing particles travel about 8-

9 m and larger particles travel the highest and the furthest as evidenced in Figure 3.27.  

Next, the effect of initial drag was investigated in order to determine if the simulation 

results corresponded to the results that should be obtained if drag is neglected, and to check 

whether the simulations were carried out appropriately.  When drag is not present, then 

from the particle trajectory equation the maximum height that a particle reaches is 

calculated by the following formula: 

(3.28) 
g

u zp

2

2

,
maxh        
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For instance, a particle that is released from the ground at a velocity in the vertical direction, 

up,z = 3 m/s, will reach  a height above the ground equal to 0.4592 m, if the only force acting 

on it is gravity.   

The way to decrease the effect of drag force in ANSYS FLUENT is to set a large Stokes 

Cunningham coefficient (~10000).  An option to neglect the drag force completely is 

unavailable.   Figure 3.28 shows that indeed, particles larger than about 12 m reached the 

maximum height of 0.46 m; and even though the drag force was apparently neglected by 

setting such a large number for Cc, from the figure, it was learned that drag in the opposite 

direction of the wind become important and is exerted in particles smaller than 12 m 

causing them to reach lower heights and distances as the diameter decreases.   Competition 

between horizontal drag and gravitational force exist (settling time for particles > 50 mm 

are almost the same) when drag is allowed throughout the particle simulation. 

  

.
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Figure 3.26 Monodisperse 5-m dust particles’ trajectories at different reference 

heights were investigated; particles were allowed to bounce in the ground.  For 

example, the maximum height reached by a particle during a 5 m/s at 10 m wind is 

1.97339 m above ground level.  The maximum distance travelled by that particle in 

the direction of the wind is 922.6264 m.  A hypothetical dust emission of 7x10-8 

kg/m2 s was used (Nickling and Gillies, 1986). 

3 m/s  

5m/s  

1 m/s  
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Figure 3.27 Maximum distance traveled by bouncing particles as a function of diameter. 
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Figure 3.28 Particle trajectories of no-bounce particles.  Larger particles travel the highest 

and the furthest.  The particles presented in this figure correspond to the case of a 10 m/s 

wind speed at 10 m and are released at 10 m/s in the vertical direction.  
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Figure 3.29  Trajectory of no-bounce particles from 2.5-100 m released vertically at 

ground level with a velocity of 3 m/s. Reference height Uh = 1 m/s. The particle is 1000 m 

away from the tailings where the logarithmic wind profile is unaffected by topography.  (a) 

Vertical drag was not allowed during the simulation. The maximum reached height is 0.46 

m for particles greater than 12 m. (b) Drag was allowed.  
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The effect of the angle at which a particle was released was also analyzed.  Figure 3.30 

shows three scenarios where particles were released during a steady state wind event of 10 

m/s, for a roughness of 1.41×10-4 m, and particle velocity magnitude of 10 m/s, but three 

different angles of injection 90°, 45° and 30°.  As the angle with respect to the ground 

increases, the heights and distances reached increase as well.   The same trend is observed 

for the case when angle is held fixed but particle velocity changes (i.e. higher particle 

velocities are correlated to higher distances, Figure 3.31). 

The maximum distances and heights reached by particles were plotted as a function of 

particle diameter (Figure 3.32) and it is quite interesting to note that a sigmoidal curve fits 

the maximum distance dmax, with a coefficient of determination of 1; and also, a cubic curve 

fits perfectly the results obtained for the maximum heights, hmax, reached by the particles.  

Therefore, maximum distances and heights as function of diameter may be modeled by: 

(3.29) 

dx

dd

AA
Ad

p 0
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1max

exp1





       

(3.30) 

3

3

2

21max ppp dBdBdBAh 
      

Where the coefficients can be determined by nonlinear fits.   

Simulations with different roughness values were performed (Figure 3.33).   
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Figure 3.30 Trajectory of no-bounce particles at different injection angles during a 10m/s 

wind.  The particle velocity magnitude is 10 m/s. Roughness length: 1.41×10-4 m 
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Figure 3.31 Trajectory of no-bounce particles at different injection velocities, up, during a 

10 m/s wind.   Roughness length: 1.41×10-4 m. 
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Figure 3.32 Maximum distances and heights reached by particles as a function of particle 

diameter released at different angles. Reference wind speed Uh=10 m/s, and Up=10m/s.  

Solid lines represent fits to the functions shown. (a) Maximum distance travelled follows 

a sigmoidal behavior, and (b) maximum height follows a cubic trend. 
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Figure 3.33 Particle trajectories of a desert and tailings type of terrains.  Tailings are 

approximately 5.2 times rougher than the desert.  
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Tailings roughness is 5.2 times rougher than a desert type of roughness, and it was found 

that hmax,desert = 6.5 hmax, tailing and that dmax,desert = 4.4 dmax,tailing, therefore it is important to 

know exactly the roughness characteristics of the terrain in order to have representative 

results.   

To summarize, various effects have been explored to have a better understanding of how 

dust may be suspended in the atmosphere from tailings and less rough terrains.  As 

expected, when particle trajectories are simulated by neglecting vertical drag, the 

maximum height reached by a particle is h = upz/2g dictated by the force balance equation.  

However, not all sizes of particles reach the same distances and heights, and this is because 

of the horizontal drag that is a consequence of the wind speed that increases logarithmically 

with height.  At steady-state conditions, finer particles that are released from the ground 

settle before bigger particles.  Figure 3.34 show simplified schematics that consider the 

most relevant effects and trends observed during steady state saltation over flat beds. 

All the previous results considered particles released at ground level, and helped to gain a 

better understanding of how several factor affected the simulation results.  Now, it is 

perhaps the most important task to determine how the particles are transported and 

dispersed from the tailings.  Figure 3.35 and Figure 3.36 show a graphical representation 

of how the particles are dispersed from the tailings depending of the size and wind speeds.  

Lighter particles located near the edges can travel further distances and can even travel 

hundreds of meters, which is contrary to the distance travelled by particles over flat beds.  

However, 3D particle tracking from regions near and/or at the edges of the tailings show 
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that fine particles are easily entrained because the height of the tailings is so large that the 

particle do not have enough time to settle; instead the complexity of the flow and the 

presence of wakes, the wind is able to carry the particles over long distances.  Also, as wind 

speed increases, the distance travelled increases as well.  
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Figure 3.34 Summary of factors affecting particle trajectories at steady state 
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Figure 3.35. Particle tracks of 2.5 m (blue lines) and 100 m (red lines) particles released 

from areas near the edges of the tailings at reference velocities at Uh = 1 m/s.  Angle of 

detachment is 55º, and the particle velocities were set to be 20% higher than the threshold 

velocity, u*. 
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Figure 3.36 Particle tracks of 100 m (red lines) particles released from areas near the 

edges of the tailings at reference velocities at a Uh =7 m/s colored by height.  Angle of 

detachment is 55º, and the particle velocities were set to be 20% higher than the threshold 

velocity, u*. 
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3.4.3.3 Transient Pollutant emissions simulations  

As shown previously in Figure 3.18, a real measurement period was fitted wind speed 

obtained from the meteorological station in Iron King. The period corresponded to 

November 5-6, 2008 when the most frequent wind direction was NNW.  One of the ideas 

was to predict how particle travels with the transient flow.  The particle was allowed to 

travel with the particle immediately at time t=0, where the flow is still steady based on 

Figure 3.18.  It was observed in Figure 3.37 that 6 m particles settle after approximately 

0.75 s where the wind speed is steady and around 0.5 m/s, and settle before finer particles.  

This suggests that gravitational force is more important than drag force; wind speed is calm 

and comparable to the threshold wind velocity.  The step size used in this simulation was 

0.025 s.  It was also observed that particle trajectories calculated by the discrete phase 

model correlates with the wind speed at their respective Z heights.   

The sensitivity of the step size has to be further investigated, a couple of runs were made 

in this respect and as observed in Figure 3.37, the solutions obtained with two different 

step sizes do not coincide, which means that the step size should be further refined and test 

for independence.  The drawback is that this requires more computational effort. 

A future task that should be explored is to apply particle tracking methods when the actual 

wind gust starts, so that settling is not allowed, the effects of the gustiness on the particle 

should provide more insightful information about how dust storms affect particle transport.   
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Figure 3.37 Particle Trajectories and Wind speed as a function of flow time for 2.5 and 6 

m particles. 
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Figure 3.38 Particle Trajectories for different step sizes. 

1.00E-04

1.00E-03

1.00E-02

1.00E-01

1.00E+00

1.00E-03 1.00E-02 1.00E-01 1.00E+00 1.00E+01

X-Position

Z
-P

o
s
it
io

n

Step size = 0.5 s Step size = 0.025 s



 114 

Along other lines, the species transport model was investigated assuming an emission from 

the tailings at a hypothetical flux of 10-6 kg/m2 s.  A density of 4000 kg/m3 was assumed.  

It was found that the species volume fraction can be obtained without having to solve the 

whole system of equations; therefore once the real flux is known, this method can actually 

be very powerful and helpful.   

Figure 3.39 shows superimposed FLUENT images over Google Earth Images.  Wind is 

blowing towards north, close to the town of Dewey which is located approximately  

1.7 km away from the tailings.  The wind speed at 10 m is 5 m/s and it is observed that 

after 30 minutes the plume keeps spreading.  Figure 3.40 and Figure 3.41 show more 

images at different time intervals.  Notice in Figure 40 that the plume can reach heights of 

about 300 m.  A future project should incorporate transient wind speeds and direction 

where the species transport equation can also be determined. In addition, user defined 

functions can be created in order to get results in units of concentrations and not volume 

fractions, this is important specially for obtaining contour plots in the adequate units. 
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Figure 3.39 Ground level plumes of a hypothetical source (density around 4000 kg/m3) after 5 and 30 minutes.  Hypothetical 

vertical flux from tailing is 10-16 kg/m2 s.  Wind speed at 10 m is 5 m/s.  The town of Dewey is located approximately 1.7 km 

away from the tailings. 
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Figure 3.40 Top view Plumes after 1, 5, 10, and 30 minutes.  Vertical flux from tailing is 

10-16 kg/m2 s. 
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Figure 3.41 Lateral view of plumes after 1, 5, 10, and 30 minutes.  Vertical flux from tailing is 10-16 kg/m2 
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CHAPTER 4.  AEROSOL TRANSPORT SIMULATIONS IN OUTDOOR 

ENVIRONMENTS USING COMSOL MULTIPHYSICS: MESH GENERATION 

METHODS FOR LARGE AND THREE DIMENSIONAL DOMAINS WITH 

IRREGULAR AND COMPLEX TOPOGRAPHY 

 

4.1 Summary  

One of the most difficult steps towards simulating wind flow and aerosol transport over 

complex terrains is the mesh generation step.  As shown in Chapter 3 (Mesh Generation 

Section), it is relevant to choose the appropriate mesh generation method and poor quality 

meshes must be avoided and several idealized cases with simplified geometries were tested 

using ANSYS FLUENT.  The quality of the meshes was verified based on the expected 

velocity magnitude profiles.  It is important to point out that if the tetrahedral mesh is more 

refined it will tend to get more accurate profiles, but will be more computationally 

expensive.  As it will be shown later on this section, tetrahedral meshing is more suitable 

for geometries with a wide range of length scales, such as the case of an irregular domain 

with a smokestack; where evidently, a swept method cannot be applied.  In conclusion, not 

all meshing methods are suitable for all geometries.  For example, in a flat terrain that 

includes a smokestack with a surrounding box a MultiZone meshing (generated in ANSYS) 

provided satisfactory and better results compared to patch conforming and patch 

independent methods. Multizone meshing generates uniform quads whereas patch methods 

use predominantly tetrahedral meshing. In this section the swept method was explored in 

COMSOL under other geometries.  For the case where the domain included two tailings 
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impoundments it provided better results compared to default tetrahedral meshing.  In this 

scenario the terrain features were projected towards the atmospheric boundary layer.  On 

the other hand, when a 304.8 m with 5.19 m diameter smokestack was included over a 

somewhat irregular terrain, the swept method could not be applied; the mesh in the vicinity 

of the smokestack, and the mesh of the smokestack per se, have to be treated independently 

with “enough refinement” that can help simulating wind over the domain, using at the end 

a tetrahedral meshing. Another domain to be described in this section involves a smaller 

section of the domain where more detail (based on real topographic data) is included 

(excluding the smokestack).   

The present chapter presents a novel approach for geometry construction using three 

straightforward steps: a) the digitalization of the ground surface using the ARCMAP 

module from the ARCGIS Platform from ESRI, b) the conversion of the digital elevation 

map into a parametric surface in COMSOL, and c) the bounding of the domain and mesh 

generation using swept or tetrahedral meshing for subsequent CFD simulations. Three 

domains of study are presented as well as the advantages of one method over the other 

based on the geometric differences encountered. Mesh statistics and insights for each 

domain study are also presented. The resulting digital elevation maps (DEM) were 

imported to COMSOL, using the Elevation (DEM) Function.   
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4.2 Types of elements and meshing features 

A 3D domain can be described with different types of elements such as tetrahedral (tets), 

bricks, prisms, and pyramids; however, it is important to examine when to use any type or 

any combination of these elements.  Tetrahedral elements are the default element types and 

usually the first candidates to try to mesh the domain.  Also, the “refinement” feature in 

COMSOL (that is, a mesh is multiplied by a factor to be more or less refined) only works 

when a tetrahedral type of element is used.  On the other hand “pyramids are only used 

when creating a transition in the mesh between bricks and tets.  The primary motivation in 

COMSOL for using brick and prism elements is that they can significantly reduce the 

number of elements in the mesh” (Frei, 2013) However, when using this combination the 

ratio of longest to shortest edge may not be close to unity.  In this case it is useful to discern 

when this may be reasonable (i.e. it is not reasonable if high aspect ratios exist in a specific 

region of interest within the domain from where important results will be obtained). 

Depending on the type of domain, other features such as adaptive meshing, boundary layer 

and swept meshing can be applied.  Adaptive mesh refinement is a powerful tool that allows 

the refinement of specific regions that require small scale detail (Landázuri et al., 2016).  

Swept meshing “creates hexahedral (default) or prismatic mesh elements which can still 

effectively handle the disproportional dimension sizes with far less elements” (Griesmer, 

2013).   To use this method a source and destination boundary is specified; for example,  

for one of our domains of study (Domain 1) the ground mesh is projected towards the top 

face of our geometry (or sweeps along the ground to the upper face).  It is important to 
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recognize that the denser (finer) the mesh, the more computationally expensive the 

simulation is.  

In general, when at least three different meshes (namely a coarse, fine, and finer) are built, 

the same simulation can be computed, and their solutions in different (random or selected) 

sections of the domain can be compared.  Not only should results be compared in terms of 

mesh refinement, but also in terms of at least three different tolerances. For this, the 

verification method by Roache (1998), also applied in previous studies (Anthony et al.  

2010), (Stovern et al., 2014), (Landázuri et al., 2016) is strongly recommended.   

 

4.3 Physical Domains of Study 

Three domains were explored during geometry construction and mesh generation.  All of 

them are part of the general domain depicted in Figure 4.1.  

4.3.1 Domain 1: Tailings over a simplified irregular domain  

The satellite map of Figure 4.1 shows Domain 1 that represents a large domain of about  

7 km × 7 km × 1 km  that includes two mine tailings impoundments.  An overall view of 

the geometry can be seen in Figure 4.2a.  The level of detail in contours is moderate as 

shown in the TIN (triangular irregular network) image of Figure 4.2b.  
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4.3.2 Domain 2: Simplified irregular domain including a smokestack  

Figure 4.3 shows a smaller domain of about 2 km × 4 km × 1 km and includes a 304.8 m 

cylindrical smokestack of 5.182 m in diameter.  This domain it is based on Domain 1 only 

that it was cut to be able to include a smokestack and allow for less computational effort. 

4.3.3 Domain 3: Detailed irregular domain including a partial part of a tailing 

Figure 4.4 presents the triangular irregular network of Domain 3 where the emphasis was 

on the level of detail which is higher compared to the previous and simplified domains.  

Domain 3 extends 1.5 km × 3.5km × 0.8 km.  For this domain, since more resolution was 

used, the Z coordinate was reduced to allow for less computing requirements.  

4.3.4 Domain 4: Detailed irregular domain including a partial part of a tailing plus a 

smokestack 

Figure 4.5 presents a view of Domain 4 which is the final geometry that includes Domain 

3 plus a smokestack. 
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Figure 4.1 Three physical domains used for geometry construction and mesh 

generation. a) Domain 1(red): Tailings over a simplified irregular domain; b) Domain 

2(blue): Simplified irregular domain including a smokestack; c) Domain 3 and 4 

(green): Detailed irregular domain including a partial part of a tailing (Domain 3), 

and also a smokestack (Domain 4). Domain 4 is used in part D as a final proposed 

model for particle tracing from the ASARCO smokestack. 

6.5 km 
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Figure 4.2 Section of  Domain 1, Triangular irregular network. Refer to Section 4. This 

domain extends 5 km x 5 km approximately. 
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Figure 4.3 Overall geometric view of Domain 2.  Axes are in units of meters. 
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Figure 4.4 Domain 3, a) Overall geometry view, b) triangular irregular network. Refer to 

Section 4. Geometry Construction. Axes are in units of meters 

 

 

 

 

 



135 

 

 

 

 

 

Figure 4.5 Domain 4, a) Overall geometry view. Refer to Section 4. Geometry 

Construction. Axes are in units of meters. 

 

 

  



136 

 

4.4 Software and Computer Characteristics 

The elevation maps used were generated and digitalized in ARCGIS® with the ARCMAP 

module.  COMSOL MULTIPHYSICS 5.1® was used to i) import the digital elevation 

maps created in ARCMAP, ii) create the geometries, and iii) generate the meshes. These 

procedures were performed on a Windows Server 2012 operating system, Intel(R) Xeon(R) 

CPU E5-4650 0 @ 2.70GHz with 24 cores, and 72 GB of RAM. 

4.5 Methods  

4.5.1 Geometry digitalization (Tapia, 2015) and construction 

From the “Remedial Investigation Report” of the Hayden Site, by CH2MHILL (2008), 

contour plots were found in pdf format. From Google Earth, the section of the domain of 

interest was selected, and these were the input necessary for the digitalization process. That 

information had to be converted into a Digital Elevation Map (DEM) that can be read in 

COMSOL, which implies that a 3D image with contours had to be created. Figure 4.6 

depicts the digitalized image from ARCMAP, an ARCGIS feature (Tapia & Landázuri, 

2015).  If necessary, in the future, more level of detail can be incorporated, using the 

contour information from the Remedial Investigation Report. To digitalize the image in 

ARCGIS, the image has to be pulled into ARCMAP, by using the Add Data tool.  Once in 

ARCMAP, inside Arc Catalog, several shapefiles (polygons, lines and dots) were created 

by right clicking in “New”, and choosing the “Shapefile” option.  The shapefiles were 

georeferenced by clicking “edit”, then “select” and by choosing the right projection 
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coordinate system. For the Hayden Site the “Arizona East Zone Fipszone: 0201 Adszone: 

3151 Utm Zone: 12” was selected to start the digitalization of the image. 

In order to create a TIN (Triangulated Irregular Network) file, which is a previous step to 

generate a DEM file, the generated contour levels are uploaded, and then the “Tin 

Management” option form the Arc Toolbox is chosen.  Then “Create TIN” is selected. 

To create the three dimensional image the 3D Analyst Tools-Conversion-From Tin-Tin to 

Raster option was chosen from the Arc Toolbox.  In Input TIN, the tin file created is 

selected and then click OK.  The DEM file is created (Figure 4.7), and then saved with 

extension .dem, which is the format that COMSOL can read. 

Figure 4.8 presents an example of the resulting image of Domain 1 when importing the 

.dem file to COMSOL.  Notice that the scale of the axes must be corrected.  The steps are 

listed as follows: 1) Open COMSOL MULTIPHYSICS 5.1, 2) choose “3D” in model 

builder; in the Home Tab, 3) choose “Functions/Model” Tab, then 4) click on “Functions”, 

and then 5) select “Elevation (DEM)”. 5) The elevation map is saved by default as “elev1”. 

Now that the map has been imported and the geometry has to be created.  
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Figure 4.6 Example of Digitalized image of Domain .  ARCMAP was 

used for its generation. This domain extends 5 km x 5 km approximately. 

 

 

  

6.5 km 
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Figure 4.7 Top view of the DEM image of Domain 1 visualized in ARCMAP. This 

domain extends 5 km x 5 km approximately. 
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Figure 4.8 Resulting Digital Elevation Map image (elev 1), imported to COMSOL of 

Domain 1. 
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For the geometry generation: 1) select “More Primitives”, and 2) choose Parametric 

Surface.  By default, the x axis is named “s1”, and the y axis is named “s2”.  3) Since the 

axes must be scaled, a scaling factor has to be included.  In the z axis, the representation of 

“elev1” must be specified as a function of “s1” and “s2”, both of them should be multiplied 

by the correct scaling factor.  4) Then click on “build all”.  An example of a scaled surface 

that represents the geometry of the “parametric surface ps1” is shown in Figure 4.9.  Then, 

a bounding box (plus a smokestack in the case of Domain 2) where the future wind flow 

and particle trajectories simulations will be evaluated has to be created. A “block” with the 

corresponding limits of the terrain and a height of 1 km, was created.  The “Difference” 

operation was applied on “ps1” and “block”.  The results of these operations are shown in 

Figure 4.10.  For the case of the domains that includes a smokestack a slightly different 

order in the operations is followed since the smokestack has to be included first prior to the 

deletion of the bottom volume. 
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Figure 4.9 Example of Geometry “ps1” created in COMSOL from “elev1” 
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Figure 4.10 Domain 1 which  includes a bounding box. A “block” was created, and a 

difference operation was performed to get the real domain.  Bottom part of the domain is 

deleted. A similar procedure is followed for geometries that include a smokestack. Axes 

are in units of meters. 
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4.6 Mesh Generation observations, results, and statistics 

4.6.1 Domain 1 

For this particular case, the swept meshing method is capable of generating meshes with 

minimum element sizes of less than 4.7 m in the most refined areas (i.e. the ground), 

providing of high quality meshes. The simplest way or the usual first attempt is to create 

an unstructured tetrahedral mesh over the whole domain.  This approach did not work for 

our highly irregular terrain apparently because there are cells that require a very dense 

refinement and the overall quality of the mesh becomes affected. Next, several custom 

element sizes assigning triangular meshes on every surface, showed as well that the inner 

domain could not be meshed (Figure 4.11).  Then, as shown in  Figure 4.12, quads and 

triangles were assigned in the lateral walls and ground surface, respectively, and  a mapped 

mesh was attempted on the upper surface (with the idea of decreasing the number of 

domain elements).  Once again, the inner domain could not be meshed.  Considering that 

the objective is to have a good quality mesh, with aspect ratios close to unity, a good 

alternative was to use a swept meshing method.  For the case study presented in this work, 

the boundary layer feature fails to create a mesh due to the complex (irregular) topography 

of the ground, and adaptive mesh refinement only works when tetrahedral meshes are used.   

Table 4.1 shows the input (built-in) and custom element sizes specified in each swept 

meshing case.  The same information is shown graphically in Figure 4.13 where red dots 

represent SW_a, a1, b1, and c unsuccessful trials.  From the element size information 

gathered from built meshes, a curve was fitted to input custom information. Under certain 
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cases an “inverted elements” warning appeared.  An example of a region with inverted 

elements is presented in Figure 4.14.  These warnings indicate that “COMSOL cannot use 

higher order shape elements to represent elongated shapes and therefore get better precision 

on gradients” (Kjelberg, 2012). 

For illustration purposes, two swept meshes without warnings are shown in Figure 4.15. 

Details from more refined meshes cannot be seen clearly. Notice that the lateral walls 

present a quad base (to form hexahedrals), whereas the upper face contains a triangular 

base.  More mesh information of the swept meshes can be found in Figure 4.16 and  

Figure 4.17. 
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Figure 4.11 Triangular mesh in all surfaces.  Inner domain cannot be meshed. 
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Figure 4.12 a) Free quads in lateral walls and mapped surface in upper boundary. b) 

Preserving a), a triangular mesh in terrain surface is used.  Inner domain cannot be 

meshed. 
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Table 4.1 Input and Output information using swept meshing.  Names in italics show the input data according to built-in 

(predefined) element sizes.  Shaded input data did not threw successful meshes presenting an “inverted element” warning. 

  

Mesh Input Element Size and Ratios  (R) 
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Output Elements and Ratios (R) 
Warning 

Name Size Max (m) R Min (m) R Domain  R Boundary R Edges R 

SW_a Normal 211   63,1   1,150 0,600 0,700 - - - - - - Inverted elements 

SW_a1 Custom 189 0,90 44,7 0,71 1,140 0,550 0,750 - - - - - - Inverted elements 

SW_b Fine 167 0,88 31,5 0,70 1,130 0,500 0,800 585552 - 150804 - 1136 - NONE 

SW_b1 Custom 142 0,85 19,4 0,62 1,115 0,450 0,850 - - - - - - Inverted elements 

SW_c Finer 117 0,82 12,6 0,65 1,100 0,400 0,900 - - - - - - Inverted elements 

SW_c01 Custom 105,9 0,90 9,5 0,75 1,095 0,375 0,913 4646532   788834   2450   NONE 

SW_c1 Custom 94,8 0,89 6,4 0,67 1,090 0,350 0,925 7510256 1,6 1173338 1,5 2808 1,1 NONE 

SW_c12 Custom 89,2 0,94 5,8 0,91 1,088 0,338 0,931 8825726 1,2 1280684 1,1 2894 1,0 NONE 

SW_c2 Custom 83,6 0,94 5,2 0,90 1,085 0,325 0,938 11261100 1,3 1523920 1,3 3052 1,1 NONE 

SW_d Extra fine 72,5 0,87 4,7 0,90 1,080 0,300 0,950 14461101 1,3 1728999 1,1 3326 1,1 NONE 

SW_d0 Extra fine 71,9 0,99 4,7 0,99 1,080 0,300 0,950 16129440 1,1 1824560 1,1 3676 1,1 NONE 
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Figure 4.13 Minimum element size  [m]  versus maximum element size [m] function.  It 

was based on the default Normal, Fine, Finer, Extra Fine options in COMSOL, and then 

the curve was fitted to obtain other user defined element sizes.  Red dots represent 

unsuccessful meshes. 
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Figure 4.14 Visualization of Inverted elements warning 

in SW_c. a) perspective one, b) zoomed in perspective. 
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Figure 4.15 Examples of successful complete swept meshes. a) SW_b 

(585552 domain elements), b) SW_c01 (4646532 domain elements). 
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Figure 4.16 Domain Elements of complete meshes are shown in bars. 

 

  

585552

4646532

7510256

8825726

11261100

14461101

16129440

0

2000000

4000000

6000000

8000000

10000000

12000000

14000000

16000000

18000000

D
o

m
a

in
 E

le
m

e
n

ts



153 

 

 

 

 

 

 

 

 

  
Figure 4.17 Input maximum and minimum element sizes [m] for swept 

mesh generation.  Red circles represent unsuccessful meshes due to the 

presence of inverted elements.  
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4.6.2 Domain 2 

The area of interest was bounded by a box that extends 1600 m in X (width), 3300 m in Y 

(depth), and 2000 m in Z (height).  A 304.8 m smokestack of 5.19 m diameter was inserted 

in the domain and areas were subtracted to obtain the domain shown in Figure 4.18. The 

smokestack includes 101 layers separated by 3 m approximately (Figure 4.18a) that allows 

for mesh control.  Each layer accounts for 20 nodes (Figure 4.18b).  The smokestack was 

meshed first to impose the refinement previously mentioned.  Then the terrain was meshed 

using triangular meshing, and finally, a tetrahedral meshing “calibrated for fluid dynamics” 

was applied to the whole domain.  The current finer mesh has the following set parameters:  

29 m for maximum element size, 0.28 m minimum element size, 1.15 maximum element 

growth rate, 0.6 curvature factor, and 0.7 resolution of narrow regions.  Coarser meshes 

that had 1.2 and 1.3 less domain elements (i.e., approximately 1.2 and 1.3 bigger element 

sizes) presented an oscillatory behavior, therefore, the parameters are not included.   

The inclusion of a smokestack does not allow for a sweep method since the elements cannot 

be projected upwards.  For this case, a triangular mesh for the smokestack wall and the 

terrain are built separately, then a tetrahedral meshing is imposed in the remaining domain.  

Not including the layers implies that the cylinder may appear like a square prism. 

The resulting mesh consists of 6453707 domain elements, 113778 boundary elements, and 

3563 edge elements (Figure 4.19).  
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This domain is a very simplified version of Domain 4 and mesh statistics analysis was 

excluded since it does not represent well the real domain. However the main input to the 

final model is in terms of the methodology to include layers in the smokestack and in the 

operations to unite the terrain, the box and the smokestack in one domain that represents 

the air flow field. The basic steps were presented in section 4.5. 
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Figure 4.18 (a) Section of a smokestack depicting the layers that had to be included for 

mesh control, (b) bottom view of the incrusted smokestack showing layers and nodes. 
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Figure 4.19 Domain 2 resulting mesh. Axes are in units of meters. 
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4.6.3 Domain 3 

As a first attempt, to actually see if the detailed surface can be meshed, in the mesh option, 

the Physics-controlled mesh sequence with defined normal, fine, finer, extra fine and 

extremely fine meshes were used. Table 4.2 shows the description and values of the mesh 

parameters as well as mesh statistics. This domain provides useful information regarding 

the computing power capabilities for mesh generation and turbulent simulations using 

COMSOL MULTIPHYSICS as discussed in Chapter 5. 

4.6.4 Domain 4 

As for Domain 2, the meshes were created based on triangular elements for the smokestack 

faces and for the terrain and subsequently a tetrahedral mesh was applied over the whole 

domain (which is basically Domain 3 plus the smokestack). Tables 4.3 to 4.6 depict the 

parameters used as well as observations and important warnings that appeared in first 

attempts and the corrective actions taken in order to avoid them. These tables are self-

explanatory and put together a lot of information that for easiness has been organized in 

that format.  On the other hand Figures 4.20 to 4.24 present mesh details from several 

perspectives using Mesh1_3 characteristics as an example. Final simulations are using less 

number of elements and less number of layers in the cylinder representing the smokestack.   
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Table 4.2 Domain 3 (box plus terrain without a smokestack) meshes and statistics 

 

Description Mesh 1 Mesh 2 

Calibrate for  Fluid dynamics 

Maximum element size 58.9 41.1 

Minimum element size 11.1 4.44 

Curvature factor 0.5 0.4 

Resolution of narrow regions 0.8 0.9 

Maximum element growth rate 1.13 1.1 

Predefined size Fine Finer 

Free tetrahedral All domain All domain 

Tetrahedral elements 974907 4591703 

Triangular elements 47108 143282 

Edge Elements 596 932 

Minimum element quality 0.002366 0.03033 

Average element quality 0.7639 0.7675 

Element volume ratio 1.103e-4 3.256e-5 

Mesh volume 3.12e9 3.12e9 

Maximum growth rate 3.51 4.264 

Average growth rate 1.631 1.619 

Element quality histogram   

Complete mesh   

ABL height 
800 m (This height was assigned 

to reduce computing time) 800 m 
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Table 4.2 (Continued) Domain 3 (box plus terrain without a smokestack) meshes and 

statistics 

 

Description Mesh 3 Mesh 4 

Calibrate for Fluid dynamics Fluid dynamics 

Maximum element size 25.5 14.4 

Minimum element size 1.67 0.222 

Curvature factor 0.3 0.2 

Resolution of narrow regions 0.95 1 

Maximum element growth rate 1.08 1.05 

Predefined size Extra fine Extremely fine 

Free tetrahedral All domain All domain 

Tetrahedral elements 18017721 

COMSOL becomes non-

responsive.  Mesh statistics 

cannot be registered.  

Triangular elements 393292 

Edge Elements 1412 

Minimum element quality 3.797e-4 

Average element quality 0.7706 

Element volume ratio 4.432e-6 

Mesh volume 3.12e9 

Maximum growth rate 4.717 

Average growth rate 1.61 

Element quality histogram 
 

Complete mesh   

ABL height 800 m 800 m 
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Figure 4.20 Domain 4 (Mesh1_3), terrain detail. Axes are in units of meters. 
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Figure 4.21 Domain 4 (Mesh1_3).  Close-up view of terrain plus the smokestack. 
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Figure 4.22 Domain 4 (Mesh1_3).  Top view. Axes are in units of meters. 
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Figure 4.23 Domain 4 (Mesh1_3).  Complete mesh view. Axes are in units of meters. 
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Figure 4.24 Domain 4 (Mesh1_3).  Close-up view of bottom of smokestack incrusted in 

the ground. 
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Table 4.3 Domain 4 (box plus terrain and smokestack) meshes, statistics, settings and 

observations 

 

Description Mesh 1_1 Mesh 1_2 

Calibrate for Fluid dynamics Fluid dynamics 

Maximum element size 50 50 

Minimum element size 0.05 0.05 

Curvature factor 0.6 0.6 

Resolution of narrow regions 0.7 0.7 

Maximum element growth rate 1.15 1.15 

Predefined size Custom Custom 

Cylinder edge nodes 20 20 

Cylinder number of layers 101 101 

Free tetrahedral All domain All domain 

Domain elements 5021806 4882666 

Boundary elements 161420 153420 

Edge Elements 4832 4837 

Minimum element quality - - 

Average element quality - - 

Element volume ratio - - 

Mesh volume - - 

Maximum growth rate - - 

Average growth rate - - 

Element quality histogram - - 

Complete mesh 
Similar to M1_3, but the ABL 

height had 200 more meters. 

Similar to M1_3, but the ABL 

height had 200 more meters 

and block origin was shifter to 

Z=200 m. 

ABL height 1000 m 1000 m 
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Table 4.3 (continued).  Domain 4 (box plus terrain and smokestack) meshes, statistics, 

settings and observations 

 

Description Mesh 1_1 Mesh 1_2 

Degrees of freedom - 5138868 

Maximum number of iterations 400 400 

Tolerance factor 1x10-2 1x10-2 

Solver MUMPS MUMPS 

Block origina Z=-200 Z=200 

Atmospheric Boundary Layer height 1000 m 1000 m 

Factor in error estimate - - 

Warnings/Observations 

Logarithm of a negative 

number a 

Increase factor in error 

estimate, out of memory 

 
aThe block origin was set 200 m below zero.  It was thought that maybe part of the terrain 

had negative values in Z.  Mesh 1_2 uses the block origin 200 m above zero. 
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Table 4.4 Domain 4 (box plus terrain and smokestack) meshes, statistics, settings and 

observations. 

Description Mesh 1_3 Mesh 1_4b 

Calibrate for Fluid dynamics Fluid dynamics 

Maximum element size 50 84 

Minimum element size 0.05 0.7 

Curvature factor 0.6 0.6 

Resolution of narrow regions 0.7 0.7 

Maximum element growth rate 1.15 1.15 

Predefined size Custom Custom 

Cylinder edge nodes 20 20 

Cylinder number of layers 101 101 

Free tetrahedral All domain All domain 

Domain elements 4882666 4884323 

Boundary elements 153420 155440 

Edge Elements 4837 4714 

Minimum element quality - 0.002545 

Average element quality - 0.7582 

Element volume ratio - 4.911e-9 

Mesh volume - 2.83e9 

Maximum growth rate - 6.888 

Average growth rate - 1.653 

Element quality histogram - 

 

Complete mesh 

 
 

ABL height 800 m 800 m 
bThe maximum and minimum element sizes of this mesh are 1.4 times bigger than Mesh 

1_3. However more domain elements were created.  
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Table 4.4 (continued).  Domain 4 (box plus terrain and smokestack) meshes, statistics, 

settings and observations. 

 

Description Mesh 1_3 Mesh 1_4 

Degrees of freedom 5138868 

 

5143308 

Maximum number of iterations 400 400 

Tolerance factor 1x10-3 1x10-3 

Relative tolerance 1x10-3 1x10-3 

Solver MUMPS MUMPS 

Block origin Z=200 Z=200 

Atmospheric Boundary Layer height 800 m 800 m 

Factor in error estimate Increased to: - 

Residual factor 1000 1000 

Warnings/Observations 

No warnings. Factor in error 

estimate increased. At least 55 

GB are required to run the 

simulation. ABL height was 

reduced. Simulation does not 

progress. No warning errors 

appear but the simulation halts 

in 10% of progress 

Failed to find a solution.  

Segregated Step 1.  Out of 

memory during LU 

factorization.  In Segregated 

Step 1: returned solution is not 

converged. 

 

 

Solver Sequence 
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Table 4.5 Domain 4 (box plus terrain and smokestack) meshes, statistics, settings and 

observations. 

Description Mesh 1_5c Mesh 1_6c 

Calibrate for Fluid dynamics Fluid dynamics 

Maximum element size 84 58.9 

Minimum element size 0.7 11.1 

Curvature factor 0.6 0.5 

Resolution of narrow regions 0.7 0.8 

Maximum element growth rate 1.15 1.15 

Predefined size Custom Custom 

Cylinder edge nodes 20 20 

Cylinder number of layers 51 51 

Free tetrahedral All domain All domain 

Domain elements - 1775331 

Boundary elements - 49896 

Edge Elements - 2552 

Minimum element quality - 5.223e-5 

Average element quality - 0.7623 

Element volume ratio - 1.524e-9 

Mesh volume - 2.83e9 

Maximum growth rate - 13.01 

Average growth rate - 1.642 

Element quality histogram - 

 

Complete mesh - 

 

ABL height 800 m 800 m 
cThe cylinder number of layers were reduced from 101 (with a separation of 3 m) to 51 

layers (with a separation of 6 m).  
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Table 4.5 (continued).  Domain 4 (box plus terrain and smokestack) meshes, statistics, 

settings and observations. 

 

Description Mesh 1_5 Mesh 1_6 

Degrees of freedom - 

 

1858596 

Maximum number of iterations 400 400 

Tolerance factor 1e-3 1e-3 

Relative tolerance 1e-3 1e-3 

Solver MUMPS MUMPS 

Factor in error estimate Does not apply Does not apply 

Residual factor 1000 1000 

Warnings/Observations 

Error in boundary respecting. 

Simulation cannot proceed. 

Face is (or has a narrow region 

that is) much smaller than the 

specified minimum element 

size. 

 

Solver Sequence 
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Table 4.6 Domain 4 (box plus terrain and smokestack) meshes, statistics, settings and 

observations. 

Description Mesh 1_7d Mesh 1_8f 

Calibrate for Fluid dynamics  

Maximum element size 57.3 58.7 

Minimum element size 10.2 11.04 

Curvature factor 0.49 0.499 

Resolution of narrow regions 0.805 0.8 

Maximum element growth rate 1.125 1.15 

Predefined size Custom Custom 

Cylinder edge nodes 20 20 

Cylinder number of layers 51 51 

Free tetrahedral All domain All domain 

Domain elements 2674655e 1870825 

Boundary elements 65160 55806 

Edge Elements 2652 2602 

Minimum element quality 0.0 7.025e-6 

Average element quality 0.7655 0.7622 

Element volume ratio 1.3e-11 1.608e-9 

Mesh volume 2.83e9 2.83e9 

Maximum growth rate NaN 15.55 

Average growth rate NaN 1.642 

Element quality histogram 

  

Complete mesh 

  

ABL height 800 m 800 m 
dThis mesh is the result of the regression of size parameters for Domain 3 based on the fact that the 

total number of domain elements of this mesh is 1.2 times larger than those of Mesh 1 from Domain 

3. File name: Final_sim_28122015_reduced.mph. eThe resulting domain elements is 1.5 larger than 

Mesh 1_6. An out of core warning appeared.  Too many elements, solution did not converge. fThis 

mesh is 1.2 times larger in domain elements than Mesh 1_6.  
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Table 4.5 (continued).  Domain 4 (box plus terrain and smokestack) meshes, statistics, 

settings and observations. 

 

Description Mesh 1_7 Mesh 1_8 

Degrees of freedom Not registered 
1963446 

Maximum number of iterations 400 400 

Tolerance factor 1x10-3 1x10-3 

Relative tolerance 1x10-3 1x10-3 

Solver MUMPS MUMPS 

Factor in error estimate Does not apply Does not apply 

Residual factor 1000 1000 

Warnings/Observations 

Failed to find a solution. 

Segregated Step 2. Unable to 

read or write out-of-core file. 

In Segregated Step 2: 

Returned solution is not 

converged  

 

Solver Sequence 

 

 

 

 

 

 

 

 

 

Direct 2: out of core selected 
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4.7 Conclusion  

It is concluded that COMSOL MULTIPHYSICS run on a Windows Server 2012 operating 

system, Intel(R) Xeon(R) CPU E5-4650 0 @ 2.70GHz with 24 cores and 72 GB of RAM 

was able to construct meshes of about 20 million tetrahedral elements with maximum 

element sizes of 14.4 m and minimum element sizes of about 0.22 m. However, after 

several trials with the distinct meshes, turbulent simulations could only be handled when 

the domains had about 1,800,000 elements.  It is evident that simulations are constrained 

by computing power capabilities. This section is complemented by Chapter 5 where details 

about solver selection, mesh statistics, and convergence analysis over an irregular domain 

that includes a smokestack are discussed.   
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CHAPTER 5.  AEROSOL TRANSPORT SIMULATIONS IN OUTDOOR 

ENVIRONMENTS USING COMSOL MULTIPHYSICS: MODEL SETTING 

VERIFICATION AND PHYSICAL MODEL 

5.1 Abstract  

Model setting verification over idealized and simplified domains is a suggested step prior 

to simulate aerosol transport in complex domains and turbulent flows.  In this chapter, 

relevant mesh and simulation settings for a stationary turbulent flow with k-ε physics 

interface and computation times are presented. The domain of study was a box that extends  

1 m in X, 0.5 m in Y and 0.5 m in the Z direction.  Different meshes were tested for mesh 

independence and monotonic convergence. The domains included 12-24 boundary layers 

(total thickness of 0.01 m) built from the bottom wall. Results provide insightful 

information in terms of convergence and strategies that can be used for the optimization of 

time during a simulation.  Also, particle tracing interface settings based on the air flow 

field were applied to demonstrate the appropriate use of the interface to be used in more 

complex simulations. 

5.2 Turbulence modeling  

Figure 5.1 presents a fluid flowing over a flat plate.  A laminar boundary layer begins to 

develop, and after some distance, transition between laminar and turbulent patterns (where 

small chaotic oscillations are shown) is evidenced up to a point where the flow becomes 

fully turbulent.  In the laminar region, the fluid flow (in this study, it is assumed that the 
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fluid is air; it compresses weakly and it is Newtonian, with a Mach number of less than 

about 0.3)  can be predicted by solving the steady state Navier Stokes Equations to obtain 

pressure and velocity fields.  “As  the  flow  begins  to  transition  to  turbulence it is  no  

longer  possible  to  assume  that  the  flow  is invariant with time. In this case, it is necessary 

to solve the problem in the time domain, and  the  mesh  used  must  be  fine  enough  to 

resolve  the  size  of  the  smallest  eddies  in  the flow (Figure 5.1)” (Frei, 2013). However,  

it is not computationally feasible to solve the Navier-Stokes Equations as the Reynolds 

number increases because the flow field will exhibit smaller eddies requiring more 

refinement.  For this reason, an approach to model turbulent flows involve the use of “wall 

functions” to introduce approximations for the flow field (that accounts for local 

oscillations) at the walls adding additional unknowns to the system of equations. 

5.2.1 Wall functions  

Four regimes can be observed in Figure 5.2: a) a zero fluid velocity zone at the wall; b) a 

linear flow velocity with distance from the wall called “viscous sublayer”; c) a region called 

the “buffer layer”, where the transition from laminar to turbulent regime starts, and; c) 

eventually a fully turbulent layer is formed called the “log-law region”.  “Even further 

away from the wall, the flow transitions to the free-stream region. The viscous and buffer 

layers are very thin,  and  if  the  distance  to the  end  of  the  buffer  layer  is ,  then  the  

log-law region  will extend about 100 away from the wall” (Frei, 2013).  A “RANS 

model” could be used to compute the flow field in all four of these regimes, but another 

approach is to use “wall functions”.  A Reynolds-averaged Navier-Stokes (RANS) 
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formulation is based on the observation that the flow field (u) over time contains small, 

local oscillations (u’) that can be treated in a time-averaged sense (U), and in all four 

regimes; whereas when using wall functions, the flow field in the buffer region is ignored 

(since the thickness of this layer is small) to obtain and approximate solution with 

significantly lower computational requirements. “If you need a level of accuracy beyond 

what the wall function formulations provide, then you  will  want  to  consider  a  turbulence  

model  that  solves  the  entire  flow  regime” (Frei, 2013).   

5.2.2 Turbulent models (Frei, 2013)  

Seven turbulent models exist in COMSOL. Four of them could be used in the application 

of aerosol transport simulations (depending of the focus of the study: near the terrain or in 

the free stream, and computing power), and their most important characteristics are 

presented below. 

The k- model solves for two variables: k; the turbulent kinetic energy, and  (epsilon); the 

rate of dissipation of kinetic energy and wall functions are used in this model; it shows 

good convergence and uses relatively low memory requirements. It does not very 

accurately compute flow fields that exhibit adverse pressure gradients, strong curvature to 

the flow, or jet flow, but it does perform well for external flow problems around complex 

geometries.  
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Figure 5.1 Obtained from: http://www.comsol.com/blogs/which-turbulence-

model-should-choose-cfd-application/, October 22, 2015. 
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Figure 5.2 Obtained from: http://www.comsol.com/blogs/which-

turbulence-model-should-choose-cfd-application/, October 22, 2015. 
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The Low Reynolds number k- model is an extension to the k- model and solves the flow 

everywhere, therefore no simplifications of the buffer region are made (i.e. does not use 

wall functions), and as a consequence it uses more memory. Lift and drag forces, and heat 

flux can be modeled with higher accuracy. 

The k-model is comparable in terms of computation time and it solves for, which 

represents the specific rate of dissipation of kinetic energy. It also uses wall functions and 

is useful in many cases where the k- model is not accurate (e.g. internal flows, flows that 

exhibit strong curvature, separated flows, and jets). Finally, the SST model is a 

combination of the k- model in the free stream and the k- model near the walls. It does 

not use wall functions and tends to be most accurate when solving the flow near the wall. 

The SST model does not always converge to the solution quickly, so the k- or k- models 

are often solved first to give good initial conditions.  

The SST model is a combination of the k- (in the free stream) and the k- model (near 

the walls). It does not use wall functions and tends to be most accurate when solving the 

flow near the wall. The SST model does not always converge to the solution quickly, so 

the k- or k- models are often solved first to give good initial conditions.  

5.2.3 Selection of the model and considerations 

The verification procedure involves the use of the k-model since the final geometry is 

complex in topography, particles will be tracked (from the free stream region), and the 

focus is not to determine the concentrations of particles in the terrain, instead the focus is 
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to have a general idea of the fate of the contaminants when a certain air velocity is imposed.  

Also, since the final domain is big, the least computing power is required.  Future studies 

could consider to solve the flow everywhere, that is, including the buffer region.  Meshes 

with boundary layers were constructed to better resolve near wall solutions. 

5.3 Computer characteristics and Software  

COMSOL MULTIPHYSICS 5.1® was used to create the geometries, generate the meshes, 

and simulate turbulent air flow. 

These procedures were performed on a Windows Server 2012 operating system, Intel(R) 

Xeon(R) CPU E5-4650 0 @ 2.70GHz with 24 cores, and 72 GB of RAM. 

5.4 Geometry and Mesh Construction  

In order to formulate the final model settings applied in the proposed mesh representing 

the real domain, a flat domain was built in COMSOL MULTIPHYSICS (Figure 5.3).  The 

box extends 1 m in X, 0.5 m in Y and 0.5 m in the Z direction.  In addition to this, 12 

boundary layers were included in the bottom wall (projected upwards) for the “Coarse, 

Normal, Fine and Finer” meshes, and 24 boundary layers were included in the “finer” 

mesh, to explore its effect during the simulation. 
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Figure 5.3 Tested meshes for turbulent model verification: Coarse, Normal, Fine and Finer 

meshes of a box with 12 boundary layers (total thickness of 0.01 m) built from the bottom 

wall.  The fifth mesh (M5) has 24 boundary layers of the same thickness. The box extends 

1 m in X, 0.5 m in Y and 0.5 m in the Z direction. 

(a) (b) 

(c) 

(d) (e) 
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5.5 Expressions and boundary conditions  

A logarithmic wind profile was imposed at the inlet wall, with a roughness length 

zo=7.31x10-4 m.  In the imposed logarithmic profile, at 10 m, the wind velocity is 1 m/s; 

and at 0.1 m the wind velocity is approximately 0.52 m/s. 

In Table 5.1, the names, expressions (as are written in the model) and descriptions used 

under the “Global Definitions” tab in COMSOL are shown. 

The turbulent flow and particle tracing for fluid flow settings and boundary conditions 

are detailed in Table 5.2. 

5.6 Model Equations  

 

The k-ε turbulence model solves two extra transport equations for two additional variables: 

the turbulent kinetic energy, k (m2/s2), and the dissipation rate of turbulent kinetic energy, 

ε (m2/s3). The turbulent viscosity is given by 

(5.1)  𝜇𝑇 = 𝜌𝐶𝜇
𝑘2

𝜀
 

Where 𝐶𝜇 is a model constant. 

The transport equation for the turbulent kinetic energy, k, is: 

(5.2)  𝜌
𝜕𝑘

𝜕𝑡
+ 𝜌𝒖 ∙ ∇𝑘 = ∇ ∙ [(𝜇 +

𝜇𝑇

𝜎𝑘
)∇𝑘] + 𝑃𝑘 − 𝜌𝜀 

Where 𝑃𝑘 is the production term, and  
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(5.3)  𝑃𝑘 = 𝜇𝑇 [∇𝒖 ∶ (∇𝒖 + (∇𝒖)𝑻) −
2

3
(∇ ∙ 𝒖)2] −

2

3
𝜌𝑘∇ ∙ 𝒖 

The evolution of the dissipation rate of the turbulent kinetic energy, , is determined by 

(5.4)  𝜌
𝜕𝜀

𝜕𝑡
+ 𝜌𝒖 ∙ ∇𝜺 = ∇ ∙ [(𝜇 +

𝜇𝑇

𝜎𝜀
)∇𝜀] + 𝐶1𝜀

𝜀

𝑘
𝑃𝑘 − 𝐶2𝜀𝜌

𝜀2

𝑘
 

By default, the following variables are set in the original model: C1 = 0.09, C2 = 1.92,  

C = 0.013, k= 1.0, and  = 1.3; however k,  and u are described by the following 

expressions and values that satisfy the transport equations proposed by Richard and Hoxey 

(1993), note that C and    adopt different values compared to the original Standard k- 

model): 

(5.5)  
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where 

u*: threshold velocity (0.0441 [m/s]) 
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 : Von Karman constant (0.42) 

z0: roughness length (0.000731 [m]) 

C1 = 1.44, C2 = 1.92, C = 0.013, k= 1.0, and  = 3.22 

Uh: reference velocity (usually obtained from a weather station or from forecasts) 

h: reference height, usually 10 m. 

z: height 

The terrain roughness is characterized by the roughness height, R: 

(5.8) 𝜀𝑅 = 20𝑧𝑜 

If a dispersed phase volume fraction wants to be included in the model then a turbulent 

dispersion coefficient, the particle Schmidt number and the number density equation for 

turbulent flow should be included.   

However, to simplify the model, the particle tracing module is used to compute the 

trajectories of particles and the fields that drive their motion once the turbulent flow has 

been evaluated.  Particles can have mass or be mass-less. Boundary conditions can be 

imposed on the particles on the walls of the geometry to allow particles to freeze, stick, 

bounce, disappear, or reflect diffusely.  Particles can be released on boundaries and 

domains uniformly, according to the underlying mesh, as defined by a grid or according to 

an arbitrary expression. A wide range of predefined forces is available to describe 
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specifically how the particles interact with the fields. Arbitrary forces can be added as 

defined by a suitable expression. It is also possible to model the two-way interaction 

between the particles and the fields (particle-field interaction), as well as the interaction of 

particles between each other (particle-particle interaction) (Frei, 2013). 

 

 

 

 

 

 

 

 

 

 

 

 

 

  



187 

 

 

 

 

 

 

 

 

 

Table 5.1  Global definitions written as included in the model 

 

Name Expression Unit Description 

kar 0.42  Von Karman constant 

ustar 0.0441 [m/s] m/s Threshold velocity 

zo 0.000731 [m] m Roughness length 

velx (ustar/kar)*log((z + zo)/zo) m/s Logarithmic velocity in the X direction 

ko (ustar^2)/sqrt(0.013) m^2/s^2 Inlet turbulent kinetic energy 

epo (ustar^3)/(kar*(z + zo)) m^2/s^3 Inlet turbulent dissipation rate 
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Table 5.2 Turbulent flow and Particle Tracing for fluid flow settings 

Turbulent flow 

Settings 
Description/Value 

Particle tracing 

Settings 
Description/Value 

Fluid Properties Particle tracing for fluid flow 

Material Air Study used 14 

Temperature 293.15 K Release type Transient 

Density From material Formulation Newtonian 

Viscosity 1.983x10-5 Pa s Particle properties 

Initial Values Density 1120 kg/m3 

Velocity in x velx Diameter 1x10-6 m 

Velocity in y 0 Charge 0 

Velocity in z 0 Drag force 

Pressure 

1 atm (this is the default 

pressure.  This value should be 

corrected for a specific site). 

Drag law Stokes 

k ko Velocity field From study 14 

 epo Dynamic viscosity From material 

Boundary Conditions k ko 

Inlet Particles to affect All 

Boundary type Velocity inlet Inlet 

Velocity in x velx Number of particles 300 

Velocity in y 0 Density  Proportional to velocity  

Velocity in z 0   

k ko   

 epo   

Terrain   

Boundary type Wall   

Wall functions On   

Roughness 

height  0.01462 m 

  

Outlet    

Boundary type Pressure   

Po 1 atm   

Top wall   

Boundary type Open Boundary   

Viscous Stress No   

k ko   

 epo   

Side walls   

Boundary type Symmetry   



189 

 

5.7 Verification of the model in a small flat domain  

As mentioned in previous sections when the validation of the results cannot be performed 

(due to lack of resources like time and money) it is important to verify the solution from a 

simulation, particularly in the zone of interest.  It is necessary to verify that the solution is 

accurate and independent from mesh and from tolerances.  In this part of the dissertation, 

the solutions were verified graphically.  

When using wall function formulations, and if the region of interest is near the wall it is 

important to check the wall lift-off in viscous units: “if your mesh at the wall is fine enough, 

and should be 11.06 everywhere. If the mesh resolution in the direction normal to the wall 

is too coarse, then this value will be greater than 11.06 and you should use a finer boundary 

layer mesh in these regions”(Frei, 2013).  But again, a trade-off and a decision should be 

make whereas to spend computational effort (more simulating time) versus accepting a 

solution to be “accurate enough”.  

5.8 Results and Discussion: Verification of the model in a small flat domain 

Relevant mesh and simulation settings for a stationary Turbulent Flow, k-ε physics 

interface (Table 5.3) and computation time for a stationary Turbulent Flow, k-ε physics 

interface (Table 5.4) are shown. Shaded cells correspond to the studies that were simulated 

first sequentially from study 1 to 9 using different initial values.   Particle tracing interface 

settings based on the air flow field computed for Study 14 are presented in Table 5.5.  The 

convergence results for all studies are presented in Figures 5.4 to 5.5. 
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Table 5.3 Relevant mesh and simulation settings for a stationary Turbulent Flow, k-ε 

physics interface  

 

Description 
Mesh 1 

(M1) 

Mesh 2 

(M2) 

Mesh 3 

(M3) 

Mesh 4 

(M4) 

Mesh 5 

(M5) 

Calibrate for 

Fluid 

dynamics 

Fluid 

dynamics 

Fluid 

dynamics 

Fluid 

dynamics 

Fluid 

dynamics 

Maximum element size 0.05 0.0335 0.0265 0.0185 0.0185 

Minimum element size 0.015 0.01 0.005 0.002 0.002 

Curvature factor 0.7 0.6 0.5 0.4 0.4 

Resolution of narrow 

regions 0.6 0.7 0.8 

 

0.9 

 

0.9 

Maximum element 

growth rate 1.2 1.15 1.13 

 

1.1 

 

1.1 

Predefined size Coarse Normal Fine Finer Finer 

Number of boundary 

layers 12 12 12 

12 24 

Thickness of first layer Manual Manual Manual Manual Automatic 

Thickness 0.01 0.01 0.01 0.01 0.01 

Domain Elements 

(hexahedrals) 4400 12150 22382 

 

61600 

 

80080 

Boundary Elements 

(quadrilaterals) 1720 3330 4978 

 

9720 

 

11712 

Edge Elements 208 288 352 492 540 

Maximum number of 

iterations 400 400 400 

400 400 

Tolerance factor 1x10-2 1x10-2 1x10-2 1x10-2 1x10-2 

Solver PARDISO PARDISO PARDISO PARDISO PARDISO 
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Table 5.4 Computation time for a stationary Turbulent Flow, k-ε physics interface.  Shaded 

cells correspond to the studies that were simulated first sequentially from study 1 to 9 using 

different initial values.   

Description 
Mesh 1  

(M1) 

Mesh 2 

 (M2) 

Mesh 3  

(M3) 

Mesh 4 

 (M4) 

Mesh 5  

(M5) 

Study 1 2 3 10 13 

Relative Tol.: 1x10-3 2 min 43 s 7 min 34 s 15 min 39 s 37 min 24 s 51 m 33 s 

Initial Values    Study 9 12 

Study 4 5 6 11 14 

Relative Tol.: 1x10-4 2 min 12 s 4 min 33 s 8 min 55 s 34 min 45s 47 min 19 s 

Initial Values Study 1 Study 2 Study 3 Study 10 13 

Study 7 8 9 12 15 

Relative Tol.: 1x10-5 2 min 47 s 5 min 46 s 10 min 44 s 38 m 3s 55 min 20 s 

Initial Values Study4 Study 5 Study 6 Study 11 14 

 

 

 

Table 5.5 Particle tracing interface settings.  Study 14 was used 

 

Description Value 

Velocity field Study 14 

Number of particles 300 

Density   

spf.U  (this implies that the higher 

the velocity the greater the number of 

particles that will be shown in that 

location) 

Released from  inlet 

Turbulent dispersion on 

Time range [s] (0,0.01,1) 

Computation time 3 h 58 min 11 s 
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Figure 5.4 Convergence plots for M1 (coarse). M2 (normal), M3 (fine) 
 

M1 

M2 

M3 
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Figure 5.5 a) Convergence plots for study 10. b) Convergence plots for study 14.  Study 

13 was initialized from the solution obtained from study 13. c) Convergence plots for study 

15.  Study 15 was initialized from the solution obtained from study 14 
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To test post-processing procedures to construct XY plots, two lines were selected to 

evaluate the results.  Figure 5.6 show the location where the velocity magnitude, turbulent 

dissipation rate and turbulent kinetic energy profiles as a function of height were evaluated. 

All results for: five meshes, from M1 to M5, at all tolerances (1x10-3, 1x10-4, 1x10-5) and 

for both lines (a1 and a2) are superimposed in the same plot of Figures 5.7 and 5.8.  

Zoomed-in plots are also included.  Contour plots of velocity magnitude in planes parallel 

to the inlet boundary were also plotted as can be observed in Figure 5.9.  As expected, the 

higher the refinement, the better the results, as well as the less tolerance accepted, the more 

accurate is the result.  In addition to this, since the top and side walls are imposed as open 

boundary (with no viscous stress) and symmetry boundaries, respectively, mass has to be 

lost through the top boundary.  As the boundary layer grows, less mass is within the 

boundary layer, so there must be a net vertical velocity leaving the domain. These 

conditions should be used in the more complex terrain to allow deviations of velocity due 

to turbulence.   

Finally, to test the particle track procedure, the particle tracing module was applied to one 

of the solutions (M5 1x10-4).  A total of 300 spherical particles of 1 m diameter were 

released from the inlet wall, and simulation results are shown after 1 second of particle 

trajectory (Figure 5.10).  Particles were allowed to bounce.  It is a positive observation that 

particles follow the air flow field.  More 2D plots and contours are shown from Figures 

5.11 to 5.12. 
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Figure 5.6  Locations a1 and a2 (inlet wall) 
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Figure 5.7 Velocity magnitude profiles for M1 (coarse), M2 (normal), M3 (fine), M4 

(finer), and M5 (finer with 24 layers from bottom wall) for all tolerances, at points a1 and 

a2.  M5 studies are independent of the assigned tolerance; therefore M5 solutions can 

describe the model. Red lines represent M5. 
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Figure 5.7 (continued). Close-up view of velocity magnitude profiles for M1 (coarse), M2 

(normal), M3 (fine), M4 (finer), and M5 (finer with 24 layers from bottom wall) for all 

tolerances, at points a1 and a2.  M5 studies are independent of the assigned tolerance; 

therefore M5 solutions can describe the model. Red lines represent M5. 
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Figure 5.8 Turbulent kinetic energy, and turbulent dissipation rate for M1 (coarse), M2 

(normal), M3 (fine), M4 (finer), and M5 (finer with 24 layers from bottom wall) for all 

tolerances, at points a1 and a2.  M5 studies are independent of the assigned tolerance; 

therefore M5 solutions can describe the model. Red lines represent M5. 



199 

 

 

 
 

Figure 5.8 (continued). Turbulent kinetic energy, and turbulent dissipation rate for M1 

(coarse), M2 (normal), M3 (fine), M4 (finer), and M5 (finer with 24 layers from bottom 

wall) for all tolerances, at points a1 and a2.  M5 studies are independent of the assigned 

tolerance; therefore M5 solutions can describe the model. Red lines represent M5. 
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Figure 5.9 Velocity magnitude profile for the “fine” mesh when a relative tolerance was 

imposed to 1x10-5 (M3/1e-5). Since a roughness height is imposed in the bottom wall of 

the domain, and the top boundary is an “open boundary” with zero shear stress, then the 

velocity profiles become slightly dissipated throughout the X direction. If the bottom had 

a zero roughness, then the profile would be exactly the same. 
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Figure 5.10 Particle tracing of 300 spherical particles of 1 m diameter.  

Simulation results are shown after 1 second of particle trajectory.  Particles 

were released from the inlet wall and were allowed to bounce. 

 

 

 

 

 

 

 

 

 

 

 

inlet 
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Figure 5.11 Pressure contour at the bottom wall (roughness height, zo=7.31x10-4 m) profile 

for the “fine” mesh when a relative tolerance was imposed to 1x10-5 (M3/1e-5). The 

variation of pressure is minimal. 
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Figure 5.12 Pressure contour at the bottom wall (roughness height, zo=7.31x10-4 m) profile 

for the “fine” mesh when a relative tolerance was imposed to 1x10-5 (M3/1e-5).  According 

to COMSOL, the regions where the wall lift-off in viscous units is greater than 11.06 

require a finer mesh.  Since the focus of the final model is not in the terrain, but in the 

upper boundary layer regions then, this result will not be considered determinant in the 

simulation. 
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Based on: the theoretical background, previous studies, observed accuracy, and good 

convergence plots, and the fact that the final simulation will take into account a domain 

where particles are releases from a smokestack over a complex terrain that air flow will be 

simulated; it is concluded that the k- model is an option that trades-off the computational 

effort and accuracy, therefore the sequence of steps presented in this section of the 

dissertation will be replicated in the bigger domain presented in the following section. 

5.9 Solver selection, mesh statistics, and convergence analysis over an irregular 

domain that includes a smokestack 

As it was mentioned in Chapter 4, Domain 4 was used for the final simulations, and it was 

concluded that COMSOL could handle about 20 million tetrahedral element meshes for 

construction, and about 1.8 million elements for turbulent flow simulations. Different 

solver settings (Table 5.6-5.7) were used over distinct meshes, and the most important ones 

in terms of information that was gathered throughout construction and simulation are 

discussed in this section.  Finally Table 5.8 presents final simulation parameters.   

Two main solver sequences were analyzed that had been named S1 and S2 for short. S1 

configuration consisted in a “segregated” approach (or solver) plus an “iterative” solver 

(Table 5.6); and S2, used a segregated approach plus a “direct” solver (Table 5.7).  

COMSOL chooses the optimized solver and its settings based on the chosen space 

dimension, physics and study type (COMSOL, 2016).  We can also choose a different 

solver which is not recommended in general, but could be useful for some multiphysics 

problems.  A segregated solver can be composed of several “segregated steps”.  Each 
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variable or group of variables can be related to the respective step.  For example, for the 

application of this dissertation, the segregated solver is composed of two steps.  Segregated 

step 1 solves for pressure, x-velocity, y-velocity and z- velocity; and segregated step 2 

solves for k and . 

The S1 configuration uses an iterative method to find the minimum by “the conjugate 

gradient” method (COMSOL, 2016) whereas by the direct method (S2) means solving  

u=K-1b. This is known as Gaussian Elimination, or LU factorization. 

The direct solvers in COMSOL are: MUMPS: fast, multi-core capable, cluster capable; 

PARDISO: fast, robust, multi-core capable (scales better than MUMPS on a single node 

with many cores); SPOOLES: slow, uses the least memory, multi-core, cluster capable 

(http://www.michelsencentre.com/doc/PDF%20dokumenter/COMSOL/solvers_COMSOL

_42.pdf).  When selecting a direct solver for the most complex simulations in terms of 

geometry, COMSOL assigns MUMPS direct solver, and this has been used for the 

simulations.  More research can be performed to evaluate the difference between 

PARDISO and SPOOLES. On the other hand PARDISO performed well for the turbulent 

simulations over a flat terrain. 

Improvement in terms of convergence was evident using a direct approach (S2), instead of 

using an iterative approach (S1); for example, past 84 hours the simulation did not progress 

much (less than 10% progress) and did not even converge to a relative tolerance of 1x10-3; 

while a segregated approach let the simulation converge to a relative tolerance of 1x10-4 in 

http://www.michelsencentre.com/doc/PDF%20dokumenter/COMSOL/solvers_COMSOL_42.pdf
http://www.michelsencentre.com/doc/PDF%20dokumenter/COMSOL/solvers_COMSOL_42.pdf
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6 days (144 hours). The final proposed mesh namely, Mesh1_8, is based on the same size 

parameters than Mesh1_6 from Table 4.6 (Chapter 4). Mesh1_8 has 20% more elements 

than Mesh1_6. Converging results for the final simulation under using a reference 10 m 

wind speed coming from the north is shown in Figure 5.15. 

 

  



207 

 

 

 

 

 

Table 5.6 S1 Solver settings (no warning errors appear with this sequence but computation 

did not progress and halts after 10% of progress) 
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Table 5.7 S2 Solver settings and sequence. Mesh 1_6 was set with the same size elements 

from Mesh 1 (Domain 3).  Mesh 1_6a: a warning error appear related to mesh element size, 

however the complete mesh was built and no errors appear with the sequence. 
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Figure 5.13  Final simulation results. The simulation was initialized with zero values. Start 

time: 22:00 january 17, 2016.  a)  15:54 january 18, 2016; b) 19:17 january 21, 2016; up to 

this point 150 iterations were performed; c) resulting simulation set at a 1x10-4 relative 

tolerance, 22:00 23 january, 2016; d) convergence plot up to a relative tolerance of 1x10-

4: 115963 s. (1 day, 8 hours, 12 minutes, 43 seconds) after c had progressed. The total 

simulation time was 6 days. 
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5.10 Post processing of Final Simulations and Discussion  

The capabilities of COMSOL MULTIPHYSICS ran on the server in terms of geometry 

importation of a digitalized elevation map, geometry creation and mesh generation, as well 

as the definition of the appropriate solver configurations were addressed in the previous 

sections and in Chapter 4.  On what follows, graphical simulation results of winds coming 

from the north, imposed at the inlet wall, at a reference 10-m wind speed of 1 m/s are 

presented in Figures 5.14 to 5.20.  As it is observed several velocity magnitude contour 

plots are shown in Figure 5.14, and the effects of topography are illustrated.  Effects of 

topography are more evident when drawing 2D plots of velocity magnitude as a function 

of height through selected lines as depicted in Figures 5.15 and 5.16.  The deviations from 

the perfect logarithmic profile assuming a flat terrain is apparent when realistic 

topographical features are incorporated.  Moreover, velocity magnitude profiles through 

lines parallel to the plane that crosses right through the smokestack show how the flow 

becomes considerably turbulent in regions really close to the smokestack, and also, how 

the fluid accelerates in the top of it up to a height when the fluid becomes stable again near 

the top of the atmospheric boundary layer.  Figures 5.17 and 5.18, present another type of 

post processing of the results.  Here, the velocity field is observed in parallel planes to the 

symmetry planes and in the terrain.  What has been modelled as a northerly wind with 

respect to the inlet boundary, may actually be registered by a wind station, for example, 

located in areas near the Winkelman high school as N or NNW winds (Figure 5.16, blue 

box); but, in the areas bounded by the red box in Figure 5.16, the wind deviates from the 

North to a number of possibilities: NE, SE and SW winds.  Figures 5.19 to 5.20 show 
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streamlines and particle trajectories of 1-m spherical particles released from the top of the 

smokestack at a velocity of 5.91 m/s, as it can be observed, these particles do not settle and 

are most likely to be carried away by the wind. From these results it is indubitable that the 

complexity of the topography alters the idea of what the direct source of contamination is, 

and that wind can transport contaminants to areas not necessarily from the direction 

registered by the wind station.  These type of CFD simulations over digitalized domains 

can provide guidance of where the most probable area (source of contamination) is, but 

more simulations considering other wind directions relative to an inlet boundary have to 

be performed.  This investigations are currently being carried out in Universidad San 

Francisco de Quito-Ecuador in the Contaminant Transport and CFD Simulations Research 

Group. 
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Figure 5.14 Velocity magnitude contour plots at different YZ planes. a) X=500 m, b) 

X=750 m, c) X=1000 m, d) X=1250 m, e) X=1441 m (right through the middle of the 

smokestack), f) X=1750 m. 
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Figure 5.15 Velocity magnitude profiles as a function of height (Z) at different Y distances 

away from the origin. a) Y=500 m, b) Y=1000 m, c) Y=1500, d) Y=2000 m, e) Y=2500 

m.  
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Figure 5.16 Velocity magnitude profiles as a function of height at different distances from 

the center of the smokestack.  Wind is coming from the north at a reference 10 m wind 

speed of 1 m/s. 

Wind from the north 
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Figure 5.17 Velocity field vectors over the Hayden-Site terrain showing the effect of a 

steady logarithmic 10 m wind velocity coming from the north. Simulations under most 

likely wind speeds and directions are being carried out. The blue box is the area close to 

the Winkelman high-school.  The red box depicts an area where the velocity field becomes 

extremely affected by topography. 
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Figure 5.18 Velocity field vectors over different YZ planes for a 10 m wind speed coming 

from the north. a) Plane through the smokestack, b) plane through X=1250 m, c) X=1175 

m, d) X=1100 m, e) X=750 m 
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Figure 5.19.  Streamlines over different XY planes for 1 m/s wind speed at a reference 

height of 10 m coming from the north. a) streamlines from the plane right in front of the 

smokestack, b) Z=300 m, c) 275 m, d) 250 m, e) 225 m, f) 200 m 
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Figure 5.20 a) Wind Streamlines from the YZ plane passing through the middle of the 

smokestack, b) Trajectory of 1-m spherical particles released from the top of the 

smokestack at a velocity of 5.91 m/s (Exit gas velocity found here: http://www.sulphuric-

acid.com/sulphuric-acid-on-the-web/acid%20plants/Asarco%20-%20Hayden%20Smelter.htm). 

These particles do not settle, and it is concluded that the smokestack is not the main source 

of fine particles. 
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CONCLUSIONS AND RECOMMENDATIONS 

 

 

All case studies presented in this dissertation involves the modeling of turbulent flows and 

particle transport around complex geometries with different length scales, with main focus 

on  contaminant transport from mining operations in Arizona. Prior to simulate these flows 

it is important to make a representation of the physical domains through geometry and 

mesh (or grid) generation.  It has become challenging to obtain an analytical expression for 

the velocity (and pressure) as a function of all dimensions of space and time, and due to 

the complexity of the geometries, computer aided engineering software was used to solve 

turbulent flows numerically as well as for discrete phase modeling of particles.  The 

equations solved in each case study are the Navier Stokes equations which try to describe 

the spatial and temporary changes of a Newtonian, incompressible fluid.  The main 

software used in this dissertation were: ANSYS® and COMSOL MULTIPHYSICS®.  

These are based on finite volumes and finite elements discretization methods which 

basically implies that a domain of interest (i.e. where a solution is to be found) is divided 

in multiple number of cells and volumes which produce nodes or points where the solution 

is to be approximated.  CFD simulations applied to aerosol transport were performed in 

indoor and outdoor environments.  Three dimensional computational fluid dynamics 

modeling of particle uptake by an occupational air sampler was investigated using 

manually-scaled and adaptive grids; while in relation to outdoor environments, larger 

domains of study (almost 103 times larger) were constructed to simulate aerosol transport 

from mining sites that includes topographical features.  From the first project, grid adaption 
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techniques proved to be better compared to manual scaling and detailed verification 

procedures were applied to propose a final model.  These procedures can be used in any 

CFD Computational Fluid Dynamics and ensure the quality of the results.   

In terms of the last part of the dissertation, it is concluded that CFD can be used as an 

apportionment tool to identify source areas that have an effect over specific sampling points 

and susceptible regions under certain meteorological conditions.  In addition, topography 

plays an extremely important role in the identification of a direct source of contamination 

in the Hayden Site, especially for particles with sizes less than 1 m in diameter, which 

can involve potential deleterious effects in human health and in the environment.  

Considerable deviations of wind direction have been illustrated from velocity field 

simulation plots, and currently, more simulations are being carried out to present a 

diagnostic of the most probable areas, potential sources of contamination. Yet, when 

combining different methodologies such as CFD simulation results, inter-element 

correlation matrices and Pb-isotope analysis (Félix et al., 2015), more conclusive results 

can be obtained. At the moment, it is concluded that at wind speeds above 1 m/s, the 

smokestack may not be the main source of contamination in the ultrafine fraction and the 

presence of metal and metalloids in the ultrafine fraction may be justified by mining 

activities such as smelting and concentration operations, located at lower elevations; by 

mechanical action activities such as crushing and grinding; or by the phenomenon of 

saltation of bigger particles that impact the terrain producing smaller particles that can be 

picked up by the oncoming wind.  Other conclusions were also obtained by inter-element 
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correlation matrices that show that element groups such as: Fe-Mg, Cr-Fe, Al-Sc, Sc-Fe, 

and Mg-Al are strongly correlated for unrestricted winds (considering all wind speeds); 

and theses may be of soil origin (e.g. tailings); also, group of elements where Cu is present 

may come from mining activities: “operations at the Hayden smelter take shipments of ore, 

which it processes through grinding and milling into a fine powder that is concentrated 

through a flotation process into a material called copper concentrate, which is about 28 

percent copper” (Environment News Service, November 4, 2015).  Besides, MOUDI data 

under low wind speeds (<2 m/s) and at night showed a strong correlation for 1 m particles 

between the groups: Sc-Be-Mg, Cr-Al, Cu-Mn, Cd-Pb-Be, Cd-Cr, Cu-Pb, Pb-Cd, As-Cd-

Pb.  In addition, when wind was directionated at 250 to 300º oncoming winds a strong 

correlation between Be-Mg-Al-Sc, Cr-Fe-Cu, As-Pd-Cd is observed considering all 

MOUDI data without distinction of particle size. A better distinction of groups of metals 

are observed when the sampler operated between 200º-250º: Be-Mg-Sc, Al-Cd-As-Pb, Mn-

Fe-Cu.  In these cases, when wind directions and speeds were restricted, more groups of 

elements are evident and this may be justified with the fact that at lower speeds particles 

are more likely to settle.  The correlation of As-Cd-Pb is present in almost all stages.  In 

general, it could be concluded that the main sources of contamination are the smelting and 

concentration areas and the tailing impoundments. Naturally, there are various processing 

activities related to that area and access is restricted, therefore for the moment it is not 

certain the exact location of the source. Turbulent simulation results under more wind 

speeds and directions are currently being tested and may provide more insightful 

information regarding the most probable area that contributes to more contamination levels 
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with respect to particle size based on the available contour data that was digitalized for 

subsequent use in turbulent simulations.  It has been very rewarding to know that the 

Mexican copper miner, smelter and refiner ASARCO, has committed to a settlement with 

The Department of Justice and U.S. Environmental Protection Agency EPA and will spend 

$150 million to install new equipment and pollution control technology to reduce emissions 

of toxic heavy metals at the smelter (Environment News Service, November 4, 2015).   

The efforts made in terms of simulations can be further improved and have an application 

in any outdoor environment susceptible of contamination.  The inclusion of buildings 

representing the smelter and concentrator areas will be included as well as most likely wind 

speeds and directions. Other improvements of the models involve the implementation of a 

saltation model over 3D domains, using COMSOL MULTIPHYSICS®.  These 

simulations are based on a simplified version of Kok (2009, 2012) saltation model and are 

being conducted by The Contaminant Transport and CFD Simulations Research Group at 

Universidad San Francisco de Quito-Ecuador.  Other aspects of the simulations can also 

be investigated in future research such as the effects of temperature, boundary layer 

heights, and the incorporation of wind field from WRF data, for example. 
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APPENDIX A. THREE-DIMENSIONAL COMPUTATIONAL FLUID DYNAMICS 

MODELING OF PARTICLE UPTAKE BY AN OCCUPATIONAL AIR SAMPLER 

USING MANUALLY-SCALED AND ADAPTIVE GRIDS  

 

This article was published in Journal of Aerosol Science (Landázuri et al.  2016) 

 

A.1 Abstract  

 

This work presents fluid flow and particle trajectory simulation studies to determine the 

aspiration efficiency of a horizontally oriented occupational air sampler using 

computational fluid dynamics (CFD).  Grid adaption and manual scaling of the grids were 

applied to two sampler prototypes based on a 37-mm cassette.  The standard k- model was 

used to simulate the turbulent air flow, and a second order streamline-upwind discretization 

scheme was used to stabilize convective terms of the Navier-Stokes equations. 

Successively scaled grids for each configuration were created manually and by means of 

grid adaption using the velocity gradient in the main flow direction. Solutions were verified 

to assess iterative convergence, grid independence, and monotonic convergence.  Particle 

aspiration efficiencies determined for both prototype samplers were undistinguishable, 

indicating that the porous filter does not play a noticeable role in particle aspiration.  

Results conclude that grid adaption is a powerful tool that allows to refine specific regions 

that require lots of detail and therefore better resolve flow detail. It was verified that 

adaptive grids provided a higher number of locations with monotonic convergence than the 

manual grids, and required the least computational effort. 
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Key words: Computational fluid dynamics, Occupational sampler, k- model, Adaptive 

grid, Monotonic convergence, Turbulent flow 

 

A.2 Introduction  

 

Occupational air samplers are used to assess human exposure to potentially toxic 

particulate matter due to inhalation. Typical samplers used for this purpose operate at 

flow rates between 2 and 4 L/min. However, research based on the prototypes 

presented in this work suggests that samplers could operate at suction flow rates as 

high as 10 L/min, which allows for sampling the same amount of air as with 

conventional samplers in a shorter period of time and, from another perspective, allows 

for reduction of the detection limit of sampled mass over the same period (Anthony & 

Flynn, 2006).   

CFD has been used as a tool to design sampling devices that monitor occupational 

exposure to aerosols that have the potential to cause respiratory system damage (Li et 

al., 2000). Direct experimental methods require the use of wind tunnels and are 

considerably more expensive than CFD simulations (Griffiths & Boysan, 1996), and 

modeling of occupational aerosol samplers using CFD generally has been based on 

two-dimensional simulations. The few three-dimensional studies usually lack 

geometric details due to memory or CPU limitations. Usual details that are left out 

include a realistic simulation of the sampler’s inlet and the torso of the person on which 

the sampler is placed (Bird, 2005).  
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Convergence of the iterative methods and grid independence studies are of great 

importance prior to validation of the results obtained by CFD to ensure that 

comparison of the model with experimental data has genuine value (Tam et al., 2000, 

Richmond-Bryant, 2003). Iterative convergence and grid independence analyses are 

usually done following verification procedures described in previous works (Stern et 

al., 2001, Roache, 1998) where three successively scaled grids are suggested for this 

purpose.  However, it is important to consider that if the original grid is already very 

refined, the computational resources to generate and store the other two grids may 

become limited, and simulations may take too long a time to converge to an 

appropriately low tolerance.  On the other hand, if the original grid is too coarse, even 

two successively scaled grids may not be enough to obtain an accurate solution. 

Monotonic convergence is checked by calculation of the local mesh convergence ratio, 

defined by Roache (1998) as: 
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and ej,k is the difference between the coarser (j) and finer (k) mesh level values for a given 

degree of freedom. Calculation of R2 requires finding the numerical solution for three grid 

sizes (coarse, medium and fine). Mesh convergence is acceptable when local R2 values are 

<1 for all degrees of freedom, which, for turbulent flows, include pressure (P), the three 
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components of the time-averaged velocity (Ux, Uy, Uz), the turbulent kinetic energy (k) and 

the turbulent energy dissipation rate ().  

In this work, both manual and adaptive grid scaling were used to verify the validity of 

the simulations. The grid quality of geometries such as the ones presented in this work 

required especial attention in order to avoid undesirable geometrical properties such as 

skewness, which can later influence in grid independence.  All grids complied with the 

criterion of having a maximum skewness of less than 0.95 (FLUENT Inc., 2005). 

Two 3-D facing-the wind, horizontally-oriented occupational samplers mounted on an 

elliptical torso, emulating the human body, and placed in a wind tunnel were considered. 

These samplers consist on a multi-orifice opening, and were designed based on two-

dimensional numerical studies. A multi-orifice inlet reduces wind effects and equalizes 

pressure variation inside the sampler, leading to uniformity in the deposition of particles 

on the filter. The sampler designs are based on the widely used three-piece 37-mm air 

sampling cassette and include a new sampling head that contains 1043 openings 254-m 

in diameter. The prototypes presented in this work operate in conditions typical of indoor 

work environments at 293 K, 1 atm and a free-stream velocity of 0.4 m/s.  One of the 

prototypes required an additional simulation parameter, which is the permeability of the 

filter.  A more detailed discussion about the decision-making process for the proposed 

prototypes’ design as well as the comparison of the model with respect to humanoid 

aspiration efficiency can be found elsewhere (Anthony et al., 2010). 

The original grid used in the CFD calculations study contains triangular finite elements 

on each surface and tetrahedral elements to discretize the 3D domain. The final 
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simulations were carried out using the standard k model.  This model shows good 

convergence and performs well for external flow problems around complex geometries 

(FLUENT Inc., 2005). Furthermore, based on a comparison of computation times, the 

standard k- model used relatively low memory requirements than the turbulent 

simulations using the RNG k-equations which were also tried, but its results have not 

been included in this work.  The complete model runs with a pressure-based solver, along 

with the Green-Gauss cell-based discretization method for gradients and derivatives to 

generate iteratively the air flow field solution from the steady-state, incompressible, 

turbulent Navier-Stokes equations. Second order upwind schemes provide more accurate 

solutions than first order schemes, yet, depending on the nature of the problem, first order 

simulations may work adequately as well based on grid independence analysis (FLUENT 

Inc., 2005). The Green-Gauss node-based method is also known to provide more accurate 

solutions than the Green-Gauss cell-based method, but the former requires more 

computational time. Hence, since accuracy and less computational effort are crucial in this 

type of investigation, the final simulations were carried under second-order upwind 

schemes applied directly and using the Green-Gauss cell-based method. Once the fluid 

flow solution was evaluated, particle trajectory simulations were carried out to estimate the 

samplers’ efficiency for particles with diameter in the range 6 – 100 m.   

Results from the simulations can be used to: (1) determine the effectiveness of the 

sampler to: (i) assess human exposure, (ii) improve sampler design, and (iii) identify 

geometrical simplifications for grid generation depending on a specific interest; (2) 
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emphasize the importance of grid convergence and grid independence assessment; and 

(3) recognize grid adaption as alternate tool to solve mixed flow regime problems.  

 

 

A.3 Geometry  

 

 

A.3.1 Wind tunnel and elliptical torso  

A wind tunnel that extends 1.1 m upstream, 2 m downstream, and +/-0.9 m laterally from 

the point of reference represents the volume of air that surrounds the sampler and torso. 

The human torso is simulated as a simplified truncated cylinder. The study by Anderson & 

Anthony (2013) determined that the differences in aspiration efficiencies between three 

torso geometries: (i) a simplified truncated cylinder, (ii) a non-truncated cylinder, and (iii) 

an anthropometrically realistic humanoid body, were <8.8% over all particle sizes, 

indicating that there is little difference in aspiration efficiency between torso models.  The 

mesh independence and convergence analysis can be applied in the same manner for an 

improved version that includes more realistic torso geometries. 

 The origin of coordinates in the 3-D domain is the central pore of the samplers. The floor 

of this simulated wind tunnel is at the -0.3 m position where the torso truncates, and the 

top of the tunnel extends 0.6 m above the torso (Figure A.1).  

The wind tunnel consists of two volumes that bisect the torso in order to have better control 

of the mesh density surrounding the torso and near the vicinity of the sampler.  The 

blockage ratio of the torso in this wind tunnel is 9.6 %, an acceptable torso diameter to 

lateral wind tunnel dimension, which ensures that it can accurately describe the flow 
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characteristics (Zdravkovich, 2003, Anagnostopoulos & Iliadis, 1996). Both samplers are 

positioned to the right (0.38 m) of the centerline of a 0.26 m wide by 0.127 m deep elliptical 

cylinder representing a human torso. Both sampler prototypes, presented in Figure A.2, 

have an inlet face that has 1043 pores with 254-m diameter, and operate at a suction flow 

rate of 10 L/min.  For this study, all models were developed at conditions typical of indoor 

work environments, with a free-stream air velocity of 0.4 m/s at 293 K.   

A.3.2 Configuration of sampler 1  

In addition to the previous features, this sampler consists on a 4-mm exhaust that operates 

at the defined flow rate of 10 L/min (Figure A.2a). The inside of the cassette contains a 5-

mm pore size filter of mixed cellulose ester (MCE) where aerosols are typically collected.  

The total thickness of the filter, which includes the thickness of a backup pad, is equal to 

9.538×10-4 m, and the calculated filter permeability is 1.19×10-12 m2 based on the 

application of Darcy’s Law with velocity and pressure drop laboratory data.  Figs. 2d-e 

shows a prototype of this sampler that will be used in wind tunnel experiments. 

A.3.3 Configuration of sampler 2  

In general, the more geometric features are added in a model the more computationally 

expensive the simulation is.  In the case of sampler 1, the porous jump provides an extra 

boundary to be satisfied; therefore more degrees of freedom need to be solved during the 

simulation. For this reason, in order to aid in convergence, a simpler configuration (sampler 

2) was generated where the sampler has the same inlet design and same suction rate as the 

first one, but the filter and the 4 mm diameter exit are excluded from the model (Figure 

A.2b). 



230 

 

 

Figure A.1.  Wind tunnel and torso geometry, showing relative location of the sampler. 
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Figure A.2. Geometrical representation of the sampler prototypes. (a) Sampler 1 

configuration; (b) sampler 2, where filter and exhaust port are excluded; (c) grid detail in 

the outer walls of the sampler; (d), (e) Two views of actual sampler 1 prototype; (f), (g) 

Two perspectives of the sampler pore openings showing grid details.  
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A.4 Methods and models  

 

Gambit 2.4.6 (ANSYS Inc., Lebanon, NH) was the preprocessor used for geometry and 

grid generation and FLUENT 6.3.26 (ANSYS Inc., Lebanon, NH) was the software used 

to perform flow simulations. All simulations were performed on 64-bit processor PCs with 

8 gigabytes RAM using Windows XP.   

The 3-D grid geometry requires special attention to avoid undesirable geometrical 

properties, such as skewness, that may influence grid independence results. The geometric 

domain presented in this work, for example, is associated with a Reynolds number of 

Re=9270, based on diameter of the torso, whereas the pore openings are associated 

with smaller Reynolds number Re=56. Therefore, it is not only necessary to capture 

these detailed flow features, but also to verify that the flow field solution is 

independent of the constructed grids. An incorrect evaluation of the flow field solution 

can be incurred if the local size of the grids is not considered in greater extent, and 

variations in the smaller portion of the domain, the sampler inlet grid, can affect the 

whole flow field solution (Dussin et al., 2009). The aforementioned drawbacks are 

particularly encountered when manual scaling of grids is used, since several attempts 

may be needed to generate a grid that can reach a converged solution from which 

subsequent scaling will be performed and that can achieve the least computational 

effort. 
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A.4.1 Definition of the appropriate model  

 

During the initial steps of the investigation, several grids representing the sampler 1 

configuration were generated to investigate the sensitivity to turbulence models, relaxation 

parameters and orders of solution. The pressure-based solver along with the Green Gauss 

node-based and cell based discretization methods for gradients and derivatives were tested 

to generate iteratively the air flow field solution from the steady-state, incompressible, 

turbulent Navier-Stokes equations.  In order to determine which turbulent model was more 

suitable time-wise, the RNG, Realizable and Standard k models were tested using first 

order discretization schemes.  It was observed that in the majority of cases, laminar 

simulations served as indicators of whether the solutions were going to converge or 

diverge.  If the solution converged, the flow field result was used as initial guess for 

subsequent first order upwind turbulent simulations.  It was also observed that on average, 

the Standard k model takes 15% and 25% less time per iteration than the RNG and 

Realizable k models, respectively. In addition, changes in relaxation parameters could 

be avoided completely when using the Standard kmodel whereas the RNG k model 

not only required more time to reach convergence, but also more than one change in 

relaxation parameters had to be made to force the equations to converge. The realizable 

kmodel presented more difficulties since solution limits, which keep the solutions within 

acceptable ranges, had to be increased, increasing as well the risk of flow variables to 

become zero, negative or excessively large during a calculation (FLUENT Inc., 2005). 
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Under the same premise, first order solutions were also used as initial guesses for second 

order simulations.   

The Green-Gauss node-based method is known to provide more accurate solutions than the 

Green-Gauss cell-based method; however, during the testing of grids, it was observed that 

the former required approximately 33% more time.   

Final simulations to solve the air flow field used the steady-state, incompressible, turbulent 

Standard k Navier-Stokes equations with standard wall functions. The governing 

equations were solved sequentially in FLUENT® using the pressure-based segregated 

algorithm along with the SIMPLE pressure-velocity coupling method.  In the models 

proposed in this work, the Green-Gauss cell-based method for evaluation of gradients and 

derivatives, second order upwind schemes for momentum, k and equations, and standard 

scheme for pressure were applied directly.  Solutions from these simulations were saved 

sequentially at global solution errors (GSE) equal to 10-3, 10-4 and 5×10-5 (sampler 1) and 

5.5×10-5 (sampler 2).   

 

A.4.2 Fluid flow verification  

To evaluate the quality of the flow field solutions, iterative tolerance, grid independence 

and percentage of locations with monotonic convergence were calculated for six degrees 

of freedom (P, Ux, Uy, Uz, k, and ) at locations where particle trajectory simulations were 

to be performed.  Information on these degrees of freedom were extracted from 1722 points 
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located upstream of the sampler. The region that contained these points extended from X=-

0.1 to -0.75 m, Y=+/-0.2 m, and Z =-0.15 to 0.15 m. 

Iterative tolerance was assessed using the L2 error norm, 

(3) 
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where the subscripts refer to level of GSE tolerance: i-1 is the value at the larger GSE 

tolerance 

limit and summation is over all nodes of the computational area of interest, that is, over the 

1722 points upstream the sampler. An L2 error norm of less than 5% over all degrees of 

freedom (x) was set as criterion for having an adequately solved grid at a sufficiently low 

GSE tolerance. Grid independence was evaluated using Equation 1. Monotonic 

convergence occurs when 0<R2<1; the solution is then said to be grid independent; R2>1 

represents divergent solution (Roache, 1998). 

A.4.3 Particle trajectory simulations  

Once the flow field solutions were verified, particle trajectory simulations were performed 

for spherical unit density particles of 6, 12.5, 25, 50, 75, 90 and 100 m in diameter with 

no evaporation. The discrete phase model (DPM) chosen used a maximum number of 

20,000 steps and a length scale of 5×10-5 m. These values were confirmed to be appropriate 

for this type of study in a previous work (Anthony et al., 2010) and cover all possible length 

scales of the domain (Bird, 2005). The DPM follows the Euler-Lagrange approach.  The 

fluid phase is treated as a continuum by solving the Navier-Stokes equations, while the 
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dispersed phase is solved by tracking a large number of particles, through the calculated 

flow field (i.e. air).  FLUENT® predicts the trajectory of a discrete phase particle by 

integrating the force balance on the particle, written in a Lagrangian reference frame.  This 

force balance equates particle inertia with the forces acting on the particle, and can be 

written as   

(4)  
 

x

p

px

pD

p
F

g
UUF

dt

dU








  

Where Fx is an additional acceleration (force/unit particle mass) term,  
pD UUF  is the 

drag force per unit particle mass and  
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Here, U is the fluid phase velocity, pU is the particle velocity,  is the molecular viscosity 

of the fluid,   is the fluid density, p is the density of the particle, pd is the particle 

diameter, and CD is the drag coefficient, defined by equation 6 (Anthony et al., 2010) where 

“a1, a2, and a3 are constants that apply for smooth spherical particles over several ranges of 

Re” given by Morsi and Alexander (1972) .  Re is the relative Reynolds number, which is 

defined by equation 7. 
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Equation 4 incorporates additional forces (
xF ) in the particle force balance that can be 

important under special circumstances.  The acceleration of the particle is determined by 

the forces acting on the particles, which include the aerodynamic drag, FD; and, as 

additional forces.  It may include aerodynamic lift, FL; Magnus force due to spinning and 

electrostatic forces, FE.   Lift is perpendicular to the oncoming flow direction, in contrast 

with the drag force, which is parallel to the flow direction.  It has been shown that the lift 

forces, Magnus force, and electrostatic forces are typically two orders of magnitude smaller 

than the gravitational force and FD, therefore they are often not considered (Tu et al., 2013, 

Nalpanis et al., 1993) and also it has been found that for a particle in saltation, when its 

height is above a few grain sizes (z >> dp), the most significant forces acting on it are drag 

and gravity (Nalpanis et al., 1993). Discrete phase modeling studies using ANSYS 

FLUENT (Landázuri et al., 2011) were performed over spherical particles 3-100 m in 

diameter and with densities from 1000 to 2500 kg/m3.  The simulations considered different 

wind speeds.  For example, it was observed that at a wind velocity of 0.5 m/s  (same order 

of magnitude of the present study), the gravitational force is more important than drag force 

for particles greater than 6 m, and fine particles were easily entrained by the wind and 

can be carried over long distances before settling.  At higher speeds horizontal drag effects 

may become important. 

Particles were injected 0.75 m upstream from the point of reference in the domain 

(sampler’s central pore), with an initial free stream velocity of 0.4 m/s. There was no 

restriction for particles from hitting the surfaces outside the sampler prior to aspiration. 
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The particle aspiration efficiency, PAE, of the sampler was calculated from (Anthony & 

Flynn, 2006):  

(8) 
ss

cc
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PAE    

where Ac is the critical area, defined as the area from which particles are aspirated into the 

sampler, as determined with particle release simulations; Uc is the free stream velocity 

within this critical area; As is the total area of the sampler pores; and Us is the velocity 

through the sampler pores. The process consists on identifying the upper and lower limits 

of the area from where particles will be aspirated into the sampler.  For the critical area 

calculation, forty particles were injected along 1 cm vertical lines (Z direction) at a constant 

X = -0.75 m, and at sequential lateral (Y) locations stepped through 0.5 mm increments.   

The release points must be unaffected by the torso and located below the height of the 

sampler.  If the locations are changed, but still are not affected by the bluff body, and the 

release height for these particles is both upstream and above the height of the torso, then 

the same aspiration efficiency can be determined. 

An important aspect to consider is that the farther away the point is, the larger the path, 

therefore, more time is required to track the particles and determine whether the particle 

got trapped or not in the sampler. 

 

A.4.4 Grid adaption and manual scaling of grids for fluid flow evaluation  

Both manual scaling and grid adaption were investigated. Manual scaling of grids was 

performed using the sampler 2 configuration, which is geometrically simpler. A scaling 
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factor of 1.2 based on the number of nodes of each edge of the finer to coarser grid was 

chosen to ensure that the grids are different from each other.  

The method of gradient adaption assumes that maximum error occurs in regions where 

large gradients of the flow variables (Ux, Uy, Uz, P, k and ) exist. This strategy intends to 

equally distribute the error over the edges and minimizes the tendency of the initially coarse 

grid to be over-refined. Depending on how the coarse grid was structured originally, edges 

with the highest errors could be refined, or those with the lowest errors could be coarsened 

in order to reduce the average error over the domain (Tam et al., 2000).  In this study, the 

velocity in the X direction was chosen as field variable to minimize discretization errors 

during the adaption process.  This was based on the fact that Ux is the main direction of the 

air flowing through the wind tunnel. In addition, this variable was more prone to show 

increases in its GSE as the simulation progressed than the rest. The approach used in this 

work multiplied the Hessian of the selected solution variable by the characteristic length 

scale, which is the cube root of the cell volume, 
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Introduction of the length scale helps to resolve both strong and weak disturbances, 

increasing the potential to get more accurate solutions (FLUENT Inc., 2005, Daunenhofer 

& Baron, 1985). In Equation 9, the subscript i designates the group of elements sharing 

node i. 
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For the grid adaption process, the coarser grid was allowed to run until solution tolerances 

of 5.0×10-5 and 5.5×10-5 were obtained for samplers 1 and 2, respectively. It should be 

mentioned that the continuity equation is last to converge: when continuity had converged 

with tolerance of 5.0×10-5 for sampler 1, the GSEs for momentum, turbulent kinetic energy, 

and energy dissipation rate equations reached GSEs in the order of 10-7 to 10-9.  The grid 

was adapted by setting the refinement criterion of a maximum Ux gradient to a threshold 

value that corresponded to a scaling factor of 1.4 between finer to coarser grids in terms of 

the total number of nodes in the whole domain. The original grid was not marked for 

coarsening and cells with gradient values above the refinement threshold criterion were 

refined. The scaling factor of 1.4 was used by FLUENT® during the first adaption of the 

original grid, and it was preserved for the second adaption to get the third (finer) grid.  This 

factor could have been chosen arbitrarily, as long as it is not too close to 1; the idea is that 

this ratio should represent grids that are sufficiently different from each other to be able to 

detect sensitivity to solution changes, but it should not be too large since more iterative 

steps would be necessary (Stern et al., 2001): computational effort should be minimized. 

An overall increase of 40% is considered appropriate for the analysis; once the grid we 

consider "coarser" converges, then, by changing the refinement by a percentage, will 

change the whole number of domain elements (changing their location), and the grids are 

no longer the same. 

The new grid with adapted (split) cells was allowed to resolve the fluid flow field to the 

same GSEs and the adaption procedure was repeated. Solutions from these three meshed 

domains were saved sequentially at global solution errors (GSE) of 10-3, 10-4 and lower, to 



241 

 

evaluate iterative convergence and assess grid independence using the methods already 

described. 

The details of scaled grids discussed in this work are presented in Table A.1.  Table A.1a 

shows the grid density details of the original (coarse), moderate and fine grids using 

sampler 2 (no filter included) and manual scaling. Table A.1b presents the number of 

elements of both sampler configurations using grid adaption by gradient in UX.  The 

settings and boundary conditions for the models applied to the analyzed grids are presented 

in Table A.2.   

The case presented in Table A.1 led to satisfactory results in terms of iterative convergence 

(Table A.3a), but not for grid independence (Table A.3b) and monotonic convergence 

(Table A.3c). For this reason, manual scaling of the prototype that includes the filter and 

exhaust port (sampler 1) was not performed. In contrast, results from the verification 

process show iterative and monotonic convergence, as well as grid independence, when 

adapted grids are used, as shown in Tables A.4 to A.5.  The flow field solutions given by 

the first adapted grids at tolerances of 5.0×10-5 and 5.5×10-5 for samplers 1 and 2, 

respectively, were used for particle simulations. These solutions were also used to illustrate 

differences between configurations in locations other than the vicinity of the sampler. 

Moreover, a Gaussian model was fitted to the calculated PAE (equation 8), reported in 

Table A.6a. The statistical results from the regressions and the parameters that characterize 

the Gaussian models are presented in Table A.6b.   
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Table A.1. (a) Mesh details for grids used in sampler 2 simulations using manual scaling; 

(b) number of finite elements for both sampler configurations using grid adaption. 

 

(a) Sampler 2 mesh details using manual scaling 

Entity name 

Name of simulation meshes 

original_2 moderate_2 fine_2 

  No. of elements  

Volume+    

Nearsam 715597 1096885 1514221 

Air1 730280 1118420 1534274 

Fluid+Y 1160693 2247261 2049969 

Fluid-Y 950920 1898118 2023192 

Edge    

Nodes around each 254-m pore 

perimeter 

12 15 18 

Grid Info    

Cell 4266148 6299870 9105903 

Faces 8761244 12932134 18666982 

Nodes 824679 1214402 1744001 

    

(b) Number of finite elements for both sampler configurations using grid adaption 

 Name of simulation meshes – sampler 1 

Element type original_1 original_1_ad1 original_1_ad2 

    

Cells 4424545 5814010 6842338 

Faces 9084823 12082138 14644267 

Nodes 854607 1196411 1680471 

    

 Name of simulation meshes – sampler 2 

Element type original_2 original_2_ad1 original_2_ad2 

    

Cells 4266148 5548772 6415470 

Faces 8761244 11524468 13698981 

Nodes 824679 1138158 1563506 

    

    

    
+ Representative air volumes.  Nearsam represents the volume of air right outside the inlet 

pores, Air1 is the volume inside the cassette, Fluid +Y/-Y are the volumes of air in the +Y/-

Y directions of the wind tunnel. 
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Table A.2. Boundary conditions and characteristics of 2nd order upwind k- model 

for sampler 1. 

 

Sampler 1 (Filter and 4-mm exhaust port included) 

Boundary name Boundary type Boundary condition 

wtin Velocity inlet  

Wind tunnel inlet velocity:   0.4 m/s 

Turbulent intensity: 8 % 

Turbulent viscosity ratio:  10 

exitfac Velocity inlet  

Suction velocity through port:  -13.263 m/s 

Turbulent intensity: 8 % 

Turbulent viscosity ratio:  215 

finface Porous jump  

Permeability:  m2  

Filter thickness:  m  
 

Under relaxation parameters 

Pressure: 0.2, density: 1, body forces: 1, momentum: 0.5, k: 0.5, : 0.5 

Sampler 2  

Boundary name Boundary type Boundary condition 

wtin Velocity inlet  

Wind tunnel inlet velocity:   0.4 m/s 

Turbulent intensity: 8% 

Turbulent viscosity ratio:  10 

finface Velocity inlet  

Suction vel. through opening: -0.1972 m/s 

Turbulent intensity: 8% 

Turbulent viscosity ratio:  10 
 

Under relaxation parameters (default) 

Pressure: 0.3, density: 1, body forces: 1, momentum: 0.7, k: 0.8, : 0.8 

 

 

 

 

 

  

121019.1 
41054.9 
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Table A.3. (a) Relative %L2 error norm investigating non-linear convergence when manual scaling is used:  1722 nodes 

upstream of sampler 2 were used in the calculations; (b) three-mesh convergence ratio, R2, over 1722 nodes upstream of 

sampler 2 for manual mesh scaling; (c) and percent of locations that show monotonic convergence. This is an example 

of unsatisfactory results when manual scaling is used. 

 

 (a) Relative %L2 error norm

Mesh name GSE Ux Uy Uz P k 
original_2 10-3-10-4 0.0573 1.1978 0.7238 0.5804 0.0153 0.0148 

 10-4-5.5×10-5 0.0028 0.0921 0.0214 0.0305 0.0014 0.0014 

        

moderate_2 10-3-10-4 0.0611 0.6538 0.7262 0.5527 0.0171 0.0148 

 10-4-5.5×10-5 0.0459 0.0649 0.0413 0.0389 0.0020 0.0018 

        

fine_2 10-3-10-4 0.1411 0.7152 2.3124 1.2312 0.0292 0.0270 

 10-4-5.5×10-5 0.0050 0.0608 0.0478 0.0435 0.0018 0.0015 

 (b) Three-mesh convergence ratio 

 GSE Ux Uy Uz P k 
 10-3 2.1774 2.0361 0.5161 1.6161 0.1393 0.4626 

 10-4 1.8805 2.2401 0.6348 1.4102 0.1395 0.4625 

 5.5×10-5 1.8739 2.2829 0.6401 1.4126 0.1396 0.4627 

 (c) Percent of locations that show monotonic convergence 

 GSE Ux Uy Uz P k 
 10-3 11.8 2.9 83.6 23.5 99.7 99.7 

 10-4 58.2 100.0 99.9 71.7 62.7 58.4 

 5.5×10-5 55.6 100.0 99.9 70.3 62.3 57.8 
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Table A.4. Relative %L2 error norm investigating non-linear convergence when grid adaption is used: 1722 

nodes upstream of the samplers were used in the calculations. 

 

  Ux Uy Uz P k 
Mesh name GSE Sampler 1 

original_1 10-3-10-4 0.0361 1.0547 0.2675 0.4795 0.0086 0.0095 

 10-4-5×10-5 0.0033 0.1101 0.0348 0.0327 0.0012 0.0012 

        

original_1_ad1 10-3-10-4 0.1510 1.5093 2.4235 1.3012 0.0296 0.0262 

 10-4-5×10-5 0.0167 0.0789 0.2024 0.1411 0.0031 0.0026 

        

original_1_ad2 10-3-10-4 0.2175 1.2307 1.7590 1.2302 0.0731 0.1171 

 10-4-5×10-5 0.0030 0.0275 0.0144 0.0274 0.0004 0.0004 

        

  Sampler 2 

original_2 10-3-10-4 0.0573 1.1978 0.7238 0.5804 0.0153 0.0148 

 10-4-5.5×10-5 0.0028 0.0921 0.0214 0.0305 0.0014 0.0014 

        

original_2_ad1 10-3-10-4 0.1385 1.5287 3.2356 1.1693 0.0275 0.0268 

 10-4-5.5×10-5 0.0100 0.0416 0.1090 0.0855 0.0019 0.0016 

        

original_2_ad2 10-3-10-4 0.1988 1.3824 1.2636 0.9729 0.0711 0.1170 

 10-4-5.5×10-5 0.0042 0.0308 0.0360 0.0395 0.0006 0.0006 
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Table A.5.  Three-mesh convergence ratio, R2, over 1722 nodes upstream of the sampler, and 

percent of locations that show monotonic convergence when grid adaption is used. 

 

Three-mesh convergence ratio, R2

 Ux Uy Uz P k 
GSE Sampler 1 

10-3 0.4419 0.3493 0.2303 0.3645 0.4425 0.4882 

10-4 0.8996 0.2074 0.0883 0.5695 0.6282 0.8579 

5×10-5 0.9230 0.1990 0.0937 0.5857 0.6184 0.8581 

       

 Sampler 2 

10-3 0.4081 0.2624 0.2521 0.2973 0.4147 0.4703 

10-4 0.6961 0.1808 0.0561 0.3835 0.6176 0.8242 

5.5×10-5 0.7045 0.1783 0.0538 0.3872 0.6135 0.8249 

Percent of locations that show monotonic convergence 

 Ux Uy Uz P k 
GSE Sampler 1 

10-3 83.3 100.0 98.4 83.0 89.8 89.8 

10-4 37.6 100.0 98.5 57.7 60.9 55.3 

5×10-5 32.9 100.0 98.5 55.1 60.0 53.0 

       

 Sampler 2 

10-3 84.4 100.0 98.4 83.2 89.9 89.9 

10-4 58.2 100.0 99.9 71.7 62.7 58.4 

5.5×10-5 55.6 100.0 99.9 70.3 62.3 57.8 
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Table A.6. (a) Aspiration efficiencies for both samplers; (b) Gaussian fits of PAE for both samplers. 

 

(a) % Aspiration Efficiency 

   

Particle size,  [m] 
Sampler 1 (filter and exhaust port 

included) 

Sampler 2 (no filter, no exhaust 

port) 

6.0 100.5 99.8 

12.5 101.1 101.2 

25.0 102.5 100.7 

50.0 96.9 97.5 

75.0 89.0 89.8 

90.0 80.4 82.9 

100.0 73.4 76.4 

(b) % Aspiration Efficiency = a*exp[– (dp – b)2/c] 

 
 Sampler 1 Sampler 2 

 

Coefficient Value 95% confidence 

bounds 

Value 95% confidence 

bounds 

a 101.9 100.7 103.2 101.2 100.3 102.1 

b 22.84 15.75 29.94 22.85 16.83 28.86 

c 136.4 120.3 152.5 147.8 133.1 162.5 

Sampler SSE R2 RMSE Adjusted R2 

1 2.9936 0.9962 0.9942 0.8651  

2 1.5683 0.9973 0.9959 0.6262  

   

pd
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A.5 Results and Discussion  

 

Manual generation of three successively scaled grids did not provide grid independence for 

all six degrees of freedom (Table A.3b); only Ux, k and  had R2 values between 0 and 1. 

However, iterative convergence was reached for all degrees of freedom, since L2 values 

are less than 5%, as shown in Table A.3a. This suggested that more refined grids or less 

tolerance was necessary. However, the flow field could not be solved at lower GSE, and 

further grid refinement could not be achieved due to memory limitations. The solution 

became divergent after a few iterations. This was corroborated by the low number of 

locations that showed monotonic convergence (Table A.3c), especially for Ux, Uy and P at 

a GSE of 10-3, and by the fact that their R2 values were greater than 1, as shown in Table 

A.3b.   

The nature of the domain is complex since there are discretization cells with different sizes.  

It was clear that the grid density outside the sampler needed to be coarser than that inside 

the sampler, but even with more refinements there were some areas of the meshed domain, 

such as around the torso, that are still too coarse to be resolved to adequately describe the 

shape of the whole domain. To overcome this difficulty by manual refinement became 

impractical since the procedure became trial and error. A decrease in relaxation parameters 

provided improvements in terms of obtaining a converged solution in less time per iteration 

and even at lower tolerances. The simulations using sampler 1 required these adjustments. 

Relaxation parameter values agree with the recommended values for turbulent flow 

simulations (Barron & Salehi Neyshaburi, 2003).   
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Figure A.3. Different views of adaption markings inside wind tunnel and around torso.  (a) 

Front view, looking toward torso and sampler; (b) back view;  (c) original torso outer face 

grids showing sampler location; (d) torso outer face after second adaption (grid name: 

original_2_ad2); (e), (f) comparison of original (left) and adapted (right) wind tunnel 

corner and bottom wall grids.   
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Figure A.4. Aspiration critical areas for the sampler with filter and exhaust port (sampler 

1). Particles are released 0.75 m away from the central pore of the samplers. Particle sizes 

are (from top-to-bottom: (a) 100, 75, 50; (b) 25, 12.5 and 6 m.  Note that location of 

critical area lowers as particle size decreases due to gravitational effects. (c) Traces of 

spherical particles of specified diameter that are suctioned by the sampler.  Only particles 

with trajectories that end in the vicinity of the sampler are shown. Particles were released 

from positions X= -0.75 m, Y =0.315 that extended through 10 mm lines in the Z direction 

beginning at Z= 0.5 (100 m), 0.3 (50 m) and -0.025 (6 m). 
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Figure A.5. (a) Comparison of both horizontally oriented samplers based on the percentage 

of aspiration efficiency. (b) Aspiration efficiency curves obtained from particle 

simulations. 

 

  



252 

 

Figure A.3 shows the regions of the domain that needed grid refinement, and provide a 

comparison between the original (coarse) and most refined grids (after second adaption). 

These are examples of locations that required more detail to adequately capture the 

geometric features of the physical domain; this is particularly evident in Figure A.3c and 

Figure A.3d where triangles were split (adapted) in the lateral parts of the torso.   

The solutions from the three adaptive grids obtained were compared in terms of the L2 error 

norms at three different GSEs, the convergence ratios defining grid independence, and the 

percentage of locations that present monotonic convergence. As observed in Table A.4, the 

simulations of the three adaptively-refined grids present relative L2 error norms of less than 

2.5% and 3.25 %, for samplers 1 and 2, respectively, for each of the three GSE tolerances 

and the different degrees of freedom studied. Most of the relative error norms had values 

even less than 0.1%. Table A.5a shows that all degrees of freedom evaluated at the different 

tolerances yield solutions that are grid independent; any of these simulations can be used 

as the proposed model to describe the samplers’ efficiencies. In addition, the percentage of 

locations among the 1722 nodes evaluated with monotonic convergence is relatively high 

for degrees of freedom Uy, Uz, and to less extent, but still adequate, for P, k,  and Ux (Table 

A.5b).   

As mentioned before, the critical aspiration area was defined on a specified plane (0.75 m 

upstream from the sampler) as the surface that contains the particles that will eventually 

enter the sampler. The planes were strategically picked so that from continuity the most 

particles released can be aspirated by the sampler, and also, upstream, the particles met the 

criteria of being out of the region affected by the presence of the bluff body, and 
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downstream, the fluid flow became stabilized after it passes by the torso.  Under these 

conditions a developed turbulent flow can be achieved and therefore a steady state study 

can be applied.  

An illustration of critical areas for sampler 1 is presented in Figure A.4. The upward 

displacement of the critical aspiration area for larger particles reflects the effect of the 

gravitational force.  Figure A.4c shows sample pathlines followed by particles contained 

in the critical areas as they approach the sampler. Calculated aspiration efficiencies are 

presented in Table A.6. It is important to mention that the calculated aspiration efficiencies 

are the average values between the maximum and minimum aspiration efficiencies found, 

which only differ by less than 1.1%.  As shown in Figure A.5, aspiration efficiencies for 

the two samplers are similar.  From a particle perspective, the simplest configuration 

(sampler 2, no filter and no 4 mm exhaust port) can be used to characterize the flow field 

outside the sampler to calculate the efficiency. Figure A.5b presents the particle aspiration 

efficiency (PAE) curves along with a Gaussian fit for each case.  These horizontally 

oriented samplers overestimate the efficiency, which is consistent with previous studies 

(Anthony et al., 2010) as well as with wind tunnel data using the conventional closed-face 

37-mm cassette (Li et al., 2000).  It was observed that the 0° down orientation samplers 

overestimate the aspiration efficiencies whereas the 30° oriented sampler compares better 

to mannequin wind tunnel experiments.  Also, the sampler configurations, object of this 

verification study was designed to be positioned on the torso of a worker and it would be 

uncommon that the sampler remains horizontally fixed all the time as the tubing connecting 

the sampler to the sample pump typically interferes with such a positioning (Antony et al., 
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2010).  Nonetheless, the verification procedures and comparison between two construction 

methods (through manual and grid adaption), can be applied to any type of CFD simulation. 

Table A.6 also presents the statistical results for each approximation and the respective 

equations to model PAE when a horizontally oriented sampler is used. It is interesting to 

point out that the curves  from Figure A.5b consist mainly of three regions, as defined 

previously for other configurations (Chung & Dunn-Rankin, 1992): the first region is 

defined as the asymptotic region due to the fact that aspiration efficiency of small particles 

approaches 100%; the second region, called the overshoot region, corresponds to PAE 

greater than 100%, which is a consequence of the fact that particles with small inertia 

deviate from the fluid streamlines and are aspirated; the third region is the decline region, 

where efficiency drops presumably because large particles with relatively large settling 

velocities are not suctioned by the sampler.   

 

A.6 Conclusion  
 

CFD was used to perform fluid flow evaluation studies and calculate the particle aspiration 

efficiency of two horizontally facing-the-wind occupational air samplers.  The samplers 

are based on a commonly used 37-mm cassette with a new porous inlet design and mainly 

differ on the outlet design. The Standard k- turbulent model was applied to solve the 

turbulent Navier Stokes equations.  Second order discretization schemes, along with the 

Gauss Cell based method for determination of gradients and derivatives were used.  

Iterative convergence and grid independence using three scaled grids were verified on 

manually and adaptively scaled grids by means of grid adaption by gradient of Ux.  Grid 
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adaption proved to be a better scaling tool than manual scaling since it guaranteed grid 

independence throughout the domain where particle trajectory simulations were performed 

to calculate the sampler aspiration efficiency, and also minimized simulation time.  It is 

strongly suggested to use grid adaption techniques for problems where different scales are 

present in the domain.  From a particle perspective, the sampler without filter and exhaust 

port can be used to characterize the flow field outside the sampler to calculate the 

efficiency; allowing for geometrical simplifications during grid generation.  
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APPENDIX B. DESIGN AND COMPUTATIONAL FLUID DYNAMIC 

INVESTIGATION OF A PERSONAL, HIGH-FLOW, INHALABLE SAMPLER  

 

This article was published in Annals of Occupational Hygiene, 2010; 54: 427-442  

The contribution of the dissertation’s author in this paper was the incorporation of 

aspiration efficiency from the horizontally oriented samplers presented in Appendix A 

(Landázuri et al , 2016) results as part of a broader range of simulations, like the 30 degree 

downward sampler simulations performed by the first author. Different sampler 

orientations were tested and “the porous high-flow sampler oriented 30º downward showed 

reasonable agreements with published mannequin wind tunnel studies and humanoid CFD 

investigations for solid particle aspiration into the mouth, whereas the horizontal 

orientation resulted in oversampling. 

 

 

  



260 

 

APPENDIX C. METAL AND METALLOID CONTAMINANTS IN ATMOSPHERIC 

AEROSOLS FROM MINING OPERATIONS  

This article was published in Water, Air and Soil Pollution (Csavina et al., 2011). 

 

 

This paper has incredible environmental impact (more than 40 citations).  The contribution 

in this paper involved the generation of inter-element correlation matrices (all matrices are 

presented in APPENDIX E), taking into consideration 22 sampling periods from 2/18/2009 

to 6/3/2010, for metal and metalloids particles with diameters <1 μm and >1 μm. Linear 

correlation coefficients, R, were calculated to represent the relationship between the 

concentrations of element pairs. The results showed that Al-Sc-Mg and Cd-Pb-As were 

strongly correlated for all particles sizes. The As, Cd, and Pb inter-dependence in the fine 

particle size fraction (<1 μm), indicated that possibly these three elements came from the 

smelting area. The correlation in the coarse particle size fraction (>1 μm) was also strong.  

At the time, it was hypothesized that the latter was a consequence of coagulation of fine 

particles into larger particles and/or sedimentation on area soils where fine-sized particles 

deposit on coarse particles that then become wind-blown dust. It was also suspected that 

the groups where Cu is present come from mining activity (i.e. mechanical action activities 

and concentration processes) and that the Fe-Mg, Cr-Fe, Al-Sc, Sc-Fe, and Mg-Al 

correlation may be of soil origin (e.g. tailings). It was expected to gain more information, 

in the future, that lead to direct source apportionment relating wind patterns at the site with 

size-resolved contaminant concentrations.  
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APPENDIX D. A REVIEW ON THE IMPORTANCE OF METALS AND 

METALLOIDS IN ATMOSPHERIC DUST AND AEROSOL FROM MINING 

OPERATIONS  

 

This article was published in Science of the Total Environment, 433(2012) 58-73 (Csavina 

et al., 2012). 

Metal and metalloids contained in atmospheric dust and aerosol can travel long distances 

and deposit in vegetated areas, soil and water.  This paper addresses research priorities 

regarding the environmental fate and transport of metal and metalloids from mining 

operations, methodologies used for the assessment of contaminant concentrations, and 

associated health and environmental risks.  Also, this paper with more than 90 citations 

reviews the environmental implications that at that moment was understudied.  A literature 

review of the modeling aspect of emissions from mining sources was the contribution of 

the dissertation’s author, in section 3.4 of the paper.  The advantages and limitations of the 

different modeling approaches from areas susceptible to wind erosion are presented. This 

section touches bases in pioneering works since 1941 to 2011 with the integration of 

physical fundamentals, field measurements and computer modeling. The most 

contemporary strategies to that date involved the use of computation fluid dynamics 

models which ran at relatively high resolutions (< 1 m).  
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APPENDIX E. SUPPLEMENTARY MATERIALS 

E.1  Inter-element Correlation Matrices from MOUDI data  

From 2/18/2009 TO 6/3/2010, 22 periods  

The symbol (–) denotes that not enough data points (I chose, less than 4) are available to 

calculate R. 

 

 

 

18 um Be Mg Al Sc Cr Fe Cu As Cd Pb

Be - - - - - - - - -

Mg 0.77642 0.784895 -0.047641 0.469645 0.170792 0.023531 0.244942 0.349582

Al 0.642141 -0.033833 -0.011696 0.061429 -0.120838 0.472778 0.389318

Sc -0.30175 0.339753 0.159199 -0.038259 0.238206 0.347477

Cr 0.016252 0.066571 0.044702 0.354019 -0.13573

Fe 0.346054 0.144395 0.399174 0.360543

Cu 0.090189 0.330145 0.823493

As 0.827461 0.506754

Cd 0.6847

Pb

9.9 um Be Mg Al Sc Cr Fe Cu As Cd Pb

Be 0.217301 0.244523 -0.868574 - 0.071011 0.158864 -0.334876 -0.121582 -0.236404

Mg 0.313393 0.245237 -0.365745 0.840536 0.227157 0.340066 0.164845 0.277354

Al 0.268628 -0.038533 0.13707 0.3167 0.331517 0.404819 0.417077

Sc -0.549761 -0.018494 -0.007677 0.317423 -0.046153 0.073188

Cr -0.127719 0.330944 -0.2708 -0.013852 0.176798

Fe 0.507615 0.254324 0.257642 0.354394

Cu 0.133543 0.287486 0.711827

As 0.864158 0.626386

Cd 0.582799

Pb
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6.2 um Be Mg Al Sc Cr Fe Cu As Cd Pb

Be 0.921234 0.90633 0.239413 - 0.084088 -0.22633 -0.166867 -0.011549 0.197885

Mg 0.76347 0.032445 -0.11532 0.1837 -0.090059 0.646322 0.486848 0.221593

Al 0.254709 -0.158658 -0.029054 -0.245191 -0.19633 -0.203535 0.067751

Sc -0.278746 -0.124847 -0.088525 -0.28255 -0.318058 -0.170526

Cr 0.885628 0.710138 -0.08992 0.795174 0.635772

Fe 0.401202 0.448342 0.365009 0.289951

Cu 0.132758 0.452234 0.863717

As 0.520664 0.197843

Cd 0.613679

Pb

3.1 um Be Mg Al Sc Cr Fe Cu As Cd Pb

Be - - - - - - - - -

Mg 0.280936 0.327547 0.244092 0.663893 0.484959 0.309401 0.467539 0.561562

Al 0.873605 0.143847 0.229886 0.148752 -0.369012 0.004819 0.264542

Sc 0.113125 0.238682 -0.013501 -0.427841 -0.168211 0.070979

Cr 0.831184 0.238145 -0.005259 0.820246 0.470485

Fe 0.534349 0.325166 0.63801 0.590003

Cu 0.403729 0.687915 0.910737

As 0.835823 0.503522

Cd 0.798862

Pb

1.8 um Be Mg Al Sc Cr Fe Cu As Cd Pb

Be - - - - - - - - -

Mg 0.672389 0.803153 0.233751 0.593867 0.255584 0.17168 0.143844 0.200162

Al 0.595679 0.451362 0.646505 0.146093 -0.159578 0.025415 0.220047

Sc 0.038273 0.063318 -0.24601 -0.277288 -0.369465 -0.185279

Cr 0.616346 0.127554 -0.207863 0.233313 0.360319

Fe 0.521051 0.285484 0.386779 0.473776

Cu 0.443171 0.42065 0.884928

As 0.644802 0.439275

Cd 0.579008

Pb
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1 um Be Mg Al Sc Cr Fe Cu As Cd Pb

Be - - - - - - - - -

Mg 0.771071 0.66353 0.058077 0.362219 0.686773 0.310517 0.153952 0.530116

Al 0.768367 0.475883 0.452565 0.373043 -0.095183 -0.119431 0.1268

Sc 0.32286 0.302255 0.442735 0.349566 0.29268 0.447138

Cr 0.595677 0.415518 0.072819 0.397822 0.102407

Fe 0.563934 0.279753 0.194229 0.361541

Cu 0.743087 0.75676 0.773189

As 0.914998 0.790341

Cd 0.787508

Pb

0.55 um Be Mg Al Sc Cr Fe Cu As Cd Pb

Be - - - - - - - - -

Mg 0.839375 0.73493 -0.103788 0.316512 0.07649 -0.139475 -0.299576 -0.15334

Al 0.785862 -0.022528 -0.050786 0.013049 -0.460252 -0.39206 -0.307821

Sc 0.111707 -0.094056 -0.087372 -0.038916 -0.053128 -0.050342

Cr 0.588261 0.235139 0.111554 0.012144 -0.128996

Fe 0.385544 0.316938 0.180218 0.20957

Cu 0.666061 0.702628 0.661782

As 0.901274 0.879774

Cd 0.91058

Pb

0.32 um Be Mg Al Sc Cr Fe Cu As Cd Pb

Be - - - - - - - - -

Mg 0.941629 0.908779 0.924642 0.784694 0.187287 -0.091337 -0.068836 0.010652

Al 0.947091 0.910147 0.679254 0.044581 -0.091734 -0.140109 -0.004535

Sc 0.794405 0.776128 -0.045829 -0.162467 -0.157935 -0.045763

Cr 0.823944 0.230984 -0.214638 -0.13641 -0.055342

Fe 0.25229 -0.031615 0.03656 0.028162

Cu 0.414744 0.546915 0.5819

As 0.954478 0.924606

Cd 0.964294

Pb
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0.18 um Be Mg Al Sc Cr Fe Cu As Cd Pb

Be - - - - - - - - -

Mg 0.738024 0.802134 -0.217465 0.774805 0.309224 -0.280357 -0.182009 -0.092081

Al 0.906642 -0.008471 0.594877 0.070282 0.131508 0.094926 0.211693

Sc 0.238621 0.651867 0.302284 -0.334493 -0.109255 -0.190653

Cr 0.116695 0.701167 -0.047818 0.64123 0.199534

Fe 0.748733 -0.147084 -0.230078 0.050717

Cu -0.027991 -0.115436 -0.012823

As 0.790141 0.805649

Cd 0.766829

Pb

0.1 um Be Mg Al Sc Cr Fe Cu As Cd Pb

Be - - - - - - - - -

Mg 0.897835 0.791606 - 0.719557 0.41086 0.495444 - 0.240697

Al 0.636245 - 0.329509 0.594968 0.510393 0.568933 -0.032343

Sc - 0.88591 0.111891 0.184904 -0.120013 -0.09397

Cr - 0.751499 0.632921 - 0.236714

Fe 0.161719 0.39917 -0.162002 0.366446

Cu 0.746779 0.571435 0.704796

As 0.424479 0.682729

Cd 0.613866

Pb

0.054 um Be Mg Al Sc Cr Fe Cu As Cd Pb

Be - - - - - - - - -

Mg 0.777181 0.167065 -0.225949 0.734069 0.779926 0.408489 0.48149 0.649075

Al 0.32076 0.189117 0.74009 0.383268 0.060464 0.12331 0.548113

Sc -0.208279 0.087126 -0.018418 -0.182558 -0.287527 0.221675

Cr 0.562278 -0.060823 -0.44282 -0.103215 0.184547

Fe 0.658671 0.347564 0.427726 0.679063

Cu 0.733635 0.364697 0.836649

As 0.586206 0.652766

Cd 0.070873

Pb

AF um Be Mg Al Sc Cr Fe Cu As Cd Pb

Be - - - - - - - - - -

Mg 0.983986 0.491921 0.715515 0.959624 0.396587 -0.218995 0.547735 0.939888

Al 0.518239 0.715689 0.970462 0.371046 -0.208949 0.477316 0.856345

Sc 0.334408 0.497524 0.39646 -0.399408 -0.275945 0.284325

Cr 0.792893 0.65361 0.542466 - 0.583784

Fe 0.543749 0.022377 -0.081498 0.871486

Cu -0.439357 0.642292 0.557081

As -0.00762 0.165139

Cd 0.935494

Pb
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Hayden Site – lead concentrations and inter-element correlation matrices at wind speeds 

less than 2 m/s.  Courtesy: Omar Felix Villar (2014, through personal communication) 
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189,96,23,11,810,550,320,180,10,054AF

ng/m^3

Cutpoint Diameter (µm)

HAY 10-21-11

ALL STAGES

Night <2m/s + Source

ALL STAGES Be Mg Al Sc Cr Mn Fe Cu As Cd Pb

Be

Mg 0,688035 R

Al 0,547273 0,677573 0,85-0,899

Sc 0,687558 0,831862 0,601947 0,9-0,9499

Cr 0,609611 0,19194 0,528829 0,166111 0,95-0,999

Mn -0,00455 0,41385 0,265029 -0,03954 -0,10054 >0,999

Fe 0,219006 0,428679 0,367519 0,00942 0,141614 0,940685

Cu 0,106512 0,081974 0,332581 -0,1154 0,369609 0,644277 0,766605

As 0,098423 0,180818 0,024666 0,539187 -0,3586 -0,39967 -0,45389 -0,29549

Cd 0,065116 -0,05872 -0,10265 0,171626 -0,19654 -0,07861 -0,03925 0,24456 0,69585

Pb 0,185449 0,056293 0,075835 0,427937 -0,06321 -0,31455 -0,26474 0,132636 0,857537 0,870674
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Cutpoint Diameter (µm)

HAY 11-03-11

ALL STAGES

Night <2m/s + Source

ALL STAGES Be Mg Al Sc Cr Mn Fe Cu As Cd Pb

Be

Mg 0,390944 R

Al 0,713293 0,451252 0,85-0,899

Sc 0,742791 0,432448 0,923979 0,9-0,9499

Cr -0,04937 0,356397 -0,01498 -0,04561 0,95-0,999

Mn 0,00785 0,124764 -0,04376 -0,02101 -0,07098 >0,999

Fe 0,312102 0,222256 0,539576 0,473595 0,379823 0,377727

Cu -0,01418 0,077486 0,185629 0,173258 0,560037 0,03994 0,813364

As -0,09269 0,014167 0,199702 0,278399 -0,35222 -0,13461 -0,16508 -0,09248

Cd -0,09327 -0,09351 0,083467 0,110079 -0,52935 -0,13562 -0,05742 0,020367 0,721928

Pb 0,007528 0,194878 0,227188 0,394919 -0,31587 -0,09625 -0,04162 -0,00981 0,81563 0,810659
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Cutpoint Diameter (µm)

HAY 12-01-11
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Night <2m/s + Source

ALL STAGES Be Mg Al Sc Cr Mn Fe Cu As Cd Pb

Be

Mg 0,412125 R

Al -0,10209 -0,13841 0,85-0,899

Sc 0,453808 0,909165 -0,19465 0,9-0,9499

Cr 0,59248 0,583277 0,006575 0,389563 0,95-0,999

Mn 0,291247 0,51268 0,31541 0,302496 0,761853 >0,999

Fe 0,510307 0,18357 0,032493 0,022812 0,664902 0,780663

Cu 0,494919 0,028618 -0,09676 -0,07775 0,545543 0,627678 0,96842

As 0,003577 -0,11935 0,331532 -0,22057 -0,11169 -0,39758 -0,4999 -0,53766

Cd 0,094977 -0,31786 0,73927 -0,46791 0,164192 0,187758 0,112192 0,051402 0,61731

Pb 0,130113 -0,4101 0,474399 -0,50433 0,041999 0,015063 0,123035 0,147645 0,528751 0,86871
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Cutpoint Diameter (µm)
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Night <2m/s + Source

ALL STAGES Be Mg Al Sc Cr Mn Fe Cu As Cd Pb

Be

Mg 0,18636 R

Al 0,680266 -0,01322 0,85-0,899

Sc 0,697588 0,554537 0,468135 0,9-0,9499

Cr 0,016865 0,392815 0,085592 0,212931 0,95-0,999

Mn -0,45619 0,561236 -0,45107 -0,1795 0,347644 >0,999

Fe 0,02162 0,73618 -0,14109 0,426812 0,211202 0,728204

Cu 0,294346 0,519544 -0,00028 0,518311 0,041209 0,153427 0,527096

As 0,368856 -0,01787 0,17352 0,070535 -0,03659 -0,36008 -0,33074 0,561288

Cd 0,45057 0,187799 0,251516 0,075695 -0,02829 -0,25385 -0,23377 0,457397 0,8998

Pb 0,383196 -0,01151 0,20599 0,067201 -0,05747 -0,38288 -0,35388 0,530697 0,996931 0,923261
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E.2  Examples of Boundary Layer Profiles at Different Wind Speeds and Roughness  

 

Figure.  Wind velocity profiles for different reference heights and roughness indicated 

between parentheses. Uref measured at 10 m. 

0

2

4

6

8

10

12

14

16

18

20

22

24

26

28

30

0 1 2 3 4 5 6 7 8

Velocity Magnitude [m/s]

H
e

ig
h

t 
[m

]

1 m/s (1mm)

3 m/s (1mm)

5 m/s (1mm)

7 m/s (1mm)

1m/s (5mm)

3 m/s (5mm)

5 m/s (5mm)

7 m/s (5mm)

1 m/s (0.15 mm)

3 m/s (0.15 mm)

5 m/s (0.15 mm)

7 m/s (0.15 mm)

0

1

2

3

4

5

6

7

8

9

10

0 1 2 3 4 5 6 7

Velocity Magnitude [m/s]

H
e

ig
h

t 
[m

]

1 m/s (1mm)

3 m/s (1mm)

5 m/s (1mm)

7 m/s (1mm)

1m/s (5mm)

3 m/s (5mm)

5 m/s (5mm)

7 m/s (5mm)

1 m/s (0.15 mm)

3 m/s (0.15 mm)

5 m/s (0.15 mm)

7 m/s (0.15 mm)



271 

 

 

 

Figure.  Wind velocity profiles for different reference heights, Uref, measured at 10 m.  

For a mine tailing with a zo=0.00564 cm such as the one at Mission Mine. 
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Figure.  Wind velocity profiles for different reference heights, Uref, measured at 10 m.  

For a mine tailing with zo=0.015 cm (Atmospheric Environment Volume 43, Issue 3, 

January 2009, Pages 520-529 ) 

0

1

2

3

4

5

6

7

8

9

10

0 1 2 3 4 5 6 7 8

Velocity magnitude [m/s]

H
e

ig
h

t 
[m

] Uref=1 m/s

Uref=3 m/s

Uref=5 m/s

Uref=7 m/s

Uref is the velocity 

measured at 10 m, 

roughness length 

is 0.015 cm

0

100

200

300

400

500

600

700

800

900

1000

0 1 2 3 4 5 6 7 8 9 10

Velocity magnitude [m/s]

H
e

ig
h

t 
[m

] Uref=1 m/s

Uref=3 m/s

Uref=5 m/s

Uref=7 m/s

Uref is the velocity 

measured at 10 m, 

roughness length 

is 0.015 cm

http://www.sciencedirect.com/science/journal/13522310
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E.3 Steady State User Defined Functions (Udf) used for Velocity Inlet/ Pressure 

Outlet Boundary Conditions (ANSYS)  

// UDF code for 3D logarithmic Velocity Profile - Uh=1 m/s, Zo=7.31e-4, roughness 

height=0.01462// 

 

#include "udf.h" 

 

DEFINE_PROFILE(inlet_y_velocity, thread, position) 

 

{ 

 

real x[ND_ND]; 

 

real z; // Vertical Distance 

 

face_t f; 

 

begin_f_loop(f, thread) 

 

{ 

 

F_CENTROID(x,f,thread); 

 

z = x[2]; 

 

F_PROFILE(f, thread, position) = (0.044100251/0.42)*log((z+0.000731)/0.000731); 

 

} 

 

end_f_loop(f, thread) 

 

} 

 

// UDF code for 3D Epsilon Profile - Uh=1 m/s// 

 

DEFINE_PROFILE(dissip_profile, thread, position) 

 

{ 

 

real x[ND_ND]; 
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real z; // Vertical Distance 

 

face_t f; 

 

begin_f_loop(f, thread) 

 

{ 

 

F_CENTROID(x,f,thread); 

 

z = x[2]; 

 

F_PROFILE(f, thread, position) = 

((0.044100251*0.044100251*0.044100251)/0.42)/(z+0.000731); 

 

} 

 

end_f_loop(f, thread) 

 

} 
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