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DUST DISPERSION FROM SURFACE MINING OPERATIONS

Abstract. The extraction and processing of minerals from surface mines and quarries can produce significant
fugitive emissions as a result of site activities such as blasting, unpaved road haulage, loading, primary crushing
and stockpiling. Uncontrolled fugitive dust emissions can present serious environmental, health, safety and
operational issues impacting both site personnel and the wider community. Simulation technology is finding
increasing use for the purposes of advanced warning of potential problem emissions in addition to providing a
basis for future planning applications where demonstrable compliance with regulatory requirements are
necessary. The initial re-entrainment and subsequent dispersion of fugitive dust presents a process complicated
by the combination of the in pit topography, the surrounding natural topography and the dynamic nature of
emissions from these sites. These factors impact upon the accuracy and reliability of the conventional Gaussian
plume based computational prediction methods employed for regulatory compliance and IPPC applications.
This paper proposes that optimal modelling of open pit emissions may be more accurately achieved by the use of
a multi-scale predictive modelling approach utilising computational fluid dynamic (CFD) methods for high
resolution near source dispersion and conventional Gaussian based methods for far field dispersion modelling.
This paper presents a numerical based flow and dispersion analysis of a typical UK based open pit utilising
CFD in conjunction with a conventional Gaussian plume based methods. Typical operating emissions and
meteorological conditions are obtained from long term data records collected at a large operating quarry
extraction operation in the UK. Emissions are modelled using a Lagrangian framework within conventional
atmospheric boundary layer (ABL) profiles expressed as functions of turbulence and velocity parameters under
assumed neutral conditions. Results are presented in terms of the impact of site topography on in pit retention as
compared to the Gaussian based method.
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1 Introduction

As open pit mines and quarries become deeper and more productive the potential to
produce greater pollutant emissions including fugitive dust emissions will increase. To
maintain and enhance the health and safety of the extractive and transport operations and to
minimise off site dust emissions it is necessary to design effective mitigation measures to
minimise fugitive dust emissions, and to maximise the ventilation of the pit opening to dilute,
disperse and remove fugitive dust from the workings. The principal tool available to
environmental engineer is to use the shape of the excavation and the surrounding topography
to harness the penetration of the natural wind systems to maintain the air exchange rates
within the mine opening. The determination of the internal ventilation regime within the open
pit is a complex process as the driving natural wind system will change subject to diurnal and
seasonal changes in its strength and direction, which are dictated by the local wind systems
and the differential heating of the earths surface by the sun.

The background local wind system may be modelled by the construction of a three
dimensional velocity profile called the atmospheric boundary layer (ABL). The ABL model
requires the definition of the surface roughness of the surrounding topology, a measured
reference height velocity above the terrain and the determination of the thermal stability of the
atmosphere. The strength and the direction of the resulting downwind ABL will be influenced
by the topography of the terrain surrounding the open pit and the shape and depth of the
excavation. The internal microclimate is created by a combination of: the degree the external
ABL penetrates the mine opening; the in pit topography; and the diurnal heat exchanges
between the sun, the internal surface of the pit and the atmosphere. These internal ventilation
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flows will be responsible for the initial dilution, dispersion of any fugitive dust emissions
within the open pit. In turn, the amount of air exchange affected between the internal
ventilation regime and the mainstream ABL flowing over the mine opening will determine the
degree of off-site fugitive dust emission experienced.

Dust dispersion rates may be attenuated by low airflow exchange rates caused by the
recirculation of local ventilation flows or containment by thermal inversions. The retention of
ambient dust levels will potentially decrease visibility and increase the exposure of workers.

2 Atmospheric flow over complex terrains

The prediction of local wind field over complex terrain with hills, valleys and open pit
mines provides information that is critical to assess the prediction of pollutant dispersion in
the atmosphere [13]. The global circulation or mesoscale models of atmospheric flow are nor
suitable for such purposes for two reasons: (a) They are based on the hydrostatic
approximation in which a balance is assumed between the pressure and gravity fields in the
vertical direction, and (b) The hydrostatic assumption (appropriate and convenient for length
scales of the order of 100 kilometres) is not required to address local wind effects within
valleys and surface openings such as mines and quarries. Pressure changes due to inertial
effects in the vertical direction cannot be neglected at the local scales. And secondly, the
mesoscale models are not able to resolve variations in topography in the vertical direction that
are important to the prediction of local wind patterns within open pit mines that typically
involve flow separations and recirculation eddies [5] on surfaces of varying roughness. For
the purposes of predicting local wind patterns, it is necessary to use microscale models. These
are usually based on the numerical solution of the Reynolds-averaged Navier -Stokes (RANS)
equations and a turbulence model in a boundary-fitted coordinate system that follows the
local terrain.

3 Dust dispersion models for surface mining operations

A recent research project [17], collated a comprehensive review of the fugitive dust
emissions that may be generated from surface mining operations and summarises the range of
conventional mitigation technologies and strategies that may be applied to control these
emissions. This report presents a summary of the potential dust sources and mitigation
strategies, and also presents a detailed overview of the current UK and International
environmental and health and safety legislation governing mineral dust emissions. In addition
[19] has recently produced a comprehensive review of the dust dispersion models that have
been developed or applied to the prediction of dust from surface mining operations including
quarries. The dust dispersion models used to predict emissions from surface mining
operations are generally adapted from existing regulatory industrial air pollution models.

A major challenge to the modelling the dispersion of fugitive dust emissions from deep
surface mines or hard rock aggregate quarries is the influence of the in pit meteorology. As
most Gaussian plume dispersion models have been developed to model downwind dispersion
of dust from sources across a flat or undulating terrain, these models cannot account for the
influence that the complex flow regimes that exist within quarry openings. As fugitive dust
emissions within a quarry are transported and dispersed by the local airflow field within the
quarry, there is a need to develop transport and deposition models that reproduce the local
effects produced by these flows.

The airflow regime within a deep quarry opening is produced by the combined action of
the mechanical shear of the atmospheric boundary layer across the surface opening and the
thermal buoyancy forces created by the differential heating of the quarry surface by the
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passage of the sun during the day. In addition, the occurrence of thermal temperature
inversions at night may also assist trapping the dispersion of the dust emissions from within
the quarry. The combination of these forces creates: (1) an external flow field across the
surrounding terrain and across the interfacial quarry opening that is governed by the
atmospheric boundary layer (ABL), and (2) an internal flow field driven by the combination
of the mechanical shear of the atmospheric boundary layer across the surrounding terrain and
the airflow within the quarry opening, and the thermal effect created by the differential
heating of the internal quarry surfaces by the sun (see Fig. 1). To improve the understanding
and modelling of these processes requires the adoption of a multi-scale modelling approach;
this is discussed in a following Section 6.
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Fig. 1 — The influence of in-pit micro climate on dust dispersion.

Thus, a fugitive dust emission within a quarry will be transported and dispersed by this
locally generated flow field. The creation of this chaotic, and often recirculatory in-pit flow
regime within the quarry will increase the residence time of the entrained dust particles within
the confine of the quarry. As the deposition of particles is governed by Stokes Law, any
increase in the dust residence time within the quarry may allow either; (1) allow the
settlement of many of the dispersed dust particles or (2) increase the probability of their
removal by impaction on the internal surfaces of the quarry. Consequently, only a fraction of
the fugitive dust emitted and dispersed within the confines of the quarry will cross the
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interfacial layer defined between the quarry opening and the atmospheric boundary layer to be
dispersed and potentially deposited downwind across the surrounding terrain. The fraction of
the dust emission which crosses the interfacial layer between the quarry opening and the ABL
will form an equivalent areal emission source whose downstream dispersion may be modelled
by conventional Gaussian plume models.

This paper presents a summary of a selection of the results from a series of recent
fugitive computational fluid dynamics studies conducted by the team of researchers at the
University of Nottingham. These studies were validated using field meteorological and dust
deposition data collected at an extensive UK limestone quarry in the UK. The full details of
these field validated computational fluid dynamic studies are contained within a series of
recent research papers that have been submitted to a number of peer reviewed technical
journals.

The field study quarry, Old Moor is located within the Tunstead Quarry Works operated
by Tarmac Ltd, north of Buxton in Derbyshire, UK. The investigation has considered mineral
extraction and comminution operations at the Tarmac Ltd operated Tunstead and Old Moor
Quarries in Derbyshire, UK (‘the site’). The majority of the site is located on the boundary of
the Peak National Park; the boundary of the Park bisects Old Moor in a general North-South
direction. There are 6 designated Sites of Special Scientific Interest (SSSIs) located within
approximately 2 km of the site. The quarries are physically separated by a 50 m deep valley
that is known as Great Rocks Dale. All comminution circuits and mineral stockpiles are
contained within the boundaries of the Tunstead site. The mineral deposits are exposed for
extraction by overburden removal and then by blasting. Overburden at the site is minimal, and
is removed and stored for future use in restoration and rehabilitation. Bench blasting is carried
out in both quarries, typically up to 5 times per week. Further details of the quarrying and
mineral transport and processing operations at the works may be found in the research
papers [4,13,17,18,21].

4 The modelling of the near pit and in—pit topography

The terrain immediately surrounding the boundary of the Old Moor quarry is undulating
farm grazing land. The in pit quarry topography of the quarry is characterised by a complex
series of interconnected ramps, vertical faces and working benches. Detailed site elevation
survey data at 4 m grid spacing was able to delineate the detailed topography of the working
pit and surrounding terrain. This data was used to construct the surface topography of the
model domain within the Gambit pre-processor model used by the commercial Fluent™
software used to construct the flow and dust dispersion simulations. The size of the total
model domain constructed was approximately 4 km x 4 km. The model was capable of being
rotated to allow for the ease of simulation of the direction of the simulated atmospheric
boundary layer to represent the mean average wind sped and direction. The rectangular
domain mesh was divided into four primary flow boundaries, a background flow inlet and
outlet and two boundary walls to define the flow across the quarry opening.

5 The modelling of the ABL

The inlet ABL velocity profile was defined using a logarithmic profile. All ground
surfaces were defined using a roughness height of 0.1 m in accordance with the
recommendations of the ADMS user guide [3]. Following the studies of Riddle et al [18] the
Reynolds Stress (RSM) turbulence flow model was used as it is demonstrated to maintain the
turbulent Kkinetic energy (TKE) and dissipation. The modelled ABL was allowed to develop
from inlet boundary across the surrounding terrain before it crosses the open surface of the
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quarry. The simulated velocity profiles and directions corresponded to the principal flow
conditions determined from the meteorological record recorded on site. For all of the initial
flow models constructed neutral thermal stability class conditions were assumed, which
correspond to stability class D on the Pasquill-Gifford scale.

6 Fugitive dust emission and dispersion models

In accordance with the dust sampling and modelling methodology developed in [4], four
particle sizes 0.05, 0.45, 0.3 and 75 um, at mass fractions of 0.05, 0.45, 0.3 and 0.2
respectively were used to simulate fugitive dust emission sources within the quarry. The
quantity of dust released from each individual or collection of fugitive dust emission events
modelled (e.g. bench blasting, loading, truck haulage etc.) were calculated using the emission
factors defined by the US EPA AP-42 fugitive dust emission models [1,2].

7 The simulation of the natural ventilation of the quarry excavation: the generation of
recirculation airflows

To simulate the natural ventilation regime promoted within the surface quarry
excavation, a series of models simulation were performed to replicate the micro climate that is
produced within the quarry opening subject to the predominant seasonal prevailing wind
directions and speeds identified from the meteorological record. The results of such a
simulation are illustrated on Fig. 2. This dark shaded volumes on the leeward and windward
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Fig. 2 — The creation of recirculation flow zones within the pit opening.
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slopes of the quarry represent the areas of recirculatory flows, counter to the normal
background ABL flow regime, that are produced by the interaction of a north westerly
prevailing wind and the in pit topology. The results of these simulations are consistent with
the findings of the previous two dimensional modelling studies of Baklanov [6,7,8] and other
Russian scientists.

The generation of these recirculatory airflows is observed to create micro climates that
are observed to influence the emission, dispersion and deposition of dust emitted within the
quarry opening. As outlined earlier in the paper, conventional Gaussian plume models used to
estimate fugitive dust emission and deposition for regulatory purposes, employ modified
emission models for shallow open pit mines to replicate the resultant retention of fugitive dust
emission from the open pit opening. However, it is suggested that the use of a more
sophisticated in pit ventilation models would more accurately represent the true in pit dust
dispersion and deposition regime, and determine the true fraction of the original emission that
is transported out of pit to be dispersed by the background ABL.

8 The influence of the in pit topology to deposition

Figure 3 illustrates the influence that the downwind surface topology can have on the
dispersion and deposition of fugitive dust emissions. The modelled stationary areal dust
source is located at the lowest elevation of the quarry. The modelled prevailing wind direction
crosses the quarry opening from a westerly direction. The influence that an increase in the
detail of the in pit topology has on the dispersion and deposition of the fugitive dust source is
illustrated by comparing the results of successive simulations that increase the density of the
in pit domain mesh. From an examination of the dust deposition simulation results shown on
the figures, starting at the top left hand side and moving in a clockwise direction, it is
observed that as the detail of the topology including the elevation changes increases, the
greater is the degree of near source deposition.

Fig. 3 — The influence of increased topography detail on dust deposition
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Consequently, it is concluded that under neutral stability conditions that the
combination of the prevailing wind direction and speed together with the in pit topography
create an in pit ventilation regime and micro climate that will greatly influence both the
dispersion and deposition of fugitive dust sources within the confines of the surface opening.

The influence of the microclimate may both contain or enhance or attenuate the
dispersion and hence dilution of the fugitive dust that may decrease the visibility within the
open pit, or may attenuate the fugitive dust emissions within the opening due to the increased
impaction and removal afforded by the recirculatory ventilation flows induced within the
quarry.

9 The development a multi-scale modelling approach

An analysis of the results of this and the series of previous recent research studies
conducted at the University of Nottingham conclude that it would be sensible to consider the
adoption of a multi-scale modelling approach to assessment of the emission, dispersion and
deposition of fugitive dust from in pit fugitive dust sources.

A number of recent research studies have concluded that the use of the US EPA AP-42
dust emission models for large open pit and quarry operations, together with the in pit dust
retention models together with conventional Gaussian plume dispersion models can produce
over predictions of off site emission and deposition. These studies have also concluded that
these methods are unable to replicate the true nature of the in pit fugitive dust emissions,
dispersion and deposition. The use of a more complex three dimensional field validated
computational model, may allow the improved simulation of these events, which could allow
the mine operator to predict the occurrence of in pit reduced visibility.

It is therefore proposed the development of a three scale modelling approach.

The development of improved dust emission models to more accurately represent the
emission characteristics of the various stationary and mobile in pit fugitive dust sources,
including unpaved road truck haulage models.

The development of a simplified, less complex three dimensional computational fluid
dynamic model, that allows the engineer to more accurately predict the influence of the
generated in pit microclimate has on the dispersion and deposition of fugitive dust within the
open pit workings.

The development of an interface between the model described in (2) above, with which
to determine an areal emission factor dust through a defined area across the mine opening and
the transference of the determined areal dust emission to the background ABL, the resultant
far field downwind dust dispersion to solved by a conventional Gaussian plume dispersion
model.
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YCOBepHIeHCTBOBaHHaH MHOTOMACIITAOHAS BbBIYHUC/IUTEC/IbHAA MOaeJab
pacnpoCcTrpaHeHUust nequeiz’l IBLJIN IIPH 3KCILIYaTallud KapbE€poB

AHHOTanusl. /[oObiua NONE3HLIX UCKONAEeMbIX U3 KAPbepos U OMKDPLINMLIX 6bIpAOOMOK U UX NepeUudHas
nepepabomKa ModHcem ConposoNCOAmMvCsi BblOeleHUEM 3HAYUMENbHO20 KOAUYECmBad Aemydyux 6eujecme 6
pesynbmame maxkux Oeucmeutl, Kax 2opHvie 83pbieHble pabOmbl, MPAHCNOPMUPOSKA NO SPYHMOBLIM O0PO2aM,
noepyska, nepsuunoe OpooaeHue u akKymyaiayus 3anacos. Hexonmpoaupyemvle gulopocse emyueli noliyu Mocym
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npeocmagnams — Cepbe3Hyr  ONACHOCMb 01 OKpyJcarwel  cpedvl, 300posbs,  Oe3onacHocmu U
pabomocnocobnocmu ar00ell, Kak Haxo0AuuUxcs 8 HenoCPeOCmeeHHOU bAU30CIMU Om Mecma pa3pabomox, max u
soanu om nux. C yenvio npedsapumenbHo2o npedynpedcoeHiuss NOMeHYUIbHO ONACHBIX 8bLOPOCO8, MAKICe KAK
u 01 paspabomxu npocpamMm no 0yoyujemy NIAHUPOGAHUIO, KOMOPble OO0NICHbI OMEeHams mpebo8aHusM
peznamenmupylouux 0OKyMeHmos, 6ce bojee WUpOKO NPUMEHSIOM MeXHOA02UuU MoOeruposanus. Bmopuunoe
8o6JIeUeHIe NbUIU HA HAYATIbHOM dmane U nociedyroujee ee pacnpocmpanenue npeocmagisiom coboii npoyecc,
VCIIOJCHEHHBITE monozpaghuell Hympu OMKpblMblX 6blpaboOmoK, monozpagueti oKpyscaiowel MecmHocmu U
OUHAMUKOU 8bIOPOCO8 U3 Mecm pazpabomox. Omu @GAaKmopsl GIUAIOM HA MOYHOCMb U HAOEHCHOCMb
CMAHOAPMHBIX BbIYUCTUMENbHBIX NPOZHOCIUYECKUX MEeMO008, 8 OCHO8E KOMOPbIX JEHCUM 2aycCo8d MOOelb
gaxena, u Komopvle UCNONBLIVIOMCA 0Nl PeNAMEHMUPYIOWUX UHCMpYKyul u npozpamm 6 npoekme IPPC
("Komnnexkcuviti KOHMPOIbL U NpedynpedicoeHue 3azpsasHenus”). B OanHoll cmamve npeononazaemcs, 4mo
ONMUMANLHOE MOOENUPOBAHUE BbIOPOCOE U3 OMKPLIMOU GbIPAOOMKU HAULYUUUM 00PA30M MOdNCem Obimb
00CMUSHYMO NPU  NPUMEHEHUU MHO2OMACWUMAOHOU NPOSHOCMUYECKOU MOOeIU, UCHOb3YIouell Memoobl
sviuucaumenvrol euopoounamuxu (BIJ]) 0Ona 30mbl ¢ GblcokuM paspeuieHuem 60OIU3U UCHOYHUKA U
CMAHOAPMHYIO 2AYCCO8y MOOelb 01 OdlbHel 30Hbl. B O0anmoli cmamve npedcmasien aHanu3 4uUcIeHHO20
MOOEIUPOBAHUs. AMMOCHEPHBIX NOMOKO8 U PACCEsHUSL NpuMect Oasi MUNOBbIX OMKPLIMbIX 6blpahOmMoK
Benuxobpumanuu. Xapaxmepuvie napamempul 6b10p0CO8 U Memeopor0SUYECKUX YCA0GUL ObLIU NOTYYEHbl U3
OQHHBIX 00J20CPOYHBIX 3anucel, COOPAHHBIX HA OelCMBYIOWUX OMKpPbImblX eblpabomkax Benuxobpumanuu.
Buibpocer 6viiu  cmodenuposanvl acpandicesoll cxemou O MUNUYHBIX Npo@uiell 6 NOZPAHUYHOM Cloe
ammocghepwl, GbIPANCEHHBIX KAK (DYHKYUU XAPAKMEPUCMUK CKOPOCMU NAPAMEMPO8 MypOYIeHMHOCIMU NpU
Hetimpanvhou cmpamugpuxayuu. Ilpedcmagnennvle pe3yibmamsl NOLYHEHbL C YYEMOM GIUSHUSL MONOpaAduu
MECHHOCMU HA YOePACUBAIOWYIO CHOCOOHOCMb WAXMbL, 8 OMAUYUE OM Memodd, OA3UpYIOue2ocs Ha 2ayCCo80l
MoOenu ¢axena.

KiioueBble ciioBa: pacnpocmpanerue novljiu, 6bl4UCIUNEIbHAA zudpoduHaMuKa, Kapbvepbul
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