FEOJ3KONOrrnd, PALMOHANBHOE NMPUPOAOMONBb30BAHUE

DOI: 10.21440/0536-1028-2020-5-80-89

Estimating air pollution levels by numerical simulation depending
on wind flow speed and dust source area

Pavel V. Amosov'*, Alexander A. Baklanov?, Dmitriy V. Makarov',
Vladimir A. Masloboev '
" Institute of North Industrial Ecology Problems, KSC RAS, Russia
2 \World Meteorological Organization, Switzerland
*e-mail: p.amosov@ksc.ru

Abstract
Research aim is to estimate atmospheric pollution levels in the town of Apatity, by numerical simulation,
depending on the discrete arrangement of dust sources at the tailing dump closest to the town and the
speed of wind flow.
Methodology. For computer 3D modeling, the COMSOL software was used. To calculate the aerodynamic
properties the approach of incompressible fluid and standard (k—¢)-model of turbulence were used. The
spread of dust pollution has been modeled by numerically solving the convective-diffusion equation of
impurity transfer taking into account the deposition rate. Numerical experiments were performed for
wind flow speeds between 5 and 23 m/s and a discrete representation of the dust source area between
2 and 10 ha.
Results. The spatial distributions of the model's aerodynamic properties and the interval (and total)
distributions of dust pollution were obtained. The Starye Apatity area is most exposed to atmospheric
pollution. Atmospheric pollution levels were analyzed and generalized to functional dependencies,
depending on the values of the model's variable parameters. It is shown that the calculated dependencies
between the maximum dust concentration and the dust source area can be described by linear functions,
which allows predicting the critical dust source area, at which the level of air pollution reaches the
threshold limit value. It is demonstrated that the dependence of the maximum dust concentration on
wind flow speed at fixed dust source area values can be approximated by a power-law function.
Summary. A generalized analytical formula has been derived that allows predicting maximum dust
concentrations in the town of Apatity depending on the discrete locations of dust sources at the tailing
dump and the speed of wind flow.

Key words: tailing dump; wind speed; dust source area; discreteness; air pollution; numerical
simulation.
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Introduction. Simulation of dust behavior is a relatively new direction in scientific
research but rather relevant and much in demand worldwide. Currently, within the UN,
particularly as part of WMO program called “Sand and Dust Storm Warning Advisory
and Assessment System” (SDS-WAS) [1, 2], the indicated direction is being actively
developed to predict dust storms.

The object of this research is the tailing dump ANOF-2 (the town of Apatity,
Murmansk region) with causes certain troubles to the citizens in the summer with
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strong winds from the northwest. In earlier research, based on the experience analysis
and the application of formalized description of the dusting processes [3—12], the
researchers of FRC KSC RAS answered some essential questions [13, 14]. In particular,
the impact has been shown which is made by the height of the tailing storage dust
source surface on the level of surface air dust pollution down the wind flow under wind
speed variation [13]; the effect has been demonstrated which is exerted by the location
of the tailing dump dust sources with similar surface area under the wind of gale force
on the town’s air pollution [14].

The present research is based on the numerical simulation being a follow-up study
of the authors’ investigation on air pollution assessment with the account of discretely
located dust source areas of the tailing dump. Both wind flow speed variation and dust
source area variation are taken into account.

Problem formulation. By the example of the tailing dump nearest to the town of
Apatity, the research aims to assess the level of air pollution in the town depending on
the incoming wind flow speed and the dust source area under discrete arrangement
of dust source areas (fig. 1).

Wind direction

Tailings storage facility

Fig. 1. Location diagram of the dust source areas 1-5 on the
tailing dump site
Puc. 1. CxemaTn4HOE PaCIONOKEHNE HA TEPPUTOPUH
XBOCTOXPAHWJIMINA YYaCTKOB 1—5 NBULIIEH TOBEPXHOCTH

Computer model developed by the authors and presented in works [13, 14] is used
as a base model. Input file required to create the geometry of the simulated area in
COMSOL [15] is prepared with Google Earth maps of the ANOF-2 tailing dump of the
town of Apatity (15 000 x 7000 m), 500—-700 m grid. The surface of lake Imandra is a
benchmark elevation (126 m, model’s foundation). Beyond the dust source itself and
Apatity town, the foothills of the Khibiny and some uplands are taken into account in
the simulation model. The model of the tailings storage dust source surface represents
an ellipse with the clipped water surface in the shape of a rectangular. The town
boundary along the wind flow is 12 000—15 000 m, and 3000—6000 m in the transverse
direction. The model’s geometry corresponds to the design height of the tailing dump
(200 m).

Recall that in numerical simulation the choice has to be made between the desired
accuracy of calculation and the capabilities of the computer hardware. Despite good
computational performance of the available ASUSK95VJ computer, even with the grid
coarser than standard, the required RAM for calculation reaches almost 6 GB. Further
increase in the model’s resolution lengthened computational time, which was impractical
due to the uncertainties as to a series of parameters of the model.

Variation parameters accepted in the calculation are the following:

— wind flow speed — 5, 11, 17 and 23 m/s at the height of +10 m from the model’s
foundation;
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— dust source area — 2 ha (area 1), 4 ha (areas 1-2), 6 ha (areas 1-3), 8 ha (areas 1-4)
and 10 ha (areas 1-5) (fig. 1).

Research methodology. Research methodology is similar to the previously used
one [13, 14, 16].

For the indicated values of wind speed, stationary aerodynamic parameters of the
model are calculated (velocity fields, coefficient of turbulent viscosity). A model of air
dynamics of flow over the heterogeneous surface within the limits of approximation of
incompressible flow complemented by a standard (k—¢)-model of turbulence.
Calculation is made before the steady-state mode.
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Fig. 2. Spatial distribution of the total dust concentration in the transverse direction to the
wind flow at different dust source surface area values (wind speed 17 m/s)
Puc. 2. IIpocTpaHCTBEHHOE pacpe/ielieHHe CyMMapHOil KOHIIEHTPAIMH HBLUIN B
MOMEPECYHOM K HalIPaABJICHHUIO BETPOBOI'0 MMOTOKAa U3MEPECHUM NIPU BapUalvy IJ101aau
HBUIALICH TOBEPXHOCTH (CKOPOCTh BETPOBOr'0 MOTOKA 17 M/C)

The values of the longitudinal component of wind speed at the height of +10 m U,
over each dust source area and the value of the coefficient of turbulent viscosity and
turbulent diffusion for the simulated area.

For each dust source area the values of dynamic velocity U+ are calculated, and the
values of the vertical flux of mass are calculated for each interval (7 with its weight) of
dust particle size [16] with the use of D. L. Westphal et al. approach [8, 16]. As an
illustration of estimates, table 1 presents the predicted values, interval and total values
of the vertical mass flux for each dust source area.

Static interval fields of dust distribution are calculated in the simulated area under
the indicated variations of model parameters. To determine spatial distribution of
pollution, the diffusion-convective transport equation is used.

Granulometric composition of final tailings from the surface of the established
beach of the tailing dump ANOF-2 is represented in accordance with the data from the
dissertation by A. V. Strizhenok [17]. Data processing made it possible to obtain
quantitative indicators for the “weight” of each simulated interval of dust particles size.
In table 2, for dust with the size interval up to 70 um in diameter with 10 pm pitch, the
values of interval “weight” and deposition rates for different-sized dust are presented
calculated with Stokes approximation used in diffusion-convective transport.

Due to the analysis grid variation caused by discrete dusting areas set (fig. 1),
damping parameters in approximation of convective terms have been selected to ensure
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the stability of calculation in a wide range of velocities set at the inflow boundary of the
model. In particular, calculation stability at the whole wind flow speed range
at the height of 10 m U, , from the foundation of the model (5-23 m/s) was ensured by:
problem-solving software (Direct UMFPACK) and the coefficients of damping
(Crosswind diffusion) for the equation of conservation of momentum and Turbulence
isotropic for (k—¢)-model equations at level 0.7.

Output analysis of numerical experiments. Before analyzing the spatial
distribution of dust concentration it is instructive to compare the values of dynamic
velocity for the dust source areas (table 1). It is apparent that the dynamic velocity is
maximum for area 4 and minimum for area 5. In a row of areas 1-2-3 the value of
dynamic velocity reduces gradually. The values of vertical mass fluxes are in the same
ratio. A possible reason for various values of the indicated calculated parameters for the
spaced dust source areas may be the inhomogeneity of the velocity field for this region
connected with the presence of an upland in the model northward of the tailing dump;
the upland is the Khibiny foothill.
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Fig. 3. Dependency of the maximum dust concentration on the dust source area
at different wind flow speeds
Puc. 3. 3aBucHMOCTh MaKCHMalbHOH KOHIIEHTPAI[MM IBUIM OT IUIONIAAW ITBIICHHS
[P BapUallii CKOPOCTH BETPOBOTO MOTOKA

Some results of numerical experiments on predicting the spatial distribution of dust
concentration are presented at fig. 2—4.

For example, at fig. 2 for 17 m/s wind the curves of spatial dust distribution in the
dimension transverse to the wind flow direction are shown. Taking into account that for
the inorganic dust containing silica in the interval of 20-70%, as maximum one-time
concentration [ 18] the value of 0.3 mg/m? or 3 - 107 kg/m? is established, the following
conclusions can be made: it is the area of the Starye Apatity that is subject to maximum
pollution; with dust source area more than 6 ha the threshold limit value (TLV) excess
is predicted. The indicated excess with the dust source area more than 8 ha threatens not
only the Starye Apatity but a half of the town.

Fig. 3 presents the ratios of maximum dust concentration and dust source area under
wind flow speed variation from 11 m/s to 23 m/s. It is apparent that calculated
dependences with high certainty factor are described by the linear functions; it makes
it possible to predict the critical dust source area, at which the level of air pollution
reaches the TLV. In particular, with 23 m/s wind it is necessary to reduce the dust
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source area down to about 2.5 ha, with 17 m/s wind — down to 6.8 ha, and with 11 m/s
wind — 25 ha can be “allowed”.

Fig. 4 presents the dependency of the maximum dust concentration on the dust
source surface area for the wind flow speed of 5 m/s. Individual presentation of the
indicated wind speed results is connected only with the visualization of results due to
small values of pollution concentration. It is apparent that in this case the linear
dependence works as well, which makes it possible to reach the critical dust source area
of about 260 ha.
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Fig. 4. Dependency of the maximum dust concentration on the dust source area at a wind
flow speed of 5 m/s

Puc. 4. 3aBucuMOCTh MAaKCHMAaTBHONW KOHLIEHTPALUH MBUTH OT IDIOMIAAN TTBUICHHS TIPH
CKOPOCTH BETPOBOTO MOTOKA 5 M/C

The analysis of the summarized expression of the obtained estimates in the form of
maximum dust concentration dependence under both simulation parameters variation
(dust source area and wind flow speed) has shown that:

— there is the linear dependence between the required function and the dust source area;

— dependence on the wind flow speed is closer to the power-law function.

The analysis of dependences between maximum dust concentration and wind flow
speed under fixed values of the dust source area testifies that with the certainty factor
close to 1 the function under consideration is described by the power-law function
C,, = AV, where Vis wind speed, m/s. The values of coefficients 4 and B under various
values of dust source area are presented in table 3.

Further analysis of coefficients 4 and B has shown that for the former coefficient the
linear dependence 4 = 10712(9.5108 + 1.932) is valid, where S is the dust source area,
ha; for the latter coefficient mean B = 2.975 may be used (maximum deviation of
coefficient B from its mean value does not exceed 0.15%). The generalized function
of two variables which makes it possible to roughly predict the level of maximum dust
concentration in the atmosphere becomes C, =10-12(9.510S + 1.932)F 2975, The given
expression correctness has been checked within the range to values indicated in
“Problem formulation”. Moreover, it appears that it could be extrapolated to large dust
source areas as well. As far the wind flow speed is concerned, it can be said that its
range is sufficient.
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So, the information presented in this article can be considered as the statement of the
methodological approach to Apatity’s air pollution level estimate under the conditions
ANOF-2 tailings storage dusting. The approach allows for the significance of two
parameters (dust source area and wind speed) which have the main impact on the air
pollution level down the wind flow.

Table 2. Interval weight and deposition rate as a function of dust particle size

Taﬁ.lmua 2. 3HaveHHs «Beca» HUHTEPBAJIa U CKOPOCTH O0CE€AaHUA B 3aBUCUMOCTH
OT J1HaMeTpa YacTUll NbLIH

Mean diameter (interval Interval “weight” Deposition rate, m/s
range), Lm
5(0-10) 0.022 0.00195
15 (10-20) 0.083 0.0175
25 (20-30) 0.142 0.0487
35 (3040) 0.194 0.0955
45 (40-50) 0.209 0.1580
55 (50-60) 0.189 0.2360
65 (60-70) 0.161 0.3290

Summary. Based on the developed computer models (3D), the process of
Apatity’s air pollution has been studied under the conditions of ANOF-2 tailings
storage dusting (maximum planned height). Apart from wind flow speed variation
from 5 to 23 m/s, the investigation took into account the dust source area variation
from 2 to 10 ha in the area of the tailings storage closest to the town of Apatity.
At dust source area variation, the approach of discrete arrangement of dust sources
has been applied.

Table 3. Values of the coefficient 4 and B in the approximation
functions of the maximum dust concentration depending on wind
flow speed at a given dust source area
Ta6auna 3. 3Hauenus: ko3puuuenToB A u B B pyHKIuAX
aNMpPOKCHMAIIMM MAKCHMAJILHONH KOHIEHTPALUH NBLIH OT
CKOPOCTH BETPOBOI0 IIOTOKA NPH (UKCHPOBAHHOI NJIOINAAH

NbLJICHUS
Dust source area, ha Coefficient A Coefficient B
2 2.086 - 10! 2.973
4 3.985-10" 2.978
6 5.853 - 1071 2.978
8 7.967 - 10711 2.976
10 9.605 - 1071 2971

To carry out the prediction estimate of the vertical mass flux, the dependence of
D. L. Westphal et al. was used; it is based on the functional dependence of dynamic
velocity at a particular dust source area to the fourth power. Dynamic velocity is
calculated through the average velocity of the wind flow at the height of +10 m over the
particular dust source area.

The analysis of the predicted values of dust concentration levels (dust particle size
up to 70 um) in the simulation parameters range under consideration is evidence of the
following:

— the Starye Apatity area is most exposed to air pollution;
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— the calculated dependences of maximum concentration of dust with high certainty
factor are described by the linear functions; it makes it possible to predict the critical
dust source area at which the air pollution level reaches the TLV. With 23 m/s wind flow
speed it is necessary to reduce the dust source area down to about 2.5 ha, with 17 m/s
wind to 6.8 ha, and with 11 m/s 25 ha may be allowed;

— the dependence between the maximum concentration of dust and wind flow speed
under fixed values of dust source area is approximated by a power-law function.

Generalized analytical expression which makes it possible to predict maximum dust
concentration has been obtained, being a function of two parameters (dust source area
and wind speed) which significantly determine the level of air pollution with dust.
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Pe3yabTaThl OlleHKH 3arpsi3HeHHsI aTMoc(epbl B 3aBUCMMOCTH 0T CKOPOCTH
BETPOBOI0 MOTOKA U IUIOMIAH NMbLJIEHUs] METO0M YUCJIEHHOT0 MOJAeTUPOBAHUSA

Awmocos I1. B., Bakianos A. A.2, Makapos /I. B.1, Macsio6oes B. A.!
! MuctutyT npobiem npombinuieHHoi skonorun Cesepa KHII PAH, Anarutsl, Poccus.
2 BceMupHasi MeTeoposiornueckast opranusanus, XKenesa, [lIseiinapus.

Pecpepam
Ilens pabomer. Oyenxa mMemoooM YUCIEHHO20 MOOCIUPOBAHUSI YPOBHElU 3AZPI3HeHUs. ammocepol
2. Anamumvl 6 3a6ucuMOCmu  OmM  OUCKPEMHO2O0 PACHONONCEHUs YHUACMKO8 NblIeHUs PpatioHda
X6OCMOXpaAHUIUWA, OIUdICALIULE20 K 20PO0Y, U CKOPOCHIU 6EMPOBO20 NOMOKA.
Memoouxa. Komnviomepnoe mooenuposanue 6 mMpexmepHol 2eoMempuu GbINOIHEHO C NOMOUbIO
npoepammer COMSOL. [{ns ev1uucienus as3poouHamMuyeckux XapaKmepucmux nPUMeHsLI0Co NPUOIUdX CeHUue
HecoHcUMaemoll  JCUOKOCMU ¢ NpusiedyeHueM Ccmanoapmuou mooenu mypoyrenmuocmu. Ilpoyecc
PACRPOCMPAHEHUsl NbLIEeBbIX 3A2PAZHEHULl NPOMOOCIUPOBAH NOCPEOCMBOM YUCLIEHHO20 PeuleHUs.
KOHBEKMUBHO-0UPPY3UOHHO20 YPABHEHUSI NEPEeHOCA NPUMECU C YUemoM cKopocmu ocedanus. Hucnennvie
9KCREePUMEHMbL GbINOIHEHbL NPU 8APUAYLUL CKOPOCIU 8eMPOBO20 NOMOKA om 5 00 23 m/c u ouckpemnom
npeocmasnenuu niowaou nolierus om 2 0o 10 ea.
Pesynomamot u ux ananus. Ilonyuenvi npocmpancmeeHHvle pPACHPeOeieHus adpOOUHAMUYECKUX
Xapakmepucmux Mooenu u NOouHmepsaibHvle (U CYMMApHble) pacnpeoeienusi NbliegblX 3acpPA3HeHU.
Haubonvwemy 3azpsasznenuio noosepaicena ammocgepa paiiona Cmapwix Anamumos. I[Ipoananuzuposanot
u 0600uenbl 00 GYHKYUOHANLHBIX 3AGUCUMOCTEL YPOBHU 3A2PA3HEHUs AMMOChepbl 8 3a6UCUMOCIU OM
3HAYeHUll 6apbUPYyeMblX napamempos mooenu. Pacuemnvie 3a6Ucumocmu MakCuManbHOU KOHYEHmMpayuu
NbLIU OM NAOWAOU NbLLEHUSI ONUCLIBAIOMCS TUHEUHBIMU QYHKYUAMU, YMO NO360Isem cOelamb NPOSHO3
KpUmuyeckot nioujadu nvlleHus, npu Komopou ypogensb 3azpssnenus ammocpepvl docmuzaem ITJ/JK.
3asucumocmsb MaKcuManbHOU KOHYEHMPAYUU NbLIU OM CKOPOCHU 8EMPOB020 NOMOKA NPU PUKCUPOBAHHBIX
BHAYEHUSIX NIOULAOU NBLIEHUSL MOJICEm OblMb ANNPOKCUMUPOBAHA CIMENEHHOU (yHKYUell.
Bovioovt u oonacme npumenenusn. O000weHHAs DYHKYUOHANbHASL 3A6UCUMOCHIb  NO380JIEm
NPOCHO3UPOBAMb MAKCUMANbHbIE KOHYEHMpAayuu noliu 6 2. Anamumol 6 3a6UCUMOCmU OM NIOWA0U
nblLIeHUs. OUCKDEMHbIX YYACIKO8 X80CMOXPAHUNUWA U CKOPOCMU 8€MPOBO20 NOMOKA.

Knroueevie cnoea: Xeocmoxparnuiuuwie, CKopocmb eempa, nJlOWa()b noulleHust,; ducxpemnocmb;
3acpA3HeHue amMocqbepbz; YucjieHHoe Modeﬂupoganue.

Paboma noooeprcana zpanmom PODH 19-05-50065 Mukpomup «Komnnekcnan ouenka eo3oeiicmeusn
MUKpOUAcUY 6 6blOpPOCAx 2OPHBIX U Memannypzuieckux npeonpuamuii Mypmanckoii oonacmu Ha
IKOCUCHEMBL U COCHOAHUE 300P06bA HACENEeHUA APKmuKuy.
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