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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–ε)-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 fl ow under wind 
speed variation [13]; the eff ect 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 fl ow 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 fl ow speed and the dust source area under discrete arrangement 
of dust source areas (fi g. 1).  

 
Fig. 1. Location diagram of the dust source areas 1–5 on the 

tailing dump site 
Рис. 1. Схематичное расположение на территории 

хвостохранилища участков 1–5 пылящей поверхности 
 

Tailings storage facility 

Wind direction 

Computer model developed by the authors and presented in works [13, 14] is used 
as a base model. Input fi le 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 х 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 fl ow 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 fl ow 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–ε)-model of turbulence. 
Calculation is made before the steady-state mode.

 
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) 
Рис. 2. Пространственное распределение суммарной концентрации пыли в 

поперечном к направлению ветрового потока измерении при вариации площади 
пылящей поверхности (скорость ветрового потока 17 м/с) 
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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).  

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 × 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; 
– 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–ε)-model of turbulence. 
Calculation is made before the steady-state mode. 

The values of the longitudinal component of wind speed at the height of +10 m U10 
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.  

 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 µm in diameter with 10 µm 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 U10 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–ε)-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.

 
Fig. 3. Dependency of the maximum dust concentration on the dust source area at 

different wind flow speeds 
Рис. 3. Зависимость максимальной концентрации пыли от площади пыления при 

вариации скорости ветрового потока 
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Fig. 3. Dependency of the maximum dust concentration on the dust source area  
at different wind flow speeds

Рис. 3. Зависимость максимальной концентрации пыли от площади пыления  
при вариации скорости ветрового потока

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/m3 or 3 · 10–7 kg/m3 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.

 
Fig. 4. Dependency of the maximum dust concentration on the dust source area at a wind 

flow speed of 5 m/s 
Рис. 4. Зависимость максимальной концентрации пыли от площади пыления при 

скорости ветрового потока 5 м/с 
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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  
Cm = AVB, where V is wind speed, m/s. The values of coefficients А and В under various 
values of dust source area are presented in table 3.

Further analysis of coefficients А and В has shown that for the former coefficient the 
linear dependence А = 10–12(9.510S + 1.932) is valid, where S is the dust source area, 
ha; for the latter coefficient mean В = 2.975 may be used (maximum deviation of 
coefficient В 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 Сm =10–12(9.510S + 1.932)V 2,975. 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  
Таблица 2. Значения «веса» интервала и скорости оседания в зависимости 

от диаметра частиц пыли 

Mean diameter (interval 
range), µm 

Interval “weight” Deposition rate, m/s 

5 (0–10) 0.022 0.00195 
15 (10–20) 0.083 0.0175 
25 (20–30) 0.142 0.0487 
35 (30–40) 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 A and B in the approximation 
functions of the maximum dust concentration depending on wind 

flow speed at a given dust source area  
Таблица 3. Значения коэффициентов А и В в функциях 
аппроксимации максимальной концентрации пыли от 

скорости ветрового потока при фиксированной площади 
пыления 

Dust source area, ha Coefficient А Coefficient В 

2 2.086 · 10–11 2.973 
4 3.985 · 10–11 2.978 
6 5.853 · 10–11 2.978 
8 7.967 · 10–11 2.976 
10 9.605 · 10–11 2.971 

 
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 µm) 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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Результаты оценки загрязнения атмосферы в зависимости от скорости 
ветрового потока и площади пыления методом численного моделирования

Амосов П. В.1, Бакланов А. А.2, Макаров Д. В.1, Маслобоев В. А.1
1 Институт проблем промышленной экологии Севера КНЦ РАН, Апатиты, Россия. 
2 Всемирная метеорологическая организация, Женева, Швейцария.  

Реферат
Цель работы. Оценка методом численного моделирования уровней загрязнения атмосферы  
г. Апатиты в зависимости от дискретного расположения участков пыления района 
хвостохранилища, ближайшего к городу, и скорости ветрового потока. 
Методика. Компьютерное моделирование в трехмерной геометрии выполнено с помощью 
программы COMSOL. Для вычисления аэродинамических характеристик применялось приближение 
несжимаемой жидкости с привлечением стандартной модели турбулентности. Процесс 
распространения пылевых загрязнений промоделирован посредством численного решения 
конвективно-диффузионного уравнения переноса примеси с учетом скорости оседания. Численные 
эксперименты выполнены при вариации скорости ветрового потока от 5 до 23 м/с и дискретном 
представлении площади пыления от 2 до 10 га.
Результаты и их анализ. Получены пространственные распределения аэродинамических 
характеристик модели и поинтервальные (и суммарные) распределения пылевых загрязнений. 
Наибольшему загрязнению подвержена атмосфера района Старых Апатитов. Проанализированы 
и обобщены до функциональных зависимостей уровни загрязнения атмосферы в зависимости от 
значений варьируемых параметров модели. Расчетные зависимости максимальной концентрации 
пыли от площади пыления описываются линейными функциями, что позволяет сделать прогноз 
критической площади пыления, при которой уровень загрязнения атмосферы достигает ПДК. 
Зависимость максимальной концентрации пыли от скорости ветрового потока при фиксированных 
значениях площади пыления может быть аппроксимирована степенной функцией. 
Выводы и область применения. Обобщенная функциональная зависимость позволяет 
прогнозировать максимальные концентрации пыли в г. Апатиты в зависимости от площади 
пыления дискретных участков хвостохранилища и скорости ветрового потока.

Ключевые слова: хвостохранилище; скорость ветра; площадь пыления; дискретность; 
загрязнение атмосферы; численное моделирование.
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