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Abstract. Large areas of land are allocated to the tailings of mining and processing plants. They become sources
of intense dust formation after the release of the tail pulp and rapid drying due to the slope height of more than 40 m and
high wind flow speeds at these heights. The development of mining and processing plants is impossible without the
implementation of ecologically oriented approaches to the management of production and technologies, which involves
reducing the intensity of air pollution, the underlying surface. The assessment of the pollution zone is one of the global
problems of tailings, since it requires taking into account both physical and natural factors. In this research, a numerical
model was developed for the rapid assessment of dust pollution in the air during the removal of dust from the tailings.
The numerical model is based on solving the equation of hydrodynamics and the equation of mass transfer by finite
difference methods. The Laplace equation is used to find the potential of the air flow velocity, which makes it possible to
calculate the velocity field over the entire study area. The solution of the mass transfer equation makes it possible to
estimate the dust concentration field, to obtain a visual representation of the concentration in the form of isolines. The
study shows that the stability of the calculation is the same when the input parameters of the problem change. The
developed model takes into account the geometry of the slopes, the location of the dust source and their type (point or
linear), the change in the air flow velocity with height, the presence of screens at the tops of the slopes. Pollution zones
correspond to the physics of the process, namely, the formation of a clearly defined halo of pollution from a constantly
operating source of pollution is observed, taking into account the influence of the aerodynamics of the air flow on the
formation of pollution zones. The obtained results of study can be useful both in assessing dust pollution zones and in
determining the geometry of protective equipment, namely the required height of the screens. Reducing the level of dust
pollution to standard values is a necessary condition for the environmentally safe living of the population in residential
areas.
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1. Introduction

The sustainable development of the economy of Ukraine is not possible without
effective development of the mining processing industry. The largest industrial region
in Ukraine related to the mining processing industry is the Kryvyi Rih Iron-ore Basin
(Kryvbas). More than 80% of iron ore raw materials are mined in this region and
more than 20% of metallurgical products in the country are produced. But Kryvbas is
not only the largest iron ore basin in Ukraine, it is also a region of environmental
problems. The main enterprises of the mining industry are concentrated here: the five
largest mining and processing plants with ten quarries over 300 m deep and 17 iron
ore mining mines with a depth of 80 to 1,300 m. The iron ore deposits of Kryvbas are
complex in their composition, each of them is composed of two or three types of iron
ores and associated non-metallic minerals. According to various estimates, the dumps
of Kryvbas contain up to 13 billion tons of overburden, and over 7 billion tons of
processed waste from poor iron ores that have been accumulated during the period of
operation.

Iron ore beneficiation technologies used at the Kryvbas involve the generation of
processing waste, their transportation and storage in special tailings facilities, into
which they are fed in the form of pulp. Nowadays, about 2.7 to 3 billion m?® of ore
beneficiation waste is accumulated in the tailings storage facilities of Dnipropetrovsk
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region, from which more than 2 billion m? is in Kryvbas. At the same time, man-
made water objects are created, including tailings ponds, mine water storage ponds,
etc.

Today, the area of lands disturbed by quarry works and those in need of urgent
restoration is about 200,000 hectares. In Dnipropetrovsk region, 140,000 hectares
have been alienated for the needs of various sectors of economy, including almost
84,000 hectares of agricultural land, where 58,000 hectares are arable land. This is
almost the territory of one administrative district. On the territory of Dnipropetrovsk
region, there are wastes from mining, beneficiation and processing of iron,
manganese, uranium ores, coal, etc. "Industrial deserts" are forming around the city
of Kryvyi Rih, which not only replace agricultural land, but also have a negative
impact on the environment, polluting the air, surface and groundwater.

The development of mining and processing plants is impossible without the
implementation of ecologically oriented approaches to the management of production
and technologies, which involves reducing the intensity of air pollution, the
underlying surface, based on the determination of impurity concentration fields in the
area of mining and processing plants.

Analysis of recent research and publications. The theoretical solution of the
problem concerned determining the intensity of air and subsurface pollution when an
impurity is emitted from a specific source of pollution is based on determining the
concentration of the impurity in the study area. Currently, several approaches are
used to calculate the concentration field. The first is the calculation of the impurity
concentration on the basis of empirical models, which make it possible to determine
the impurity concentration at different distances from the source by using simplified
formulas of algebraic ratios. Thus, inthe research [1], an empirical model for
determining the concentration of an impurity from a point source (for example, a rock
dump) is considered, but to use this model, a number of empirical constants that were
determined only for regions must be specified. Also, this model cannot take into
account the influence of obstacles on the formation of concentration fields. Another
approach is the use of analytical models. For example, works [2—3] present analytical
models for determining the impurity concentration near the emission source: three-
dimensional models [2] and two-dimensional models [3]. But the disadvantage of
these models is also the impossibility of predicting the level of atmospheric air
pollution taking into account the obstacles that may be located near the emission
source and create an uneven wind profile. This drawback is also present in the
Gaussian model [4], which is an analytical model that uses a number of empirical
constants. CFD models are currently the most powerful models for forecasting the
level of air pollution. Thus, in work [5], a CFD model is considered, which allows to
predict the level of air pollution with an uneven field of air flow velocity, which is
formed near an obstacle, but the use of this model requires a very powerful
computers, which are not always present in project organizations, as well as the
calculation time for such CFD models can be from several hours to several days.
Therefore, an important problem arises in the development of CFD models, which
allow taking into account the most important factors that affect the formation of
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impurity concentration fields, but require little time when implemented on a PC when
conducting serial calculations in design and research organizations.

2. Methods

The process of removing dust from the tailings storage facility is quite complex
from the point of the geometry of object, the non-stationarity of the dust removal
process and the influence of meteorological parameters of air environment.
Therefore, the use of analytical and empirical models to take into account all the
listed components is not effective. To assess the intensity of dust pollution of the air
during the emission of dust from the tailings repository, it is advisable to use the
method of numerical modeling (CFD modeling). Thus, the purpose of the research is
to build a CFD model for the express assessment of dust pollution of the air during
the removal of dust from the tailings storage, and accordingly to expand the
possibilities of conducting a large number of computational experiments for a more
detailed study of this process.

Mathematical model. Forecasting the level of atmospheric air pollution during the
emission of dust from a certain surface of the tailings storage is based on the solution
of two problems: the problem of aecrodynamics (determination of the air flow velocity
field in conditions of complex terrain and the presence of various types of obstacles)
and the solution of the problem of mass transfer of impurities. The construction of a
mathematical model for rapid assessment of the dust pollution process of air during
removal of dust from the surface of the tailings storage facility. The scheme of the
MNPK calculation area is shown in Figure 1.
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Figure 1 — The scheme of the calculation area

A potential motion model is used to solve the problem of aerodynamics. The
modeling equation has the form (1) [6; 8], where P is the air flow velocity potential.

—5t—=0. (1)
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Boundary conditions are set for solving the equation (Fig. 1):
— at the border of MN, where the air flow enters the calculation area, a condition is

a—P=U, where U — the value of the wind speed at the height A=y

ox

U=U; -(y/yj)nl , where U; wind speed at the level y; =10 m, n; =0,15 [1; 7].
Thus, the change in air flow speed with height is taken into account in the model

h, (Fig. 1), which makes it possible to carry out a reasonable calculation of the

removal of tailings, which is located at a certain height A and if there are height 4

barriers on it.
— at the exit boundary of the air flow PK a boundary condition P = F, +const is

imposed, where P, —some constant;
— on all impervious boundaries, as well as on the surface of the water in the

tailings (Fig.1, border BC) the condition Z—P =0 is met, n — external unit normal
n

vector.
The components of the air flow velocity vector are determined by the ratio (2) [8]:

U=—,v=—0-. (2)

The mass transfer equation is used to model the process of dust spreading from a
certain area of the tailings storage (border 4B, Fig.1) (3) [2; 8]:

Oy

oC ouC 8(V—Wg)C 0 ( acj P oC N
" =—| py— |+ — (5 —x;,y—v;) (3
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») iz

where C — dust concentration, [mg/ m®]; u, v— components of the wind speed vector,
[m/s]; uy . p, — coefficients of atmospheric turbulent diffusion, [m?/s]; wg — rate of

gravitational settling of dust, [m/ s]; Q;(z)— intensity of dust removal from section 4B
in the figure 1, [mg/ (s'm%)]; d(x, y) — Dirac delta function; (x;, y; )— coordinates of
the dust emission source, [m]; ¢ — time, [s].

The following boundary conditions are set for equation (3) [8]:

1. At the boundary of the air flow entry into the calculation area, the dust
concentration is set to zero C =0;

2. The area of dust removal on the shore of tailings storage (Fig. 1, border AB) is
modeled by a set of point sources with a known intensity of emission Q;(?);
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3. On all solid walls, depending on the direction of the normal, the impenetrability
condition must be fulfilled, which requires the equality of zero changes in the

. oC
concentration of normal to the surface 8_ =().
n

4. The diffusion process is not taken into account at the exit boundary of the air

flow from the calculation area Z—C =(.
X

5. At the initial moment of time, the dust concentration is assumed to be zero
C,—o =0. If necessary, it is possible to set any other value of dust concentration, for

example, determined by experimental measurements or some background value.

Numerical model. Numerical integration of modeling equations is carried out on a
rectangular difference grid. First, the Laplace equation (1) is reduced to an equation
of the "evolutionary" form with the application of setting the solution in time [6]:

=i s 4)

where ¢ — fictitious time, at ¢ — oo, the solution of equation (4) leads to the solution
of Laplace equation (1).

Next, the equation (4) is solved using a conditionally approximating scheme [6].
The differential equations have the form:

— in the first step of splitting:

1 1 1
n+— n+— n+— n+— n+—
Rj2-Rly -R;ZR,5 —Ry2tR; g
= + : (5)
At Ax? Ay2
— in the second step of splitting:
1
+1] n+§ +] +]/ +1/ +]/
n n n
L NI S R N R
= + (6)
At Ax? Ay2

At each splitting step, the unknown value of the velocity potential is found by an
pntl _ pn
ij i,j

explicit formula. The calculation ends when the condition <eg 1s met,

where ¢ — accuracy of calculations, ¢ = 1 03 +107% , n — iteration number (number of
time steps), for these calculations it was assumed that & = 0,001 .
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To start the calculation, it is assumed that P,_, =0.

After finding the velocity potential field, the components of the air flow velocity
vector are determined [8]:

P.—P_; P, —P .
U: .=M, V- :M

hJ Ax b Ay )

The components of the air flow velocity vector are determined on the sides of the
difference cells.

At the differential level, the mass transfer modeling equation (3) is split into three
components.

6C+8uC+8vC:0, )
ot  Ox oy
oC 0 oC 0 oC
_:_(:ux_j—i__ luy_ > (9)
ot Ox ox ) Oy oy
oc Y
D 0;0)-5(x—xp.y—y;) (10)

G ——

where v=v-w,.

In such a split, equation (8) describes the process of impurity transfer under the
influence of the directed movement of the air flow. Equation (9) is transfer under the
influence of diffusion, and equation (10) is the change in impurity concentration
under the influence of sources.

Next, derivatives are approximated [3; 8]. The time derivative is approximated by
the divided difference "backwards":

1
oc _Ci -G
ot At

In convective derivatives, the components of unidirectional transfer are written as:

ouC _ ou'C N ou C ovC _ o' C N ov C
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Taking into account the previous expression, the convective derivatives are
approximated by separated differences "upstream" in the upper time layer:

+ ntl _ n+l
ou C uz-i—] ]C Cz -1,j _ 1+ ,n+l
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ox Ax
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where u+=u+‘u| u_:u_‘“‘ v+:"+|"‘ v—:V_M
2’ 2 7 2 P

Next, the following splitting is performed in four steps:

nik_cn.y
— on the first step, k=1/4: —/ o b +E(L;Ck +L;Ck) =0;
ck _cp.
— on the second step, k=1/2, p=n+1/4: %Jré@;ck +L;Ck) =0;
k
Cr.—-CP.
— on the third step, k=n+3/4, p=n+1/2: ’D’A—t’DJ +§(L;C" +L,C* )=0;
k

Ciy=Cly 1+ i v %
L@t et ) =0,

— on the fourth step, ki=n+1, p=n+3/4: yr

The unknown concentration value of equation (8) is found according to an explicit
scheme at each cleavage step.
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For the numerical solution of equation (9), a two-step splitting scheme is used [8]:
— at the first step of splitting, the difference equation has the form:

1 i 1 1] 1 I ]
n—i—E n+§ n+§ n+§ n—l—E
n
Ciy” —Ciyj _ ) “C G| ) —Ciy” TGS an
At * Ax? g Ay2 ,

— at the second step of splitting, the difference equation has the form:

1

n+—
n+l _C 2 n+l n+l ntl o ~ntl
j ilj i1 i ij+1 ilj
x Y
At Ax? Ay2

= u tlu ; (12)

The Euler method [6] is used for the numerical integration of equation (10). The
calculated dependence has the form:

N
Cil =l +4t-3. 0109 -x1,9 - y;) . (13)
i=1

The software implementation of the developed numerical model was carried out.
The «HILL-2» program package was been created.

It should be noted that to determine the intensity of dust emission from a site, it
makes sense to use empirical models obtained for specific operating conditions of a
particular object [9]. Such models can take into account the specifics of dust (particle
diameter), dust humidity, etc.

3. Results and discussion

The built numerical model was used to conduct parametric studies in order to
determine its stability for the case of calculating the spread of impurities in the area
of a complex geometric shape. Numerical stability is a basic requirement for
numerical methods. It is known that this or that finite-difference scheme (method)
can be stable from a theoretical point of view — for example, such a result was
obtained when studying the stability of the model equation. However, when
calculating in areas with complex boundary geometry, a loss of stability may occur.
Besides, the fictitious sources or drains may appear during calculations in such areas.
This makes it impossible to further solve the impurity propagation problem, because
"additional sources" appear in the calculation domain, that is, we get a non-physical
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solution to the problem. Therefore, parametric studies are very important in order to
confirm the robustness of the method.

Parametric studies were conducted as follows. Firstly, the location of the dust
emission source was changed. That is, the source was located in the area with a low
speed of air flow (Fig.2, scenario 1), and in the area with a fairly high speed (Fig.4,
scenario 2), in addition, the intensity of dust emission of the pollution source varied.
Secondly, the calculation was carried out for different internal geometries: in the
presence of screens and in the absence of screens (Fig.6, scenario 3, Fig.8, scenario 4).

When conducting computer experiments, the calculation was carried out with the
following data: the height of the screen on the left was 3 m, on the right is 3 m or
6 m; air flow speed U=5 m/ s; it was assumed that the diffusion coefficients were
determined by the ratios, #x=k-u(x,y), #,=Fk-v(x,») that is, the value of the
atmospheric diffusion coefficients depends on the local value of the air flow speed.
Figure 2 shows the pollution zone (isolines of dust concentration) for the first
scenario, when the source of pollution is located below, in the zone of low air flow
speeds, and screens of the same height #=3 m are located above. Figure 3 shows the
distribution of dust concentration on the AC site, the approximating equation has the
form: y =0.017x- 1.0398x + 17.776 (R>=0.9839).
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Figure 2 — Zone of dust pollution (scenario 1, dust emission intensity
Q=200 mg/s)
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Figure 3 — Distribution of the concentration of dust pollution at the AC site (scenario 1)
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The concentration of pollution slowly changes from the source of pollution
located below (Fig. 2, position 1). A zone with a significant dust concentration
gradient is formed near the source of pollution. However, since there are screens on
top which prevent the movement of pollution, the most intensive area of pollution is
formed on the windward side of the tailings storage facility.

Figure 4 shows the pollution zone when the source is located on top of the tailings
storage, but in the absence of screens (Fig. 4 zone AC). Figure 5 shows the
distribution of dust concentration on the AC site, the approximating equation has the
form: y = 0.0217x> - 1.939x + 56.938x - 540.08.
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Figure 4 — Zone of dust pollution (scenario 2, intensity of dust emission from the site
Q=600 mg/s)
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Figure 5 —Distribution of the concentration of dust pollution at the AC site (scenario 2)

This is a zone of fairly significant wind speeds in the absence of screens, which
leads to active deflating of dust and its unimpeded movement, the level of dust
concentration is significant, its reduction occurs only due to diffusion. The territory
located behind the tailings storage facility in the direction of the wind is significantly
affected by harmful factors, namely dust blown from the surface of the object.

Figure 6 shows the pollution zone (scenario 3), when the dust emission source has
a certain length (Fig.6, zone 4B), there is an area with water nearby (Fig. 6, zone
BC(), and there are also screens of the same height /= 3 m on both sides. Such a
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configuration has the appearance of an "emission source inside a cavern". Figure 7
shows the distribution of dust concentration on the AC site, the approximating
equation has the form: y = 0.0039x* - 0.4026x> + 15.264x? - 252.8x + 1557.3.
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Figure 6 — Zone of dust pollution (scenario 3, intensity of dust emission from the site
Q=600 mg/s)
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Figure 7 — Distribution of the concentration of dust pollution at the AC site (scenario 3)

The analysis of Figure 6 shows that the pollution area with a significant dust
concentration gradient is formed in the "cavern".

Figure 8 shows the pollution zone (scenario 4) when the screen on the left is
h=3 m, but the height of the screen on the right is about #=6 m.

As can be seen from Figure 8, the second screen plays the role of a springboard
and contributes to a more intensive rise of dust upwards than in the previous case.

Since the purpose of this work was a parametric study of the built numerical
model, the calculation was performed with various parameters that are characteristic
of the phenomenon being modeled. The following were varied: the position of the
pollution source and its geometry; emission intensity of the emission; the height of
the screens. This was done in order to check the stability of the numerical model.
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Because, as is said above, in the area with complex boundary geometry, namely,
when there is a large number of corner points inside the calculation area, streamlines
with significant curvature are formed. In the work, the stability of the model was
checked by performing computational experiments while varying the specified basic
parameters. The article presents a small part of the research conducted by the authors.
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Figure 8 — Zone of dust pollution (scenario 4, intensity of dust emission from the site
Q=400 mg/s)

Figure 9 shows the distribution of dust concentration on the AC site, the approximating
equation has the form: y = -0.0061x* + 0.6739x> - 27.901x> + 509x - 3434.8.
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Figure 9 —Distribution of the concentration of dust pollution at the AC site (scenario 4)

4. Conclusions

The purpose of the research was achieved by creating a CFD model of the process
of air pollution during the emission of dust from the tailings. The developed model is
based on the numerical integration of the fundamental equations of the mechanics of
a solid medium. The difference of the model is the use of the equation for the velocity
potential when determining the velocity field of the air flow, instead of the equations
of viscous fluid motion. As a result of the conducted research, the following
conclusions can be made:
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— no fictitious sources or drains appeared in the calculation area;

— pollution zones correspond to the physics of the process, namely, the formation
of a clearly defined halo of pollution from a constantly operating source of pollution
1S observed;

— it can be clearly seen that there is the influence of the aerodynamics of the air
flow on the formation of pollution zones, there is a rise of dust above the tailings
storage;

— violation of the calculation stability when changing the input parameters of the
problem was not detected;

— the calculation time of one scenario is 4 seconds.

The obtained results are necessary for conducting an express assessment of dust
pollution of the air during its removal from the tailings storage, taking into account
the location of pollution source, its type (point or linear), the shape of the tailings
storage, the height of screens acting as means of reducing the dust load in the
adjacent territory. The short calculation time of one scenario, the possibility of taking
into account a significant number of physical and natural factors allows for a more
detailed assessment of dust pollution level and the geometric parameters of means for
its reduction.

A limitation of the model is the calculation of only 2D impurity distribution.
Further research is the creation of a 3D CFD model for forecasting dust pollution.
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MATEMATUYHA MOMENb ANA EKCNPEC-OUIHIOBAHHA NMPOLIECY NMUWNOBOIro 3ABPYOHEHHA
NOBITPA BIIA XBOCTOCXOBULLA
CemeHeHko €.B., Medsedesa O.0., binssiee M.M., Pycakosa T.I., KozayuHa B.A.

AHoTauis. Benuki nnoLwi 3emenb BiABOAATLCS HA XBOCTOCXOBMLLA ripHU4036aradyBasnbHuX kombiHaTie. BoHu cTaioTb
[Kepenamm iHTEHCUBHOTO NMUIOYTBOPEHHS NICNs BUMYCKY XBOCTOBOI MyMbMiA i LWBWAKOMO BUCKUXaHHS 3@ paxyHOK BUCOTM
ykociB noHaZ 40 M Ta 3HaYHWMX LUBWMAKOCTEW BITPOBOTO MOTOKY Ha JaHux BucoTax. loganblunii po3BUTOK FipHUYO-
3barayyBanbHOi ranysi cTae HemOXnuBuM 0e3 BrpOBAMKEHHS EKOMOrMYHO-OPIEHTOBAHMX MIOXOZiB A0 YNpaBIiHHA
BMPOBHULITBOM Ta TeXHOMOrisamMu, WO nepeadavae 3MEHLUEHHS iHTEHCUBHOCTI 3abpyaHeHHs nosiTps. OujHka 30HW
3abpyaHeHHs € ogHieto i3 rnobanbHUx Npobrnem XBOCTOCXOBMLL, OCKirlbkv NoTpebye BpaxyBaHHA SK (i3NYHMX, TaK i
NPMPOAHMX hakTopiB. B gaHiit poboTi po3pobneHo YncensHy Moaenb Ans eKCnpec OLiHIBaHHS MUIOBOMO 3abpyaHEHHS
MOBITPS MPW BUHOCI MUY 3 XBOCTOCXOBWLLA. YncenbHa Modenb 6a3yeTbCsl Ha BUPILLEHHI PIBHSHHS TigpoAvHaMIKK Ta
PIBHSHHA MaconepeHocy KiHLEeBO-pisHULeBuMM MeTodamu. PiBHSHHS Jlannaca 3acTocoBYETbCS AN 3HAXOMKEHHS
noTEeHLiany WBMAKOCTi NOBITPSIHOTO NOTOKY, WO A03BOSISE PO3paxyBaTH Nome WBMAKOCTI B YCill 4OCNILKyBaHin 0bnacri.
Po3B’3aHHS PiBHSIHHSA MaconepeHocy [03BOMSE OLiHUTI Mone KOHLEHTpaLji numny, oTpUMaTi HaouHe NpefCcTaBleHHS
KOHLIeHTpaUji y BUrnAgi i3oniHin. B gocnigxeHi nokasaHo, Lo CTiAKICTb po3paxyHKy Mpy 3MiHi BXiZHWX napameTpis 3adavi
He nopywwyeTbcs. Po3pobneHa Moaenb BpaxoBye reOMETPIl0 YKOCIB, MICLIe pO3TallyBaHHS Mkepena nuny Ta yoro Tvn
(ToYkoBe UM MiHiHE), 3MiHY LUBUAOKOCTI NOBITPSHOrO NOTOKY 3 BUCOTOK), HAsABHICTb €KPaHIB Ha BEPLUMHAX YKOCIB. 30HM
3abpyaHeHHs BignoBigatoTb (isnLi NpoLecy, cnocTepiracTbCs (POPMyBaHHS YITKO OKPECNeHOro opeona 3abpyaHeHHs
Big NOCTIAHO Aito4oro mxepena 3abpyaHeHHs, BpaxoBYETHCA BMIVB aepOaMHaMIKK MOBITPSHOMO NOTOKY Ha (hOpMyBaHHS
30H 3abpygHeHHs. OTpuMaHi pe3ynbTaTh JOCMIMKEHHS MOXYTb OyTW KOPUCHUMM, SK MPW OLiHLI 30H MUIIOBOMO
3a0pyaHeHHs, TaK i NpyU BM3HAYEHH reoMeTpii 3acobiB 3axucTy, a came HeoOXigHOI BUCOTW eKpaHiB. SHWMKEHHS PIBHS
NUMoBOro 3abpyaHeHHS 0O HOPMAaTWBHUX 3HAYeHb € HEeobXiOHOK YMOBOK €KOMOriyHO Be3neyHoro NpoXWBaHHS
HaceneHHs B cenitebHuX 3oHax.

KntouoBi cnoBa: xBocToCXoBuLLE, NUNOBE 3a0pyOHEHHS, MaTeMaTUyHE MOAEMIOBAHHS, YUCEMbHUIA EKCNEPUMEHT,
KOHLieHTpaLjis 3abpyaHeHHs.
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