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Abstract. Problem statement. The operation of many industries is associated with dust and thermal air pollution.
Particularly intense dust pollution of the air occurs during the operation of the mining complex. Intense thermal air
pollution occurs during fires. Fires are a dangerous phenomenon at industrial and civil facilities. If a fire occurs at an
industrial facility where oil storage facilities are located, a very intensive area of thermal pollution of the atmospheric
air arises. This creates a risk of thermal injury to workers and a risk of ignition of oil storage facilities located near the
source of ignition. An important practical task arises — reducing the risk of ignition of neighboring storage facilities.
One of the means of reducing the risk of ignition is the use of protective screens, gabions at industrial sites. For
practice, it is important to determine in advance the stability of such structures under the influence of a heat wave and to
assess the "contribution” of these structures to reducing the air temperature near neighboring oil storage facilities.
Reducing the air temperature near neighboring storage facilities increases the stability of bulk structures. Solving this
class of problems requires the use of specialized mathematical models of aerodynamics and heat transfer. The purpose
of the article. Creation of a CFD model for assessing thermal fields at an industrial site in the event of a fire and
development of numerical models for predicting dust pollution of the air environment. Methodology. To simulate
thermal fields at an industrial site, a potential flow and heat transfer model is used. To simulate the heating of a
protective structure (shield), a one-dimensional heat conduction equation is used. Numerical integration of the modeling
equations is carried out using explicit schemes. A mass transfer equation is used to model dust air pollution. Scientific
novelty. Two numerical models are proposed for a comprehensive solution to the problem of determining the
temperature field at an industrial site and inside a protective structure (screen) used to reduce the thermal load on a
neighboring oil storage facility. Proposed numerical models for the analysis of dust air pollution. Practical
significance. The implementation of the developed numerical models is implemented in real time. With the practical
implementation of numerical models, almost all information regarding thermal fields formed on an industrial site during
a fire can be obtained. This information allows you to identify areas with an intense increase in temperature, i.e. areas
with a significant risk of injury to workers. Conclusions. Effective numerical models are proposed for solving complex
problems in the event of a fire at an industrial site and in case of dust emission. The models make it possible to assess
the level of thermal pollution of atmospheric air at the site and the effectiveness of using a protective screen to reduce
the air temperature near a neighboring storage facility.

Keywords: protective barrier; dust pollution; temperature field; fire; heat transfer; mathematical modeling;
industrial site; labor protection
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Anotanisi. Ilocmanoska npoonemu. OyHKIIOHYBaHHSA 0araTb0X BUPOOHHIITB MOB'SI3aHE 3 MAJIOBHM Ta TEIUIOBHM
3a0pyJHEHHSIM MOBITPSIHOTO cepenoBuma. OCoOIMBO IHTEHCHBHE MUJIOBE 3a0pyTHEHHS TOBITPSHOTO CEPEOBUILA Ma€e
micue npu (YHKIIOHYBaHHI TIpHUYOPYJHOTO KOMIUIEKCY. |HTEHCHBHE TerioBe 3a0pyIHEHHs IMOBITPS BiOYBa€ThCS
pu noxkexax. [Toxkexi € HeOe3neyHUM SIBUIIEM Ha IPOMHUCIIOBUX Ta IUBIIBHUX 00’ €KTax. SIKIO MOXexXa TparuiseTbes
Ha TPOMHCIOBOMY 00’€KTi, /e po3TalloBaHi Ha(TOCXOBHWINA, TO BHHUKAE Jy)X€ IHTEHCHBHA IO pO3MipaM 00JjacTh
TEIJIOBOTO 3a0pyHEeHHS aTMocdepHOoro noBiTps. CTBOPIOETHCS PU3KK TEIIOBOTO YPaXXCHHS MPAIiBHUKIB Ta BUHHKAE
PH3HK 3aiiMaHHs HaTOCXOBHIL, IO PO3TAIIOBaHI MOPS] 3 JPKepesioM 3aiiManHs. BuHIKae BakiMBa IpakTHYHA 33/1a9a
— 3MEHIIEHHS PU3UKY 3aliMaHHs CyCiHIX cXoBHII. OJHUM 3 3aC00iB 3MEHIICHHS PU3UKY 3aiiMaHHS € BUKOPUCTAHHS
3aXUCHHX €KpaHiB, Ta0iOHIB Ha MIPOMUCIOBHAX MaliJaHIuKax. [ MpaKTHKK BaXXIIMBO 3a3/1aJIeTilb BU3HAYATH CTiHKIiCTh
TaKWX CIIOPY[ i/ JI€F0 TETUIOBOI XBIIII Ta OILIHIOBATH «BKIIAI» IUX CIIOPYI HA 3MEHIICHHS TEMIepaTypH MOBITPs Ot
CyCiIHIX HAa(TOCXOBHUIN. 3MEHIICHHS TEMIIEPATypy IOBITPS OIS CyCimHIX CXOBWI MiJBHIIYE CTIHKICTh HAJHMBHHUX
KOHCTPYKIii. PimeHHS Takoro kiacy 3agad MOTpedye BUKOPHUCTAHHS CIICIiali30BAaHUX MAaTEMATHYHAX MOJENEH
aepoauHaMiku Ta TeruionepeHocy. Mema pooomu. CtBopenuss CFD moneni st OIiHIOBaHHS TEIUIOBHX IOJIB Ha
HNPOMHUCIIOBOMY MaiIaHUMKy NPH BUHUKHEHHI ITOXEXI 1 po3po0Ka YUCENbHUX MOJENel Uil MPOTHO3yBaHHSI MUIOBOTO
3a0pyAHEHHS TOBITPSHOTO cepenoBuiia. Memooduka. J{ss MOICTIOBaHHS TEIUIOBHX IIOJNIB Ha IPOMHCIOBOMY
MaiJaHYMKy BUKOPUCTOBYIOTHCSI MOJIEJIb MTOTEHIIANBHOI Tedii Ta Termyonepenocy. st MoJeIroBaHHs HarpiBy 3aXUCHOT
criopyau (€KpaH) BHKOPHCTOBYETbCS OJHOBHMIpHE DIBHSHHS TEIUIONpPOBiAHOCTI. UYwncenbHe IHTErpyBaHHS
MOJIEIIIOIOUMX PIBHSAHB 31HCHIOETHCS 3a JIOMIOMOTOI0 SIBHUX cXeM. /1711 MOeIOBaHHs IMIIOBOTO 3a0pyAHEHHS MOBITpPS
BHKOPHCTOBYEThCS DIBHAHHS MaconepeHocy. Haykoea noeu3zna. 3amnpornioHOBaHi B YHWCENbHI MoOAemi Juis
KOMIIJIEKCHOTO PIIIEHHS 3a7adi MO BH3HAYEHHIO TOJII TEMIIEpaTyp Ha IPOMHCIOBOMY MalJaHUMKy Ta BCEPEAMHI
3aXUCHOI cropyau (eKpaH), IO BHKOPHCTOBYEThCS [UIi 3MCHLICHHS TEIUIOBOTO HAaBaHTAXKEHHA HA CYCIIHE
Ha(TOCXOBHINE. 3alpOIOHOBaHI YHCEIbHI MOJENI IS aHaNi3y NHIOBOTO 3a0pyaHeHHS mOBiTps. Ilpakmuuna
3Hauywgicme. Peamizaiiiss po3poONEHMX YHCENBHUX MOJENeH peanizyeTbcss B MacmTabi peaigpHOro yacy. [lpm
NpaKTHYHIA peaiizalii YhceNbHUX MoJelieldl Moxe OyTH OTpUMaHa MPaKTH4YHO ycsi iH(OpMAallis BiJHOCHO TEIUIOBHX
HOJiB, 10 (OPMYIOThCS Ha IPOMHUCIIOBOMY MaiaaH4YuKy npu noxexi. Lls indopmaris 1o3Bosnsie BU3Ha4aTH 00Js1acTi 3
IHTEHCHBHUM TiJIBUICHHSIM TeMIepaTrypH, TOOTO 00JacTi 31 3HAYHUM PHU3UKOM YPa)KeHHsI NpalliBHUKIB. Bucnoeku.
3ampornoHoBaHi e(eKTHBHI YHCENbHI MOZENl /sl PIlIeHHS KOMIUIEKCHHMX 3ajad IpHW BHHHKHEHHI IIOKEXI Ha
NPOMHUCIIOBOMY MaiJaHYuKy a0o0 NpH IUIOBOMY 3a0pynHeHHI. Mopeni AalTh MOMIIMBICTH OIIHIOBATH piBEHb
TEIJIOBOrO 3a0pyAHEHHsI aTMOC(EPHOro MOBITPsSI HA MalIaHUYMKy Ta €(DEeKTHBHICTh BUKOPHCTAHHS 3aXHCHOTO EKpaHy
JUIsl 3MEHILIEHHST TEMIIEPAaTyPH HOBITPs OISl CyCiJHBOTO CXOBHIIIA.

KarouoBi caoBa: saxucnuii expan, nunoee 3a0pyOHeHHs NOBIMPS, NONCENCA; MENIONEPEHOC; MAmemMamuyHe
MOOEN0BANHSA, NPOMUCIOBUL MAUOAHYUK, OXOPOHA Npayi
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Problem statement. Air dust and heat air
pollution are often taken place in different
industrial processes. Dust pollution is very
intensive in mining industry. Extreme situations
at industrial facilities often lead to fires
(Fig. 1,2) [1-5;7;13-15]. It should be
emphasized that fires are a typical phenomenon
during drone attacks on oil storage facilities. In
such a phenomenon, a significant amount of
chemically  hazardous  substances  (fuel
combustion products) enter the air and there is
a risk of thermal injury to workers.

Fig. 1. Fire at an industrial site — formation of a thermal
pollution area at an industrial site
[https://www.volynpost.com/news/51948-masshtabna-
pozhezha-na-naftobazi-pid-vasylkovym-foto]

Fig. 2. Fire at an industrial site — release of toxic
substances [https://www.volynpost.com/news/51948-

masshtabna-pozhezha-na-naftobazi-pid-vasylkovym-foto]

To analyze the risk of toxic injury to
personnel when releasing chemically hazardous
substances into the air, the Gaussian model [11]
and numerical models [4; 6; 7; 9; 10] are
widely used. To analyze the risk of thermal
injury, analytical models and numerical models
[1-4; 6] are used. Each class of models has its
own advantages and disadvantages.

Due to the significant air temperature
during a fire, there is a risk of ignition of other
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storages [6;7]. To solve this important
problem, it is necessary to have effective
mathematical models in order to determine the
effectiveness of the use of protective equipment
for specific operating conditions in a short time.

The goal of the article is development of
CFD models to analyze air temperature at an
industrial site when oil storage is on fire and
development numerical models to simulate air
dust pollution in working and residential areas.

Mathematical models.

Mining industry is the intensive source of
dust emissions into atmosphere. Emission of
dust occurs during different technology

processes and at the mining waste landfills
(Fig. 3). It is very important to predict dust
concentrations

residential areas.

in working areas and in

Fig. 3. Mining waste landfill, Krivoi Rig City
(Dnipropetrovsk Region, Ukraine)

To simulate dust dispersion in working
areas, in residential areas (emissions from
mining waste landfill, dust emission during ore
loading, etc.) the following equation of mass
conservation was used.

0S ouS ovS
X oy
:z( @}g &), @)
ax Mo ) Ty MY gy
n
+2"Qsi (1)8(x=%)3(y - ¥i)
i=1
where: S — is dust concentration in the

atmosphere; u, v — are the components of wind
flow velocity vector; xi, yi — are the Cartesian
coordinates of the i-th source of dust emission;
t — is time; ux, uy — are dispersion coefficients;
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o (xi, yi) — is Dirac's delta function, which is
used to set the location of dust emission source;
Q — is dust emission rate.

For equation (1), the boundary conditions
are as following:

1l)at t = 0, dust concentration is set in
computational region;

2) at the boundary where the flow enters
the computational region, the boundary
condition is C = Ci1, where Cz is a known dust
concentration;

3) at the boundary where the flow leaves

the computational region the boundary

condition is, Z—gzo , where n is a unit vector of

the normal to the boundary.

For numerical integration of mass
conservation equation two numerical models
were built. For the first numerical model the
following splitting was carried out:

£§+Q£=£{M§§} @)
ot OX  OX OoX
s %zi(uyﬁj, @A)
o o oyl oy
B3 4

2104 (8(x-%)(y- )

Two steps scheme of splitting for Eq. (2)
was as follows:

ot

— at the first step:
+ SnJrE . Sn+§
n+— u S _u .S, .2
Sij :Sinj_At i+1, %, ] i,j '1vl_+_
’ ' AX ’
1 1
5,12 4+8, 2 AL
+ At — Ay T
2AX 2AX

— at the second:

1 - n+l - n+1
n+= u_. .S —u~.S"
Sinj+1 =S, j2 At LT
: ' AX
s el n+l n+l ,
_Si,j 2+ Si—l,zj _Si,j + Si+l,j
+Atp T TAp, ————
AX 2AX
u+Uu _ U—|u
where y* = ||u = ||

2 2
Two steps scheme of splitting for Eq. (3)
was as follows:
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— at the first step:
1 1
1 . n+E + n+E
N+ n Vi,'+1Si,' _Vi,'Si,'—l
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— at the second step:
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Ay 2Ay
e vt - V|V - V-V

2
Euler’s method was used for numerical
integration of Eq. (4).
The second numerical model for numerical
integration of Eg. (1) was based on the following
splitting of Eq. (1):

B N (5)
ot ox oy
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Scheme of splitting for Eq. (5) was as
follows:
— at the first step:

k n

Sk —sn
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At

— at the second step:
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Scheme of splitting for Eq. (6) was as
follows:
— at the first step:

et el gl
Si,jz _Si,j =l u, _Si,j2 JFZSH,ZJ' I
At AX
A |
-S .2+8S .2
i,j i,j-1
+ 'Lly AyZ !
— at the second step:
1
n+1 n+5 n+1 n+l
Si,j _Si,j2 = u Si+1,j_si,j n
At ©AX®
S.n‘.f’l _ S-n‘.f’l
i,j+1 i,j
{ﬂy - }

Unknown concentration S was computed
using explicit formulae in all finite difference
schemes.

In the event of a fire at an industrial site,
various types of structures can be used to
protect objects — walls, gabions, etc. Therefore,
an important task arises to estimate the time
when the protective function of the structure
decreases and the risk of its destruction
appears. Theoretical solution of this problem is
based on application of specialized
mathematical models. It should be noted that
this problem requires the solution of two related
“subproblems”:

1. Forecasting the dynamics of thermal
field formation at an industrial site and near a
protective wall.

2. Prediction of temperature field in
protective barrier (screen) and determination of
the time when, due to heating of the wall, its
destruction may begin.

For ~mathematical modeling of the
temperature fields at an industrial site during a
fire, equation of energy is used:

0 oT

oT
=—|a—|+—|a—|=0
ot X oy ax(axaxJ+8y(ay8yj - ®

where T — air temperature at the industrial site;
a, a, — air thermal conductivity coefficients;

oT ouT ovT 0
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u,v —components of the air flow velocity

vector at an industrial site;t — time.

Boundary conditions:

1. initial condition: T_,=T,, where T, —
the temperature of the air flow at the industrial
site before the fire starts is known;

2. at the inlet boundary it was set that
T=T,, where T was the temperature of

in entrance

the air flow before the fire;

3. at the outlet boundary: i —o, Where
OnNlcp

n — unit vector of the external normal to the
boundary;

4. an «internal» boundary condition of the
first kind is set at the fire site: T =7,, where T,

— known temperature.
To determine the air flow velocity field at
an industrial site, a potential motion model is
used, the modeling equation has the form:
aZ_P +82_P =0
x> oy’ ! ©)
where P — air flow velocity potential.
To solve equation (9), boundary and initial
conditions were as follows:
oP

OnNlas

1. at the inlet boundary —u, Where

U is wind velocity;
2.at the outlet boundary:

where p, — arbitrary constant;

3.0on solid surfaces, a protective barrier,
and the upper boundary of the calculation area,

P =P, +const ,

the  following  condition is  realized:
oP . _

— =0, where n — unit vector to the
a n surface

surface.

After determining the velocity potential

field, air flow velocity components are
calculated as follows:
oP
u=P - (10)
OX oy
To compute the temperature inside

protective barrier, the following equation was
used:
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T _a é‘ZT (11)
at

where T — temperature inside the barrier (wall);
ar — thermal conductivity coefficient of the wall

material; t — time.

Y

—>

o B 4 2

@?A e / J@H

Ty | Ts|h (
g 2 8
| ‘ g

0 X

Fig. 4. Sketch of computational region (protective
barrier at the hill): 1 — oil storage tank Ne 1,
2 — oil storage tank Ne 2, 3 — hill, 4 — protective barrier

For equation (11), the following boundary
conditions are implemented (Fig. 4):

1. On the left boundary (on the outside of
the wall), the air temperature in the open area is
given, which changes over time:

T, =T(), (12)

where t — time.
2. The temperature value is set on the left
boundary of this wall T,6=f(t,h) — is the

temperature of the atmospheric air behind the
wall, which changes with time t varies with the
height of the barrier h. On the right boundary
of the protective wall, the current temperature
value is also used, which is determined by
solving equation (8), i. e. T, = f(t,h).

Initial condition — this is the temperature
value inside the wall T,.

Thus, the solution of equation (11) is
carried out using a boundary condition of the
first kind on both boundaries, which vary with
time.

Thus, in this paper, a related problem is
solved, namely: a compatible solution of
equations (8), (9), (11) is performed under the
corresponding  boundary conditions. The
solution algorithm is as follows:

1. The “external” problem is solved, that is,
by solving the modeling equation of
aerodynamics, the air velocity field in the study
area is determined.
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2. The “external” problem is solved, that is,
by solving the modeling equation (8), the
temperature field at the industrial site and
around the protective barrier is determined for a
specific moment in time.

3. The calculation of the wall heating
process begins, taking into account the
specified boundary conditions.

4. Next, for a new calculation step in time,
a new value of the air temperature at the
industrial site and around the protective barrier
is calculated.

5. The wall heating is again calculated for
the new temperature field at the industrial site.

In this way, the non-stationary value of the
wall temperature is determined. Next, the
temperature inside the wall is compared with
the temperature at which the wall collapse
begins T_,. The time it takes to reach this

temperature indicates the time when the
protective structure begins to collapse.

Numerical models. Numerical integration
of equation for the velocity potential, was
performed using explicit scheme. At the first
step, Equation (9) was transformed to the
following form:

oP

2 2
P P
_oP 0P (13)
ot ox oy
where t — fictitious time.
At the second step, the following
approximation was then used:
—2P +P]
PRIt =R +Vt Fla, -+
HAX n
Vit Ij+l_2P +PI] l'
Ay®

The calculation for this dependence ends
when:

n+l n
Pi,j _Pi,j <eg

where R, |=>i“j are velocity potential value at

different iterations; ¢ = 0.001.
The values of the velocity components are
calculated on the sides of the cells as follows:
R;-PR P -P

i ] i-1j - i,j i,j-1
y V. = .
AX ! Ay
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For numerical integration of equation (8),
the following approximation of the derivatives
is performed:

ouT ou'T ouT
= + .

OX OX ox '
ovT 8V+T 8V T

a oy 5)’ ’

L u+ul o u—ly
u = , U =——
2 2
. V+]| —v]
Vo= . ;
2 2
+ +1 +1
ou'T u|+1 JTInJ ul jTInl] L;T n+1 :
oX AX
— +1 +1
ou'T u|+1 JT|21] i, JTan L;T n+l ;
OX AX
. 1 1
agy-l- | J+1T n+. A + TI‘H— L+T n+1
y
- +1 +1
82yT |J+l-|—n IJ+Al_V Tn LTn+1
y
g a aT a T|2I11 _Tln]+l_a -|—n+l_-|—$rlJ _
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:M;XTH+1+M;XTH+1,

a 8T -I-I nj+j.l -I-i ’nj+l -I-I ’n+1 -I-I nJHi
YA 2 Y 2
oay\ "oy Ay Ay

_ —Tn+l +7 n+l
=M, T™ M T,

Taking into account these dependencies,
the approximation of equation (8) has the form:

n+l n
] e J] + L:T n+1 + L;T n+1 + L;T n+l + L;,T n+l :(14)

_(M Tn+l+L Tn+l+L+Tn+l+L Tn+l)

Next, there is a splitting of (14) into four
steps:

—on the first step (k = %):

Ti ,nfk _Ti n

1 +T N+ +7 N+
~ J+§(LXT CHLT™) = (15)

:%(M;XT"*k FMT MET™ M T,

150

—on the second step (k=n+l,czn+1):
2

k c

i i Lo -
i = j +§(Lka+Lka)= (16)
:%(M;XTk+M;T°+M;YTK+M;VT°);
—on the third step (,_p. 3, c:n+l)
2

dependency (16) is used;

—on the fourth step (k=n+1, c=n+%)

dependence (15) is used.

For numerical integration of the modeling
equation (11), an explicit difference scheme is
used:

T =T"+Vt- alTI+l T, +
A
+Vt.a2ﬂ.

AX?

When using a non-uniform wall material,
the thermal diffusivity coefficients are
determined as follows (if, for example, the
material has two layers of different thermal
diffusivities):

al=2( 1" 84) , a =2(aifl'ai)1
aH—l + a ? ai_l + ai
where @,,a, - thermal conductivity

coefficients for different layers of wall material.

FORTRAN language was used to code
numerical equations of developed mathematical
model.

Results. The developed numerical models
were used to solve the modeling problem.
A fire at an industrial site is considered.

There are two oil storage facilities on the
industrial site. There is an embankment
between the storage facilities (scenario Ne 1),
and a protective barrier is located on the
embankment (scenario Ne 2) (Fig. 4, 5).
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Fig. 5. Sketch of computational region (no protective
barrier): 1 — oil storage tank M2 1,
2 — oil storage tank A2 2, 3 — hill

A protective barrier is located at a certain
distance from the oil storage tank (Fig. 4) on
the hill. The goal was to determine air
temperature at the industrial site and
temperature inside the protective barrier.

When  conducting a  computational
experiment, the wind speed was assumed to be
6 m/s, temperature at the fire site 1 300 °C,
height of the protective barrier 3 m, thickness
of barrier was 4 cm, barrier was made of steel.
Initial temperature inside the protective barrier
20 °C. The temperature of the atmospheric air
at the industrial site is 20 °C.

The figures below show temperature fields
at the industrial site for different scenarios.

As can be seen from Fig. 6, 7, a large area
of intense thermal pollution is formed very
quickly on the industrial site, which creates a
risk of injury to workers. The presence of a
protective barrier on the industrial site leads to
significant  deformation of this area.
Mathematical modeling showed that for
scenario Nel, at time t=2,8 sec the air
temperature on the windward wall of the
second oil storage is 338 °C at the low part of
the storage and at the upper part of the storage
the temperature is 637 °C. For scenario Ne 2 the
air temperature on the windward wall of the
second oil storage is 130 °C at the low part of
the storage and at the upper part of the storage
the temperature is 429 °C. It means that the
protective  barrier allows to decrease
temperature near the second oil storage.

8. 188E+82
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8.391E+83 )=

2 R 4 -
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. 138E+63
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i D

8.228E+08 i
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E+80 coordinate x

Fig. 6. Isotherms, t =2,8 sec, no protective barrier
(scenario M2 1)
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Fig. 7. Isotherms, t = 2,8 sec, with protective barrier
(scenario Ne 2)

Next, Fig.8 shows the temperature
distribution inside the protective barrier at time
t = 3,6 sec. The barrier cross-section at a height
is considered 1,5 m. Point «0» corresponds to
the windward side of the protective barrier.
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Fig. 8. Temperature distribution inside
the protective barrier

As can be seen from Fig. 8, the temperature
inside the barrier for the indicated time does not
reach the critical value required for the
destruction of the structure from thermal action.

Note that the calculation time was 3 sec.

Scientific  novelty and  practical
value. CFD model was proposed to compute
air temperature at the industrial site in case of
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fire at oil storage. The model allows also to  barrier that is under the influence of a thermal
predict air temperature inside the protective  “load” near the fire site.
barrier which was installed at the industrial site. 1. The proposed numerical models allow to
Developed CFD model can be used to predict  compute air temperature at the industrial site
danger of thermal hitting for workers at the  and temperature inside the protective barrier.
industrial site. Two numerical models for 2. The constructed numerical models are
predicting air dust pollution were proposed. based on the numerical integration of
aerodynamics, heat transfer, and thermal
conductivity equations.

3. Numerical models to compute air dust
pollution are based on explicit formulas, that’s
very convenient for their coding.

Conclusions

The article considers the solution of a
“coupled” thermal conductivity problem -—
determining the temperature inside a protective
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