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Abstract

In the paper, the methodology for the ecological environmental impact assessment of the forest fire consequences under complex radiation
conditions of fire load has been proposed on the basis of the scientific researches of leading experts in the field of forest fires simulation, such as
Abramov Yu. O., Komyak V. O., Kutsenko L. M., Lytvyn N. V., Pokrovsky R. L., Tarasenko O. A., Vasyliev S. V., Soznik O. P.

The analysis determines that the stochastic nature of the processes of forest fires occurrence, development, extension and variation of the degree of
vegetation burning in the forest areas depend on the fire load, season of the year and other fire-technical and meteorological factors, which in turn are
complicated by the content of radionuclides with different activity times. The information base of this technique is a model where forest is considered as
a single-layer two-phase medium consisting of air and gaseous pyrolysis products during combustion of forest combustible materials and their solid
pyrolysis products.

While constructing a physical-mathematical model of a two-phase heterogeneous mixture the methods of solid-state mechanics was used, which
made it possible to present the fire load as a two-component continuum with interpenetrating phase motion and interphase mass, momentum, and energy
exchange.

During the research, the adequacy of the proposed methodological apparatus was checked and the main directions of its further application as a
basis for solving the problems of forecasting the negative environmental impact on the environment were determined.

The practical significance of the obtained results is the possibility of their use for complex ecological audits of the territory which is subject to the

secondary radiation influence both inside and outside the exclusion zone of the Chornobyl NPP.
Key words: environmental safety, forest fire, radiation exposure, complex fire load.

Problem setting

Recent years’ statistics show an increase in the
number of wildfires which in turn lead to devastating
consequences and sometimes even irreparable losses.
Up to 400,000 forest fires occur annually on the planet,
damaging about 0.5% of the total forest area. The
prevention and extinguishing of forest fires is one of the
most urgent and important tasks in Ukrainian forestry.
In dry years, fires cover large areas, causing direct
material damage during the period of burning and
smouldering, as well as indirect, which is manifested in
the reduction of water management, protection,
hygienic, aesthetic and climatic role of the forest.
During the fire season, hundreds of forest fires occur
daily in the territory of Ukraine. To determine effective
response scenarios, forest fire dynamics and a model of
combustion products (CP) emissions into the
environment are required.

At the present stage of the fire science development,
there are many researches in which, with the help of
mathematical models, different aspects of forest fires
are examined, their characteristic parameters, extension
processes, and models of extinguishing are described.
Studies in this area are also being conducted in Ukraine;
they are presented in the works of Abramov Yu. O.,
Komyak V. O., Kutsenko L. M., Lytvyn N. V.,

Pokrovsky R. L.,  Tarasenko O. A., VasylievS. V.,
Soznik O. P. and others [1-4].

Despite the huge amount of information
accumulated on forest fires and numerous and fruitful
efforts aimed at experimental and theoretical study of
the processes of their occurrence and scenarios, a
simple, adequate and practically applicable model of CP
emissions from the forest fire zone does not exist. Thus,
the study of the mechanisms of CP formation caused by
forest fires under complex radiation conditions of fire
load formation is an urgent problem both from the point
of view of population and ecological environment
safety.

Recent research and publication analysis

The problem of forest fire protection is one of the
most difficult to solve by forestry workers who protect
forests from the fires and, in the event of their
occurrence, eliminate them in most cases jointly with
the units of the State Emergency Service of Ukraine [1].
A number of fundamental works on modelling the
processes of occurrence, extension and elimination of
forest fires [5-8], including the issues of the fire load
peculiarities [9, 10], should be considered as the
scientific basis for effective actions in this direction.
However, the issues of the environmental impact
modelling in the event of a forest fire under complex
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conditions of the fire load have been investigated
sporadically so far [11-14], which does not allow using
the mathematical apparatus for predicting the
environmental situation inside and outside the exclusion
zone to the full extent.

Problem solution

The problem of the environmental impact modelling
in the event of CP emissions during the forest fire under
complex radiation conditions consists of a number of
independent tasks conditioned by the phases of their
occurrence and extension.

The research purpose is to create a methodology for
estimation the environmental impact of the aftermaths
of a forest fire under difficult conditions of fire to
proceed from existing problems. The following tasks to
achieve this purpose need to be solved:

1. Current experience in environmental monitoring
of forest fires should be analysed. Based on this, the
methodology for assessment of the secondary ecological
impact on the environment of the hazardous
consequences of a forest fire in the complex radiation
conditions of fire load formation need to be formulated.

2. The adequacy obtained methodology should be
check.

3. Recommendations for its further practical
application of this methodology should be identified.

There are at least several phases of the development
of CP emissions migration process. In the first phase,
CP goes into the environment in the form of a smoke
cloud. In the second phase, the smoke plume moves
mainly along the earth’s surface. As the smoke moves
away from the fire, fewer and fewer smoke particles
remain as a result of their “dry” deposition and
dispersion. Different dynamic models can be used to
describe this complex CP migration process. However,
to calculate the flow of the fast-flowing CP emissions
from several fire sources, it is necessary to use the
calculation methods that are more physically
sophisticated and simpler in mathematics.

The equations of turbulent diffusion of CP entering
the atmosphere from the forest fire sources with
coordinates (X, y, z) located in unlimited space, in the
approximation of the constancy of wind speed and
turbulent diffusion coefficients can be written as follows
[15]:

2 2 2 3
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—o0<XY,2<o0; t>0; C(0,0, Ahe, 0) = Q/AW,

where C (x, y, z, t) — is the concentration of CP in the air
depending on the spatial coordinates and time;
kx, ky, k. —are coefficients of turbulent CP diffusion in
the surface atmosphere; Vy, Vy—are wind speed
projections on the x and y axes, respectively; V, —is the
sum of the gravitational sedimentation velocities of CP
and the movement of the smoke cloud in the vertical
direction (the z-axis is perpendicular to the surface of
the earth); Q —is the amount of CP released into the
atmosphere during a forest fire; AW —is the amount of
CP emitted by the fire into the environment; Ahe —is
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the effective elevation of the smoke cloud relatively to
the Earth’s surface.

We shall simplify the expression by replacing the
variables [16]:

C(x.y,z,t)=q(xy,z,t)exp[V (2x-V,)/ 4k, |;

2
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—0<X,Y, Z<w; t>0, C(0, 0, Ah.g, 0) = Q/AW.

A desired solution to the equation (2):
Clx,y,2,1) =QG(x, Y, z, 1), (3)
where

: (x-\) ¥
G(x,y,2,t)= exp| ———~+ -2~
( ) HA Akt Akt Akt

We shall assume that the forest fire source begins to
operate at time t=0, and ceases to exist at t=t,. We
shall imagine the forest fire source that acts during the
time t,, as a continuous sequence of instantaneous forest
fire sources. The expression for calculating the CP
concentration in the air, formed by such forest fire
source, in accordance with the properties of the Green
function are as follows:

G(x,y,z,t)or

[tuif t>t,
Ctift<t, |
The power of the source of CP emissions from the
forest fire can be determined by dividing the total

amount of CP emitted into the atmosphere at the time of
the source activity:

xyzt :]P
° @

R =Q/,. (5)

The process of transferring CP from a continuous
emission P(t)=const, can be calculated using (4)
provided t,—o0 and t—o0, in which case the integral will
be taken analytically. The concentration C_ at any point

in the space )?j :(Xj,yj,zj), “created” by the action

of n point sources of forest fires and the power of CP
emission source — P; each that coordinates

I:j:(llj,lz",lsi), are calculated according to the
formula;

Cn(ij’Ej):iC(Pj’Xij)' (6)
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Formula (6) can be used to calculate the process of
CP migration from multiple forest fire sources that have
a complex shape. It is also possible to calculate the CP
concentration fields in the air that are formed from the
area, linear or volumetric fires. For example,

Q V,
C(x,Vy,z2,t)= ——————=———| ex -t _R
(yz)=o = kkkz{ p{ZKX

X 7 2 2 2 2 2 2
where R= k—+y—+—; M:i [V ”J +@2+V_+7b : N:i (V_JF;J +(,)2_X__k

4K, 2

.

Here, A is the coefficient of impurity concentration
of aerosols and smoke particles as a result of dry
deposition.

It can be seen that at a distance L,

L,=k/2rn-N, ©)

from the fire source, a front of high CP concentration
will be formed, which will be maximum at (x = L) at
2n
t=—.
®

_QN W 2nM
Coox = A? {“eXp[N\/kT N H (10)

The height of the smoke cloud is calculated by the
formula [3]:

Ah, =& MY XU (11)

where & —is the transition coefficient for the i-th
stability of the atmosphere; M — is power of thermal
source; X — is the vertical width of the smoke plume;
U — is the wind speed at the height of the smoke cloud
mixing.

The distance from the point of the smoke cloud
emission to the site of the CP fallout was calculated by
the formula:

L=g-M*.U™, (12)

where g —is the transition coefficient for the i-th
stability of the atmosphere.

Table 1 presents the data of the transition
coefficients for the i-th stability of the atmosphere.

A three-dimensional model was developed to
describe the formation and propagation of the smoke
plume and the fallout of the CP particles using the levels
of momentum, mass and energy of the airflow and the
number of the CP software particles in the smoke plume
[17]. The system of ordinary differential equations for
the airflow velocity along the jet axis, its overheating
with respect to ambient air, the smoke jet radius, and the
concentration of CP in the smoke jet was solved
numerically. Each layer was considered as a separate
independent source of CP, for which the concentration
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approximating the time fluctuations in the power of a
forest fire source by a simple periodic function of time.

Q(t)=Q,(1-cosw-t), )

the solution of equation (7) looks as:

X

2
Zlf( —x]+exp(2vk‘ —MR]COS(NR—@'{)}, (8)
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X

of software in the atmosphere was calculated at different
distances from the emission site. Real wind and
temperature fields obtained from the radio sounding
data were used as input information to the simulation. It
was assumed that the forest fire occupied a circular area
of 100 meters with a convective forest fire duration of
one hour. The minimum smoke jet height varied from
2000 to 2500 m depending on the stratification of the
boundary layer and the wind velocity profile therein.

Fig. 1 demonstrates the dynamics of the smoke
cloud formation and movement during a forest fire.

During the computer simulation, the heated smoke
cloud of CP was considered, which, due to the
Archimedean force, rose into the atmosphere at a speed
of no more than 10 m/s. The volatile particles of the CP
had a complex morphological and chemical composition
at densities of (3-10) mg / cm®, and their spectrum
varied over a wide range of sizes (0.1-100) um at an
aerodynamic diameter (AMAD) from 30 to 50 pum. It
was assumed that after stabilization of the smoke cloud,
the transfer and dispersion of fine fractions was carried
out in a calm atmosphere, and the dispersion of the
volatile particles in the smoke cloud changed only due
to gravitational deposition.

Table 1 — The data of the transition coefficients for
the Pasquill atmosphere characteristics

he val The values of the
The qualitative T efv?q UES | transition coefficients of
characteristics of ¢ 0 t_t_e the atmosphere stability,
the atmosphere ransition €
o coefficients
stability £ th
according to of the
: atmosphere |M > 10MVt|M < 10MVt
Pasquill -
stability , &
Unstable | \ g | 334 146 112
state
Neutral
state C,D 2.84 102 78.5
Stable E 3.30 85.2 63.4
state F 3.34 14.7 32.1
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As the equation of formation and displacement of
the smoke cloud of CP, the equation of dynamics of the
body with variable mass was used. In the process of
mathematical modelling, the following processes were
analysed:

- the transfer of the volatile particles of CP was
directed by the atmospheric current;

- the development of the jet in the release of heated
gases in the atmosphere was characterized by the
changes of the wind speed, temperature and pressure, as
well as the constant mixing of the heated gases with
ambient air;

- the scattering of the fine particles of CP was due to
atmospheric turbulent diffusion and their sedimentation
in the gravity field, as well as interaction with the
underlying surface.

The final picture of the contamination of the terrain
was formed in a time that depended on the distance to
the point of the forest fire and meteorological
parameters.

The numerical experiment was carried out in the
field of modelling — migration of the volatile particles of
CP — parallelepiped (10x10x5) km3, lower boundary —
function z =23 (x, ¥), which describes the terrain relief,
and the values of which are equal to the absolute
elevation marks of the exclusion zone terrain, in the
nodes of a uniform grid, given in steps
Ax=Ay=100 m. The dimensions of the grid section
are 45x40x30 nodes. Vertically an uneven step was
used. The time step was At = 30 s. The surface
temperature of the underlying surface was calculated
accounting the relative height of the terrain point and
stratification of the background atmosphere. The
calculation of the dynamics of formation, extension and
emission of the volatile particles of CP during a
medium-scale forest fire took about 2.5 hours.

Fig. 2 demonstrates the dynamics of change in the
density of the volatile particles of CP along the trail of
the smoke plume.

Adaptation of the developed algorithm and program,
as well as verification of the reliability of the calculated
data were carried out by comparison with the
experimental data obtained in the field.

Conclusions

Thus, the methodology of the ecological monitoring
conducting and assessment of the secondary ecological
impact of hazardous consequences of the forest fire
under complex radiation conditions of fire load has been
created.

Its adequacy has been verified and the main
directions of its further application as a methodological
basis for solving the problems of forecasting the
negative ecological environmental impact have been
determined.

The practical significance of the work lies in the
possibility of using the results obtained to conduct an
ecological audit of the territory subjected to the
secondary radiation exposure both inside and outside
the exclusion zone of the Chornobyl NPP.
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Figure 1 — Dynamics of the smoke cloud formation and
movement in space
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Figure 2 — Dynamics of change in the density of the
volatile particles emission of CP along the trail of the

a—1t=30 min; b — ;=120 min; ¢ — t3=210 min.
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A3zapos C. 1., Mamkos B.A., lleBuenko P. I, lllep6ak C. C.

®OPMYBAHHSI METOJIOI'Ti OLIHKXA EKOJIOITYHOI'O BIIJIUBY HA JOBKIJIJIS BIJ HACJIAKIB JIICOBOI OXKEXKI B
CKJIAJJHUX PA)]lAI.llﬂHMX YMOBAX YTBOPEHHS MOXKEXHOI'O HABAHTAXKEHHS

B pobori 0a3yiounch Ha CyKYMHOCTI HAyKOBHX JOCIHIUKEHb TNpPOBiTHMX (axiBuUiB y cdepi MoIenroBaHHA JICOBHX MOXEX, SK-TO
Abpamosa 0. O., Komsika B. O., Kyrenka JI. M., Jlutsuna H. B., Ilokposcekoro P.JI., Tapacenka O. A., Bacuibesa C. B., Cosnika O. IT.
copMOBaHa METOOJIOTiS OLIHKM €KOJIOTIYHOTrO BIUIMBY Ha JOBKIJUI HEOE3IEYHUX HACIHIAKIB JiCOBOI MOXEXI B CKJIAJHUX YMOBAaX YTBOPEHHS
HOXKEKHOTO HaBaHTAXKCHHSL.

3 aHaii3y BM3HAYEHO, L0 CTOXACTUYHHMH XapakTep HPOIECIB BUHHUKHEHHS, PO3BUTKY i MOLIMPEHHS JICOBHX IOXKEXK Ta BapilOBaHHSA CTYHEHS
TOpPIHHS POCJIMHHOCTI B JIICOBMX MAacHBaXx, 3aJISKaTh Bijl TOKEKHOI'O HABAHTAXKCHHSA, CE30HY POKY Ta IHIIMX MOXEKOTEXHIYHHUX 1 METEOPOIOriYHUX
(axTopiB, 110 Y CBOIO Yepry YCKJIaJHIOIOTHCA BMICTOM paJliOHYKJIiZiB 3 pI3HUM 4acoM aKTUBHOCTI. [H(opMaliiiHOI OCHOBOIO HAaBEICHOT METOUKH €
MOJIENb, A€ JIC PO3MISAIAETHCS SIK OAHOLIAPOBE ABO(A3HE CEPEOBHUIIE, 1110 CKIAAAETHCS 3 MOBITPA 1 ra30MoMiOHUX MPOAYKTIB MIpOIi3y MPH ropiHHI
JIICOBUX T'OPIOYMX MaTepiaiiB Ta X TBEPAUX MPOAYKTIB MipoJIi3y.

Takuii migxin 703BOIUB MPU M00YA0BI (PiznKo-MaTeMaTHYHOT MozeNi J1BO(A3HOT reTeporeHHol CyMillli Ha OCHOBI METO/IB MEXaHIKH CYI[LIIBHOTO
CepeIOBHUIIA MPEJCTABUTU MOXKEKHE HABAHTAXKCHHS K JBOKOMITIOHCHTHHH KOHTHHYYM 3 B3a€MOIPOHHKHUM pyxoM (a3 Ta MikdasHUM oOMiHOM
Macol0, IMITYJIBCOM i €HEPTi€l0.

Ilix yac mocmimKeHHs 3/ifiCHEHa MepeBipKa aaeKBaTHOCTI 3aIIPONOHOBAHOIO METOOJIOTIYHOrO anapaTty Ta BH3HAY€HI OCHOBHI HAPAMM HOro
[OJANIBIIIOr0 3aCTOCYBAHHS Y SIKOCTI OCHOBH JUJIsl BUPIILICHHS 331a4 IPOrHO3YBAHHS HEFATHBHOI'O €KOJIONYHOrO BILTMBY Ha HABKOJIHIIIHE CEPEJOBHMIIC.

IpakTH4HE 3HAYCHHS OTPHUMAHMX PE3YIbTATIB MOISArA€ Y MOXKIMBOCTI 1X 3aCTOCYBaHHS IS MPOBCACHHS KOMIUICKCHOIO €KOJIOTIYHOrO ayauTy
TEPUTOPIT, sIKa Mmiinagae mig Ai0 BTOPHHHOTO paJialliiiHOMy BIUIMBY SIK BCEPEIUHI TaK 1 30BHI 30HU BiguyxeHHsa YopHoOunbcskoi AEC.

Kuro4oBi ciioBa: exosoriuna 6e3neka, JlicoBa NOXEXa, pafialliiHUH BIUIMB, CKJIAJHE MOXKEKHE HABAHTAXKCHHS .
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