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CALCULATION OF «VULNERABILITY» ZONE IN CASE OF
TERRORIST ATTACK WITH CHEMICAL AGENTS

Purpose. The work involves the development of a numerical model for calculating the «vulnerability» zone of
a possible terrorist attack objective with the use of a chemical agent in a built-up environment. The «vulnerability»
zone is a territory near the attack objective, where the emission of a chemical agent during the attack will lead to
undesirable consequences. The emission of a chemical agent outside the «vulnerability» zone will not create a dan-
gerous concentration near the attack objective. Methodology. To solve this problem, we use the equation for the
velocity potential, on the basis of which we determine the wind stream velocity field, and the equation adjoint to the
equation of mass transfer in the atmospheric air of the chemical agent emitted in the event of a terrorist attack. Dur-
ing simulation, we take into account the uneven wind stream velocity field, atmospheric diffusion and the rate of
emission of a chemically hazardous substance. For the numerical integration of the velocity potential equation, we
use the method of A. A. Samarsky. For numerical solution of the adjoint equation, we introduce new variables and
use an implicit difference splitting scheme. The peculiarity of the developed numerical model is the possibility of
operative estimation of the «vulnerability» zone near a possible attack objective. Findings. The developed numeri-
cal model and computer program can be used for scientifically grounded assessment of the «vulnerability» zone near
significant facilities in the event of possible attacks with the use of chemical (biological) agents. The constructed
numerical model can be implemented on computers of small and medium power, which allows it to be widely used
to solve the problems of this class when developing the emergency response plan. The results of the computational
experiment are presented, which allow us to evaluate the possibilities of the proposed numerical model.
Originality. An effective numerical model is proposed for calculating the «vulnerability» zone near the facility,
which may be the target of a terrorist attack with the use of a chemical agent. The model is based on the numerical
integration of the velocity potential equation and the equation adjoint to the equation of mass transfer of a chemical-
ly dangerous substance in the atmosphere. Practical value. The developed model can be used to organize protective
actions near the target facility of a possible chemical attack by terrorists.

Keywords: terrorist attack; chemical pollution; «vulnerability» zone; adjoint equation; numerical simulation; air
contamination

quences of possible terrorist acts with the use of
Introduction chemical (biological) agents [1, 2, 4-14]. Within
the framework of this problem, it is possible to

Recently, special attention has been drawn to . . i
single out an extremely important and specific

the tasks related to the assessment of the conse-
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task — determining the «vulnerability» zone for the
terrorist chemical attack objectives. The «vulnera-
bility» zone is a territory near the attack objective,
where the emission of a chemical agent during
a terrorist act will lead to undesirable consequenc-
es at the facility. The release of a chemically haz-
ardous substance outside this zone will not create
a «problemy at the attacked facility.

Mathematically, this provision can be expressed
as follows: at the objective of the potential terrorist
chemical attack, up to the time pointt, the
concentration of the hazardous substance must not
exceed a certain dangerous value ¢ :

C(I’i,r)<(p. @

Here ¢ is the concentration which results in

a certain severity affects for a person.

It should be noted that the solution to this
problem becomes quite complicated if the emission
of a chemical agent is considered in a built-up
environment — which is, in fact, the most obvious
situation in the case of a chemical attack. As
a «zero» approximation, one can neglect the
influence of specific buildings and other facilities
on the formation of chemical contamination area
and use, for example, Gaussian models to solve the
problem, as was done in the «<KALOHA» code. For
a more detailed assessment of the the contaminated
areas, it is necessary to make calculations taking
into account the influence of facilities on the
formation of concentration fields. Such detailing
can be different and determined by a number of
factors (for example, availability of a sufficient
amount of input information for modeling,
available software package for calculations, time
for obtaining results, etc.). The models used in
practice for assessing the consequences of a terror-
ist act are based on solving the «direct» problem of
mass transfer — i.e. direct solution of the equation
of convective-diffusion dispersion of impurities in
the atmosphere at a given place of emission of
a hazardous substance. However, the use of such
models requires considerable time to determine the
«vulnerability» zone, since the solution to the
problem is found by going through different emis-
sion points of a chemical agent during a possible
terrorist attack, i.e. the problem is solved by the
trial-and-error method. Using this approach re-
quires a lot of time to obtain the desired result. In
this regard, the actual problem is the development

of effective methods for solving the «vulnerabil-
ity» zone determination problems for various facil-
ities in the context of the growing terrorist threat.

Purpose

The purpose of this work is to create a numeri-
cal model to determine the «vulnerability» zone of
a facility in case of a chemical attack by terrorists
in a built-up environment.

Methodology

We consider the solution method on the exam-
ple of solving two problems that can be formulated
when analyzing terrorist acts with the use of
a chemical or biological agent.

Direct problem. If a chemical (biological) agent
is used in a terrorist attack, contaminated area can
be calculated on the basis of the following mass
transfer equation (plan task) [2-5, 7, 8]:

oC ouC ovC
—+—+——+0C=
a - x oy
_i[ @}2 €.
ax\ P ) T\ My

+Q3(x—%5)8(y—Yo), )

where C — average concentration of chemical (bi-
ological) agent in atmospheric air; o— coefficient
taking into account the agent decomposition in the
atmosphere; u, v — components of the air velocity
vector; p=(p,, p, ) — coefficients of atmospheric
turbulent diffusion; Q - intensity of agent emis-
sion during the terrorist attack; 8(x—x,)(y—Y,) —

Dirac delta function; x,, y, — coordinates of the

agent emission source during the terrorist attack;
t —time.

The boundary conditions for the equation (2)
are written as [3]:

C=C, fort=0,

C =0 at the boundaries of the calculated area,
where C, is the known value.

When solving the «direct» problem, it is neces-
sary to specify information about the chemical
agent emission point (coordinates X,, Y, ), as well

as the agent emission intensity Q ).
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To apply the equation (1) in the case of disper-
sion of a chemical (biological) agent in a built-up
environment, it is necessary to know the uneven
velocity field of the wind flow, i.e. the value of the
variables u=f(x,y), v=f(x,y). The definition of this
field in the presence of buildings is a complex hy-
drodynamic problem. Abroad, to solve this prob-
lem, one traditionally uses the Navier-Stokes equa-
tions, supplemented by one or another turbulence
model. This base allowed developing specialized
software packages such as ANSYS Fluent, FAST,
etc. These packages are a powerful tool for solving
a wide class of problems. However, it is known that
the use of the Navier-Stokes equations for calculat-
ing flows with large Reynolds numbers (Re), re-
quires the use of a very small computational grid,
which immediately leads to large expenditures of
computer time in the practical implementation of the
model. In addition, very powerful computers are
needed. This becomes a significant obstacle when it
is necessary to carry out serial calculations, for ex-
ample, when developing the ERP (Emergency Re-
sponse Plan). In MES or in other competent organi-
zations it is necessary to have fast-reading models,
which, in this case, would take into account the
most significant physical factors of the simulated
process. In this work, to determine the wind velocity
field u=f(x,y), v=f(x,y) in the built-up environment,
the potential flow model will be used [5]:

°P  O°P
_+_:
o’ oyt
where P is the velocity potential.
The value of the components of the wind

velocity vector are determined on the basis of the
ratios:

0, 3)

P P
ox' oy
For equation (2) the following boundary condi-
tions are set:

— On solid boundaries the impermeability con-
dition is set:

u

(4)

P o,
on
where n is the unit vector of the outer normal to the
boundary;
— On the boundary of the «out-flow» from the

computational domain, the Dirichle boundary con-
dition of the form P=const is set;

— On the boundaries where the air «in-flow»
occurs, the Neumann boundary condition is set:

Z—sz, where V is the known velocity of the air
n

flow.

The solution of problems for determining the
size and intensity of contaminated area on the basis
of equations (1), (2) is called the direct mass trans-
fer problem solution.

To determine the «vulnerability» zone of a fa-
cility in case of a possible chemical attack, one can
use the equations (1) and (2) and determine this
zone by «brute force searching» for various coor-
dinate values x,, Y, , i.e. perform calculations for

various points of chemical agent emission. It is
quite obvious that such a solution of the problem
for determining the «vulnerability» zone using the
brute force method for parameters x,, y, requires

a lot of computational work, which is not always
convenient.

Adjoint problem. Now we will consider
a different approach to determining the facilty
«vulnerability» zone in case of a chemical terrorist
attack.

This approach is based on the application of the
adjoint equation (3) [3]:

oc” auCc” ovC” .
- - - +oC =
ot OX

—g a_c* +£ ﬁ* + (5)
_ax HX 8X ay Myay p!

where C” is the function associated with the
function C, p is a certain function [3].

The boundary conditions for
problem have the form [3]:

C" =C; — concentration of the chemical agent
in atmospheric air at t=T;

C" =0 at the boundaries of the calculated area.

The peculiarity of applying the equation (3) is
that the wind flow velocity field is uneven in
a built-up environment and is determined by
preliminary solving the equation (2) with the
subsequent calculation of the velocity vector
components by dependencies (3).

the adjoint
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The form of the function p can be extremely
diverse [3], for example:

P(X,y,t)=8(x—x%)8(y—V;)d(t—1). (6)

If the solution of the adjoint equation (5) is
found, then, further, it is necessary to find the
value of the following functional [3]

T
1 =Q[C(r,t)dt,
0
Having constructed the isolines of this
functional, we find the solution of the problem
posed out of the condition

I(ro,r)<(p (8

We now consider the methodology for solving
the adjoint equation. To solve the adjoint problem
(4), we introduce new variables [3]:

U=-Uu,Vv=-v,t=T-t.

The solution of the adjoint problem begins with
thetimet=T.

When using new variables, the equation (5)
takes the form of equation (2). Next, we will con-
duct an approximation of the derivatives, following
[2, 5]. The approximation of the time derivative is
as follows:

6C* Ci;n+l _ Cljn
aa A
Further, in the formulas, the symbols «*», ««
will be omitted.

The first derivatives are approximated by the
relations [5]

ouc _ ou'C N ou C

ox ox ox

ovC _ ov'C N ov C
oy oy oy

where

Cusll o uef v vel
o2 2 2 2

For approximation of the first derivatives, we
use the formulas [2, 5]:

+

u

n+1

1

i-1,] — L+Cn+1
OX AX A
ou C < ui:rl,jCiTi,lj _ui}ci?+1 _ ¢t
ox AX o
oy Ay o
(7) LA s
ov C N Vi,j+1Ci,jil —V; Gjj ! _ ¢
oy Ay S

Approximation of the second derivatives is car-
ried out as follows [5]:

2, %y, I G cltecr
OX X OX X AXZ X AXZ

=M, cmly M:x Cn+1,
i(“ E) ~ U Cir’]'tl’l _Cini+1 " Cinj+1 - Cirjja _
ay Y 8)/ y AXZ y AXZ

= M;y cMly M;/ry cnt

Taking into account the above designations of
difference operators, we write the difference ana-
logue of equation (2):

crl_cn
A4 _1 v e MO I O IO
—-~n+l n+l
+L,CT +oCy T =
(M)-:ch+1+ L;XC”+1+ L—;nd+l_+_ L;ycn+l)+
+Qij8ij' )

Now we carry out the splitting of the difference
equation (9). The splitting equations at each step
are written as:

At the first step (k =n +%):

cmk_ch 1 G
ij ij +~k +~k k _
T +§(LXC +L,C )+ZC” =
1/, .. _ + _
:Z(Mxxck +M,C"+ M CK+ M C"), (10)

At the second step (k=n+%;c=n+% K
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1) 1) -k -~k k
X +§(LXC +L,C )+ZC”_
_1 -k + ~C -k + ~C
_Z(MXXC +MCE+ M CH+ M Co ), (12)

At the third step (k:n+%;c:n+% ;) the de-
pendence (11) is applied.

At the fourth step (k=n+1,c=n +% ;) the de-
pendence (10) is applied.

The desired value of the function C at each
fractional step is determined by the «point-to-point
computation» formula. At the last calculation step,
we have the equation

o _
o

To solve this equation, the Euler method is used.

For the numerical solution of the equation (2),
the method by A.A. Samarskii is used. Preliminari-
ly the equation (2) is reduced to evolutionary form.

2 2
P _oP ot W)
o o oyt
here t is fictitious time.

Whent — o0, solution of the equation (12)
tends to solution of the Laplace equation (3). To
solve the equation (12), it is necessary to specify
the potential field at t=0, for example, one can take
P=0 in the entire computational domain.

The solution of equation (12) is split into two
steps, at each step of splitting the difference equa-
tions have the form

2 2 2
R -RY _Ru—RY | Ry +RY)
0,5An AX? AX?
SRRy | R REY
Ay? Ay? ’
R R R -RYT, RO AREY
0,5An AX? AX?

Pn+1 _ P'n'+1 _P_n_+1/2 + P'I"I'J:]/lz
) + 1) )

i,j+1 i
Ay?

+
Ay?

The unknown value B, ;, at each splitting step,

is calculated using the explicit point-to-point com-
putation formula.

For the software implementation of the con-
structed numerical model, FORTRAN was used.

Findings

Figures 1, 2 present the results of solving the
«direct» task — the calculation of the chemical con-
tamination zone during ammonia emission at
a specific point of the area. The characteristic di-
rection of the wind speed is shown by an arrow in
the figure. As can be seen from the presented fig-
ures, the chemical contamination zone increases
with time and covers the buildings located in the
area of attack.

Y

Fig. 1. Isolines of NH3 concentration during
a hypothetical terrorist attack t=9
(nondimensional time, direct problem solution):
1 — point of agent emission

Y

Fig. 2. Isolines of NH3 concentration during
a hypothetical terrorist attack t=14
(nondimensional time, direct problem solution):
1 — point of agent emission n

The time to solve the direct problem is 3 sec-
onds.

Fig. 3 shows the sketch of the computational
domain in the second problem — «vulnerability»

doi: 10.15802/stp2018/146437

© M. M. Biliaiev, O. V. Berlov, I. V. Kalashnikov, V. A. Kozachyna, 2018

23



ISSN 2307-3489 (Print), ISSN 2307-6666 (Online)

Hayxka ta nporpec Tpacnopty. Bicaux /IHinponeTpoBcskoro

HAL[IOHAJILHOTO YHIBEPCUTETY 3alli3HHYHOr0 TpaHcnopty, 2018, Ne 5 (77)

EKOJIOI'I HA TPAHCIIOPTI

zone determination based on the adjoint equation.
The situation of a possible chemical attack in the
area of three buildings is simulated (Fig. 3). It was
assumed that near the attack objective (building),
the concentration of ammonia should not exceed
the threshold value @ =9 for time moment t=16

(nondimensional concentration and time).

Y

§ '\I

0 X

Fig. 3. Sketch of computational domain (the second
task — «vulnerability» zone determination
for the facility):
1 —target of terrorist attack

Figure 4 shows the lines of the functional (7)
defined after solving the adjoint equation (5). The
arrow in Fig. 3 and 4 indicates the wind direction.

Y

Fig. 4. Isolines of functional (7) for time
moment t =16 ( nondimensional time)

The isolines in Fig. 4 show that if the chemical
agent emission source is along one of the lines
I=const, then the chemical effect on the objective

of attack will be the same. Thus, isoline 1=9 shows
that if the chemical agent emission is at one of the
points on this isoline, then at the time moment
t=16 the concentration of the chemical agent near
the objective of attack will correspond to a given
value @=9 (here the concentration is nondimen-

sional value).

The chemical agent emission inside the zone
constrained by this isoline will lead to an even
greater degree of atmospheric air contamination
near the objective of attack.

It should be noted that the calculation time of
the «vulnerability» zone is about 3 seconds.

Originality and practical value

The numerical model has been developed that
allows determining the «vulnerability» zone near
the objective of a possible terrorist attack with the
use of a chemical (biological) agent.

The peculiarity of the developed model is the
use of the adjoint equation to solve the problem
together with the potential flow equation for calcu-
lating the wind velocity field in build-up environ-
ment. The computer time consumed for the imple-
mentation of the model is a few seconds.

Conclusions

The numerical model has been developed for
determining the «vulnerability» zone of a facility
during a possible chemical attack by a terrorist in
build-up environment. The calculation basis is the
solution of the adjoint mass transfer equation. The
constructed model can be used to develop a strate-
gy to minimize the consequences of terrorist at-
tacks with the use of chemical (biological) agents.
Further improvement in this direction should be
carried out for developing a three-dimensional nu-
merical model that allows determining the dimen-
sions of the facility «vulnerability» zone during
a possible terrorist attack.
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PO3PAXYHOK 30HHU «YPA3JINBOCTID» OB’€EKTA 3A MOXJINBOI'O
TEPAKTY I3 3BACTOCYBAHHSAM XIMIYHOT'O ATEHTA

Meta. Poborta mepembadae po3poOKy YHMCEeTbHOI MOJAST Ui PO3paXxyHKY 30HH «YPa3IHBOCTI» MOXKIHUBOTO
00’eKTa aTaky TEPOPHCTA i3 3aCTOCYBAHHSIM XIMIYHOT'O areHTa B yMOBax 3a0yIOBH. 30Ha «ypa3lIMBOCTI» SBISAE
00010 TepuTopiro 01T 00’€KTa aTtaku, JIe eMicCisd XiMIYHOTO areHTa IiJl 4ac TepakTy Mpu3Beje J0 HebakaHuX
HacmiakiB. Emicis XiMi4HOTO areHTta mo3a 30HOI0 «ypas3lIMBOCTI» HE CTBOPUTHh HeOe3MeuHy KOHICHTpAIio Oijst
o0’exta ataku. Meroauka. J[jis BHpILICHHS MOCTAaBICHOTO 3aBJaHHS BHUKOPUCTAHO PIBHSHHS JUIsl MOTEHIIATY
MIBUAKOCTI, Ha 0a3i SKOro BM3HAYEHO I10J€ MIBUAKOCTI BITPOBOTO IMOTOKY, 1 PIBHSHHS, CIPSDKEHE 3 PIBHSIHHAM
MacoIepeHocy B aTMoc(epHOMY IOBITpi XIMIYHOTO areHTa, BUKMHYTOrO B pa3i TepakTty. Ilin 4ac MojentoBaHHS
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Oynu BpaxoBaHI HEPiBHOMIipHE TOJIe IIBUAKOCTI BITPOBOTO NMOTOKY, arMoc(epHa nudys3is, iIHTEHCHUBHICTb BUKUAY
XiMi4HO HeOe3neyHoi pedoBHMHH. [lin 9ac 4YMCENBHOrO IHTErpYBaHHS PIBHSHHS Ui TOTEHIANTy IIBHIKOCTI
Bukopuctannit meron Camapcbkoro A. A. I 9MCeNbHOTO PO3B’SA3aHHS CIPSDKEHOTO DPIBHAHHS BBENIEHI HOBI
3MiHHI Ta 3aCTOCOBaHa HESIBHA PI3HUIEBA cxeMa po3meruieHHs. OcoOimBicTIO po3pobieHoi dmcenbHOi Mojeni
€ MOXITUBICTD OTIEPATHBHOI OIIIHKHM 30HU «YPa3IUBOCTI» O MOXKIHUBOTO 00’€KkTa aTtaku. Pe3yabraTu. Po3pobiena
YrceTbHa MOJIENb i KOMIT IOTepHA IIporpaMa MOXYTh OYTH BHKOPHCTaHI JJIs1 HAYKOBO OOTPYHTOBAHOI OIIiHKU CTaHy
30HH «yPa3JIMBOCTI» 0L BaXIIMBUX 00’ €KTIB ¥ pa3i MOXIIMBUX TEPAKTIB i3 3aCTOCYBaHHAM XIMIYHUX (010JIOTIYHHX )
areHriB. [loOynoBaHa 4KcesbHa MOJENb MOXKE OYTH peali3oBaHa Ha KOMII'I0Tepax Maoi i cepeiHbOl MOTYXKHOCTI,
IO JIO3BOJISIE IIMPOKO BUKOPHCTOBYBATH i ISl BUPILICHHS 3aBlJaHb 3a3HAYEHOTO KJIACy ITiJ Yac PO3pOOKH IUIaHy
JiKBifalii B aBapiitHid curyariii. HaBeneHi pe3ynbTaTi 00YUCITIOBATBHOTO SKCIIEPUMEHTY, IO JO3BOJISIOTH OIIIHUTH
MOXIHMBOCTI wi€l yucenbHOi Mojeni. HaykoBa HOBHM3HA. 3anporioHOBaHO €(QEKTUBHY YHCEIbHY MOJENb IS
PO3paxyHKy 30HH «ypa3jMBOCTI» Oiist 00’€KTa, SIKMHA MOXe OYTH LiJUTI0 TEPOPUCTUYHOI aTaKH i3 3aCTOCYBAHHSIM
XiMigHOro areHtra. Mojenp 3acHOBaHA Ha YHCEJIbHOMY IHTETPYBaHHI DPIBHSHHSA Ui MOTEHIaly IIBUAKOCTI
W pIBHAHHS, IO € CIOPSDKEHHM [0 PIiBHSHHA MAacOIEpEeHOCY XIMI4HO HeOe3eYHOI PEedoBHHH B aTtMocdepi.
[pakTuyna 3HayuMicTb. Po3pobiieHa Momens Mo)ke OyTH BHKOpHCTaHA sl OpraHi3alii 3aXMCHHUX 3aXOMiB Oist
00’€KTiB MOKIIMBOT XIMIYHOT aTaKH TEPOPHCTA.

KirouoBi cnoBa: Tepakt; XiMidHe 3a0pyIOHEHHS; 30Ha «Ypa3lIUBOCTI»; CHPSOKCHE pPIBHIHHA, YHCCIBHE
MOJICITIOBAaHHS; 3a0pyJHEHHS aTMOchepH
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PACYET 30HBI «YA3BUMOCTHN» OBBEKTA ITPU BO3MOXHOM
TEPAKTE C IPUMEHEHUEM XUMHNYECKOI'O AT'EHTA

Leas. Pabora npeamnonaraer pa3pabOTKy YMCIEHHOM MOJENHM AJIsI pacdeTa 30HBI «yS3BHMOCTH» BO3MOXHOTO
0o0beKTa aTaky TEPpPOpUCTA C NPHUMEHEHHEM XHMHYECKOTO areHTa B YCIIOBMSAX 3aCTPOHKH. 30HA «ySI3BHMOCTH»
MIpeJCTaBIsIeT cO00i TEPPUTOPHIO BO3NIE 00BEKTA aTakH, I/I€ IMUCCUS XMMHUYIECKOTO areHTa MPH TePaKTe NMPHUBEIET
K HEXeJIaTeIbHBIM MOCTIEeICTBISM. DMUCCHSI XMMUYECKOTO areHTa BHE 30HBI «yA3BMMOCTH» HE CO37acT OMAaCHOM
KOHIIEHTpAIlUU Bo3e 00beKTa aTaku. Meroauka. [y perieHns NOCTaBICHHON 3alauil UCIIONB30BaHO YPaBHCHUE
JUlsl MOTEHIUAIa CKOPOCTH, Ha 0a3e KOTOPOTO OIPEAETIEHO IOJIE CKOPOCTH BETPOBOTO IOTOKA, M YPaBHEHUE, CO-
IPSDKEHHOE ¢ yPaBHEHHUEM MacCOIEepeHoca B aTMOC(EPHOM BO3AyXe XMMHYECKOTO areHTa, BEIOPOIICHHOTO B CIIy-
4ae TepakTa. [Ipu MoaenupoBaHnu OBUIH YYTEHBI HEPAaBHOMEPHOE ITOJIE CKOPOCTH BETPOBOTO IMOTOKA, aTMOC(hepHast
1 dysust, THTEHCUBHOCTh BBIOpOCAa XMMHUYECKH OTIACHOTO BEIecTBA. [IpyM YHMCIEHHOM MHTErPHPOBAaHHWU ypaBHe-
HUS JUI HOTEHIHANa CKOPOCTH Ucnonb3oBaH Meron Camapckoro A. A. I 4MCIEHHOrO PEUIeHUs! CONPSKEHHOTO
ypaBHEHUsI BBE/ICHbI HOBBIE ITEPEMEHHbBIE ¥ IPUMEHEHA HEsIBHAsI pasHOCTHas cxema pacuieruieHus. OcoOeHHOCTBIO
pa3paboTaHHOW YHMCIEHHON MOJAENH SIBJISIETCSI BO3MOKHOCTE OINEPATHBHON OIIEHKU 30HBI «ySI3BHMOCTH» BO3JIE BO3-
MOXHOTO 00BeKTa ataku. Pe3yabrarbl. PazpaboraHHas 4yucieHHas MOJENb U KOMIIBIOTEpPHAs NMpOrpamMMa MOTYT
OBITH HCIIOJI30BAHbI JUII HAYYHO 0OOCHOBAHHOM OIIEHKH ITOJIOKEHUS 30HBI «YS3BUMOCTI BO3JIE€ 3HAUUMBIX 00BEK-
TOB B CIIy4ae BO3MOXKHBIX TE€PAKTOB C NPUMEHEHHEM XHMHUYECKuX (Omosiorndecknx) areHtoB. [locTpoeHHas gmc-
JICHHAsl MOJIETh MOXeT OBITh pealn30BaHa Ha KOMIBIOTEpaxX MaJlOi U CpelHEeH MOIIHOCTH, YTO MO3BOJIIET MIHPOKO
UCTIONb30BaTh €€ AJISI PEIICHNUS 33/1a4 pacCMaTpUBAEMOro Kilacca IpH pa3paboTKe MIaHa JMKBUIALNU B aBapHHHON
cutyauuu. IlpencraBieHsl pe3yiabTaThl BBIYUCIUTEIBHOIO 3KCIEPUMEHTA, MO3BOJISIOLIME OLEHUTh BO3MOXHOCTH
9TO# uncneHHod Mojenu. Hayuynas HoBu3Ha. [IpemnoxkeHa apQeKTHBHAS YHCICHHAs MOJENTb JJIS pacdera 30HbI

doi: 10.15802/stp2018/146437 © M. M. Biliaiev, O. V. Berlov, I. V. Kalashnikov, V. A. Kozachyna, 2018

26



ISSN 2307-3489 (Print), ISSN 2307-6666 (Online)

Hayka Ta nporpec tpancrnopty. BicHuk J{HIIponeTpoBcbKOro
HAL[IOHAJILHOTO YHIBEPCUTETY 3alli3HHYHOro TpaHcnopty, 2018, Ne 5 (77)

EKOJIOI'I HA TPAHCIIOPTI

«YSI3BUMOCTHY BO3JIE 00BEKTa, KOTOPBIH MOXET OBITh 1IEJIbI0 TEPPOPUCTHUECKOM aTaku ¢ NPUMEHEHHEM XMMHUYe-
CKOTO0 areHTa. Mozenb OCHOBaHAa Ha YHCJICHHOM HMHTEIPHUPOBAHUU YpaBHEHUS AJIS NOTEHIIMANa CKOPOCTU U ypaBHe-
HUSI, SIBIIIFOIETOCS] CONPSDKCHHBIM K YPaBHEHMIO MacCONEPEHOCa XMMHYECKH OIAcHOTO BEIlecTBa B aTMocdepe.
IIpakTHyeckass 3HaYUMOCThb. PazpaboTanHass Momenb MOXKET OBITh MCIHOJIB30BAaHA [UIS OPTaHM3ALUH 3AIIUTHBIX
MEPOIPHUATHI BO3JIE 00BEKTOB BOZMOKHONW XUMHUECKOH aTaK! TEPPOPHUCTA.

Knoueswvie cnosa: TE€PAKT, XUMHYCCKOC 3arpsA3HCHUEC; 30HA «YA3BHUMOCTH», CONPSKCHHOC YpAaBHCHHUEC, YHCIICH-

HOE MOJCIUPOBAHHUE; 3arpsi3HEHHE aTMOCHephI
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