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Abstract. Risk assessment during emission of toxic chemicals at railway transport is the problem of great
scientific interest. To make such assessment we need special computer models. At present, in Ukraine,we
have lack of such models. The authors present numerical models for territorial risk assessment in case of
organized emissionsat railway transport (for example, emissions during locomotive movement) and in
case of accident emissions (accident spills of dangerous cargo, emissions of NH; from railway tank, etc.).
The basis of the developed numerical models is the system of fundamental equations of fluid dynamics.
These equations are solved numerically using implicit schemes of splitting. The developed models allow
to take into account some important factors which influence the territorial risk value: probability of
atmosphere conditions, train route, transport infrastructure at railway stations, probability of emission
site.Also the process of pollutant chemical transformation in the atmosphere is taken into account in the
developed models. The developed models allow to predict territorial risk in case of moving source of
emission (moving damaged railway tank).The results of numerical experiments are presented. These
results illustrate territorial risk maps for different sites near Prydniprovska railway.

1. Relevance
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is accidental emissions during transportation of
dangerous cargo. In the event of an accident during the
transportation of chemically hazardous substances, there
is a risk of large-scale environmental pollution and
damage to people. When considering both problems, a
problem arises in assessing the territorial risk of toxic
damage to humans [1 -4, 13, 15-20] . To carry out such
assessment we need special mathematical models [5, 6,
7,9, ,10, 12]. At present, such models are absent in
Ukraine. Therefore, there is an important task of creating
effective methods for assessing the territorial risk of
various emissions of chemically hazardous substances in
railway transport.

where u, v, w are the velocity components in x, y and z
direction respectively; C is the concentration of toxic
chemical; ¢ is the parameter taking into account the
process of toxic gas decay or rain wash out; w,u,, L. are
the coefficients of turbulent diffusion in x, y and z
direction respectively; x; ,y; ,z; are the coordinates of
point source of emission; Qi) is the intensity of
pollutant emission; &(x—x;(t))d(y—yi(t)) 8(z—z;) is Dirac
delta-function.

In the developed numerical model, the following
profile of velocity component u and coefficient of
diffusion p, is used [5]:

2. Governing equations eu ( z ) =k (ij ’ o

To simulate the process of toxic chemical dispersion in
the atmosphere the transport equation is used [7, 8, 12,
14]:
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where u; is the velocity at height z;; k,=0,2; n=0,16;
m=1. The following models to calculate the other
diffusive coefficients are used:

W= H My, = Kott,

where k; is the empirical parameter.

The transport equation is used with the following
boundary conditions [1, 5]:
- inlet boundary: Cly,e=Cr, where Cr is the known
concentration (very often Cz=0);
- outlet boundary: in numerical model the condition
C(i+1, j, k)=C(i, j, k) is used (this boundary condition
means that we neglect the process of diffusion at this
plane);
- top boundary and ground surface 0C/0n=0.

To develop the numerical model the implicit
difference scheme was used.

3. Modeling of
contamination

land surface

In case of accidents during transportation of toxic
chemicals, an important problem is arisen: it is necessary
justify economic losses, caused by land contamination.
Worthy of note that is practically impossible to measure
contamination area very quickly after an accident,
because of lack of special equipment, big areas, which
were affected by pollutant emission. So, the
mathematical modeling is the main instrument to
calculate the losses after the accident.

The following dependence is used to calculate mass
of pollutant which is “captured” by land surface:

G =]‘dt H (WS +ya)C(x,y,z=0,t)ds R
0

S,z=0

where § — specific area of the surface of the region
(forest, crops, etc.), ¢ — current time; a>0 — coefficient
taking into account the "capture" of part of the impurity
by the earth's surface [8]; T is the period of integration.

For calculation of this integral the formula of
rectangles is used.

Worthy of note, that to calculate parameter G, it is
necessary to know concentration field near the land
surface. Besides, concentration near the land surface is
changed during time. This concentration can be
computed using equation (1).

4. Numerical integration

For numerical integration of the equation (1) finite-
difference methods are used. First, equation (1) was split
into a sequence of next equations:
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Each of first three equations from system (3)
describes hazardous substances movement in one
particular direction. This splitting is the bases for
developing of locally-unidimensional difference scheme.
For numerical integration of the first three equations,
implicit alternately triangular difference scheme is used.

To build difference scheme, first of all the convective
derivatives are represented as following [12]:
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After that, approximation of the second derivatives is
made by formulas from [12]:
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For approximation of the convective derivatives
formulas from [12] are used:
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Difference scheme for calculation chemically where
hazardous substance concentration is considered on the
example of the first equation from system (3) because of Lou +|u| . u —|u| . v+|v| o v—|v| .
similarity of the second and the third to the first one. S S
Difference scheme is written as follow:
- on the first step of splitting: W= wH |W| W= w- |W| '
2 2
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- on the second step of splitting:

crl —ck.
—hok TRk = ML DO =MCT+ M CT(5)

Difference scheme has the similar form for the
second and the third equations from (3).

Unknown value of concentration C at each step of
splitting (4), (5) is calculated with explicit formula of
«running calculation». The last equation from (3) is
solved with using of Euler method.

Further, the physical splitting is carried out on the
differential level. When doing this splitting, the
processes of convection, diffusion, «work» of sources
and runoffs need to be separated. Splitting has following
appearance [8]:
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Need to be noted, that the third equation from (6)
defines changing of hazardous substance concentration
under the action of emission source with rate Q.

Equation (7) defines changing of hazardous
substance concentration in the particular point under the
chemical decay.

It is known, that to perform computational
experiments other methods of numerical integration to
control the correctness of numerical calculations need to
be used. That is why developing of the other difference
scheme for numerical integration of equation (1) is
considered.

To describe this difference scheme, following
dependencies are used [12]:
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The computational dependencies for the first
equation from (6) are [12]:
- on the first step of splitting k=n+1/4:

¢t -c,
—”f’km i +%(L;C"+L;Ck +LC) =0, (8)

- on the second step of splitting k=n+1/2, c=n+1/2:

ct . -c,
—““‘At Lik +%(L;Ck +L,CH+LCY)=0;  (9)
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- on the third step of splitting k=n+3/4, c=n+1/2:

ck —ce.
—quAt Lok +%(L;Ck +L,C*+L.Ct ) =0

- on the fourth step of splitting k=n+1; c=n+3/4:

k n
Cun =Gl +1(L*C" +L,Ct+L:CY) =0
At 207 7 :

Considered splitting scheme is called alternately
triangular. On the bases of dependencies (8), (9)
concentration of hazardous substances in the difference
cells under the influence of air flow is computed using
«running calculation».

Next calculation of concentration changing in cells
under the influence of diffusion is made:

- on the first step of splitting [11]:
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On the bases of dependencies (10), (11)
concentration of hazardous substances in the difference
cells is computed using «running calculationy.

The final stage is calculating of hazardous substance
concentration under the action of emission sources and
precipitations. So, for solving of the third equation from
system (6) dependency (12) is used (obtained on the
base of Euler method [11]):

Crl=Cl 4

ijk ijk

(12)
+A1Y 0, ()8, (x=x,0)) 5, (y=.(0)5,(z-2z).

Here the following designation of hazardous
substance emission rate is used:

Oy =0, /ax/ay/az.

where Oy is known emission rate value of source.

To solve equation (7) dependency (13), obtained
from Euler method, is used:
C. " =Cu" At Cy" (13)

ijk

Initial condition for each differential equation is
written as following:

Cll=Cx, y,t"); ck| = c“| )

5. Methodology of territorial risk

assessment

As known, spreading of dangerous factor in case of
toxic substances accidental emission has significantly
probabilistic nature. This nature of spreading is
depended from:

- the repetition of different velocity values, the direction
of the wind;

- probability of atmospheric stability;

- accident scenario;

- place of emission, emission rate.

Therefore, in assessing the territorial risk, we will
take into account these factors. Note that the zone of
chemical contamination is different for different
meteorological situations P(W;).

Indeed, at high air velocity the concentration of
dangerous substance in the air decreases, and at low
speed it increases, because there is no rapid dispersion.
In addition, the process of dispersion of contaminations
is influenced by the state of the atmosphere, which in
the constructed models is taken into account by the
vertical coefficient of atmospheric diffusion.

When constructing a method of risk assessment, by a
specific  meteorological  situation the specific
significance of the velocity and direction of the wind
and the stability of the atmosphere is meant. As known,
the probability of realization of a concrete
meteorological situation for a given region is
determined on the basis of statistical data (or on the
basis of meteorological forecasting):

P(W,)=N,/T, (14)

where Nj; is number of days (hours), corresponding to a
particular meteorological situation; 7 is period of
observing.

The probability of a person is in the zone of defeat
will be determined as follows:

P¥), =3 P(H), (15)

where P(W)y is probability of all considered
meteorological situations, in which a person is in a zone
where the concentration of a dangerous substance
exceeds a certain threshold, at which there is a damage
of certain severity.

To calculate the probability of being in a zone of
toxic damage when emitting a dangerous substance it is
necessary, for a specific point of the calculated area, to
perform calculations by the formula (15).
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6. Algorithm of solving

The territorial risk assessment of chemical damage in
the probable meteorological situation P(W) will be
carried out in the following sequence:

1) at the first stage of the task solving, a data block is
created to initiate the event (possible place of emission
of a chemically hazardous substance, emission rate,
emission mode, type of chemical agent);

2) at the second stage, a data block is formed about
probable meteorological conditions P(W;), characteristic
of the area where the railway is located,

3) at the third stage, the level of chemical
contamination for probable meteorological conditions is
calculated (at this stage the numerical integration of the
masstransfer equation for a particular meteorological
situation is carried out);

4) at the fourth stage, the zones where the
concentration exceeds the threshold (for example, lethal
concentration, Maximum permissible concentration etc.)
in a specific meteorological situation are determined;

5) at the fifth stage, the construction of a matrix (risk
matrix) for the given object is carried out.

To perform calculations in order to determine the
value of the territorial risk of chemical damage in the
case of an accident on the railway, the following
parameters should be specified:

. Dimensions of calculated zone.

. Location of railway.

. Location of inhabited area.

. Meteorological parameters.

. Hazardous substances emission rate.

. Emission source coordinates.

. Receptor coordinates.

. Probability of each meteorological situation.

The result of the simulation is the matrix of the
territorial risk or isoline of the concentration of the toxic
substance. If necessary, the user can "include" in the
calculation the probability of an accident location, and
so on. Based on the developed algorithm, a computer
program «PR-Prob» was created. FORTRAN was used
for coding difference equations.

01NN bW~

7. Results

The developed «PR-Prob» was used to solve the
following problem. A train with liquid ammonia (NH3)
moves near Railway  Station «Kamyanske»
(Dnipropetrovsk Region, Ukraine) and at time t=0 the
instant emission of ammonia takes place. It is assumed
that at time t=0, the amount of emitted NH; was Q=6
ton (it means 10% of the total amount of liquid cargo).
Because of this emission, toxic chemical cloud is
formed near the railway (Figure 1, dimensions of the
computational region: 1.75km x 1.3km).

The train keeps moving after the toxic chemical
emission and long term emission of NH3 (Q=10kg/s)
follows the instant emission. Therefore, there is
following scenario of complex emission: «instant
exhaust of toxic chemical + long term emission of it».

Formation of polluted zones in the atmosphere after
the accident is shown in Figures 2, 3. Computation
results were obtained for wind speed 7m/s, train speed

Fig. 1. Toxic chemical cloud after NH; emission, =3.5min,
level z=7m

Fig. 2. Toxic chemical cloud after NH3 emission, /=12 min,
level z=7m

Fig. 3. Toxic chemical cloud after NH; emission, #=18min,
level z=7m

It is clear from Figures 2, 3 that in the case of
accident large cloud of pollution is formed near the
railway with further covering the inhabited area and
creating the threat of toxic damage for people.

In Figure 4 the matrix of potential territorial risk for
the meteorological situations, which are typical for this
region in June, is formed.



MATEC Web of Conferences 294, 02008 (2019)
EOT-2019

https://doi.org/10.1051/matecconf/201929402008

Fig. 4. Matrix of potential territorial risk, 7=15min, level z=2m

Matrix of potential territorial risk shows the
probability of people toxic damage at any time after the
accident. This information allows us to separate zones,
which are extremely dangerous for people in inhabited
area for all possible weather conditions in the region.

In Table 1 we present computational data about the
dynamics of land surface contamination. As we see
from Table 1, the contaminated surface is increased
during time.

Table 1. Dynamics of land surface contamination.

Time, s 112 169 239
Contammzztted 0.21x10° 1,04x10° 1,86x10°
area, M

In Table 2 we present computational data about the
dynamics pollutant mass settled on the land after the
accident. This data allows to assess the damage after the
accident and can be used to calculate economic losses,
caused by the accident. So, in case of accidents during
transportation, the developed model allows to make
platform of scientific justification losses, caused by an
accident.

Table 2. Pollutant mass settled on the land, g.

Time, min Area
4 0,11x10°
14 0,27x10°
22 0,38x10°

8. Conclusions

The paper shows the numerical approach to risk
assessment in case of toxic chemicals emissions during
railway transportations. This approach is based on
numerical simulation of toxic chemical dispersion on
the base of 3D equation of mass transport. For
numerical integration of the governing equation,
implicit difference schemes of splitting are used. The
unknown value of toxic chemical concentration is
calculated using explicit formulae on each step of
splitting.

The proposed numerical models can be used to
compute zones near railways which are influenced by
the emissions from railway transport.
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