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MODELING THE DISTRIBUTION OF EMERGENCY RELEASE PRODUCTS
AT ANUCLEAR POWER PLANT UNIT
\

Abstract. Despite the fact that much attention is paid to the safe operation of nuclear power plants, there is a possibility of
an accident with the release of radionuclides. This is especially true in Ukraine, where there is a threat of the damage to
nuclear reactors as a result of military operations. It is impossible to research the distribution of products emergency releases
radioactive substances in laboratory conditions. Therefore, the only tool for the development predicting of an accident is the
modeling the spread of a radionuclides cloud. The purpose of the research is a modeling the distribution of emergency
release products in a nuclear power plant unit, suitable for the operative assessment of a development an accident. Results
of the research: The mathematical model of the distribution emission products of a nuclear power plant has been developed,
which takes into account the value of the initial activity of emission products, the rate of the settling radioactive particles, the
wind speed components, the intensity changes radionuclide emission over time. The technique for solving the boundary value
problem of modeling in conditions of a complex shape of the computational domain, taking into account the presence of
obstacles to the spread of emission products has been developed. The use of the velocity potential equation in evolutionary
form allows us to speed up the calculation process. The chosen splitting scheme of an alternating-triangular method allows
to find the speed potential according to the explicit form at each splitting step. This allowed software implementation of the
CFD model. The visualized models of the emission cloud distribution allow to determine the radiation situation in any place
of the emission product distribution zone. The developed model makes it possible to quickly predict the development of an
accident in space and time, which makes it possible to take measures to protect people from exposure in the shortest possible
time. Conclusions: The obtained emission cloud propagation models and their visualization make it possible to determine

the state of environmental pollution under various initial conditions during the development of the accident.
Keywords: modeling; nuclear accident; radionuclides; forecasting.

Introduction

Despite the implementation of strict safety
measures at nuclear power plants, in particular,
increasing the reliability of nuclear reactors, the
possibility of an emergency release of radioactive
substances exists. Despite the implementation of strict
safety measures at nuclear power plants, in particular, an
increasing the reliability of nuclear reactors, the
probability of an emergency release radioactive
substances exists. This is especially relevant for Ukraine,
where as a result of hostilities it is possible the damage
of the reactors power units’ nuclear plants. The
peculiarity of the modeling the process the spread
radioactive substances from the emergency release of the
power unit is that it is impossible to verify the results of
the modeling in laboratory conditions and on real object.
A lot of attention is paid to the modeling of the spread
clouds emissions substances dangerous to humans. The
disadvantage of most of them is the long time it takes to
take into account individual options depending on the
initial conditions and their changes in the process of
propagation of the emission cloud. This complicates the
decision-making process for the protecting people from
the dangerous exposure. But in such a situation, the speed
of the response to the danger is the main factor in the
minimizing of the impact harmful substances on people.
That is, the actual task is to develop a model that allows

you to calculate the spread of the cloud in the shortest
possible time, taking into account all critical factors in
the conditions of their complex dynamics. This requires
the selection of an adequate mathematical model, the
development of a methodology for the solving the
relevant equations, and the development of appropriate
software. This will allow to model of the spread of the
radioactive emission cloud in almost real time with the
visualization of the simulation results on the monitor
screen with the reference to the terrain.

Analysis of research and publications. Most of
the studies and publications on the spread of clouds of
hazardous substances in the event of an emergency
release at enterprises concern the chemical industry [1,
2]. This is due to a large number of enterprises of the
chemical industry. But the consequences of such
accidents are less harmful to people due to the rapid
dissolution of chemicals in the air. In addition, the
specific weights of chemical substances differ from those
of radioactive materials, which causes different patterns
of their distribution in the space under the same
conditions. Most research on nuclear accidents is aimed
at the preventing them. Works [3, 4] present the modern
principles of the forming a complex of nuclear safety
measures and a personnel training system for responding
to possible emergency situations at nuclear plants during
operation. The study [5] concerns the assessment of the
possible contamination the territory with radioactive
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substances. These semi-empirical models operate on the
data on the pollution of the territory from the point of
view the prevailing factors of the influence (the wind, the
temperature, precipitation) in a specific territory. In the
work [6], CFD modeling of the possible development of
the accident is used, which is very effective, but a moving
object is considered, which is not relevant for most active
power plants. In the study [7], a model of changes in
territory pollution after sedimentation of emission
products was developed. The paper [8] defines the risks of
emission at a nuclear power plant with recommendations
for decision-making in the event of accidents. At the same
time, the dynamics of the development of accidents is not
taken into account. The study [9] laid the methodological
foundations for modeling the spread of a cloud radioactive
substances, which is formed in the event of an emergency
release of a reactor. The application of the velocity
potential equation to build the emission propagation model
allows you to speed up the calculation process. Therefore,
the use of such an approach is appropriate for obtaining a
model of the distribution emission products a nuclear
power plant.

Purpose and tasks of the research. The purpose of
the study is to model the distribution of emergency
release products at the power unit of a nuclear power
plant, suitable for the operational assessment the
development an accident.

To achieve the goal, the following tasks are defined:

- the development of a mathematical model the
distribution power unit emission products;

- the development of a methodology for solving a
boundary value problem in the conditions of a complex
shape the calculation area;

- an obtaining and a visualization of the model
showing the development the accident at the power unit.

Mathematical model of the distribution
products the emergency release
of the power unit

Modeling of the distribution products the
emergency release radionuclides is carried out on the
example of the Zaporizhzhia nuclear power plant
(Ukraine).

Forecasting of the radiological situation is carried
out on the basis of the developed CFD model [11, 12].

The task is to assess the level of radiological air
pollution on the territory of the Zaporizhia Nuclear
Power Plant (NPP) in the area where the power units are
located. The calculation area is shown in Fig. 1.

To estimate the level of radioactive air pollution in
the event of an emergency radioactive release Q [Ci] at
the NPP, the following equation for the distribution of
radioactive emissions in an atmospheric air is used:
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Fig. 1. Calculation area (Google Image, 2023)

where C is the volume activity value, Ci/m%; u, v, w —
components of the wind speed vector in the projection on
the coordinate axis X, y, z, respectively, m/s; ws— rate of
deposition of radioactive particles in the atmosphere;
A=0,693/Ty, , 1ls, Ty, — half-life, years; xi yi zi —

Cartesian coordinates of the i-th source of radioactive
emission at the NPP, m; t — time, s; sy, py, 1, -

coefficients of atmospheric turbulent diffusion, m?s;
5(xi Yis zi) — the Dirac delta function, with the help of

which the location of the emergency radioactive release
at the NPP is specified in the model [12, 13]. The
emission intensity of radionuclides is equal to Q.

This model takes into account changes in the
intensity of the radionuclide releases over time. To carry
out the modeling, a dependency must be specified
Q(%, i z)=f(t), ie. specify how the intensity of

radionuclide release changes over time. With this
approach, within the framework of the modeling an
equation (1), it is possible to model different types of an
emergency release: semi-continuous release, long-term
release, instantaneous release.

Boundary conditions for the modeling equation (1)
are as follows:

- at the entrance of the air flow to the study area

C:C|emrance: the background concentration of the

radioactive pollution in an atmosphere is known (for pilot
calculations is accepted C=0);
— at the boundary of the exit of the wind flow from

the study area: 2—C =0, where n is the unit vector of the
n

external normal to the boundary.
The initial condition C|_, =0 or C|,_, =G,

where Cy is the known the background concentration of
radionuclides.

The wind speed profile and atmospheric diffusion
coefficients are calculated as follows:

2\ 2"
UZU{Z—j 1ﬂz:kl[Z_J » €ty =y =kou,
1 1

where p=0,15; m=1; ki1=0,2; ,1=1 m; ko=0,1; uy is the wind
speed at a height of z;=1m.

The wind speed and the direction are input
parameters for the problem and are given by
meteorological observation data.
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Since the process of the distribution radionuclides
within the limits of the industrial site is considered, then
it is necessary to take into account the influence of
buildings (power units) on the formation areas the
radioactive contamination. That is, it is necessary to solve
the problem of an aerodynamics - to calculate the air flow
velocity field on an industrial site under construction
conditions. The potential motion model is used to solve
this problem. In this case, the modeling equation of an
aerodynamics has the form:

the equation for the velocity potential:

where P is the speed potential.

Boundary conditions for the modeling equation (2)
are as follows:

0, 0]

1. Z—P =0 on impermeable boundaries.
n

2. P® =0 on the upper limit.
on

3. Z—P =V, at the boundary where the flow flows
n

into the calculation area, (V, — the air flow velocity).

4. P=const at the border of the flow "exit" from the
calculation area.

Projections of an air flow velocity vector on axis of
the Cartesian coordinate system are defined as follows:

oP oP oP
Uu=—; V=—173 W=—y,
OX oy oz

Thus, in order to analyze the formation of zones the
radioactive contamination in an atmosphere on the
territory of the industrial site during an emergency
emission at the power unit, it is necessary to solve the
boundary value problem (2) and calculate the
components of the air flow speed at the industrial site
based on dependencies (3). Next, using the data on the air
flow velocity field, calculate equation (1) and obtain the
volume activity distribution at an industrial site for a
certain time after the start of the emergency emission
radionuclides on the territory of the NPP.

@)

The method of the solving the boundary value
problem in the conditions of the complex
shape the calculation area

Finite-difference methods of the numerical
integration are used to solve the boundary value problem
(1), (2) in the conditions of the complex shape the
calculation domain, which is an industrial site with power
unit buildings. The alternating triangular method is used
for the numerical integration of equation (2). To
construct the finite-difference scheme of this method, it
is necessary to reduce the equation for the speed potential
to the "evolutionary” form:

2 2 2
o e e e "

o2 ’
where t is a fictitious time.

Next, the following splitting scheme of the
alternating triangular method is used. This numerical
model is developed to solve the evolution equation (4)
based on the difference splitting scheme:

- the first step of the splitting:
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- the second step of splitting:
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At each splitting step, the velocity potential is found
using an explicit formula. This allows for easy software
implementation of the developed CFD model.

The components of the air flow velocity vector at
the industrial site are calculated on the sides of the
difference cells on the basis of dependencies (7):

Rk —R-1jk
Uijk ==
il B} AX (7)
R,k — R jk
Vi, jk :—Ay »Wijk =

Rk~ R jka
Az '

For the numerical integration of equation (1), a
number of transformations are carried out, namely:
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where u+=u+|u|_u_=u—|u|_
2 2
o v+ = v—v| W W+ |w| W = w—|w|_
2 2 2 2
Next, the following approximation of the

derivatives is performed:
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Further, for the numerical integration of equation
(1), the following splitting scheme is used:
1) the first splitting step ( k= 1/2):
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2) the second splitting step (k = n+1; ¢ = n+1/2):
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At each step of splitting (8), (9) the unknown value
of volumetric activity is determined by an explicit
formula.

On the basis of the developed numerical model
(5)—(9), the code "NUCLEA" was created, the
programming language is FORTRAN.

Modeling the development of an accident
at NPP power unit and its visualization

The developed numerical model and the computer
code created on its basis were used to predict the level
radioactive contamination in the case of the emission
isotopes contained in the gas stream coming out of the
first unit the nuclear power plant.

In Fig. 2 shows the site of the leak radionuclides. It
is believed that this jet contains the following isotopes:
“Ar, 85mKr’ 87Kr, 133Xe, 131'.

The intensity of an isotope emission is characterized
by the power Q=1.5 Ci/s.

The wind speed u;=3.5 m/s. It is assumed that the
rate of the deposition radioactive particles in an
atmosphere ws=0 (gas emission).

Since the dynamics of the formation the area
radioactive contamination within the industrial site of the
nuclear power plant is being considered, and such an area
is formed very quickly, the calculation takes 1=0.

Next, the figures show how the area of the
radioactive contamination is formed at the industrial site
of the nuclear power plant for different moments of time
after the start the isotope leak (Figs. 3-5).

Fig. 2. Calculation area "red dot" - the place of an emission radionuclides;
"yellow dot" — the position of the receptor (person)
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Fig. 3. The area of radioactive contamination
at the moment of time t=34 s, level z=12 m”
1 - C=0,058 Ci/m?; 2 — C=0,135 Ci/m3;

3 —C=0,213 Ci/m?
Y/ i

Fig. 4. Area of the radioactive
contamination at time t=55 s, z=12 m:
1 - C=0,061 Ki/m?3; 2 — C=0,142 Ki/m?;
3-C=0,224 Ki/m?®

The obtained model makes it possible to evaluate
the development of an accident at a power unit of a
nuclear power plant with the release of radionuclides in
real time.

This simplifies the process of determining the actual
contamination of the territory and organizing people's
protection works.

Discussion of research results

As can be seen from Fig. 3-5, the area of radioactive
contamination spreads very quickly over the industrial
site of the NPP.

Fig. 5. Area of the radioactive
contamination at time t=86 s, z=12 m
1 - C=0,063 Ki/m3; 2 — C=0,144 Ki/m3;

3-C=0,226 Ki/m?

It can also be seen that power units deform the area
of the pollution, which significantly distinguishes it from
the area of the pollution that forms in space without
obstacles and has the appearance of a "tongue" [16].

To analyze the injury risk to personnel at the station,
it is important not only to predict how radioactive
emissions spread in an atmosphere and the formation of
a zone the radioactive contamination at the industrial site,
but also to predict the dose per person from external
photon radiation.

The following dependence is used to calculate the
equivalent dose from an external photon radiation for a
person located on the territory of the industrial site of the
NPP:

T
H= BayJC(x, y, z)dt,
0

(10)

where H — equivalent dose per time; B, — dose factor.

Note that dependence (10) uses the time-varying
value of volumetric activity C(x,y,z) at the location of the
person. For the above list of isotopes contained in an
emission.

Thus, in order to determine the injury risk to a
person located at any point on an industrial site, it is
necessary to calculate the dynamics of changes in volume
activity at the point of location of a person based on
model (1) and calculate the parameter based on
dependence (10).

In Fig. 6 shows the dynamics of changes in the
equivalent dose for a person who is near the third power
unit, level z=1.7 m (Fig. 3, "yellow dot").

If we take into account that the maximum
permissible dose for NPP personnel is 5 ber per year, then
as can be seen from Fig. 5, this value is reached 1.5 min
after the start of an isotope emission. That is, it is a risk
of a fatal damage to a person.
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Fig. 6. The value of the equivalent dose
for a person

The application of the proposed approach can be
used to predict the development of any accident with the
release of nuclides.

This allows timely identification of the risks of
people's impressions.

Also, the obtained results make it possible to
determine the areas of safe stay of people in the event of
an emergency situation and the location of storage
facilities in case of accidents.

Conclusions

1. The developed mathematical model of the
distribution an emission products the nuclear power plant
takes into account the value of the initial volumetric

activity an emission products, the rate of a deposition
radioactive particles in an atmosphere, the components of
the wind speed, which are the most critical indicators that
affect the development of the accident. The advantage of
the model is taking into account changes in the intensity
of radionuclide emissions over time.

2. A methodology for the solving the boundary
value problem of modeling in the conditions of a
complex shape the calculation area, which takes into
account the presence of obstacles to the spread emission
products, has been developed.

Finite-difference methods of numerical integration
are used for the solution. The use of the speed potential
equation in an evolutionary form made it possible to
speed up the calculation process.

The chosen splitting scheme of the alternating-
triangular method allows finding the speed potential at
each splitting step according to an explicit formula. This
allows for easy software implementation of the CFD
model.

3. The obtained emission cloud propagation
models and their visualization make it possible to
determine the state of environmental pollution under
various initial conditions during the development of the
accident. The models make it possible to determine the
pollution at each point of the territory within a few
seconds and to predict changes in the pollution in the
space and time.
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MopnesaoBaHHS NOIMIMPEHHS MPOAYKTIB aBapiiiHOro BUKATY
Ha eHeprodJIoLi AaTOMHOI eJ1eKTPOCTAHIIT

B. B. Binsesa, JI.O. JleBuenko, I. A. Mimenko, O. M. Tuxenko, B. A. Ko3aunna

AHortanis. He nuBnsunch Ha Te, 10 Ge3neyHil eKcIutyarawil sSIepHIX eHEPreTHYHHX YCTAHOBOK HNPHAUIAEThCS Oarato
yBarg, icCHye HMOBIPHICTb aBapil 3 BUKHIOM paxioHykmiaiB. OcoOJIMBO Iie aKTyalbHO B YKpaiHi, Jie iCHy€e 3arpo3a yIIKOKEHHS
SZICPHUX PEaKTOpIB BHACTIZOK OOHOBUX niif. JIOCIiKEHHST PO3MOBCIOKCHHS MPOAYKTIB aBapiiHUX BHUKU/IB paJiOaKTUBHUX
PEUYOBHH y Ja0OpaTOPHUX YMOBAaX HEMOXINBO. TOMYy €JMHHM iHCTPYMEHTOM IPOTHO3YBaHHs PO3BUTKY aBapil € MOJCIIOBaHHS
PO3MOBCIO/DKEHHS XMapH pagioHyKIiiB. MeToI0 J0CTiIKeHHs] € MOJCIIOBAHHS MOLIMPEHHS IPOAYKTIB aBapiifHOro BUKHIY Ha
€HeprobJIo1li aTOMHOT eJIeKTPOCTAaHIIii, IPUAATHOTO AJIs OIIEPaTHBHOTO OL[IHIOBaHHS PO3BUTKY aBapii. Pe3yabTaTn mociimkenHs:
P03po6iieHo MaTeMaTH4Hy MO/IENb TOLINPEHHS POLYKTiB BUKUY EHEProOIOKy aTOMHOI €IeKTPOCTAHILI], IKa BPaXOBY€ 3HAUCHHS
MMOYaTKOBOI aKTUBHOCTI MPOIYKTIiB BUKHIY, IIBHIKICT OCiTaHHS PaIiOaKTHBHUX YaCTOK, KOMIIOHEHTH IIBHIKOCTI BITPY, 3MiHHK
IHTEHCHBHOCTI BUKHIY PaTiOHYKIiIiB 3 dacoM. Po3po0iieHO MeTOMUKYy po3B’s3Ky KpaioBOi 3ajadi MOJETIOBaHHS B YMOBax
cknagHoi GopMH po3paxyHKOBOI 00JiacTi, ska BPaxOBY€ HAasBHICTh MHEPEIIKOJ] PO3MOBCIO/DKEHHIO TPOJYKTIB BHKHY.
3acTocyBaHHs PiBHSHHS MOTEHIIATY [IBUIKOCTI Y €BOJIOLIHHOMY BUTJISII 103BOJISIE MPUIIBHILIMTH ITPOLieC po3paxyHKiB. OOpaHa
CXeMa PO3MICIUICHHS MONePEeMiHHO-TPUKYTHOTO METOJY [O3BOJISAE HAa KOXXHOMY KPOILI pO3LICIUICHHS 3HAXOAWTH TMOTEHIAN
IIBUJIKOCTI 3a siBHOIO (popmoro. Le mo3Bonuiio 3aiiicHuty nporpamuy peadiizanito CFD moneni. BisyasizoBani Mojeni monpeHHs
XMapH BUKHUJLY JIO3BOJISIOTh BU3HAUMTH pajlialliiiHy 0OCTaHOBKY Yy Oyb-KOMY MiCLi 30HH PO3NOBCIOMXKEHHS MPOIYKTIB BUKHY.
BucHoBKH: po3pobiieHa MOJIENb JO3BOJISIE ONIEPAaTHBHO IPOTHO3YBATH PO3BUTOK aBapii y MPOCTOPI i 4aci, 1110 HaJlae MOXKJIUBICTD
Yy MiHIMaJIBHI TEPMIHH BXXUTH 3aXO0JIH 13 3aXHCTY JIFOJEH BiJl OIIPOMiHECHHS.

KaouoBi cioBa: MozemoBaHHsI; siAepHA aBapist; pagiOHyKIIiAN; TPOTHO3YBaHHSL.
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