S. H. Kadalev.: Evaluation of Technological Radiation Sources in the ...
Nuclear Technology & Radiation Protection: Year 2018, Vol. 33, No. 1, pp. 31-46 31

EVALUATION OF TECHNOLOGICAL RADIATION SOURCES IN THE
PUMPING STATION OF THE PRIMARY CIRCULATION LOOP AND
ON THE TOP OF THE POOL TYPE RESEARCH REACTOR

by

Stoyan H. KADALEV
College of Energy and Electronics, Technical University of Sofia, Sofia, Bulgaria

Scientific paper
http://doi.org/10.2298/NTRP1801031K

The present paper considers the approach to an assessment of technological radiation sources
in the primary water-water reactor circulation loop. In principle, such an evaluation is a
multidisciplinary task that covers not only the irradiation of the nuclei, the formation of new
isotopes and their decay when they are unstable, but also calculations in the field of hydraulics
in order to perform an assessment of the irradiation time and the decay time. A general and a
more detailed review of the radiation sources formation in the nuclear facilities and the pool
type research reactors with demineralized water as a heat carrier are prepared. The initial iso-
topic composition of the heat carrier has been adopted according to the Vienna Standard
Mean Ocean Water recommended by the International Atomic Energy Agency.

The general mathematical model of the processes of nuclei irradiation, the formation of new
isotopes and their decay, the assessment of the irradiation time and the decay time is described
in details, enabling the repetition of this evaluation to a particular facility. The presented ap-
proach is applied in the reconstruction design of the nuclear research reactor IRT-2000, Sofia,

Bulgaria.
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INTRODUCTION

The main source of ionizing radiation in most
nuclear facilities is the reactor core. The ionizing radi-
ation sources in the primary circulation loop are fis-
sion products which could leak into the coolant from
the fuel on account of defects and/or damages in the
fuel elements cladding activated elements of the heat
carrier and its impurities and activated corrosion prod-
ucts of the structural materials [1]. Other ionizing radi-
ation sources are the storage pools for irradiated fuel,
the equipment of the water treatment systems, the ven-
tilation systems, efc.

The pool type research reactors are usually water
cooled, water moderated, with two coolant loops, so
the present study covers the peculiarities of this type of
reactors.

The safety analyses report (SAR) scope of the re-
search reactor includes the assessment of the radiation
situation in the premises of the primary circulation
loop pumping station and on the top of the reactor at
normal operation and in emergency situations. The in-
duced activity of the heat carrier in the primary circu-
lation loop has a significant share in the radiation situ-
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ation at these places. It consists of the coolant activity

and the activity of its impurities. The impurities con-

sist of technological impurities, products of corrosion
and fission products leaked in the coolant due to the
damaged fuel elements.

It is assumed that the fission products enter the
coolant only from the fuel elements with damaged
cladding, which is considered as an emergency situa-
tion.

The presence of radioactive corrosion products
in the technological loop is due to the following pro-
cesses:

— the activation of the structural materials under the
direct irradiation with subsequent corrosion and
entering of its products in the coolant,

— the activation of the stable nuclei in the corrosion
products due to the irradiation during the coolant
passage through the core, and

— the activation of the stable nuclei in the corrosion
products during their sedimentation on the struc-
tures surface in the irradiation area.

The peculiarity of pool type research reactors is
the use of demineralized water as a heat carrier, alumi-
num alloys as basic constructional material of the pri-
mary circulation loop and internal pool devices and
stainless steel piping between the pool and the primary
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circulation loop pumping station, making the avail-
ability of products of corrosion a negligible value.

An additional factor in the radiation situation on the
top of the reactor is the presence of ionizing radiation
sources for dosimetry equipment calibration and irradi-
ated samples in the vertical experimental channels. The
contribution in the common radiation background of these
sources is considered separately in the radiation situation
assessment of the relevant activities safety analysis.

Based on the foregoing, the present study covers
only the heat carrier activity caused by the irradiation
of the nuclei of the water molecule elements.

GENERAL DESCRIPTION
OF THE TASK

The subject of the presented study is the impact
assessment on the radiation situation in two control
points. The first point is the pumping station premises
of the primary circulation loop, in which the pipes and
the heat exchanger are examined as a linear radiation
source. The second control point is a volumetric radia-
tion source in the reactor pool on the outlet level of the
grid of the ejector system vessel with the following di-
mensions: the height and the width of the grid and a
length equal to the distance between the grid and the
point above the center of the reactor core. The evalua-
tion purpose is providing the data for the subsequent
assessment of the radiation situation in the pumping
station premises and on the top of the reactor at normal
operating conditions. As the only source of secondary
radiation on the specified locations, the isotopic com-
position of water is discussed in more detail.

The isotopes content of hydrogen and oxygen in
natural waters is defined by the international standards
set by the International Atomic Energy Agency (IAEA):

The standard — Vienna Standard Mean Ocean
Water (VSMOW) determines the isotopic composi-
tion of the world ocean water.

The standard — Standard Light Antarctic Precipi-
tation (SLAP) determines the isotopic composition of
the natural water in Antarctica.

The standard — Greenland Ice Sheet Precipita-
tion (GISP) determines the isotopic composition of the
natural water in Greenland.

It is apparent that the present study should be
guided by the data in the VSMOW standard, presented
in tab. 1 [2].

As a result of the water nuclei irradiation, new
isotopes are obtained. They are presented in tab. 2
[1, 3-5].

The transformation chain and the decay chain of
the obtained isotopes are as follows
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Table 1. The isotope content of water according to the

VSMOW standard
Position Water Molecular Contents Contents
number |isotopologue mass [u] [gkgfl] [%]

1 '1,/%0 | 18,01056470 | 997,032536356 [99,7032536356
2 'H?H'%0 | 19,01684144 | 0,328000097 |0,0328000097
3 2H'% | 20,02311819 | 0,000026900 | 0,0000026900
4 '1,'70 | 19,01478127 | 0411509070 | 0,0411509070
5 'H?H'70 | 20,02105801 | 0,000134998 | 0,0000134998
6 2470 | 21,02733476 | 0,000000011 | 0,0000000011
7 '1,'%0 | 20,01481037 | 2,227063738 | 0,2227063738
8 'H?H"%0 | 21,02108711 | 0,000728769 | 0,0000728769
9 21,80 | 22,02736386 | 0,000000059 | 0,0000000059

Table 2. Activation reactions and properties of the
obtained isotopes

o Microscopic | py.1f jife of the
Activation | cross-section for )
Number . PR obtained
reaction activation, isotope, T
o [1024 sz] s Ly
1 ®O(n, p)'°N 1.90-10° 7.13s
2 0 (n, p) "N 5.30-10°° 4.14s
3 0 (n, p) "°F 8.00-10° 109.77 min
4 0 (n, ) O 1.60-10°° 26.91s
5 H (n, y)°H 5.19-10* 12.33 year

The presented cross-sections of the radiative capture

reactions (n, y) are for the energy range of thermal neutrons;

the other cross-sections are averaged on the fission neutrons spec-
trum
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Based on the provided information, the accumu-
lation of radioactive isotopes in the control points is
assessed.

It is apparent that some of the water
isotopologues are contained in relatively small
amounts in natural composition. The following crite-
rion is accepted as a first step for the study simplifica-
tion: the respective isotopologue is negligible if its
content is less than 10~ %. As a second simplification
step, it is accepted that only the isotopes with electri-
cally neutral emanation will be examined. Given these
criteria the present study covers the oxygen nuclei of
the isotopologues presented in tab. 1 on positions 1, 2,
4, and 7.
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MATHEMATICAL MODELING
OF THE PROCESSES

The mathematical model for calculating the
coolant activity depends on the reactor cooling tech-
nological scheme [1, 4, 6]. In the simplest case, with a
single-phase coolant without the contour branches,
leaks and filtration system, the specific activity of the
isotope 7 is calculated using the formula
1— e k+D2 it

e—/lit (1)

a, =Y'(1-¢™*7) 1,
l—e*"
where a; [Bql ']is the specific activity of the isotope i
in the coolant after k number of circulation cycles, ¥'—
the integral of the nuclide predecessor activation of
isotope i in the coolant, 1’ [s '] — the decay constant of
isotope i, 7 [s] — the irradiation duration of the coolant
in the reactor core, k — the number of the heat carrier
circulation cycles in the coolant loop, ¢ [s] — the dura-
tion of the circulation cycle, and ¢'[s] — the heat carrier
run time from the reactor core to the control point.
The integral of the activation Y determines the
formation rate of isotope i per unit volume of the cool-
ant in the reactor core

.k, i
Y'=[oE,)X(E,)IE, (2)
0 a

where @(E,) [cm *s '] is the averaged over the coolant
volume neutron flux with energy E,, 3", (E ;) [em '] -
the macroscopic cross-section of the nuclide predeces-
sor activation of isotope i upon irradiation with neu-
trons with energy E,,.

The macroscopic cross-section of the nuclide
predecessor activation is calculated using the formula

S(Ey)=pioi(Ey) (3)

where p; [cm ] is the nuclear density of the nuclide
predecessor of isotope i, o/(E,) [cm ] — the micro-
scopic cross-section of the nuclide predecessor activa-
tion of isotope i upon irradiation with neutrons with
energy E,, 10,

The nuclear density of the nuclide predecessor
of isotope i is calculated using the formula

N

pPi = % n;x; 4)
where N = 6.02214086-10% mol ™' — the Avogadro's
number, % [gem ] — the density of the substance,
M [u] —the atomic mass of the substance, n; — the num-
ber of atoms of the nuclide predecessor of isotope i in
the substance molecule, and x; — the isotopologue con-
tent in the substance.

If the technological scheme bifurcates, the pre-
sented model is complicated because of the need to
consider the duration of the coolant movement
through every section, the neutron flux on the relevant
section (if the branch is in the reactor core), etc.

As arule, the coolant of pool type reactors is sin-
gle-phase and, therefore, a variant of the mathematical
modeling of two-phase coolant is not considered.

The presented aspects of the mathematical mod-
eling of the task show that its solution could be only
the result of a multi disciplinary approach to the prob-
lem. The solution includes neutron-physical calcula-
tions of the reactor core, hydraulic calculations of the
loop to determine the irradiation duration of the nu-
clide's predecessors, their activation and the decay
time in the checkpoints.

Atnormal operation the coolant flow rate is con-
stant and its velocity varies depending on the open
flow area of the loop section. Under certain loop geo-
metric parameters, the velocity values of the coolant
and the passage time through each section and the con-
tour as a whole can be defined.

The reactor core is adopted as the first of the con-
sidered sections. The average coolant velocity through
the reactor core is defined by the formula [7]

Yre = )
Sre
where vy [ms '] is the coolant velocity through the re-
actor core, G [m’s '] — the flow rate of the coolant, and
Sgc [m*] — the open flow area of the reactor core.
After the coolant velocity through the reactor
core is obtained, the irradiation time 7 is calculated

/
r=—1n (6)
VRre
where /i, [m] is the length of the fuel section.
In the next sections the velocity values are
changing on the following relation [7]

— V-1 S n-1
" N
where v, [ms '] is the coolant velocity in section , v,
[ms'] - the coolant velocity in sectionn— 1, S, [m?]—
the open flow area of section #, and S, _ ; [m’] — the
open flow area of section n — 1.
The movement duration through the section is
defined by the formula

ty =— ®)

1%

()

n

where £, [s] is the movement duration trough the sec-
tion n, [, [m] — the length of the section n, and v, [ms']
— the coolant velocity in the section .

After the coolant velocities and the coolant
movement duration for each section are determined,
the irradiation time 7 of the coolant in the reactor core,
the decay time ¢'in the control points and the circula-
tion cycle duration ¢ can be calculated.

The presented mathematical model was applied
in the evaluation of the radiation situation in the pump-
ing station of the primary circulation loop and on the
top of the reactor in the design for the reconstruction of
the research reactor IRT — 2000 and the calculation re-
sults are presented in the SAR of the facility.
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GENERAL DESCRIPTION OF THE
RECONSTRUCTION DESIGN OF IRT-2000
RESEARCH REACTOR

The research reactor IRT-2000 is the heteroge-
neous thermal neutron water-water pool type reactor,
whose characteristics are retained in the reconstruc-
tion design, briefly presented in [8].

The distilled water is used as a coolant in order to
protect the aluminum parts of the internal devices from
corrosion and to minimize the radioactive content in
the primary circulation loop. According to the design,
the reactor core vessel (fig. 1) has a parallelepiped
shape and dimensions 676 x 640 x 950 mm. The base
ofthe vessel is a support plate with 54 cells with a pitch
of 71.5 mm for attachment of fuel assemblies or reflec-
tive blocks. The coolant flows through the reactor core
from top downwards with a flow rate up to 382 m>h!,
depending on the operation mode. The temperature at
the outlet of the reactor core will not exceed 50 °C.

The reactor is foreseen to operate with low en-
riched uranium (LEU) fuel assemblies of the IRT-4M
type (fig. 2) with enrichment 19.7 % 233U [10] and
with thermal power up to 1000 kW. The fuel assembly
(FA) consists of eight (fig. 3-A) or six (fig. 3-B) con-
centrically arranged tubular fuel elements with a
square cross-section and rounded corners. Either a
control rod (CR) or a vertical experimental channel is
positioned in the central hole of a six tube FA. There
are 4 eight tube and 12 six tube fuel assemblies, 23
solid beryllium blocks, 2 beryllium blocks with a hole
for vertical experimental channels and one beryllium
block with the automatic control rod. For better trans-
fer of the neutron fluxes the design provides 3 pieces
of aluminum blocks, each occupying 4 cells, filled
with water and air cavity at the level of the horizontal
experimental channels.

The reactor core configuration (fig. 4) was de-
veloped in collaboration with the scientists from the
Russian Research Centre (RRC) "Kurchatov Insti-
tute".

Figure 1.
1—the reactor core vessel, 2—the slot of the reactor core and
the support plate, 3 — the delay tank, 4 — the ejector system
vessel, 5 — the pipelines from and to the pump station of the
primary circulation loop
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Figure 2. Fuel assembly type IRT-4M (all values are
in mm)

The design provides the use of internal pool loop
core cooling circuit, which (fig. 1), comprises of a de-
lay tank designed to slow down the heat carrier speed
after its departure from the core, in order to decrease
the concentration of the short living isotope '°N before
the water enters in the pipes to the pump station of the
primary circulation loop and the ejector system. The
design provides that 37 % of the coolant flow through
the reactor core passes through the pumps, the me-
chanical and ion exchange filters and the heat
exchangers, where the reactor core heat is given away
to the secondary circulation loop, and then the heat
carrier returns to the pool through the ejector system
nozzle.

According to the technological scheme (fig. 5)
the primary circulation loop will be composed of two
pumps, a filtration system with six filters — two me-
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chanical input and output filters and four ion exchange
filters between them, and two heat exchangers. Sec-
ondary the circulation loop will consist of two pumps,
two heat exchangers, which are common to circulation
loops, nozzles and two spray ponds. The coolant in the
secondary circulation loop is processed water.

INITIAL CONDITIONS AND
CALCULATION AREAS

Definition of the initial
conditions for the analysis

The calculations are made under the following
assumptions:

— 6 tube IRT — 4M type FA
— 8 tube IRT — 4M type FA ry

— 6 tube FA with shim rode 6

e\ e
+
- beryllium block
— beryllium block with hole & 48 mm

- beryllium block with AR rod

- water displacer with air cavity

[ §@N

— the reactor is in operation at power 200 kW,

— the maximum fuel meat length of the fuel elements
is adopted according to the manufacturer docu-
mentation (B 0019.20.00.000 DKO) — 0.620 m
(fig. 2),

— the calculations are made for the maximum neutron
flux with the fission spectrum 1.391-10" cm s,

— aconstant neutron flux throughout the reactor core
volume is assumed,

— one of the two pumps and one of the two heat
exchangers on the primary circulation loop are in op-
eration and the second pump and the second heat
exchanger are standing in reserve, the flow rate G
through the reactor core according to [9] is

G=226 mh' =0.062778 m3s~!
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Figure 5. The technological scheme of IRT-2000
1 — the reactor core, 2 — the pump station of the primary
circulation loop, 3 — the heat exchangers, 4 — the pump
station of the secondary circulation loop, 5 —the spray ponds

— in order to achieve the maximum conservatism of
the assessment, a combination of the technologi-
cal equipment with the shortest heat carrier route
from and to the reactor pool was chosen,

— a constant heat carrier pressure and temperature
throughout the reactor core coolant circuit (inter-
nal and external pool cooling circuits) are as-
sumed,

— in order to achieve the maximum conservatism of
the assessment, the heat carrier flow mixing with
the water in the pool volume after the grid of the
ejector system vessel is not accounted for and the
flow transition to a larger cross-section is assumed,

— toassess when the balance between the accumula-
tion and the decay of the long-lived isotopes is
achieved, an uninterrupted operation mode of the
facility is adopted.

Definition of the calculation areas

In the design of the example facility a loop of the
heat carrier flow is formed. The water penetrates from
the pool into the reactor core (the irradiation area),
passes through the delay tank, and enters the ejector
system. At the entrance into the ejector system vessel
(dividing point) the heat carrier flow divides in two
parts. The first one (37 % of the heat carrier flow) en-
ters into the conduit, passes through the pump station,
heat exchangers, filter system and returns to the ejec-
tor system vessel through the ejector nozzle. The other
part passes through the ejector vessel, surrounds the
nozzle, goes into the confusor, wherein both parts are
reunited and together go through the ejector system
back into the pool through the grid in the housing of
the ejector system vessel. In this way there is a by-pass
of the pumping station, through which 63 % of the heat
carrier passes.

In the so described contour the following major
areas of the loop are highlighted:
the first major area — the reactor core area (the irra-
diation and the decay time area),

— the second major area — the area between the reac-
tor core and the entrance into the ejector system
vessel, where the dividing point of the heat carrier
is found (the decay time area),

— the third major area — the pumping station area,
wherein 37 % of the heat carrier flow (Part A)
passes through the external pool cooling circuit
and returns through the nozzle, and the by-pass
area, wherein 63 % (Part B) passes through the
section between the entrance of the ejector system
vessel and the nozzle, where the reunification
point of the heat carrier is found (the decay time
area),

— the fourth major area — from the ejector nozzle,
wherein both heat carrier streams are reunited and
mixed, to the grid of the ejector system vessel (a
decay time area), and

— the fifth major area — after the grid of the ejector
system vessel, wherein the heat carrier flow pene-
trates into the pool volume and reaches the reactor
core entrance (a decay time area).

In some of the described areas there are also sub-
areas which will be considered at the relevant stage.

CALCULATIONS

The calculations are carried out intwo main
stages. In the first main stage, the irradiation duration of
the heat carrier in the reactor core and the decay times at
the dividing point, the reunification point and control
points are calculated. In the second main stage, the
number of circulation cycles needed to reach the equi-
librium of the isotopes concentrations, the separate and
summary isotopes concentrations in the control points,
as well as at the reactor core inlet, are calculated.

First major area

The first step in determining the heat carrier ve-
locity in the reactor core is calculating its open flow
area Sp which is the sum of the open flow areas of the
elements and the housing of the reactor core. The re-
sults are presented in tab. 3.

Table 3. Geometrical parameters of the components in
the reactor core

Component Pcs. | S, [mm’] | £S5, [mm’]
Six tubes fuel assembly 12 12492.9530| 299154
Eight tubes fuel assembly 4 12857.8876| 11431.6
Internal beryllium block 6 | 351.2500 | 2107.5
External beryllium block 13 | 351.2500 | 4566.3
Corner beryllium block 4 |351.2500 | 1405.0

Beryllium block with CR 1 | 991.8400 991.8
Beryllium block witha hole | 2 [2159.8900| 4319.8
Reactor core housing 1 - -

Sre [mm?] - - 54737.4
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According to eq. (5) with such a debit, the heat
carrier velocity vpe is

_G _0062778 _ 0o
Spe 0054737

For the length of the fuel meat /;, = 0.620 m ac-
cording to eq. (6) the duration of the irradiation 7 is
potim 06204,
vpe 1147
For the tang length of the fuel assembly /,=0.095 m
according to eq. (7), the decay time ¢, in the first main area
in the reactor core after the fuel meat is

= 22995 g 0ss

vee L1147

VRC

Second major area

Support plate

The support plate (fig. 6), as part of the reactor
core vessel, is the bottom of the volume in which the
reactor core components are placed (fuel assemblies,
beryllium and aluminum blocks). Its function is to fix
axially the core elements during the reactor operation
and to provide a reliable passage of the heat carrier
from the core to the next element of the internal pool
cooling loop. The support plate is represented on fig.
5. Its thickness is 55 mm and the heat carrier passes
through the evenly distributed holes.The aluminum
blocks cover 12 sockets through which the heat carrier
does not pass. These sockets are taken into account
and only the section flow areas of 42 slots for elements
of the reactor core are practically considered. In the
center of each slot along its axis is a circular hole with
diameter @ 29 mm, 9 of these holes are with section ar-
eas blocked by the 1&C system elements, which re-
duces the number of freeholes to 33.

In the space between them 30 octagonal holes that
have more of a square shape with bevels at the corners
are placed. The square side is @ = 63.5 mm and the bevels
are with isosceles triangle shape with height to the hypot-

@.
OO

(XXX

Figure 6. Support plate

enuse /= 18.8 mm and hypotenuse » =37.6 mm. At each
corner the octagon has a curvature with radius »= 10 mm.
On the periphery of the reactor core 30 holes with shape
of divided on the diagonal half octagon are located. At
the corners 4 holes with shape of quarter octagon are lo-
cated.

To determine the section flow area of the support
plate, the sum of the sections flow areas of the holes is
calculated. In determining the geometrical dimensions
of the octagon, the bevels are not taken into account
because their influence to the result is negligible. The
geometric parameters of the support plate according to
[9] are presented in tab. 4.

According to eq. (7) the heat carrier velocity
through the support plate is

_ VreSge _ 1147-0054737
Ssp 0142237
For the height of the support plate /5 = 55 mm

according to eq. (8) the decay time in the support plate
is

Vgp =0441ms™!

tsp _lse 0055554

vep 0441
Delay tank

The function of the delay tank is expressed as a
sharp reduction of the speed of the heat carrier move-
ment after it exits from the reactor core in order to pro-
vide the time for the decay of the short-lived iso-
topes.This is achieved by a sharp and significant
increase in the section flow area of the coolant channel
and the change of its movement direction.

The design and the main dimensions of the delay
tank according to [9] are presented on fig. 7. The
height of the delay tank is 420 mm. At the entrance into
the delay tank volume the heat carrier abruptly
changes its movement direction at an angle of 90° and
enters into the expanding subarea. After the expanding
subarea, the heat carrier enters a sharply narrowing
section flow area of the throttling baffler.

When considering the heat carrier movement
through the delay tank, the following subareas are dif-
ferentiated:

— the transition of the flow from the support plate to
the volume of the delay tank with change of the di-
rection and the section flow area,

— the bilateral expanding subarea,

— the unilaterally expanding subarea, and

— the subarea with a constant cross-section.

Table 4. The geometric parameters of the support plate

Hole Pcs. Sa[mm’] | =S, [mm’]
229 mm 33 660.19 21786.27
Octagon 30 2618.49 78554.70
Y2 octagon 30 1309.25 39277.50
Y4 octagon 4 654.62 2618.48
Ssp - - 142236.95
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Figure 7. The design and
main dimensions of the
delay tank (all values are in
mm)
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Changing the direction of the heat carrier
movement and entering the delay tank

The geometric parameters of the transition into
the delay tank are width a,, and length b,, of the reactor
core, determined by the number of slots through which
the heat carrier passes according to [9]:

a, = 429.0 mm — the width of the reactor core, and
by =500.5 mm — the length of the reactor core.

Then, the section flow area of the transition S, is

S, = a, b, =214715mm’
The half of the delay tank height by, is the aver-

age path of the heat carrier transition into the tank at
the direction change:

b4 =420 mm — the height of the delay tank, and
Iy =210 mm — the average path of the heat carrier tran-
sition.

According to eq. (7) the heat carrier velocity of
the transition into the delay tank is

_ vgp Sgp _ 0441-0142237 _
Sy 0214715

For the average length of the transition /, =210 mm
according to eq. (8) the transition decay time is

w0210 479,

Ty, 0292

T

0292 ms ™!

tr

Bilateral expanding subarea

This subarea is a rectangular diffuser section
with a symmetric linear extension in one plane, ending
with a throttling baffler. The length of the subarea
starts from the middle of the reactor core and ends at
the throttling baffler. The geometric parameters of the
subarea are as follows:

o = 25° — the angle of the diffuser expansion, and
Opie = 792 mm — the width of the entrance of the dif-
fuser,

by = 420 — the height of the diffuser,

Iyy = 794 mm — the length of the diffuser subarea,

Aplo = Aple T 21 tan (0/2) = 1143 mm — the width at the
diffuser outlet, and

lpip = 579 mm — the length of the heat carrier average
path in the bilateral expanding subarea.
Then the section flow area of the diffuser en-
trance Sy, 1S
Spie = @by = 332640 mm?

According to eq. (7) the heat carrier velocity at
the diffuser entrance is
Ve S, 0292.0214715

Vile = 0188 ms™'
She 0.332640

The section flow area of the diffuser outlet Sy, is
Spio = Ap1oPy = 480060 mm?
According to eq. (7) the heat carrier velocity at
the diffuser outlet is
Vo = Vite Shie _ 0188-0.332640 _
Shio 0480060
Since the diffuser expansion is linear, the change

of the heat carrier velocity also has a linear depend-
ence. Then, the average velocity in the subarea is

0130ms !

+
Vi = e 2015 ms !

The decay time #,; in the subarea with average
velocity Ve = 0159 ms ' and length of the heat carrier
average path [y, = 543 mm according to eq. (8) is

ey 0579

vy 0159

Unilaterally expanding subarea

This subarea is also a diffuser with a rectangular
cross-section, but with a unilateral extension in one
plane. The geometric parameters of the subarea are as
follows:

a =12.5° — the angle of the diffuser expansion,

due = 1143 mm — the width of the entrance of the dif-
fuser,

by = 420 — the height of the diffuser,

= 1443 mm—the length of the diffuser subarea, and
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Aulo = Aye + [ tan (at/2) = 1463 mm — the width at the dif-
fuser outlet.
The section flow area of the diffuser entrance
Sule is
Sute = Spio = 480060 mm?

The heat carrier velocity at the diffuser entrance
is
Ve = Vo = 0130 ms™!
The section flow area of the diffuser outlet S, is

S,

u

o~ aulobul = 614460 mm2

According to eq. (7) the heat carrier velocity at
the diffuser outlet is

b _ Ve Sue _ 0130-0480060
blo ™ g 0614460

ulo

=0102ms™"

Since the diffuser expansion is linear, the change
of the heat carrier velocity also has a linear depend-
ence. Then, the average velocity in the subarea is

— +
vy =2ue ™ Vulo 2V“‘° ~0116ms™"

The decay time 7, in the subarea with average
velocity Vp; = 0116 ms ' and the length of the diffuser
subarea /; = 1443 mm according to eq. (8) is

I
up 1443 o440 s

Va 0116

ul =

Subarea with a constant cross-section

The subarea with a constant section follows after
the diffuser with rectangular cross-section and unilat-
eral extension in one plane. The geometric parameters
of the subarea are as follows:
dees = 1463 mm — the width of the subarea with a con-
stant section,
bees = 420 mm — the height of the subarea with a con-
stant section, and
lees = 715 mm — the length of the subarea with a con-
stant section.

Then

Vees = Vo = 0.102 ms™!

ces

The decay time ¢, in the subarea with velocity
Vees = 0.102 ms™! and the length of the constant section
subarea /., = 715 mm according to eq. (8) is
s 0715

t SRR
sy 0.102

cCs

=7010 s

Here, the heat carrier is a dividing point. From
here on, both parts of the heat carrier have different de-
cay time until they reach the unification point. The de-
cay time at the heat carrier dividing point on the second
main area t, is

ty =t +itgp +t, +ty +1y His =24016s

Third major area — Part A

From the delay tank, 37 % of the heat carrier
debit is sucked by the pump of the primary circulation
loop, passes through the heat exchangers and the filter
system, and then through a pipeline and the ejector
nozzle returns into the internal pool cooling loop.

The flow rate G' through the pump of the pri-
mary circulation loop according to [9] is

G' =37%G =037-226=
=8362m>h~' =0023228 m3s”!

The geometric parameters of the external pool
cooling circuit according to [9] and the calculation re-
sults according to eq. (5), eq. (7), and eq. (8) are pre-
sented in tab. 5.

The decay time in the heat carrier reunification
point in the third main area part 4 ¢ 3A is

i =55047s

The pipes 02-06 and heat exchangers are situ-
ated in the premises of the primary circulation loop
pump station, where the first control point is also lo-
cated. The radioactivity of the heat carrier passing
through the equipment exerts influence on the radia-
tion situation in the premises. At the inlet of pipe 2 the
first control point A is situated, at the outlet of pipe 6
the first control point B is situated.

The summary length of the radiation source is
29.739 m and its volume is 0.429 m3. The average di-
ameter of the conventional linear source is 0.136 m.

Table 5. Geometric parameters of the external pool cooling circuit and calculation results
Equipment Diameter [m] Section [m?] Velocity [ms™'] Length [m] Passing time [s]

Sucking pipeline 0.203 0.032349 0.718 6.470 9.011
Pipe 01 0.159 0.019846 1.170 14.700 12.564

Pipe 02 0.159 0.019846 1.170 3.940 3.368

Pipe 03 0.089 0.006218 3.734 2.775 0.743

Pipe 04 0.108 0.009156 2.536 6.150 2.425

Heat exchanger 32 x 0.020 0.010048 2.311 2.821 1.221
Pipe 05 0.108 0.009156 2.536 2.793 1.101

Pipe 06 0.159 0.019846 1.170 11.260 9.624

Pipe 07 0.159 0.019846 1.170 11.110 9.487
Pressure pipe 0.146 0.016733 1.388 7.638 5.503
Summary decay time — - - — 55.047
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Third major area — Part B

From the delay tank 63 % of the heat carrier debit
is sucked by the ejector system into the ejector system
vessel, passes through the open flow cross-section at
the ejector system entrance between the internal sur-
face of the ejector system sucking pipe and external
surface of the ejector nozzle pressure pipe and sur-
rounds the nozzle. The ejector system plan is repre-
sented on fig. 7.

The flow rate G" through the open flow
cross-section at the ejector system entrance according

o [91s G _639,G=063-226=
=14238 m’h ™' =0.039550 m’s™~!

The internal diameter of the ejector system suck-
ing pipe is Dgp = 381.4 mm, the external diameter of
the ejector nozzle pressure pipe is Dypp = 229.0 mm,
and the length of the ejector system entrance is /., =
=270 mm.

Then the open flow area of the ejector system en-

trance S, 1s

2 2 2 2
_TDsp 7D ypp _ (Dsp —Dipp ) _

Sese -
4 4 4
_314-(0145466 —0.052441)
4
S...=0.073062 m?

ese

According to eq. (5) with such a debit the heat

carrier velocity v 1s

y =G 00395500
See 0073062

The decay time ¢, in the subarea with velocity

ese

Vese = 0.541 ms™! and the length of the ejector system
entrance /.., = 270 mm according to eq. (8) is
/ .
e =2 _ 0270 0499 s
0.541

ese

The decay time at the heat carrier reunification
point in the third main area part B 7% is

12 =0499 s

Fourth major area

At the ejector nozzle both heat carrier streams
are reunited and mixed. Before reaching the grid of the
ejector system vessel, the heat carrier passes through
the ejector (fig. 8), changes its movement direction at
the angle of 180°, and at the grid again changes its
movement direction at the angle of 90° and passes
through the grid (a decay time area).

The above described heat carrier path through
the ejector system is divided into the following subar-
eas:

— the first subarea: a confusor section, a section with
a constant diameter and a diffuser section,

( 8 )
_PJL" ]
- ~
o
1
1
(=3
-
©161,1
$381,4 :
o
& ]
e of
o
J_ —1
: &
o~
-5

Figure 8. Ejector system (all values are in mm)

— the second subarea where the movement direction
reverses within the housing of the ejector system,
and

— the third subarea in which the grid mid-height of
the ejector system vessel is reached and the heat
carrier exits laterally from the vessel of the ejector
system through the vessel grid.

First subarea: a confusor section,
a section with a constant diameter
and a diffuser section

From the delay tank and the pump station of the
primary external cooling circuit both parts of the heat
carrier are reunited at the confusor entrance. The heat
carrier stream passes through the open flow cross-sec-
tion at the confusor entrance (fig. 9). The internal di-
ameter of the confusor entrance is D, = 381.4 mm.

"c "cd "d

ce|

co

Figure 9. Confusor-diffuser areas
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Then, the open flow area of the confusor en-
trance S, is

2
g _mDL _ 3.14-0.;45466 0114249 2

ce 4
At the confusor entrance, the heat carrier debit is
equal to the debit at the dividing point and according to
eq. (5) the heat carrier velocity at the confusor en-
trance v, is

_ G _0062778 _ o

v = =
“ 5. 0114249

The internal diameter of the confusor outlet is
D, =181.1 mm. The open flow area of the confusor
outlet S, is

D2
S = % = 0025759 m”

According to eq. (7) the heat carrier velocity at

the confusor outlet is

.o VeeSee _ 0.549-0114249 2435 ms-!
“ o8 0.025759

co
Since the confusor expansion is linear, the
change of the heat carrier velocity also has a linear de-
pendence. Then, the average velocity in the confusor
section is

v, = Yee Voo _ 1497 s !
2

C
The decay time 7, in the confusor section with ve-
locity v, =1492 ms “land length of the ejector system
confusor /, = 232 mm according to eq. (8) is
[, 0232

t,=—=—""=0155s
% 1492

Cc
The internal diameter of the section with a con-
stant diameter is equal to the confusor outlet diameter
Dy =D,,=<181.1 mm. In this case

S =S =0025759 m?
and
Ved =Veo =2435ms™!

The decay time 7,4 in the section with a constant
diameter with the velocity vy = 1.492 ms™! and the
length / 4 = 1360 mm according to eq. (8) is

/ )
= _ 1360 _ 559
Ve 2435

The internal diameter of the diffuser entrance is
equal to the diameter of the section with a constant di-
ameter Dy, = D 4 = <&181.1 mm. In this case

S 4o =S g =0025759 m?

and
Vie =Veg =2435ms ™!

The internal diameter of the diffuser outlet is
Dy, =380.0 mm. The open flow area of the diffusor
outlet Sy, is

2
_ nDy,

S 4o =00113411m?

According to eq. (7) the heat carrier velocity at
the diffuser outlet is
Ve Sqe  2435-0025759
Sq 0113411

0

=0553ms”!

Vdo

Since the diffuser expansion is linear, the change
of the heat carrier velocity also has a linear depend-
ence. Then, the average velocity in the diffusor section
18 — V4 +v -1

g =% & 5 o 1494 ms

The decay time ¢, in the diffuser section with ve-
locity Vg =1494 ms ' and the length of the ejector sys-
tem diffuser /; = 1420 mm according to eq. (8) is

l
ty === _1420_ 955 ¢
vq 1494

The decay time in the first subarea which con-
sists of the confusor section, the section with a con-
stant diameter and the diffuser section is

1y =t 41,4 +14 =1666s

Subarea where the movement
direction reverses within the housing
of the ejector system

In this subarea the heat carrier exits from the dif-
fuser, penetrates into the volume of the ejector system
housing and reverses its movement direction at the an-
gle of 180°. The parameters of the area are as follows
(fig. 10):

Dy, = 2380.0 mm — the internal diameter of the dif-
fuser outlet,

Degn =31006.0 mm — the internal diameter of the ejec-
tor system housing,

h=901.0 mm — the distance between the diffuser out-
let and the wall of the ejector system housing,

lesh =2 h=1802.0 mm — the length of the heat carrier
path,

Vao = 0.553 ms ! — the heat carrier velocity at the dif-
fuser outlet, and

D,

esh

Figure 10. Diffuser outlet and ejector system housing
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S40=0.113411 m? — the open flow area of the diffuser
outlet.

The open flow area of the ejector system housing
S,

esh is D2
S :% =0794851 m?

According to eq. (7) the heat carrier velocity at
the diffuser outlet is

Vao Sqo _ 0553-0113411
Vesh = = =
Sesh 0794851
The decay time 7., in the ejector system housing
section with the velocity vy, = 0.079 ms™' and the

length of the heat carrier path /i, = 1802.0 mm accord-
ing to eq. (8) is

0.079 ms ™!

tog = e _ 1802 =22810s

N =
oy 0079
The decay time in the second subarea where the
movement direction reverses within the housing of the
ejector system is

17 =22810s

Subarea in which the grid mid-height

of the ejector system vessel is reached

and the heat carrier exits laterally from
the vessel of the ejector system through the
vessel grid

In this subarea the heat carrier passes through the
open flow cross section between the internal surface of
the ejector system housing and the external surface of
the ejector diffuser. From the ejector diffuser outlet to
the entrance level of the ejector the diffuser (the grid
mid-height) exits laterally from the vessel of the ejec-
tor system at an angle of 90° through the vessel grid.

When considering this subarea of the internal
pool circulation loop (fig. 11), there are two distinct
sections:

— the heat carrier movement in the housing of the
ejector system to the entrance level of the ejector
diffuserm, and

— the lateral exit from the vessel of the ejector sys-
tem at an angle of 90° through the vessel grid.

The geometrical parameters of the first section
are as follows:

Dy, = 390.0 mm — the external diameter of the dif-

fuser outlet,

Dy = J191.1 mm — the external diameter of the dif-

fuser entrance,

D, =21006.0 mm — the internal diameter of the ejec-

tor system housing, and

14=1420.0 mm — the length of the ejector system dif-

fuser.

The open flow area between the internal surface
of the ejector system housing and the external surface
of the ejector diffuser outlet S| is

| L

—
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Figure 11. Grid of the ejector system vessel
(all values are in mm)

2 2 2 2
:TCDesh _nDdo :n(Desh _Ddo):

S

4 4 4
_ 314-(1012036-0152100)
4
S, =0675392 m*

The open flow area between the internal surface
of the ejector system housing and the external surface
of the ejector diffuser entrance S, is

:nDz _nDje :TC(Divh _Dje):

esh

4 4 4
_ 314-(1012036-0.036519)

4
S, =0.766169 m*

According to eq. (5) the heat carrier velocity in
the ejector system housing at the outlet level of the
ejector diffuser v, is

_ G _ 0062778 _ 0093 ms !
S, 0675392
According to eq. (7) the heat carrier velocity at
the outlet level of the ejector diffuser v, is
S 0093-0675392
S, 0766169

Since the open flow area expansion is linear, the
change of the heat carrier velocity also has a linear de-
pendence. Then, the average velocity in the first sec-
tion is

S,

Vi

v, 0.082ms !

The decay time #;, in the first section with the ve-
locity Vi =0.088 ms'and the length of the ejector
system diffuser /; = 1420 mm according to eq. (8) is
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. lg 1420 16136 s above the reactor core center, descends vertically to
Y T the entrance of the reactor core and penetrates into it.

The geometrical parameters of the second sec-
tion (fig. 10) are as follows:
d, = 30.0 mm — the diameter of the grid holes,
[, = 8.0 mm — the wall thickness of the ejector system
vessel,
Ngh = 870 — the number of the grid holes, and
lss = I3 + Degn/2 — the length of the average heat carrier
path in the second section.

The open flow area of the grid holes of the ejec-
tor system housing Sy, is

: 314-0032

Ttdg o
2 =870 =0.614967 ms

According to eq. (5), the heat carrier velocity in
the second section is equal to the heat carrier velocity
in the grid holes of the ejector system housing vy,
Vg = G _ 0062778 _ 0102 ms”!

Syen 0614967
The average heat carrier path in the second sec-

tion is
D .
ﬂ=8+%260=511mm

2%

SS

I =1, +

ss g
The decay time ¢, in second section with the ve-

locity v = 0.102 ms™! and the length of the average

heat carrier path /= 511 mm according to eq. (8) is

~ 50106

0102

The decay time in the third subarea in which the
grid mid-height of the ejector system vessel is reached
and the heat carrier exits laterally from the vessel of the
ejector system through the vessel grid is

— lSS
SS Py
VSS

13 =t +t, =21146 s
The decay time in the fourth main area ¢, is

1y =ty +1}+1; =45146 s

Fifth major area

From the grid of the ejector system vessel the
heat carrier flow penetrates into the pool volume,
wherein the flow is mixed with the water in the pool
(the decay time area). Based on the preliminary as-
sumptions the heat carrier flow penetrates into the pool
volume, wherein the flow traverses to a larger
cross-section, moves horizontally to the point situated

The grid height 4, and the pool width b,,, are as-
sumed as the dimensions of the larger cross-section

hy, =2065 mm
by, =1800 mm

The length of the heat carrier path through the
pool volume to the reactor core inlet is the sum of hori-
zontal [y, and vertical /,,, parts

lhpy =2605 mm
lypy =2664 mm
I,y =2605+ 664 =3269 mm

The open flow area of the larger cross-section in
the pool volume S, is

Sy =hy, by, =2065-1800=3717m’

According to eq. (7) the heat carrier velocity

through the pool volume v, is

Ve Sz 0102-0614967

v
Ms, 3717

The decay time #,,, in the pool volume at the con-
trol point 2-B with the velocity v,, = 0.017 ms~! and
the length of the heat carrier path through the pool vol-
ume /y,,, = 2605 mm according to eq. (8) is

i
bov _ 2605 _ ;53035
0017

=0017 ms™!

thpv -

Vv

The decay time 7, in the pool volume with the
velocity v,,=0.017 ms ! and the length of the heat car-
rier path through the pool volume /,, = 3269 mm ac-
cording to eq. (8) is

/
_lv 3269 =192294¢
0017

v
Vo
In the second control point a radiation source
with the volume of 9.6828 m? is situated.

CALCULATION RESULTS

The summary calculation results of the irradia-
tion duration (ID) and the decay time (DT) in the di-
viding point (DP), the control points (CP), at the reac-
tor core inlet (RCI) and the cycle duration (CD) are
presented in tab. 6.

Table 6. The summary results of the irradiation duration and the decay time calculations

Flow rate D [s] Decay time | Decay time | Decay time | Decay time | Decay time | Decay time CD [s]
[%] inDP[s] |inCP1-A[s]|inCP1-B[s]| inCP2-A[s] | inCP2-B[s] | atRCI[s]
100 0.540 24.096 - - - - - -
37 - - 45.671 64.153 124.289 277.524 316.583 317.123
63 - - - - 69.741 222.976 262.035 262.575
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Based on the preliminary assumptions about the
heat carrier pressure and the temperature in all of the
major areas, the properties of the heat carrier are equal.

The average temperature and pressure of the
heat carrier in the reactor core are

Tae =4726°C

Pp =01499 MPa
At this temperature and pressure the heat carrier
density according to [12] is

7 =9892515kgm ™ = 09892515 gem

At such heat carrier properties the nuclear den-
sity, the macroscopic cross-section of the activation
and the integral of the activation of the observed iso-
topes predecessors are presented in tab. 7.

The calculation results of the circulation cycle
numbers (CCN) after which the concentration equilib-
rium is observed for every isotope and for every
branch of the heat carrier are presented in tab. 8.

The calculation results of the separate and the
summary isotope specific activity in the control points
and at the reactor core inlet after the concentration
equilibrium is achieved are presented in tab. 9.

The geometrical shape and dimensions (GSD) of
the technological radiation sources, the average specific
activity (ASA) of the neutron and the gamma-particle ra-
diation source, the particles type and energy (PTE) in the
control points are presented in tab. 10.

Based on the calculation results, the influence of
the technological radiation sources on the radiation
situation in the control points could be assessed.

DISCUSSIONS

Itis known that after the ten half-life periods, ap-
proximately 0.1 % of the initial amount of the radioac-
tive nuclei remains. If this value is considered to be
negligible on the basis of the presented data in tab. 2
and tab. 6, it could be expected that the concentration
of the isotopes '°N and !N is zero at the beginning of

Table 7. The nuclear density, the macroscopic cross-section of activation, and the integral of

activation of the observed isotopes predecessors

Nuclide Nuclear density Reaction of the | Macroscopic cross-section of the Integral of the activation
predecessor [107* cm™] activation reaction [10° cm '] [107 cm™s™]
150 0.032989 %0 (n, p) "N 0.626791 0.871866
70 0.000013 0 (n,p)''N 0.000069 0.000096
) 0.000066 "0 (n,p) "°F 0.000528 0.000734
o) 0.000066 "0 m,y "0 0.000106 0.000147

Table 8. The calculation results of the circulation cycle numbers after which the concentration equilibrium
is observed for every isotope and for every branch of the heat carrier

Flow rate [%)] Isotope CP1-A,CCN | CP1-B,CCN | CP2-A,CCN | CP2-B,CCN RCIL, CCN
37 1N 1 1 1 1
37 N 1 1 1 1
37 3 302 182 168 154
37 0 2 2 2 2
63 1N - 1 1 1
63 N - 1 1 1
63 18p - 219 256 232

Table 9. The calculation results of the separate and the summary activity of the isotopes in

the control points and at the reactor core inlet

Flow rate [%] Isotope CP I-A [chm’3] CP I-B [chm’S] CP 2-A [chm’s] CP 2-B [chm’3] RCI [chm’S]
37 1N 5263.9400 873.2989 2.5278 0.0000 0.0000
37 N 0.0397 0.0018 0.0000 0.0000 0.000
37 18 12.6470 12.6225 0.0171 0.0168 0.0167
37 0 6.2639 3.8917 0.8271 0.0159 0.0058
63 1N — — 507.3254 0.0002 0.0000
63 N - - 0.0007 0.0000 0.0000
63 18p — — 0.0205 0.0205 0.0203
63 °0 — - 3.3730 0.0652 0.0238
100 1N 5263.9400 873.2989 320.5503 0.0002 0.0000
100 N 0.0397 0.0018 0.0007 0.0000 0.0000
100 18 12.6470 12.6225 0.0192 0.0191 0.0190
100 Y0 6.2639 3.8917 24310 0.0470 0.0171
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Table 10. The calculation results of the properties of the
technological radiation sources in the control points

GSD [m] Isotope |ASA [chm’S] PTE [MeV]
N | 3068.6195 | v,6.13
CP-1, tubular linear 17N 0.0208 n, 1.60
source, m

©0.136x29.739 F 126348 | 7 140

0 5.0778 y,1.20

1N 160.2753 7,6.13

CP-Z, parallelepiped l7N 0.0004 n. 1.60
volume source, m :

1.800 x 2.065 x 2.605 F 0.0192 7, 1.40

Y0 1.2390 7, 1.20

each heat carrier circulation cycle, as evidenced by the
calculations.

According to the evaluation results, the concen-
tration equilibrium of the oxygen isotope '°O occurs in
all control points in the circulation cycle number k= 2.

Due to the significantly longer half-life period of
the fluorine isotope '®F than the duration of the circu-
lation cycle, its concentration in the control points in-
creases until a balance between the accumulation and
the decay is achieved. The number of necessary cycles
for occurrence of this equilibrium is different for every
control point and heat carrier branch. The maximum
circulation cycle number k = 431 for a cycle duration
of approximately 317 seconds means about 38 hours
of uninterrupted operation of the facility. Most re-
search reactors, especially those with a rated power of
2 MW or less, are operated in a cyclic mode. This
means the operation of about 8 hours and staying about
16 hours per day during the five working days of the
week and staying through the weekend. For a detailed
analysis, the operation mode should be taken into ac-
count.

CONCLUSIONS

Due to the delay tank presence in the design, the
heat carrier velocity slows down sharply after the reac-
tor core. This provides a heat carrier run duration in
CP-1A of more than six half-life periods of the isotope
16N, whose predecessor '°O has the highest content
(99.7 %) in the heat carrier and more than ten half-life
periods of the isotope!’N, which radiates neutrons in
the decay process. This significantly reduces the activ-
ity of the technological radiation sources in the pump-
ing station of the primary circulation loop.
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Crojan X. KATAJIEB

MNPOLHEHA TEXHOIOHMKUX PAINMOAKTUBHUX MU3BOPA Y IIYMIIHOJ
CTAHULIA ITPUMAPHE IIUPKYJTAIMOHE INET/BE U HA BPXY
NCTPAXKNBAYKOI PEAKTOPA BA3ZEHCKOI' TUITA

Y oBOM pamy pa3marpa ce MpOIEHAa TEXHOJOIIKUX PafHOaKTHBHUX H3BOpa y NPHMApHO]
BOJla-BOla LMPKYJIAlMOHO] NET/bU peakTopa. Y NPUHIUIY, OBaKBa IPOLEHa je MYJITHUAUCLHUIIMHAPHU
3afaTaK KOju y3uMa y 003Up HE CaMO 03pauyMBame je3rpa, (hOPMUPAKEe HOBUX U30TOINA U HBUXOB pacHaj
YKOJIUKO cy HecTaOuIHu, Beh 1 npopauyHe y 06JacTy XUApayauke paju IpolieHe BpeMeHa 03paulBama U
BpeMeHa pacnafa. [IprkasaH je Kako OMIITH TaKO U IeTaJbHUAjU IPETJIe]i HAaCTaHKa pafHOaKTHBHUX U3BOpa Y
HYKJIEPHUM [IOCTPOjehIMa U UCTPAKUBAYKIM pEaKTOpUMa 0a3eHCKOr TUIIA ca IEMUHEPAJIU30BaHOM BOJJOM
Kao TOINIOTHUM HocuoneM. ITo4eTH! N30TONCKU cacTaB TOIUIOTHOT HOCHOIA YCBOjeH je nmpeMa beukom
CTaHflapAy IpOCEYHE OKEaHCKE BOfie MPEJIOKEHOM off MebyHapofHe areHiyje 3a aTOMCKY E€HEprujy.
JeTasbHO je omnucaH OMIITH MaTeMaTHYKU MOJIE]I IPOIieca O3padnBamba je3rpa, HaCTaHKa HOBUX U30TOIA U
HUXOBOT pacafa, 1aTa je OLleHa BpeEMEHA 03paunBamba M BpEMEHA paciaja, YuMe je OMOIrYheHO NOHABI/bake
OBe IpoleHe y ofipebenoM nocTpojewy. IIprkazaHa MeTofa NPpUMEWHEHA je Y NPOjeKTy PEKOHCTPYKIHje
HyKJIeapHOT ucTpaxkuBaukor peaktopa IRT-2000 y Cocuju, Byrapcka.

Kwyune peuu: uHOyKosano 3pauerse, aKiiusayuja moidaoiiHoZ HOCUOud,
[HIeXHOAOUWKU PAOUOAKTHUBHU U3BOD




