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Comprehensive simulations of the ITER divertor armour vaporization and brittle destruction under ELMs of
different sizes have revealed that the erosion rate of CFC armour is intolerable for an industrial reactor, but it can be
considerably reduced by the armour fibre structure optimization. The ITER core contamination with carbon is tolerable
for medium size ELMs, but large type I ELM can run the confinement into the disruption. Erosion of tungsten, an
alternative armour material, under ELMs influence is satisfactory, but the danger of the core plasma contamination with
tungsten is still not enough understood and potentially it could be very dangerous. Vaporization of tungsten, its cracking
and dust production during ELMs are rather urgent issues to be investigated for proper choice of the divertor armour
material for ITER. However, the erosion rate under action of the disruptive heat loads is tolerable for both armour
materials assuming few hundred disruptions falls out during ITER lifetime.

PACS: 52.40.Hf, 52.55.Fa

1. INTRODUCTION

ELMy H-mode is the reference operational scenario
foreseen for the future tokamak reactor ITER. Good
confinement and a high thermonuclear plasma density
associate in this mode with the edge localised modes (ELMs)
of plasma instabilities. ELMs produce short periodic pulses
of heat flux at the carbon fibre composite (CFC) divertor
armour. During type I ELMs the heat flux rises on 2-3 orders
of the magnitude over its stationary value.

The physical problems concerning the ITER discharge
confinement, stability and thermonuclear plasma
parameters are generally solved. But problems of the
divertor armour lifetime and the core contamination with
the armour material are still so grave that even the armour
material choice has not yet been irrevocably done.

Simulations of armour erosion during the type I ELMs
of a size, anticipated for ITER, have been performed in
FZK using the FOREV-2D and the PEGASUS-3D codes,
revealed that the CFC armour of 2 cm thickness will
erode during few hundred ITER shots of 400 s duration.
This is unacceptable for an industrial reactor. More of
that, the type I ELMs produces carbon plasma, which
contaminates the ITER core and decreases the
thermonuclear gain of the reactor. Additional problems
pose legislative restrictions on tritium inventory inside the
ITER vessel. Tritium is mainly co-deposited in form of
various hydrocarbons with carbon, eroded from the
divertor armour. These problems have motivated
investigations of alternative armour materials.

The only alternative divertor armour material could be
tungsten. But last investigations of the tungsten behaviour
under ELM-like heat loads have revealed severe cracking
of the W armour tiles. Two more major drawbacks of W
to be investigated are the dust production and possible
severe contamination of the ITER core. Tungsten is
extremely effective cooler for the thermonuclear plasma,
so for allowable thermonuclear reaction gain its
concentration in the core should be several orders of the
magnitude lower than for carbon.

Investigation of the divertor armour erosion under
influence of ELMs and disruptions as well as the ITER
core plasma contamination with the eroded material are
complicated problems, which can not be done in the

modern tokamaks because ELMs there are too weak for
the armour vaporization and brittle destruction. These
problems are rather complicated for numeric simulations
from the first principles. The only reasonable way for
estimation of the anticipated divertor damage and ITER
performance decrease is to use the available experimental
facilities with plasma flux parameters closest possible for
the ITER ELM and disruption ones for verification of
codes and then, using the codes for extrapolations of the
experimentally found results on ITER.

For these purposes the code FOREV-2D was
developed, elaborated and tested during last fifteen years
in FZK. The code is aimed on simulation of the divertor
armour vaporization under influence of ITER transient
events and modelling of transport of the contamination
plasma in SOL, including diffusion of the plasma from
SOL to the core and radiation cooling of the
thermonuclear plasma.

The PEGASUS-3D code simulates cracking and dust
production in fine grain graphites, CFCs of various grades
and tungsten due to brittle destruction of the materials
during severe surface heating with plasma fluxes
characteristic for ITER transients. The simulation results
has been validated using dedicated experiments in the
MK-200UG plasma gun (TRINITI Troitsk, Russia) [1],
QSPA-T (TRINITI) [2] and QSPA-Kh50 (IPP Kharkov,
Ukraine) [3] plasma accelerators, JUDITH electron beam
facility [4] (FZJ Julich, Germany) and GOL-3 facility [5]
(Novosibirsk, Russia)

Description of the codes and their application to
problems of ITER performance arising from the influence
of ELMs and disruptions on the divertor are listed in this
paper and modern understanding of their solutions is
overviewed.

2. FOREV-2D

FOREV-2D is the magneto-hydrodynamics code with
radiation heat transfer in magnetic flux coordinates. The
code is designed for simulation of fast transient events, so
it is assumed that the magnetic configuration remains
unchanged during all the simulated process. The
multifluid plasma is considered as a mixture of N
compressible fluids, corresponding to all ion species of
the pollutant, hydrogen isotopes and, possibly, helium.
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The density of the k-th fluid is denoted as ny, 0<k<N, vy is
the vector of k-th fluid velocity, T} is the temperature of
the k-th ion fluid, 7, and #n, are the electron temperature
and density. These plasma parameters obey the multifluid
hydrodynamics equations, described in details in [6]:
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with my the mass of the k-th ion, I.(ny) and I(ny the
ionisation and the recombination rates of the k-th fluid
correspondingly, z; the k-th ion charge, Z; the k-th fluid
energy density, Q; the vector of the &-th fluid energy flux,
P, = n T, the pressure of the k-th fluid, Fy, the friction
force between the k-th and /-th fluid, F,; the friction force
between the electrons and /-th fluid, O the energy
exchange between k-th and /-th fluids, Oy, the energy

exchange between k-th fluid and electrons. The
expressions for £, and Q, are given by
E, =smnv; +E",

with E™ the specific internal energy, S the radiation
heat flux from the k—th ions.
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with FE,(n,T,) the ionisation and excitation specific
energy of bound electrons.

The friction forces between the species a and b,

including electrons are F, =a,(V,-V,) with
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proton charge and A the Coulomb logarithm.

In order to achieve mathematical closure of the
problem, Egs. (1), (2) and (3) are supplemented with the
equation for 7, that takes the form:
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and the ion-electron energy exchange term Q,; are given
by
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with m, the electron mass, x, the longitudinal thermal
conductivity, 7, the electron-ion collision time and V| the

operator of longitudinal gradient. The parameters 7, and
K. are given by
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Multi-ray radiation transport (MRT) technique in
toroidal geometry is used in FOREV-2D code for
calculation of the radiation heat transport in carbon
plasma. According to this approach radiation propagation
along arbitrary straight line in any active medium,
emitting and absorbing radiation, like in the tokamak
plasma is adequately described by the Lambert-Beer-
Bouguer law for radiation intensity /,:

dil
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Fig. 1. FOREV-2D calculation grid (left) and two
examples for the rays starting from the midplane of the
outer wall (centre) and from the outer SSP (right)

The MRT approach for the radiation transport inside
the active medium applied this low for the set of
predefined radiation frequencies ®, and for all possible
ray directions crossing the active medium. Integration of
the radiation intensity /, is being carried out along the
straight trajectories (the rays) traversing the spatial
positions r in all directions of light propagation each of
which is given by corresponding unit vector n. In the
poloidal section of tokamak the rays are the parabolas due
to the toroidal symmetry as it is illustrated in Fig. 1. The
rays propagate through the plasma with optical properties
given by the emission- and absorption coefficients S, and
x correspondingly. The trajectory equation is r =ry + nl.
The length [ is the coordinate along the trajectory and r
the original point chosen usually so that /,(ry) =0, thus
assuming that the origins are situated close to the
relatively cold first wall surface at which £,=0 is
assumed. In this case ry are parameterized by means of
two independent surface parameters, which can be the
toroidal- and the poloidal angles ¢ and 6. The vector n
gives two additional trajectory parameters (the azimuth-
and polar angle of its direction) so that four independent
real values are necessary to set one radiation ray. The rays
propagate in two directions along each trajectory (the
forward- and reverse ray). Thus, each starting element at
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r = ry from which the forward rays start to propagate is in
turn irradiated by the reverse rays which crossed the hot
plasma with g ,> 0.

The radiation flux that crosses a face of the numerical

cell is calculated as
7 /2

q, = 2jd¢ Il(n)sin ydy ©

The toroidal symmetry allows reduction of integration
on ¢ to the range 0-z. For numerical procedure the
integration domain is subdivided into a several regions
that have comparable contributions to g, while I,(n)
would be constant. Radiation intensity in each angle
region is calculated as an average value over all the rays,
crossing the face with the ray direction inside the region
limits. The integration range in the azimuthal direction
0 < y< 7 is subdivided on M equal regions of dy=m/M
size. In the polar direction 0 < ¢ < 7 sizes of the regions
are equal for each of the M azimuthal slices and the
number of regions in the polar direction L(y) grows
linearly from both poles to equator dg (y)==/L(y).

3. PEGASUS-3D

A lattice model PEGASUS-3D has been developed
and tested for numerical simulation of brittle destruction
erosion of different CFC and fine grain graphite grades.
For these simulations it is assumed that graphite consists
of “crystalline” grains having different sizes and different
anisotropy directions. Each graphite grain has some
direction of axial symmetry of thermo-mechanical
properties (the anisotropy axis). CFC consists of fibres
with different properties along and across the fibre and of
matrix, assumed to be fine grain graphite that fills the
fibre interspaces. The term ‘crystalline’ denotes an
imperfect crystal that can be treated as an object with
some effective thermo-mechanical properties different
from those of monocrystal. Fibres are a graphite material
of cylindrical shape with the anisotropy axis along the
fibre axis, so they can be treated as very large grains with
anisotropic thermo-mechanical parameters. In PEGASUS
the graphite materials are simulated using large 3D array
of tightly packed cubic cells, so that the fibres and the
grains of CFC consist of large number of cells having
identical size a. A typical numerical lattice is shown in
Fig. 2. The numerical sample is cut from a cubic array of
up to 300x300x300 cubic cells. The origin of Cartesian
coordinates situates at one of the cubic array vertices. The
sample for the simulations is a slice, being ‘cut’ off the
array by two planes perpendicular to the main diagonal,
see Fig. 2. Such inclined orientation of the numerical
sample is caused by necessity to eliminate the influence
of cubic structure on the calculation results. The CFC
matrix in the PEGASUS-3D code consists of grains with
random shapes and sizes. The grain sizes have the
Gaussian distribution. Additionally there are small grains
filling the gaps between the larger ones or, alternatively,
they may simulate pores. Neighbouring cells of the same
grain (or fibre) are connected via internal bonds, cells of
neighbouring grains via surface bonds.
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The anisotropy of the physical properties of grains is
determined by the atomic structure of graphite crystal.

The thermal conductivity A and the thermal expansion
coefficient & are the tensors of second rank with the
eigenvalues 4; and ¢; along the anisotropy axis and the
eigenvalue 4, and «;, in two perpendicular directions. The

Young's modulus E is a tensor of fourth rank and
symmetry, corresponding to the hexagonal system [7].
Temperature dependences of the thermal conductivity, the
density and the specific heat for 3 different directions
(along and across the fibres) for NB31 CFC in
temperature range 0...1000°C is known from [8,9].
Newest measurement of these parameters in temperature
region 1000...2200°C has been done in [10]. Analysis of
the last data has been done and conclusion that in the
interval 1000...2200°C the thermal conductivity in pitch
direction is inverse proportional to 7 [K] and for both
perpendicular directions the conductivities are inverse
proportional to square root of 7 [K] with accuracy of the
data. It has been assumed that these dependences are valid
at higher, most important for brittle destruction
temperature region 2200...4000°C and used for the
calculations. Besides, one should notice, that the data are
for CFC sample, not for fibres and matrix. Nevertheless,
using some reasonable assumptions one can extract the
data on fibres and matrix from the measurements.

Coordinates origin

Fig. 2. Numeric CFC sample (left) produced from cubic
array of cells for PEGASUS-3D simulations and the
normal and two shear stresses acting on each cell face
from neighbours (bottom right)

The strength of graphite crystalline is very different
from the strength of the grains interfaces. To simulate the
grain structure, we introduced two different parameters,
the mean failure stress for the internal bonds oy; and the
mean failure stress for the grain surface bonds oy,. The oy;
and the oy, are dimensionless values normalised on the
Young’s modulus E; along the anisotropy axis. In case of
broken bonds the expansion of the cells during the heating
can result in a stretching (increasing distance between gap
edges) or in compression (closure of gap edges with
restoration of surface bonds). For the stretched gap the
Young's modulus and the thermal conductivity of the
bond are equal to zero. For a broken bond with
compressed gap the Young's modulus of the bond is



assumed to be the same as for the unbroken bond and the
thermal conductivity is reduced.

Calculation of CFC erosion using the PEGASUS-3D
code starts from creation of the numerical sample that
reproduces the required CFC structure and definition the
heating conditions. Further simulation includes thermal
transport, the thermostress calculation and cracking in the
sample. Heated is the face of the sample closest to the
origin. Similarity of the NB31 fibre structure and the
numerical sample is seen in Fig. 3.

Fig. 3. Close view of the NB31 CFC surface (left) and its
fibre structure simulated with PEGASUS-3D code (right).
Matrix filling the interspaces between the fibres is not
shown for clarity

Heating of a graphite sample results in thermostress
due to anisotropic thermal expansion. In the model, the
heating results in normal and tangential stresses acting on
each bond of each cell. Using these stresses the
displacements of the cells centres are calculated with
ongoing temperature changes. Heated sample is at rest;
therefore the sum of all forces acting on each cell should
be equal zero. Mechanical stress equilibration is much
faster than the propagation of the heat wave. Therefore it
is assumed that after each change of temperature the
mechanical equilibrium of the lattice establishes
instantaneously.

In PEGASUS-3D the temperature distribution in the
sample is described by the thermal conductivity equation

— . - — ﬁ
m—w(f,T,t)VT(f,t) UG v, =— (10)

dt fole rc
with T the temperature, p the density, ¢ the specific heat,
J; the thermal conductivity tensor and Q(r) the
volumetric heating power. The elastic properties of the

sample are described by a Born type Hamiltonian [11,12]
which takes into account both normal and shear stresses
E 5 2 ]
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ij,
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The sum is over all sample cells, E;, - Es5 — five
Young’s modules of hexagonal crystal and u; — the
deformation tensor of unhomogeneously heated sample,

defined as:
. Ou;
ui/:l ou, M —ul. (12)
T2 ox;, ox

. T O!ij .
The local deformation u, :T(T —T,) is due to the

thermal expansion relative to the initial temperature T
and u, = (ux,uy,uz) the cell centre displacement vector.
Thermal expansion and mechanical interaction between
the cells generates the thermostress o, :

oH

o, ==

Ou,
Interaction of cells with the neighbouring ones and the
stresses acting on the cell faces are illustrated in Fig. 2.
The mechanical equilibrium of the system of interacting

cells is calculated using a set of auxiliary dynamic
equations

(13)

: H
gy (14)
dt 7 Ou,

The sum is over 6 i-th cell faces, F, is the total force
acting on the i-th cell. Eq. (14) is solved iteratively until
the total force acting on each cell converges close to zero
(F, =0). Nevertheless, the stresses on the cell surfaces

the
F~ (0:1 -a, )azE1 (T —TO) due to the anisotropy of grains.

can remain rather large - of order of

When the local stress exceeds the local failure strength
value the bond cracks. To simulate the brittle destruction
the following stress-failure criterion for each bond is

used:
f
Z|O'ij|2 o} .
J
The sum is over 3 stresses o, 0; and o, of the same
P

i

(15)

bond, o/ the local failure stress value of the bond. It is

assumed that o/ is not the same for each bond; it defined as

a random value with a distribution function to be determined
by comparison with experiment. The characteristic mean
value of the distribution function is designated as oy, and oy,
for the surface and the internal bonds correspondingly.
According to Eq.(15) the bond is assumed to be broken if the
combination of normal and shear thermal stresses exceeds
the value specified for this bond. This condition is checked
after each time step and equilibration of mechanical stresses.
The bonds for which it is fulfilled are disrupted.

A broken bond represents an elementary crack. The
stress acting on the broken bond is automatically
redistributed among the neighbour cells, increasing the
probability for their failure. This process simulates the cracks
propagation in the sample. Thus, the model takes into
account that the mechanical properties of the sample depend
on the crack density and are time-dependent. Merging of
neighbouring cracks may produce a separate clusters of
grains within the sample. Isolated clusters at the surface are
removed as dust particles and the external heat flux is
applied to the bulk surface, opened after the dust particle
removal.

For the numerical simulation several samples with
identical averaged properties, but with different realizations
of random numbers defining the orientation of the grains and
the failure stress values are generated. The numerical
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procedure is repeated several times and the results (number
of broken bonds, erosion rate) are averaged.

The PEGASUS-3D code has developed for simulations of
the cracks in tungsten. For this simulation it has been assumed
that the tungsten sample has no residual stress at initial
temperature. Then, the surface heating of the sample was
simulated simultaneously with the thermostress calculation.
Heating of the sample leads to melting of a thin surface layer
of a few micrometers thickness. The thermostress in the
molten layer relaxed to zero and then, after stop of the surface
heating the melt is resolidified. In the model developed, it was
assumed that the resolidified layer is stress-less at the
solidification temperature 7,,. The calculations of PEGASUS-
3D code continue further and simulate cooling down of the
sample, compressive thermostress relaxation in the unmolten
bulk and tensile thermostress generation in the resolidified
layer. When the local thermostress value exceeds the local
tensile strength value an elementary crack is produced. Stress
concentration at the crack vertex and the crack propagation
simulated self-consistently in PEGASUS-3D.

The fitting parameters of the model, the mean tensile

strength for tungsten grains, of" and for the grain boundaries,

o-? have been selected to reproduce the experimentally
observed crack pattern. Calculations with the mean tensile
strength for 5% =0.5...1.5GPa and of" /o% =3 has shown

similar crack patterns with two different crack scales, the
primary and the secondary ones. The characteristic primary

crack mesh size increased with the o-? value. The view on the

simulated crack pattern and the cut of the sample irradiated in
the QSPA-T facility are shown in Fig. 4.

1";' 'i':.__ ﬂ Ty Vo Y- ’ =

primary crack grains  secondary cracks

;. o — E t‘ ; " 4
Fig.4. Comparison the tungsten sample irradiated in
OSPA-T facility with the PEGASUS-3D simulation
results. Shown are the grain patterns and the crack
patterns in the cross section, perpendicular to the surface
The primary cracks of the characteristic depth of ~500 um
and the mean distance between the cracks of 1...2 mm are
seen in this panel. The upper right panel is the closer view of
the sample cross section to illustrate the secondary cracks of
~50 um mean depth and 100...200 um average distance
between the cracks. The lower panel is the cross section of the
numerical sample after simulation of QSPA-T shot. The
heating parameters correspond to the experimental ones. The
fact that the simulations adequately reproduce the
characteristic features of the cracks pattern proves that the
physics of the cracking process was described appropriately.
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CONCLUSIONS

Comprehensive simulations of the ITER divertor armour
vaporization and brittle destruction under ELMs of different
sizes have been performed. According to the results of the
investigations, the erosion rate of CFC armour is
approximately 1 um per ITER ELM with energy deposition of
~1 MJ/m’. This means that the armour survives few hundred
ELMs only, which is intolerable for an industrial reactor.
However, according to the PEGASUS-3D simulations [13]
the erosion rate can be reduced at least by factor of five by
optimization of the CFC fibre structure.

The ITER core contamination with carbon is tolerable for
medium size ELMs, but large type I ELM can run the
confinement into the disruption. From the simulations it
follows that the carbon plasma production due to ELMs
depends on the incoming heat flux increase rate G. The
dependences of erosion rate and total erosion on the heat flux
increase rate are calculated. CFC armour erosion starts at G
~10G W/m’/ms, which corresponds to the local energy
deposition of 0.8 MJ/m” per ELM, and saturates at ~ 6.5um
for ELMs with G > 200...350 GW/m*”ms and the energy
deposition of 10...15 MJ/m’ per ELM.

After type I ELM, the carbon plasma having penetrated
into the periphery of confinement region, re-radiates the
electron thermal energy, decreasing the plasma temperature
and the fusion power. Simulations of the tolerable ELM
frequency as a function of ELM size are carried out using
TOKES and FOREV-2D codes [14]. The FOREV-2D
scenario has been proposed for simulation of the carbon
plasma influx into ITER pedestal. Simulation of tolerable
ELM frequency has been done for 3.5...12.1 MJ total ELM
energies. The tolerable frequency is less than 10 Hz for the
ELM of 7.3 MJ and decreases with increasing of the energy.

Simulations of ITER disruptions using the FOREV-2D
code aiming on evaluation of radiation heat load at the first
wall have been done. The erosion rate under action of the
disruptive heat loads is tolerable for both armour materials
assuming that few hundred disruptions falls out during ITER
lifetime. An important peculiarity of the energy loss from the
hot core during the thermal quench of the disruption has been
revealed. According to the simulations, a considerable amount
of carbon plasma vaporized from the divertor targets can
penetrate into the core in the course of the disruption. This
plasma can irradiate up to 85% of the thermonuclear plasma
energy to the first wall, thus reducing the divertor heat load.

Experiments in the QSPA-T and QSPA-Kh50 facilities
and the PEGASUS-3D simulations for ITER conditions have
proved that the erosion of tungsten, an alternative armour
material, under ELMs influence is of 0.06 wum/ELM. This
erosion rate is satisfactory for ITER, but the influence of the
core plasma contamination with tungsten plasma is still not
enough understood and it potentially could be very dangerous.
Especially dangerous is the vaporization of tungsten dust,
produced due to the surface cracking under action of ELMs.

The results of experiments in the QSPA facility simulating
the type I ITER ELM heat loads on the tungsten divertor tiles
have shown an intense tungsten surface cracking. Analysis of
the tungsten thermophysical parameters revealed its large
potential for cracking: the thermostress due to thermal
expansion from room temperature to the melting temperature



is more than one order of the magnitude larger then the
tungsten tensile strength.

The code PEGASUS-3D has been updated for numerical
simulation of tungsten surface cracking under the action of the
thermostress arising in thin resolidified surface layer [15].
Numerical simulation of the experiments with melting of thin
surface layer of tungsten resulted in qualitative agreement
between the crack patterns. Both, experimentally observed and
simulated crack grids consist of a coarse primary meshes
formed of deep cracks and each coarse mesh is covered by
shallower secondary crack grid with one order of the
magnitude smaller depth.

An analytical model for cracks formation in tungsten
under the tensile stress in the resolidified layer has been
proposed. The model predicts development of cracks of
several characteristic scales. It explains existence of the
secondary fine grain crack grid by the thermostress relaxation
due to the primary cracks in the resolidified layer. Cracking of
tungsten under the compressive stress due to the temperature
gradient without surface melting is the subject for further
investigations.

Vaporization of tungsten, its cracking and dust
production during ELMs are rather urgent issues to be
investigated for proper choice of the divertor armour
material for ITER.
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IMPOBJIEMbBI TEIIVIO3AIIATHI IUBEPTOPA: BPEMS ’)KU3HU, BE3OITACHOCTbD U BJIUSIHUE
HA ITPOU3BOAUTEJIBHOCTD UTEPa
C.E. Ilecuanuuii

KommnekcHoe uccnenopaHue NpoLECCOB UCIAPEHNS U PACTPECKUBAHUS TEIUIO3AIUTHI AUBEpTOpa noj AekictsueM ELM B
WTEPe BbISIBUIIO, YTO CKOPOCTH 3po3uH Tero3amutsl 3 CFC HenpuemieMo Benuka sl IPOMBIIUIEHHOIO PEakTopa, HO OHA
MOXKET OBITh 3HAUMTENHFHO YMEHbINeHa npu onruminarmu cTpyTypsl HuTelt CFC. 3arpsaenme simpa MTEPa yriepomom
HekputnaHo 11t ELMoB cpemmeii sHeprum, Ho Oombmmoit ELM Tuma I moxeT BBI3BaTh CphIB paspsiga. CKOpPOCTb 3po3uH
BOJIb(hpamMa, SBILSIOIIErOCs aIbTEPHATHBHBIM MaTEpHAIOM JUTS TEIUIO3AIHTEI, IPHEMIIEMO Majla, HO OMACHOCTb 3arps3HCHUS
paspsia BoIb(ppamMoM emE HEJOCTATOYHO M3y4eHA, a MOTEHIMATBHO 3TO 3arps3HEHHE oueHb omacHO. OLEHKa HCTIapeHus
BOJIb(hpaMa, ero pacTpeckuBaHKs M MbUIE0OpasoBaHus BO Bpemst ELM — 310 Bompockl, TpeOyIOIme CPOYHOTO PEICHHS s
TPaBHMJIGHOTO BBIOOpa Marepmaia TerrozanmTel auBepTopa MTEPa. Omnako 3po3ust 0O0MX MaTephanoB IOA NIEHCTBHEM
CPBIBOB BIIOJIHE [IPUEMIIEMA, ECIIU IIPEATIONOKUTH, UTO B TeueHue xku3Hu M TEPa npou30ia€T HECKOIBKO COT CPBIBOB.

MMPOBJIEMH TEIIVIO3AXUCTY JUBEPTOPA: TPUBAJIICTD )KUTTSI, BE3IIEKA TA BIIJIUB HA
MMPOAYKTUBHICTD ITEPa
C.€. Ilecuanun

KomriiekcHe mociipKeHHs TpOLECiB BUMApyBaHHS Ta PO3TPICKYBAaHHs TEIUIO3aXWCTy AuBepropa mix BrumsoM ELM B
ITEPi BusiBuII0, 1110 HIBUAKICTH €po3ii Terutozaxucty 3 CFC HenpHitHATHO BeNMKa TSl HPOMHUCIIOBOTO PEaKTopa, ajle BOHA MOXKe
OyTH 3HaYHO 3MEHIIICHA 3aB/IsIKY onTrMizattii cTtpykrypu HuTok CFC. 3abpymaenns sapa [ITEPa ByriienieM € HEKpUTHYHAM TS
ELMiB cepennpoi eneprii, ane Bermmkuii ELM turmy [ Moske miprBecTd 10 3puBY po3psmy. LLIBUmKicTs eposii Bombhpamy, skuii
€ aJIFTEPHATHBHAM MAaTepiaioM JUISl TeIUIO3aXUCTy, IPHUIHATHO Mana, aje HeOesneka 3a0pyJHEHHS po3psiLy BOJb(hpaMoM e
HEZOCTaTHRO BHBYEHA, a MOTEHLIHHO e 3a0pymHeHHs Iyke HeOesneuHo. OmiHka BUMapyBaHHS BoOJb(hpamy, HOro
PO3TpicKyBaHHS Ta MAIOyTBOpeHH: mix wac ELM — me muranHHd, sKi HOTpeOyIoTh TEPMIHOBOTO PIllIeHHS IS MPaBHIIBHOTO
BHOOpY Matepiany Teruiozaxucty musepropa ITEPa. OnmHak epo3ist 060X MaTepiamiB i BIDIMBOM 3pHBIB IUIKOM MPHHAHATHA,
SIKILIO TIPUITYCTHTH, 10 1111 4ac suTts ITEPa BinOyneThest eKiibka COTeHb 3pUBIB.
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