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CALCULATION OF THERMOMECHANICAL STRESSES AND DEFORMATIONS IN A REACTOR AMPOULE
DEVICE WITH LITHIUM CERAMICS UNDER NEUTRON IRRADIATION

Reactor experiments remain one of the few available methods for evaluating the performance of
promising functional materials for fusion reactors under conditions of simultaneous exposure to neutron and
gamma radiation, a gaseous environment, and thermal loads. Testing under neutron irradiation together with
the application of numerical simulations (Finite Element Method) can lead to a complete understanding of the
complex mechanical behavior of packed layers of pebbles by relating the macroscopic response of the infill to
the microscopic interactions in a single pebble.

The objective of this paper is describing the procedure and results of modeling of thermomechanical
stresses and deformations that occur in the pebble bed of ceramic balls and in the irradiation device housing,
in which the studied ceramic samples are placed during irradiation at the WWR-K reactor (Almaty, Kazakhstan).

Calculation results show that ceramic pebbles, densely filled into the capsule of the WWR-K irradiation
device so that they cannot move inside the filling, when heated to 1073K, will undergo thermomechanical
loads from 10 to 80MPa, which exceeds the ultimate strength of 60MPa of ceramics LisSiO4. The share of
pebbles, the load on which exceeds the tensile strength, will be from 5 to 10% of their total number. In this
case, the capsule will move down by 1-2mm, and expand by 200 microns radially under the influence of
thermal elongation of the steel vacuum tubes connecting the capsule to the mounting flange. The strength of
the tubes will not be affected.

At a certain value of external pressure, the pebbles will abruptly move ("jump") into the empty area above
the pebble bed, reducing the pressure on the remaining pebbles. It is not possible to describe such behavior
within the framework of this model. The above calculations are relevant for the case of compacted pebble bed
of lithium ceramics under neutron irradiation.

A possible way to avoid the potential destruction of ceramic pebbles is to reduce the thickness of the
capsule wall by 2-3 times, which will lead to an increase in the plasticity of the capsule walls, a decrease in the
wall pressure on the pebble bed, and a decrease in the heating temperature of the capsule and ceramics.
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HeWTpoHAbI CayNeneHy KesiHAeri AMTUI KepamuKackl 6ap peakTop/biK amnyAanbik, KYPbINFblaafs!
TepPMOMEXaHUKaNbIK KepHeynep MeH aAebopmaupanapabl ecentey

PeaKTop/bIK 3SKCNEPUMEHTTEpP TepMOAAPOSbIK KOHAbIPFbIAAPAbIH NepcnekTMBanbl GyHKLMOHANAb
MaTepmnanaapblHblH, HEUTPOHAb! XOHE raMma — Cay/NeNeHydiH, ra3 OPTACbIHbIH, }KIHE Kby KYKTEMENepiHiH,
6ip Me3rifnze acep eTy *KafaanblHAA KYMbIC KabineTTiniriH 6afanayabiH bipHelle Ko *KeTimai aaictepiHi, 6ipi
b6onbin Kana bepeai. HenTpoHAbl CayneneHy KaflalblHAA CblHAaKTap CaHAbIK moAenbaeyai (aKkbipabl
3NeMEeHTTep oAici) KonJaHymeH 6ipre TONTbIPYAbIH, MaKPOCKOMUAbLIK PEaKUMACbIH KeKke Wapaarbl
MWKPOCKOMUANBIK ©3apa apeKkeTTecyiepMeH BalnaHbICTbipa OTbIPbIN, OpasfaH Wwap KabaTTapbliHbIH KypAeni
MeXaHMKa/bIK 3peKeTiH TO/bIK TYCIHYyre akeayi MyMKiH.

Byn »KyMbICTbIH, MaKkcaTbl BBP-K (Anmatbl, KasakcTaH) peaKkTopblHA@ CayneneHy KesiHae 3epTTeneTiH
KepamuKa YArinepi OpHanacTbipblaTbiH KePaMMKaAbIK LIApAapaaH KoHe CayneneHaipy KypblafbiCbiHbIH
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KOpnycbiHaH TONTbIPYAa TybIHAANTbIH TEPMOMEXaHMKANbIK KepHeynep MeH gedopmaumanapibl moaenbaey
TOpTIDI MeH HaTUXKeNepiH cnnaTTay 60/bIN Tabblagb!.

EcenTtey HaTMenepi kepceTkeHael, BBP-K cayneneHaipy KypblafbiCbiHbIH KancynacbiHa Tbifbi3 KyMblafaH
KepamuKa Wapnapbl TOATbIPY iliHAE KOo3Fana anManTbiHAalM eTin, 1073 K aeltiH Kbi3faH Ke3ae 10-aaH 80 MlMa-
fa AeniHri TepmoMexaHMKanblK KyKTemenepre yuibipanabl, 6yn LisSiOs KepamumKkacbiHbiH 60 MMa 6epikTik
WweriHeH acaapbl. Kyktemeci bepiKTiK WeriHeH acaTbiH WapaapablH, YAeci ofapabiH *Kannbl CaHbiHbIH 5-TeH 10%
- Ha gewiH 6onaapl. byn Kafganda Kancyna 1-2 MM TOMEH Kapan KbIKMAbI KaHE KamncyfaHbl MOHTaX
dnaHeuimeH HaltnaHbICTbIPaTbIH BONAT BaKyyMAbIK TYTIKTEPAIH TEPMUANBIK Y3apyblHbIH 9CEPIHEH paananabl
Typae 200 MKm-re keHeleai. TyTikTepaiH, 6epikTiri 6y3blamanap.

CbIpTKbl KbICbIMHbIH, Kelbip MaHAepiHAe Wapaap TONTbIPYAbIH, YCTiHAer 60oC aimaKkKka KypT aybicagpl
("cekipeni"), KanfaH Wapnapfra Kpicbimabl TemeHaeTeai. Ocbl Moaenb WeHbepiHAe MyHAAN MiHE3-KY/bIKTbl
cunatTay MyMKIH emec. Xofapblga KenTipinreH ecenteynep HEWTPOHAbl CayneneHy KesiHae AnTuK
KepaMMKacCbIHbIH, TbIfbl34aNfaH TOATbIPFbILTAPLI YWiH MaHAepre ve. KepamMuKaiblK WapaapablH, bIKTMMan
6y3blNybiH BonabIPMayAblH MYMKIH ici Kancyia KabblpracbiHbIH, KaablHAbIFbIH 2-3 ece a3alTy, byn Kancyna
KabblpFanapbiHbIH, MKEMANITIHIH, *KOFapblaayblHa, TONTbIPY KabblpFacbiHbIH, KbICbIMbIHbIH, TOMEHAEYIHE KaHe
Kancy/a MeH KepamMKaHbIH, Kbl3Ablpy TEMOepaTypacbiHbiH TOEMeHAgYiHe aKenes;.

TyliH cesaep: moaenbaey, NMTUIA KepammKa, LWapaap ToNTbIpy, Aedopmalma, CayneneHy.
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PacyeT TepmoMexaHMYECKMX HAaNPAXKEHNN U AedOpMaLmii B PEaKTOPHOM amMny/IbHOM YCTPOWCTBE C
IMTMEBOW KEPAMMKOM NoA HEMTPOHHLIM 061yYeHEM

PeaKTOpHble 3KCMEPUMEHTbl OCTAlOTCA OAHWMM M3  HEMHOIMX AOCTYMHbIX CNocoboB  OUEHKM
PaboToCnoCcobHOCTN NepcrnekTUBHbIX GYHKLMOHANbHbIX MAaTEPMANOB TEPMOAAEPHbIX YCTAHOBOK B YC/IOBUAX
OAHOBPEMEHHOIO BO34EMNCTBMA HEMTPOHHOIO M raMMa-MU3ny4eHWI, ra3oBoM cpedbl M TEMOBbLIX Harpy3OK.
McnbiTaHWA B YCNOBUAX HEMTPOHHOrO 06/yYeHWMAa BMecTe C MPUMEHEHWEM YMCNEHHOTO MOAEAMPOBAHMA
(MeTofa KOHEYHbIX 3/1eMEHTOB) MOryT MPWMBECTM K MOJHOMY TMOHWMAHMUIO CAOMKHOTO MEeXaHWYecKoro
NOBeAEHMA YMAKOBAHHbLIX C/MIOEB M3 LIAPWMKOB, CBA3aB MAKPOCKOMMYECKMI  OTKAMK  3aCbiNKM  C
MMKPOCKOMNYECKMMM B3aUMOENCTBMAMMN B OTAE/bHOM LLIAPUKE.

Lenbto HacToAwe paboTbl ABAAETCA OMNUCaHMe npoueaypbl M pe3ynbTaToB  MOAEeNMPOBaHMA
TEPMOMEXaHNYECKUX HAaNPAXKEHUI 1 AedopMaLie, BOSHMKAIOLLMX B 3aCbINKE M3 KEPAMUYECKUX LLIAPUKOB U B
Kopnyce 061y4aTeNbHOro yCTPOMCTBa, B KOTOPOM pasMeLLatoTca uccneayemble 0bpasiibl KEPamMmKM BO Bpems
061y4eHns Ha peakTope BBP-K (AnmaTbl, KasaxcTaH).

Pe3ynbTaTbl pacyeToB MOKa3blBAlOT, YTO LWAPMKM KepamuKW, MJOTHO 3acbiMaHHble B  Kamcyny
obnyyaTenbHoro yctpoictea BBP-K Tak, 4TO He MMEKT BO3MOXHOCTU NepemMeLlaTbCa BHYTPM 3aCbinKKM, Npu
Harpese a0 1073 K 6yayT npeTepnesBaTb TeEpMOMEXaHUYECKMe Harpy3km oT 10 ao 80 Mrla, 4To npeBbillaeT
npeaen npoyHoctn B 60 Mla kepamumkm LisSiO4. JONA WAPMKOB, Harpyska Ha KOTopble NMPEBLICUT npeaen
NPOYHOCTU, cocTaBmT OT 5 A0 10 % oT obuLero nx KoamnyecTsa. lNpun 3Tom Kancyna ByaeT cmellaTbea Ha 1-2 mm
BHM3, M pacwmpAaTbcA Ha 200 MKM paananbHO Noj BO3AeNCTBMEM TEMNOBOIO YA/MHEHNA CTaNbHbIX BaKyYMHbIX
TpyHOK, COeAMHAOLLMX Kamncy/ly C MOHTaXKHbIM GaHueM. MpoYHOCTb TPYOOK He HapyLwnTCA.

NP1 HEKOTOPOM 3HAYEHUN BHELIHEro AaBAeHUA WapuKkM ByayT pesko nepemelaTtbes ('BbinpbireaTh") B
nycTyto 061acTb Haj 3acbINKOM, CHUXKaA AaBaeHWe Ha OCTaBlwuMeca wapuku. OnucaTb Takoe nosedeHue B
paMKax OaHHOM MoAeNu He NpPeACTaBAAeTCA BO3MOXHbIM. [1pnMBeAeHHble pacyeTbl MMEeKT 3HaYeHUsA A4
Cy4an yNNOTHEHHbIX 3aCbIMOK IMTUEBOM KEPaMMKM MO HEMTPOHHbLIM 0B yYeHUeM.

Bo3mMOXHbIM cnocobom M3bekaTb MNOTEHLMANbHOMO pPaspylweHuA LWapMKOB KepaMMKM  ABAAETCA
CHUXXEHWE TONLLMHbI CTEHKM Kancy/bl B 2-3pasa, YTo NPUBEAET K YBENMYEHMIO NAACTUYHOCTM CTEHOK Kancy/bl,
CHWXXEHWIO AaB/IEHNA CTEHKM Ha 3aCbINKY M CHUXKEHMIO TEMNEePaTypbl Pa3orpeBa Kamncy/ibl M KePaMMUKM.

KnioueBble cnoBa: MoOAeNMpOBaHME, /NTMEBAA KepamMKa, 3acbiNka w3 neb6n08, agepopmaums,
obnyyeHue.
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Introduction

Lithium ceramics in the form of packed spheres
(pebble bed) was chosen as a source of tritium in the
concept of a solid breeder blanket for the DEMO
fusion reactor [1-3]. Various designs of solid-state
breeder blankets with lithium ceramics will be tested
at the ITER reactor [4-9].

Qualification of lithium ceramic pebble bed as a
material for generating tritium is necessary to
demonstrate its acceptable behavior under harsh
environmental conditions such as thermal cycling due
to plasma pulses, temperature gradients, and thermal
expansion coefficient mismatches between ceramic
and structural materials of the blanket module
structure. Ceramic pebble bed exhibits quite complex
thermomechanical behavior due to the discrete nature
of the individual pebbles.

Reactor experiments remain one of the few
available methods for evaluating the performance of
promising functional materials for fusion installations
under conditions of simultaneous exposure to neutron
and gamma radiation, a gaseous environment, and
thermal loads. Testing under neutron irradiation
conditions, together with the use of numerical
simulations (finite element method), can improve
understanding of the complex mechanical behavior of
packed layers of pebbles by relating the macroscopic
response of the pebble bed infill to the microscopic
interactions in a single pebble.

In turn, to carry out experiments on the
irradiation of lithium ceramic samples in a research
reactor, it is necessary to calculate the
thermomechanical stresses and strains that occur both
in the ceramic filling of pebbles itself and in the
materials of the irradiation ampoule device under
neutron irradiation. This is necessary not only from
the point of view of the safety of the reactor
experiment, but also from the point of view of
assessing the probability of destruction of individual
pebbles from the mechanical loads that have arisen in
the ampoule device, caused by the difference in the
thermal expansion coefficients of ceramics and
structural steel of the irradiation capsule.

This paper describes the procedure and results of
modeling of thermomechanical stresses and
deformations that occur in the filling of ceramic balls
and in the irradiation device housing, in which the
studied ceramic samples are placed during irradiation
at the WWR-K reactor (Almaty, Kazakhstan).

Method
The design of the irradiation device (ID), in the

part that is used for thermophysical and
thermomechanical calculations, is shown in Figure 1
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and is an analogue of the typical design of the
irradiation device, which is used in experiments at the
WWR-K reactor [10]. The ID consists of an external
case (12Cr18Nil0Ti austenitic stainless steel pipe),
which contains a long ampoule (a pipe of smaller
diameter), at the end of which there is a replaceable
capsule with samples. The pressure in the capsule is
not more than 5-102 Torr. The ampoule and capsule
are cooled by convection air flows located in the
space of the dry peripheral channel of the WWR-K
reactor between the ampoule and the channel wall.
The outer surface of the channel wall is in contact
with the water of the cooling circuit of the WWR-K
reactor. The material of the channel wall is aluminum
alloy SAV-1. An ohmic heater with a power of 50 W
was wound on the lower part of the ampoule for
additional heating of the area where the samples were
located (if necessary). The heater consists of seven
turns of copper wire, insulated with powdered
aluminum oxide, enclosed in a thin stainless steel
sheath.
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Figure 1 — Radial section of the irradiator (enlarged)

To control the temperature of the test samples,
the ID is equipped with two external K-type
(chromel-alumel) thermocouples: one is located at the
bottom of the ampoule, the other is on its wall in the
area of the capsule with samples under the heater.

The calculations were carried out using the
Comsol Multiphysics software package [11],
designed for modeling complex physical problems.
Previously, a model was created to describe heat
transfer [12], taking into account thermal
conductivity, convection, and thermal radiation,
which was supplemented by a description of thermal
expansion,  thermomechanical stresses, and
deformations. To do this, the Solid Mechanics
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module was added to the model, which includes the
Nonisothermal Flow module from the Comsol
Multiphysics library, which combines the heat
transfer equations (Heat Transfer in Fluids) in solid
and gaseous media with the Navier-Stokes equation
(Laminar Flow module) for a laminar cooling air
flow, the Solid Mechanics module was added,
realizing, together with Heat Transfer in Fluids, the
Thermal Expansion mode.

All materials of the equipped irradiation device
(including irradiated ceramics) in the temperature
range of 300-1100 K can be assumed to be
predominantly elastic. As is known, stresses and
strains inside a continuous elastic material (in this
case, a ceramic pebble and an ampoule/capsule wall)
are related by a linear relationship, which is
mathematically analogous to Hooke's spring
deformation law and is often associated with his
name. However, the state of deformation in a solid
medium around a certain point cannot be described by
a single vector. The same piece of material, no matter
how small, can be compressed, stretched, and shifted
simultaneously along different directions. To take this
circumstance into account for three-dimensional
bodies, the corresponding state of the medium around
a point must be represented by second-order tensors:
the strain tensor £ and the stress tensor a. Then
Hooke's law for a continuous medium is written as:

o=Cg (1)

where the colon denotes the doubly scalar product of
tensors, C is the fourth order tensor, which is
commonly referred to as the stiffness tensor or the
elasticity tensor.

In the Cartesian coordinate system, the strain
tensors & and stress o are represented by 3x3
matrices:

€11 €12 €13 011 012 013
g=|&1 &2 &3|,0=|021 022 023|. (2)
€31 €32 €33 031 032 033

Being a linear mapping between nine values of
o;; and nine values of g, the stiffness tensor C is
represented by a 3x3x3x3 = 81 matrix of real
numbers C;jx;. That is, Hooke's law can be written as

3 3
o;j = Z z Cijkié,  (3)

k=11=1

where i,j = 1,2,3.

All three tensors change from point to point
within the medium, and can also change over time.
The strain tensor & determines the displacement of a

particle of the medium in the vicinity of a point, while
the stress tensor o determines all possible forces with
which neighboring areas of the medium (solid body)
act on each other. Therefore, they do not depend on
the composition and properties of the material. On the
other hand, the stiffness tensor € is a material
property and in most cases depends on the physical
parameters of the medium, such as temperature,
pressure or microstructure.

Adding the Solid Mechanics module (with its
limitation only to isotropic elastic materials) to the
considered model mathematically means
supplementing the system of heat and mass transfer
equations with the following set of equations for
describing mechanical displacements inside the
structural elements of the irradiation device:

0=V-0+Fy, 4)
O0=044+C:¢p, (5)
Eel = € — Einels (6)
Oqd = 00 + Oext + 0y, (7

Einel = €0 T Eext + Etp + Eps T &y +

+ecr + Epp, (8)

1
£=3 [(VW)T + Vu], (9)
C = C(E,v), (10)

where a is the stress tensor (N/m?); o 44 is the total
stress tensor, (N/m?); @, is the external stress tensor
(N/m?); ¢ — initial stress tensor (N/m?); o, is the
viscoelastic stress tensor (N/m?); &,; — elastic strain
tensor (dimensionless); €;,¢; — inelastic strain tensor
(dimensionless); ¢ is an overview of the strain tensor;
& Is the initial strain tensor; ¢,,; is the external strain
tensor; &, is the thermal strain tensor; & is the
hygroscopic strain tensor; &, is the plastic strain
tensor; & is the creep strain tensor; &, is the
volumetric plastic strain tensor; F, — body force
vector (N/m®); E is Young's modulus (Pa); u is the
displacement field (m); v - Poisson’s ratio (0-1); C is
the elasticity tensor (N/m?); V — differentiation
operator, nabla (m™).

Since the sample is small and not subject to
external mechanical loads, in this case it can be
assumed that the inelastic strain tensor is equal to the
thermal strain tensor:

Einet = &n = a(T) - (T — Ty), (11)
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where a(T) is the temperature-dependent coefficient
of thermal expansion of the material T, T, is the initial
temperature of the material (K).

In the case under consideration, only gravity acts
as Fy,. Thus, knowing a(T), Young's modulus E, and
Poisson's ratio v for the materials used in the model,
one can start finalizing the model geometry and
calculating thermomechanical stresses and strains in
the irradiated capsule during its heating and cooling.

Figure 4 shows the final view of the
axisymmetric geometry of the calculation model, in
which the domains included in the calculation of the
Solid Mechanics module are highlighted in blue for
calculating thermomechanical stresses and strains in
them.
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Figure 4 — Geometry of the ampoule model and
areas for calculating thermomechanical stresses
(highlighted in blue): a) capsule with tubes fixed on
top; b) view of the ceramic pebble bed in a capsule
and a heater

As can be seen from Figure 4, the studied
ceramic pebble bed in the model is presented as an

44

array of 15 layers of pebbles with a diameter of 1 mm,
which corresponds to reality. The ceramic is
described as Li4SiO4 (lithium orthosilicate, a standard
material from the Comsol Materials Library). The
values of Young's modulus and Poisson's ratio for
LisSiO4 are taken to be 90 GPa and 0.25, respectively
[13, 14].

The “porous” portion of the pebble bed not
occupied by the pebbles and the region of low gas
pressure above it are filled with gaseous products
desorbed from the ceramics under pumping action,
described in the model as “stationary” helium at a
pressure of 50 Pa (thermal conductivity 0.2 W/m/K;
density 0.03 g/m?; heat capacity 5 kJ/kg/K). To take
into account cooling air flows, it is described in the
model as a laminar flow of a weakly compressible gas
under the action of heat and gravity sources. Part of
the air in a small closed volume between the outer
surface of the ampoule and the ohmic heater does not
participate in the main convection and is described as
"stationary" transparent air (Solid). All other media
(materials) are described as Solid with the ability to
radiate and receive thermal energy according to the
Stefan-Boltzmann law.

In the Solid Mechanics module, as can be seen
from Figure 5, all solid materials that make up the
capsule are indicated as Linear Elastic Material. The
behavior of the outer aluminum jacket of the reactor
channel is not taken into account, since it is separated
from the capsule by an air layer and does not affect
the pattern of thermomechanical stresses in the
capsule. Thus, the capsule and heater materials
include lithium orthosilicate, 321 stainless steel,
alumina, and copper.

Further, in the Solid Mechanics settings (Figure
5, the Free tab on the left of the panel), those domain
boundaries are selected that are supposed to move
during the heating process (Figure 6a), and those
boundaries that are rigidly fixed (in this case, these
are the fastening of the outer and inner tubes of the
ampoule on the upper boundary of the geometry,
Figure 6b) are designated as fixed in the Fixed
Constraint tab.

At the last stage of the settings in the Gravity tab
(Figure 7), it is indicated that all domains (materials)
of the capsule are affected by gravity.

Next, the heat release over the pebble bed is set
in accordance with the results of neutron-physical
calculations, as shown in Figure 8. The heat release
inhomogeneity is explained by the shielding effect of
lithium with respect to thermal neutrons.
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Figure 8 — Distribution profile of the power of
radiation heating in the pebbles of pebble bed of
lithium ceramics at a power of 6 MW

Simulation results

Next, modeling was carried out in the mode of
calculating temporal temperature changes in all
materials of the irradiation device during operation of
the reactor at a power of 6 MW with simultaneous
calculation of displacements and stresses in the
materials of the capsule. It was assumed as the initial
values that at the time t=0 all bodies in the system are
heated to 310 K, while the air does not move and is
under a pressure of 100 kPa over the entire height of
the pipe (excluding the hydrostatic additive). After
reaching stationary temperatures, after 2200 s from
the start of heating, heat release in ceramics and steel
is turned off (reactor irradiation stops) and then the
cooling process of the ampoule device is calculated.

Figure 9 shows the results of calculating the
dynamics of changes in the average temperature of
the ceramic filling, as well as the temperatures of the
bottom and side wall of the ampoule in the ceramic
filling zone during its gradual heating during reactor
operation at a power of 6 MW and subsequent cooling
after the termination of irradiation.

Figure 10 shows the temperature field along the
radial section of the ampoule at the time of its
maximum heating (t=2200 s), and Figures 11 and 12
show the field of thermomechanical displacements of
the capsule caused by thermal expansion.

As can be seen from Figures 11-12, when heated,
the capsule moves down. The maximum vertical
displacement caused by the expansion of the long
steel tubes of the ampoule is -1.43 mm (down), the
maximum radial displacement due to the joint
expansion of the ceramics and the walls of the capsule
is 0.22 mm. The full view of the radial component of
thermomechanical displacements is shown in Figure
13, from which it is clear that the presence of an
external heater reduces the radial expansion by more
than 2 times.
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Figure 9 — Calculation of radiation heating and
cooling of the ceramic pebble bed and capsule walls
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Figure 10 — Capsule temperature field at the
moment t=2200 s
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Figure 11 — Capsule temperature shift field at the
moment of maximum heating (t=2200 s)

Figure 14 shows the result of the calculation of
structural stresses according to von Mises, which also
shows that the main stresses (about 170 MPa) occur
in the three lower turns of the heater and are partially
transferred to the ceramic in the capsule, the stresses
in individual balls of which vary from 11 to 80 MPa.
As can be seen from Figures 13-14, the greatest
stresses occur on the balls located at the same height
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as the upper turn of the heater and in the vertical axis
zone in the center of the pebble bed.

Figure 15 shows the calculation of the
probability of ceramic pebble failure along the pebble
bed for a ceramic tensile strength of 60 MPa [15].
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Figure 12 — The field of temperaturé displacements
of the capsule at the moment of maximum heating
(increased 10 times)
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Figure 13 — Distribution of the radial component of
thermomechanical displacements of capsule
materials at maximum heating of ceramics up to
T=1073 K (t=2200 s)

TiMe«2000 5 vwon Mises stress (MPy)

™ & 1 -
‘ ALLS

)
0
Q)
2
LI

A L
n A e 5 L T vyood
s 0 s 10 1%

Figure 14 — VVon Mises stress distribution in
capsule materials at maximum ceramic heating up
to T=1073 K (t=2000 s)
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Figure 15 — Fracture index according to von Mises
in balls of filling ceramics (fracture stress 60 MPa)
into capsules at maximum heating (t=2000 s)

Conclusions

Calculation results show that ceramic pebbles,
densely filled into the capsule of the WWR-K
reactor’s irradiation device so that they cannot move
inside the filling, when heated to 1073 K, will
undergo thermomechanical loads from 10 to 80 MPa,
which exceeds the ultimate strength of 60 MPa of
ceramics LisSiO4 [15]. The share of pebbles, the load
on which exceeds the tensile strength, will be from 5
% to 10 % of their total number. In this case, the
capsule will move down by 1-2 mm, and expand by
200 pm radially under the influence of thermal
elongation of the steel vacuum tubes connecting the
capsule to the mounting flange. The strength of the
tubes will not be affected.

Since in the modeled case the ceramic pebbles
are not restricted from moving upwards, then at a
certain value of external pressure they will abruptly
move ("jump") into the empty area above the pebble
bed, reducing the pressure on the remaining pebbles.
It is not possible to describe such behavior within the
framework of this model. The above calculations are
relevant for the case of compacted pebble beds of
lithium ceramics under neutron irradiation.

A possible way to avoid the potential destruction
of ceramic pebbles is to reduce the thickness of the
capsule wall by 2-3 times, which will lead to an
increase in the plasticity of the capsule walls, a
decrease in the wall pressure on the pebble bed, and a
decrease in the heating temperature of the capsule and
ceramics.
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