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The paper presents safety criteria placed on fuel rod condition in loss of the coolant accident (LOCA) conditions
as applied to reactor plants with WWER. The paper reveals briefly experimental studies carried out to validate
safety criteria (acceptance criteria). The scope of the data experimentally obtained by research the behaviour and
properties of WWER type fuel claddings from Zr1%Nb alloy under loading conditions simulating the stage of core
flooding with water in LOCA suffices to judge the character and numerical value of criterional parameters of the
embrittlement criterion in terms of the cladding stability upon flooding and subsequent implementation of fuel
assembly (FA) unloading and transportation. Accidents are considered involving loss of coolant by primary circuit
which are characterized by conditions of degraded heat transfer from fuels. During accidents loss of tightness by
fuel rod cladding is tolerable, however, in this case, the cooling of a distorted fuel rod and the dismantling

(unloading) of the core after an accident have to be feasible.

INTRODUCTION

Validation of reactor plant (RP) safety under
accident conditions is an indispensable component of
work to license NPP operation. The most important
element of RP safety validation is analysis of behaviour
of nuclear fuel (FS, fuel rods) in design basis
(postulated) accidents.

The objective of the work is research the behaviour
and properties of WWER type fuel claddings from
Zr1%Nb alloy under loading conditions simulating the
stage of core flooding with water in LOCA. A design
basis accident is the one for which the design defines
initial events and final states as well as contemplates
safety systems that with the account for a single failure
of safety systems or a single staff error, independent of
an initial event, provide for the limitation of its
consequences via limits established for accidents of this
type [1, 2].

Accidents are considered involving loss of coolant
by primary circuit which are characterized by conditions
of degraded heat transfer from fuels. Under these
conditions, the temperature of fuel rods (fuel and/or
cladding) rises compared to that under normal operating
conditions. During accidents loss of tightness by fuel
rod cladding is tolerable, however, in this case, the

cooling of a distorted fuel rod and the dismantling
(unloading) of the core after an accident have to be
feasible.

These requirements are provided via introducing
some limitations on the parameters of the major
processes proceeding in a fuel rod in design basis
accidents, namely:

— embrittlement of fuel rod cladding (decreased
ductility) effected by its intensive oxidation at elevated
temperatures that can lead to a fuel rod destruction into
several fragments (fragmentation) at the stage of core
cooling down;

— hydrogen release that may lead to a hydrogen
explosion in the core and is also related to intensive
oxidation;

— fuel melting.

FORMULATION OF THE PROBLEM

The major requirements for the RP safety are called
upon to provide the permanent cooling and the
feasibility of a core discharge [1, 2].

In LOCA these requirements are met when the
maximal design limit of fuel rod damage is not
exceeded [2]. The fuel rods safety state in LOCA is
stipulated by the following acceptance criteria:

» Maximum temperature of cladding does not

exceed 1200 °C
Maximal design limit
of fuel
rod damage

» Fuel temperature does not exceed fuel melting

temperature

80

» Maximum local depth of cladding oxidation is
not higher than 18% of its original thickness
» Fraction of steam reacted Zr in core is not higher
than 1% of its mass in fuel cladding =

<& Limitation of
embrittlement

Limitation of hydrogen
release

Absence of melted

< fuel-cladding
interaction
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The validation and check-up of safety criteria are
performed via:

— experimentally implemented validation of safety
criteria;

— design analysis of fuel rod state in design basis
accidents at the detailed design stage;

— check-up of fulfilling (not exceeding) safety
criteria.

ANALYSIS OF CRITERION LIMITING
EMBRITTLEMENT
OF Zr1%Nb FUEL CLADDING MATERIAL

In process of LOCA, the inadequate cooling of fuel
claddings gives rise to their heating to reach high
temperatures. Under these conditions, their intensive
steam oxidation is feasible.

The degree of the cladding oxidation is basically
governed by the levels of temperatures and pressure,
time of oxidation in steam and deformation.

As a results of the cladding-steam interaction, the
cladding material becomes brittle.

Because of the cladding material embrittlement, the
Zr1%Nb alloy changes its original thermophysical and
mechanical properties, and the ductility characteristics
become lower. The thickness of the unoxidized cladding
material is reduced.

Temperature stresses of cladding arising at the stage
of core flooding with water from the emergency cooling
system as well as mechanical loads effected by fuel
assembly (FA) unloading and transportation may lead
to the fragmentation of an embrittled cladding.

The degree of Zr1%Nb cladding-coolant interaction
is stipulated by the maximum limit of a fuel rod damage
in terms of the tolerable depth of cladding oxidation,
namely, the embrittlement criterion [1].

The degree of the Zr1%Nb cladding embrittlement is

limited by two criterional parameters TC",;T:j and local

oxidation depth of cladding (equivalent cladding
reacted - ECR) ECR"™ :

clad *
— the maximal cladding temperature T4 does not
exceed 1200 °C

Tues < T'™ =1200 °C.

clad
The ultimate value of the fuel cladding temperature

T c':;:j characterizes the temperature with the exceeding

of which a self-sustaining Zr-steam reaction may begin.
— the maximum ECR is not more than 18% of its
original thickness ECR"™

clad
ECR < ECRY, =18%.

The ultimate magnitude of ECR reflects the degree
of the embrittlement of a fuel cladding material and, if it
is exceeded, a cladding may fracture in brittle mode as
a result of loads produced by the emergency core
cooling, discharge, handling and transportation of FA.

ECR is an overall thickness of an equivalent Zr
layer (that would react with steam assuming the whole
locally absorbed oxygen would be spent to form
stoichiometric Zr, ZrO,) related to the original cladding
thickness.
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If a fuel rod is ruptured (depressurized), the
oxidation of both outer and inner surfaces of cladding
are taken into account.

The degree of oxidation as applied to Zr1%Nb
claddings is assessed from either the oxygen specific
weight gain, Am, or ECR.

ECR and weight gain, Am, are related by the ratio
[4]

ECR=N"(8¢/3,) - 100 %,
wehre N — is the coefficient that takes into account the
oxidation of cladding at both the surfaces (N =2 for a
ruptured); &, — is original thickness of specimen, cm;
d¢—is thickness of equivalent layer (calculated
thickness of Zr layer that would be spent to form ZrO,),
cm;
8e = pzr/Hop - Upze - Am,

Uzr, Mo, — are molecular masses of zirconium and oxygen,
respectively; pz — is zirconium density, mg/cm®; Am — is
specific weight gain, mg/cm?® Am = AMIS,; AM —is
oxygen weight gain, mg; S, — is area of original cladding
surface, cm’.

It is to be pointed out that the specific weight gain of
a cladding is found by dividing the weight gain by the
area of the original cladding surface. This gives a
conservative assessment of the specific weight gain. The
real oxidized area may be larger at the expense of
possible cladding deformation [4].

The ration to determine ECR has the form of

ECR =N x 4.355 - 10 - Am/&, %. 1)

It is recommended to determine the oxygen weight

gain of Zr1%Nb claddings via the parabolic ratio [5]

Am =920 - exp (-10410/T) - 7 , @
where Am — is specific weight gain, mg/cm? T — is
temperature, K; t—istime, s.

The relation (2) recommended for the assessment the
degree of Zr1%Nb cladding oxidation is conservative at
the temperatures of 900...1200 °C and the time of the
alloy-steam interaction up to 900 s for the case of the
availability of a hydrogen additive in steam,
deformation of cladding and irradiation.

RESULTS ON EXPERIMENTALLY
VALIDATED EMBRITTLEMENT
CRITERION

The embrittlement criterion pertaining to Zr1%Nb
fuel claddings is validated by the results of the
following experiments [3-7]:

— research of fuel cladding ability to withstand
quenching (thermal shock tests);

— estimation of the physico-mechanical state of
oxidized specimens after flooding with cool water or
after quick removing into cool water (estimation of
impact elasticity and residual ductility), metallographic
examinations of oxidized specimens subjected to a
thermal shock.

Thermal shock tests

Requirements for the procedure used to test for
thermal shock (Table 1) comprise the following:

—indirect heating of specimens in
thermostatically-controlled facility;

well

81



— isothermal exposure; time and temperature being
recorded,;

— quick removing of a specimen into cool water (or
the flooding of a specimen from bottom);

—analysis of a tested simulator state;
— formation of simulator failure map.

Table 1
The parameters of the thermal shock tests
Parameters Facility

UNOPRO TEFSAI UVvS
Simulator cladding temperature, °C 900...1200 900...1300 1000...1200
Simulator heating rate, deg/s var 10...20 (fron%éb% °C)
Steam pressure, MPa 0.1 0.1 0.1
Steam specific transfer, mg/cm?/s 7 50 2 g/min
Flow rate of carrier gas (argon), cm*/min - — 140+ 6
Temperature of flooded water (immersion), °C 20 20 25...35
Rate of flooding from bottom, m/s 0.2
(immersion), s 0.2 0.5...0.8
Cooling rate, deg/s ~ 100 ~ 100 ~ 100

In the experiments carried out with short-length
simulators (Table 2), account was taken of many
loading factors involved in LOCA. The use of a short-
length simulator ensured a uniform in height and time
controlled temperature field. The availability of UO,
pellets (or sintered Al,Os) gave essentially real values of

temperature effected stresses arising in a cladding upon
flooding (quick immersion) with cool water. The tests
were implemented using both integer fuel rod
simulators internally pressurized with an inert gas
(deformation of cladding was simulated) and those
having unsealed ends (not pressurized).

Table 2
Components of types 1-4 simulators
Component Facility
UNOPRO TEFSAI UvsS

Cladding Material Zr1%Nb Zr1%Nb Zr1%Nb

Length 60 mm 120 mm 60 mm
Pellet Material Al,O3 uo, uo,

Shape Standard — WWER type
Plug Material Zr1%Nb | — | Zr1%Nb

The experiments with unirradiated claddings were
carried out in two facilities:

— with specimen heating in a shaft-type furnace;
the weight gain of a specimen being continuously
recorded during of the experiment — UNOPRO;

— with heating simulator cladding placed in the
central hole of UO, pellets — TEFSAI.

The experiments with irradiated claddings were
carried out in all-purpose rigs UVS [3].

The experiments to study the thermal resistance
were carried out in a wide temperature range

900...1200 °C; the cladding oxidation degree was
different (from 18 to 60% ECR).

The data were acquired on the heat resistance of
WWER type fuel claddings operated to reach the burn-
up of ~ 50 (MW day)/kg U.

Simulators having unirradiated (types 1-3) and
irradiated (type 4) claddings used in tests for heat
resistance are schematically depicted in Fig. 1.

The results of the thermal shock tests are presented
as maps illustrating the ability of Zr1%Nb claddings to
resist thermal shock — failure maps. The results of the
thermal shock tests are plotted on the failure map as
temperature of oxidation vs oxidation time.

Table 3

The boundaries of the allowable ranges of cladding state

Maximally allowable temperature 1,

7'™ = 1200 °C

Vertical straight line

Maximally allowable degree of oxidation EC
(Am is calculated from ratio (2))

Rlim = 18%

Inclined straight line
clad

The results of the tests for thermal shock evidence
that the claddings of the types 1-4 simulators fractured
outside the range of the allowable cladding state (Figs.
2-5).
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The embrittlement criterion “1200 °C — 18% ECR”
(Table 3) for Zr1%Nb claddings of WWER type fuel
rods was corroborated experimentally.
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Type 1

1 - simulator head
2-UO; pellets

3 - cladding

4 - adaptor

5 - pellets holder

TU

Upper
sample

TL

Type 2 Lower

sample

Fig. 1. Schemes of simulators: 1 — cladding; 2 — pellet (AL,O3;— types 1, 3; UO,— type 2); 3 — tungsten heater
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ESTIMATION OF MECHANICAL
PROPERTIES OF OXIDIZED CLADDINGS
SUBJECTED TO THERMAL SHOCK

The mechanical properties of oxidized claddings of
cold water quenched fuel rod simulators were estimated
from the results of impact testing (estimation of impact
elasticity) and compression testing in the direction
normal to the specimen symmetry axis (estimation of
residual ductility).

Compression tests

To assess the mechanical properties of oxidized
Zrl%Nb claddings subjected to a thermal shock, use
was made of the results of compression testing 30 or
50 mm long pieces cut off from pre-oxidized WWER
tubes (& 9.15 x7.72 mm). The compression tests were
carried out at room and elevated temperatures in the
Instron-TT-DM machine and in a high temperature
vacuum facility 1246P — 2/2300, respectively. The grip
displacement rate is 2 mm/min. The strain temperature
is 20...900 °C.

The results of the compression tests revealed a clear-
cut distinction between the specimens having a ductility
margin (complete ductility, low ductility) and those that
fractured in a brittle mode (Fig. 6).
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Fig. 6. Compression tests (T = 20 °C)

A strong dependence of the “ductility boundary” on
a testing temperature and a specimen weight gain can be
seen [7].

The results of the compression testing showed that
the ductility characteristics of Zr1%Nb and Zry-4 alloys
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differed at a room temperature [8]. This difference
reduces with the rise of the compression testing
temperature.

Impact tests

In our view, the estimation of the oxidized Zr1%Nb
cladding elasticity from the results of impact tests is
most unbiassed.

In the experiments assessing the impact elasticity of
cold water quenched oxidized claddings, original
specimens were used; they were prepared from
claddings of fuel rod type 2 simulators that remained
integer after testing for thermal shock.

A notch 0.5 mm wide and 1.0...1.5 mm deep was
cut in a simulator cladding 100 mm long using a
diamond disc. The impact elasticity tests were carried
out using a pendulum hammer of the PSV-1.5 type:

Testing temperature....................... 20 °C;

Maximum impact energy................ ~15;

Impactspeed..........coevviviiiiiinnn. ~3...4m/s.

The impact strength was calculated via the formula
ay = W/F,

where W — is fracture strength, J; F — is a specimen
cross area at a point of shock load application, cm?.

The impact elasticity of Zr1%Nb specimens in the
original state equals 64.2...89.3 J/cm®. This value is a
factor of ~ 2 higher than that of Zry-4F specimens.

The tough fracture mode shown by Zrl%Nb
claddings oxidized at 900...1300 °C takes place upon
oxidation to 5% ECR in impact tests (Fig. 7).

At a higher oxidation degree, claddings fracture in a
mixed mode while at the oxidation degree more than
7% ECR, the fracture of claddings is brittle.

As far as Zry-4F claddings, the critical oxidation
degree at the tough to brittle fracture transition is not
less than 7% ECR. The same procedure was used to test
the specimens of both the alloys.

According to [9], the critical impact elasticity of
Zry-4 claddings was 1.25J/cm? If this value is
normalized to the cross section area of the transformed
B-Zry it will be ~ 1 J/cm? Fig. 8 indicates the impact
elasticity range within which Zr1%Nb cladding does not
fracture when cold quenched (subjected to thermal
shock). At the degree of Zrl%Nb cladding oxidation to
18% ECR, the impact strength remains not lower than
1 J/lem?,
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Metallographic examinations

Examinations of the cladding microstructure allowed
determination of the thickness of Zrl1%Nb — steam
interaction layers (ZrO,, a-Zr(O), B-Zr) formed as a
result of the oxidation. The estimation of the degree of
the cladding oxidation based on the results of the
metallographic measurements of interaction layer
thicknesses is an indirect one.

The knowledge of the oxygen distribution within the
interaction layer thickness gives an idea of the influence
produced by absorbed oxygen on the ductile (plastic)
properties of claddings. The indirect estimation of the
oxygen content and distribution within interaction layers
was carried out based on the results of measuring the
microhardness of layers.

The microhardness of claddings was measured with
PMT-3 microhardness tester at the load of 50 g. The
error of the measurements was = 8 kg/mm?.

Metallographic examinations revealed that the
(metal + a-Zr(0)) layer thickness averaged hardness
Hs, of the claddings of types 1-4 simulators oxidized at
temperatures < 1050 °C to 43% ECR amounts up to
600 kg/mm? at the cladding thickness up to two times
reduced compared to the original thickness (Fig. 8).

The microhardness of the metal part of the Zr1%Nb
claddings oxidized at <1050 °C increases with the
oxidation degree.
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Fig. 8. Variation in (metal + o-Zr(O)) layer thickness
averaged microhardness of Zr1%Nb claddings vs
oxidation temperature
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The microhardness of claddings oxidized at
1100...1200 °C is weakly dependent upon the oxidation
degree (see Fig. 8).

It is to be noted that as far as Zr1%Nb alloy, the rate
of the o-phase microhardness increase is higher
compared to Zry-4 (particularly, at the early stages of
oxidation). This difference may result from different
ultimate solubilities of oxygen in the B-phase of the two
alloys at identical temperatures of their oxidation.

CONCLUSIONS

The analysis of the data experimentally obtained by
research the behaviour and properties of WWER type
fuel claddings from Zrl%Nb alloy under loading
conditions simulating the stage of core flooding with
water in LOCA suffices to shows the character and
numerical value of criterional parameters of the
embrittlement criterion in terms of the cladding stability
upon flooding and subsequent implementation of FA
unloading and transportation.

The representative maximal design limit of fuel rod
damage in terms of oxidation (embrittlement criterion)
comprises all together the maximum temperature of the
fuel cladding heating and the local depth of cladding
oxidation.

The numerical values of the criterional parameters

Ty =1200 °C and ECR"" =18% are validated by the

clad

experimental data obtained from studies into the
kinetics of the Zr-steam reaction and from the specially
implemented thermal shock experiments.

It is demonstrated that the mechanical properties of
oxidized claddings upon a thermal shock (impact
elasticity, residual ductility) are adequate for claddings
to be stable upon flooding and subsequent handling FA
(unloading and transportation).
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Assesment of WWER Fuel Condition in Design Basis
Cmamws nocmynuia 6 pedaxyuio 08.02.2021 2.

UCCJIEJJOBAHUE MMOBEJAEHMUS 1 CBOMCTB OBOJIOYEK TB3JIOB PEAKTOPA THIIA
BBOP U3 CIIVIABA Zr1%Nb B YCJIOBUSIX ABAPUU C IOTEPEU TENNJIOHOCHUTEJIS

M.M. Cemepak, C.C. JIvic

[TpuBeneHs! KpuTepUN 0E30MACHOCTH, MIPEABSIBIAEMbIC K COCTOSIHUIO TBAJIOB B YCIIOBHUSIX NMPOCKTHBIX aBapHil C
moTepel TeIUIOHOCUTEN Ul peaKTOPHBIX ycTaHOBOK ¢ BBOP. IlpencrasieH kpaTkuit 0030p SKCIEPHUMEHTAIBHBIX
HCCIIEJOBAaHNH, TPOBEACHHBIX C IENbI0 OOOCHOBaHWS KpHUTepueB Oe3zomacHOCTH. OO0BEM 3KCIIEPUMEHTAIBHBIX
JIAaHHBIX, IOJIYYSHHBIX IIPU UCCJIE0OBAaHNH TTOBEJICHUS U CBOMCTB 000JI0YeK TBAIOB peakTopa Thrna BBOP u3 crutaBa
Zr1%Nb B ycrmoBusix HarpyKeHHsl, IMUTHDPYIOIINX CTaIHIO 3aJMBa aKTHBHON 30HBI BOJIOW MpPH aBapuu C MoTepeit
TEIUIOHOCHUTENS, JOCTaTO4eH IS CYXACHHUS O XapaKTepe M YHCICHHOM 3HA4CHUH KPHUTEPHAIbHBIX MapaMeTpoB
OXpYMYMBaHHUS C TOYKH 3pEHMsI CTOMKOCTH oOojouexk mpu 3anuBe W u3BiedyeHnn TBC u TpaHCHOpTHUpOBKE.
PaccmarpuBaroTcss aBapuu C HOTepel TEMJIOHOCUTENS MEPBOro KOHTYpa, AT KOTOPBIX XapaKTepHO yXY/IIEHHE
YCJIOBHI TEIUIOOTBOJA OT TBAJIOB. B mpolecce aBapuii 1omycTMa pa3srepMeTu3anus 000J04YKH TBIJIA, OJHAKO HPH
3TOM JOJDKHBI COXPAHSTHCS BO3MOXHOCTH OXJIQKICHUS TB3JIa C W3MEHEHHOM reoMeTpHell H pa300pKu (BBITPY3KH)
AKTHBHOMW 30HBI TTOCTIC aBapHH.

JTOCJII)KEHHSI ITOBEAIHKHA 1 BIACTUBOCTEM OBOJIOHOK TBEJIIB PEAKTOPA
THUITY BBEP 31 CILIABY Zr1%Nb B YMOBAX ABAPII 3 BTPATOIO TEILIOHOCIS

M.M. Cemepak, C.C. Jluc

HaBeneno kpurepii Oe3nexu, MO MpeX'sBISIOTHCSA O CTaHy TBEJIB B yMOBax NPOEKTHUX aBapiil 3 BTPaToOo
TEIUIOHOCIS U1 peakTopHHX ycraHoBok 3 BBEP. IlpencraBineHmii KOpPOTKHI OIS eKCIIEPUMEHTATbHHUX
JIOCHIIPKeHb, TPOBEACHHX 3 METOI0 OOIPYHTYBaHHS KpHTepiiB Oe3mekn. OOCAT eKCIEepUMEHTAIbHHUX JaHHX,
OTPUMAHUX TIPH JOCTIKCHHI MOBEIIHKH 1 BJIACTHBOCTEH OOOJIIOHOK TBeNiB peakrtopa Ty BBEP 3i crumaBy
Zr1%Nb B ymoBax HaBaHTa)XEHHs, IMITYIOUHX CTaJiI0 3aTOIUICHHS aKTHBHOI 30HH BOJOIO NP aBapii 3 BTPATOIO
TEIUIOHOCIS, JOCTaTHIM [UIi CYJDKEHHS NpO XapakTep 1 4HCElIbHE 3HAYCHHS KpHUTEpiaibHUX MapaMeTpiB
OKpUXYYBaHHS 3 TOYKHM 30pY CTIMKOCTI OOOJIOHOK Imij Yac 3anuBy i BunaneHHi TB3 Ta TpaHcmopTyBaHHI.
Posrnsnatotees aBapii 3 BTPaTOIO TEIJIOHOCIS IMEPIIOr0 KOHTYPY, AJsl SIKHX XapakTepHe IOTIpLIICHHS YMOB
TEIUIOBIZBE/ICHHSI BiJ| TBENiB. Y Tpolieci aBapiii JomycTuma po3repMeTnsalisi 000JOHKH TBeJa, OJJHAK MPU LOMY
MOBUHHA 30epiraTucsi MOXJIMBICTh OXOJIO/KCHHS TBeJa 31 3MIHEHOIO T€OMETPIEl0 1 MOJMJIMBICTH PO30OMpaHHS
(BMBaHTa)XKEHH:) aKTUBHOI 30HHU IIiCIIA aBapii.
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