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ABSTRACT

A description is given~of'thefNRC'review and_eva]uatibh of timu1ated-LOCA
- tests that produced large axially extended ballooning in'Zircaloy fuel
cladding. Technical summaries are.pfeseﬁted on the Tikelihood of the

‘transient that was used in the tests, the effects of temperature varia-

tions on strain localization, and the results of other similar experiments.
B ’ ), S ! . .

We have concluded that (a) the large axially extended deformations were

an artifact of the experimental technique, (b) current NRC licensing

§

positions are not invalidated by this new information, and (c) no new

research programs are needed to study this phenomenon.
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I. . INTRODUCTION

In May 1977, representatives %rom the United Kingdbm Nuclear Installa-

. tions Inspectbrate (UKNII)* infbrmed the‘NRC of a UKNII review of Qeneric -
safety issues related to the futuré ]icensing‘of PWRs in the UK. Among -
the issues that wéredis$ussed was an implication from an unbub]ished

. British réport (now published as Ref. 1) thét coolability in.a PWR core
might. be lost following a st§-$f-coo1ant accident (LOCA). - Core cool-
‘abi]ity fo]iowing‘a postulated LOCA is a requirement in reactor licensing
| in the US (Ref. 2),}and'the cool}ng function fn the plant is prdvided'by
the emergency core coo]ingAsystem (ECCS): Such an implication, should"

it be well founded, would call into éuestion fhé ECCS gna]ysés appfoved‘by

the NRC in 1icensfng actions.

The {mp]ication about core coo]abiiity.wés based on claddihg“ruptu;e
;tests that had resulted in greater deformations ‘than the'tesis on which
US licensing analyses are_based. The British tests,(Rgf: 1) utilized a
different expe;imenta1 tethniqde than the tests on which US licensing
ca]cu]ations are based, and the tests presumed core‘thérmal-hydraulic f‘
conditions that heretofore have not’been;prediéted to occur. Therefore,
the significance of tﬁe_coo]abi]ity implication depends on the re]evénce

of the experimental methods énd accident assumptions employed by the

investigator, E. D. Hindle.

*Abbreviations are defined in the Appendix.



To discuss the significance of the coolability implication in more

detail, several followup meetings Were attended by repreéentatives from
the ‘NRC, the UKNII, the UKAEA (the agency from which Ref. 1 dr%ginated),
and German (FRG) research and licensing agencies. The German ﬁarticipa-. 3
tion in the discussions was included because Hind]e's‘report had claimed
confirming suppoft frem research conducted at Karisruhe.

The first.followup meeting was held in June 1977. NRC de]egefes presented
technical arguments as to why the eonditions of Hindie'é‘ba]]ooning

tests yould not be expected in a nuclear reactor (Refs. 3.and 4).
Additiona]]y; the German‘participants disagreed with Hindle's inter-
 pretation of their experiments and claimed that, te the contrary, their
overall results corroborated the 1icensing analyses that are approved in\
the US and in the FRG (Refs. 3 and 4). After those discussions, the NRC.
reached a tentative conclusion that Hindle's tests were not relevant-to
licensing analyses, but it agreed to widen the debate and include fnpdt

.- from more technical experts.

Subsequently two workshops were held on this subject. The workshops
were held in conjunction wjth the 5th NRC Watef.Reactdr Safeéy Research
Information Meeting'on NoVember 11, 1977 and the 4th ASTM(Zirconium

. Conference en June 30, 1978. 'A total of 25 techﬁiea] presentaiions on
this subject Webe made by participants from four countfies. Summaries
of these presentationé'(Refs. 5, 6 and 7) indicate widespread agreement

that Hindle's observations are not relevant to LOCA analysis. In spite
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of the majority opinion, some repfesentatﬁvés from the UKAEA (including
Hindle) remained unconvinced'of the inapp]fcabi]ity of and]e's tests.
- Because of the lack of unanimity among brihcibé] investigatorg,_hé‘wil]
provi&e the technical considerations on Which’our‘conclusion on the

atypicality of Hindle's experiments is founded.



il

IT. SUMMARIES OF TECHNICAL CONSIDERATIONS - '

i

1. Effect of Temperature Uniformity on Ballooning

It is well known (Refs. 1, 8-14) that uniform temperaturg can -promote
exfensive deformation (ballooning) in pressurized Z%rca]oy tubes, whéreas ‘
local temperature variations lead to 10ca]ized'ba1100ning (see Fig. 1).
The degree of temperature qdnuniformity required for strain localization
can be seen in Chapman's work (Refs. 8 and 14). His rod burst experi-
ments have shown that, if ciédding temperatures deviate more than + 5°K
'over the heated length of tubing, then stra{n Tocalization will occur.
Such sensitivity of the’bulge-growth dynamjcs to small temperatufe-
pertﬁrsations‘has been shown analytically for Zfrca]oy cladding (Ref. 12),
and it has élso been reported for stainless-steel cladding (Ref. 15).

It therefore remains to compare the temperature uhiformity that was
present in Hindle's tests and thét which could occur in actual fuel

cladding during a LOCA with the observed value required to induce strain

localization (i.é., i»5°K).

2. Likelihood of a LOCA as Stylized by Hindle

During simulated-LOCA testé, Hindle subjected cladding specimens to
stylized transients (see Fig. 2). The stylized transients were designed
to simulate simplified pres#ure and temperature conditions that an

averagé-rated PWR fuel rod might encounter during the post-blowdown
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(see Ref. 1) and (b) smaller localized deformation (see Ref. 14)
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Fig. 2 Comparisdn of a typical calculated LOCA temperature transient
(see Fig. 15.6-28 of Ref. 16) with a stylized "flat-topped"
transient used in Hindle's experiment (see Fig. 6 of Ref. 1)



portion of a 1oss-of;ceoTant accident. Specifically, single rod specimens
were thermally soaked at an elevated temperature of about 875°K,'pressurized
to a constant level, and then ramped at aboet 10°K/éec until a set
temperature (in.the range of 950 to 1100°K) was attained. The/speeimehs
Were then a]]owed_to isothermally creep-rupture in a quiescent condition

. during which the mid-wall cladding temperature over thelspecimehllength

of interest (370 mm) was‘maintained within + 2 to & 5°K. |
Welbe1ieve that stable thermal-hydraulic reflood condftions that would
'preduce this type of sty]iied transient are very unlikely. Such."flat-

~ topped" reflood temperature conditions have not been seen in analyses -
either performed by or‘reviewed by the NRC.*

A,feport (Ref. 13) by Rose (also of ‘the same UKAEA Springfields laboratory
as Hiqd]e) addreesed the 1ikelihgod of such hf]at-tbpped" transients
]eading to axially e*tended be1looning with rod-to-rod contact. Rose
reporieq\qn best-estimate calculations with the computer codes FRAP and

RELAP and concluded that axially extended rod-to-rod contact on a core-wide

basis would not be eXpected.

Additional insight on the 1likelihood of stable thermal-hydraulic condi-

tions can be drawn from the Full Length Emergency Cooling Heat Transfer

*Both the stylized transient and the calculated transient illustrated
in Fig. 2 were selected to represent a 4-loop West1nghouse PWR with a
double- ended gu1110t1ne cold- ]eg break



(FLEGHT) tests. For the present consideration we refer only to the
]ow-f]ooding-rate FLECHT tests (Refs: 17 and 18) since tney produced the
.most.stable therma1fhydrau1{c conditions in the series. There were two
aspects in tnése tests that should have reSu1ted in cladding tempera-
| tures more uniform than would be expected in a reactor with nuclear-heated
fuel rods: (1) the lack of pe]]et~to;c1édding gaps ﬁnithe internal-
conduction-heated simu]ators\shou]d lead to more uniform tempenatures
‘than'in fuel rods (this aspect will be discussed further ﬁn Section 4),
and (2) the FLECHT bundles weré exposéd to radially uniform temperatures
because the rod simu]ator§ were operated at eqnal power ratings.‘ The
' FLECHT data (Ref. 19) included both axial and radial cladding temperafure
measurements at the beginning of neflood and af the time that the hot
rod attained its maximum temperathre.. In general, the observed temperature
nonuniformities were substantial; the cladding temperaturés recorded on |
the rods surrounding any one rod at a inen elevation were never uniform
to with{n 30°K.. Th%s observed nonunifnrmity of the,temnekatures of the
snrroundings suggests tnat the-formation of a*ié11y extended Pa]]oons
1eading'to coplanar biockage would not be possible for in-reactor conditions.
S
While neither of the studies that was discussed above completely rules
out the possibility of a "flat-topped" LOCA as postn]atedvby Hindle,
| they suggest tnatbthe‘stab1e thermaT-herau]ic.cnnditions that Hindle
;presumed are-unlikely. Since the occurrence nf 1ange aXia]]y extended
ballooning requires the presence of both stable thermé]-hydrau1ﬁc conditions

and uniform local fuel rod conditions, and since we have not .performed
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an extensive thermal-hydraulic evaluation, we will turn ourAatiéntion tb
the Tocal fué] rod conditions. The next sections of this report will
thus examine local Zircaloy c]ad&iﬁg temperature vériations, thcﬁ would
occur even if tﬁe therma]-hydfau1ic conditions were stable, and the

effect of these temperature variations on ballooning shapes.

3. . Effects that\Lgad to Unifo}m C]adding,Temperétures

In additfon to stable therma]—hydraulié conditions, local stabilizing
heat-transfer effects are needed in the Zircaloy cladding to produce
large balloons. A stabilizing effect that is of major importante in
Hindle's work (see Discussion on pége 9 in Ref. 1) is an effect that isv
generally recognized; Qhen deformation begins, the local heat-transfer
surface is enlarged and preferential cooling will occur in the deforméd
region. ThiS'loca11y enhénced coo]fng, whicﬁ 6ccurs for all heating
methods, reduces the local temperature and hence the rate of 1oca1
deformation thereby forcing the deformation to occur elsewhere and
promoting the growth of 1ar§e and uniform balloons.
Another féedback effect existed in Hiﬁd]e's experiments, and this effect
is unique to self-resistance heating methods (see Section II-4 for a
fur@her discussion bf heating methods). The principle of the effect is
as follows: the joule heat input per unit length of tubing is not
- affected by circumferential cladding strains,‘buf it is affected by -

axial cladding 'strains. Consequently a‘short, nonconcentric bu]ge would



tend to grow azimuthally in a stabilizing manner, but é short, concentric
bulge would tend to rupture. If this effect were pronounced, it would
.thus lead to ballooning instability and localized stréins. The relative
ihportahce.of th{s effect has not been evaluated rigorously, but it can
be concluded from Hindle's work that this effect is overwhelmed by the

1ncreased heat-transfer effect that accompan1es surface area increases

in the ballooning process.'

Picklesimer (Ref. 5) describes another heat-transfer effect that can

lead to uniform deformation under some test conditions. (He.concludeS'
that there was a heat-transfer condition in Hindle's a]ppa-phase* balloon~
ing experfments that gave negative feedback to 16ca} ballooning behavior.
This negative-feedback condition is said to be peculiar to direct]y;\
heated Zircaloy tﬁbes that are exposed to uniformly "cold" surroundings

" (i.e., when the temperature of theHsurroundihgs is uniform snd more than
200°K colder thap the ballooning c1adding) as was the case ih'Hihdle's
ekperiments. This hypothesie may a1§o explain differences_betyeen'

Hindle's tests and expected‘in-feattor results.

Healey, Clay, and Duffey (Ref. 10) have performed ba]]oening experiments
"and analyzed the coupled heat-transfer and creep-deformation Mechanism
in detail. 1In their directly heated experiments, they confirmed that
ba]]boning stabi]iiation can occur for isothermal.creep-rﬁpture at

“ fempe;atures between 973 and'1073°K, provided that Uniform.cladding |
*TFE_EEEETTurg1ca1]y-stab]e structure of Zircaloy at temperatures less

than 1098°K.
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temperatures are maintained and that the initial tube hoop stresses are-
restricted to values less than 44, 62, and 72 MPa for the temperatures
of 1073, 1023, and 973°K, respectively. For larger stresses, but otherwiéé
identical test condftidns;;théy found that the tubes rupture with a
1imited ambuni of circumferential expansion at all axial locations away
from the locally bulged rupture location. They are able to predict the
deformation response of d}rect]y heated Zircaloy tubes without accounting
for jou]e-heafing or co]d-Qa]T,feedback effects mentioned above. It
thus épbears that Healey, et al., have included the important phenomena
in their analysis and that the behavior of Hindle's ballooning tubes {s’
understood. It is relevant to note that Healey, et al., whose work was
cited to illustrate a general understanding of the deformation process,

[

concluded that:

"...it seems unlikely that the required axial and circumferential
temperature uniformity needed to promote long balloons would be

preserved during in-reactor heating."

‘In"the next sections we will examine different effects that lead to
temperature nonuniformities that are of sufficient magnitude to induce

strain localization.

’
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4. Effects.of the Heating Methods that Lead to Temperature Variations

In addition to variations in fluid heat transfer that may lead to cladding
temperature gradients, there are several significant phenomena in the

fuel rod-that also créate local temperature variatioﬁs in the cladding.
Some of these sources of temperature variatioﬁ are-appreciab1y altered

in out-of-reactor tests by the heating method. Other sources are not

affected by the heating method and will be discussed separately.

It has been previously claimed (Refs. 10, 14, and 20-24) that the
method of heating can have a dominant impact on the resultant cladding
rupture strains. For the purpose of this discussion, three methods of

heating Zircaloy cladding will be considered:

1. indirect heating of the cladding during a LOCA from the stored heat

and decay heat in fuel pellets;

2. indirect heating of the‘c1adding using internal ceramic-coated

electrical-conduction heaters, which simulate fuel-pellets; and

3. direct self-resistance heating* of the cladding as used in Hindle's

tests.

*Also referred to as a joule or skin heating.

_12_



Figures 3 and 4 illustrate the heat flow directions (neglecting axial
heat flow) . induced by these three heating methods during steady-state

and temperature-hamped conditions.

For the steady-state condition (Fig. 3), all of»the heat that is generated
is transported away from the c]add1ng outer surface by the coolant;

this, by definition, is the steady state. With nuclear and internal-
conduction heating, all of this heat flows across the pellet-to-cladding °
gap. If we assume -that the effective power of the rod at the time of
consideration is 5% of its rated full power, then the heat flux across

the gap is about 900 W/m. ’w1th self-resistance heating, on the other
hand, no heat flows across the gap and the rod is isothermal (not merely

in a steady state).

For the temperature-ramping conditfon (Fig. 4), less heat is carried
.away by the coqiant than is generated, and the balance goes into raising
the internal energy (i.e., the temperature) of the cladding and pellets
(or the pellet simulators).  For nuclear and interna]-conduction'heatihg,
if the effective rod power is again assumed to be 5% of its rated power
and if the ramp rate is assumed to be 10°K/sec (both assumptions are
representative of possible rod conditions during'reflood), then the heat
flux across the gap fs 65 W/m. For self-resistance heatfng, the heat
flux across the gap is reversed, large (90 W/m for a 10°K/sec ramp
rate), and independent of the assumed effective rod power.(the heat flux
depends, to a first approx1mat1on only on the ramp rate and the heat
capac1ty of the pellet stack).

- 13 -



METHOD OF HEATING RELATIVE TEMPERATURES RADIAL HEAT FLOW

NUCLEAR TepeLLET = TcLADDING
INTERNAL TeeLLer = TcLADDING
CONDUCTION SIMULATOR
SELF-RESISTANCE TeeLLeT = TcLADDING:
SIMULATOR '

Fig. 3 Radial heat flow during steady state
- 14 -



METHOD OF HEATING RELATIVE TEMPERATURES RADIAL HEAT FLOW

NUCLEAR ~ TeeLLer ~ TcLADDING
INTERNAL TreLter ~ TcLADDING ’
CONDUCTION ‘ SlMULATOR ' .
SELF-RESISTANCE  TeerLet < TcLADDING
: ©  SIMULATOR <

Fig. 4 Radial heat flow during the temperature-ramping phase of transient
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Comparing .the three different heating methods, fdndamenta] differences
are seen between Hindle's method and the nuclear-heated method, whereas
the method that uses internal-conduction heaters is similar to the

nuclear-heated methbd.

For ramped conditions, the heat flux with self-resistance heating fs
reversed but of the same.magnitude as the huc]ear case. Thus, heat
f1ow§ across the pellet-to-cladding gap and produces a temperaturé
gradient with all three heating methods. Chance variations in gap
conductance introduce temperaéure var{ations in theyc]adding and Tead to

localized ballooning with all three heating methods.

For steady-staie conditions, the heat flux is maximized with fhe internal-
éonduction and nuc]ear—heatédfmethods,.but thé heat flux is zero Qith
the self-resistance heatihg'method. Pellet-to-claddfng gap conductance
thus plays no role in the isothermal creep-rupture phase of Hindle's

_ teét in determining c]adding temperature gradients, and, consequently,
nonuniform gap conductance effects are avoided. A major factor that
con;ributes to local temperature variations in nuclear-heated fue] rods
haS'thds been reﬁoved from the isothermal phase of Hindle's experiments,
and it is only during the isothermal testing that large axially extended
ba]]oonsvare formed. - ) |

The circumferentially nonUniférm gap conducfance.mehﬁioned above arises

because of eccehtrical]y posifioned fuel pé]]ets, pe]]et'craCks'ahd

_16-



chips, irregular fission product deposits, and ovalized cladding.

Several investigators (Refs. 25 and 26) have modeled the effects of
asymmetrically positioned fuel pellets and found that even slight changes
in the gap geometry will have a significant impact on fuel and cladding
temberatures during normal power operation. In-pile experiments in the
Halden Boiling Wa£er Reactdr were éna]yzed (Ref. 27) and found to substan-
tiate this thepry by Showing that, for normal operatipn in the HBWR, the
presence of eccentrically positioned fuel pe]]ets.résu]ted in circumfer-
ential température vgriations on the cladding inner surface nf typically
15 to 20°K. This was a large temperature variation considering that all
of the coolant was present and had not been lost as'postu1ated in a

“large-break LOCA. -

While the effect of eccentric pellets will be different under LOCA
conditions,.that has also been shown\to be important (Refs. 11 and 28).
Burman and Kuchirka (Ref. 28) tested random]y'positionéd eccentric
pellets in out-of-pile ramp tests. Their measurements showed that, for
a 14°K/sec transient, circumferential temperature variations of 22°K or

more were common at any one axial position on the rod specimens.

It might be argued that hot spots tnat would be present in the cladding
prior tb deformation might dissipate during cladding deformation. This
argument seems plausible, at first, since deformation at the location of
the hot spot might 1ift the cladding away from the pe]Tet, thus opening

up the gap and decreasing the_]ocai gap conductance; the reduced gap

- 17 -



conductance would thus impede the flow of heat to the hot spot and it
would cool. However, out-of-pile burst tests (Refs. 9, 14, 22, and 29-31),
which were conducted in the'same temperature region as invéstigated by
Hind]e, show that a hot spot on the éladding doeé not move away from the

. heat soufce; rod bowing occufs and moves the hot cladding region closer

to the heat source. This boying effect is attributable to the jnherent
strain anisofropy of iirca]oy in the a]pha‘phaﬁe, so this effect would ',
é]so be presént in fuel rod cladding during a LOCA thét induced ballooning

in the alpha-phase temperature range.

It thus seems clear from Hindle's tests and the work of others that, in o
the presénce'of a heat flux, chance variations in gap conductance produce
azimuthal temperature variations that are large enough to cause ballooning

strain localization in Zircaloy clad fuel rods.

5. Other Effects that Lead to C]adding‘Temperature Variations

Another factor that leads to local temperature variations in fuel rod
cladding is the random]y'occdrring variation (within manufacturer's
specified to]erances)‘in pellet dimens%ons, density, and enrichment.

Lowe (Ref. 32) investigated the effect of such permissible variations on |
pellet surface temperaiures during a LOCA. The study utilized the

Babcock & Wilcox LOCA fuel performahce code SWEL-1 (Ref. 33), which is a
combined ana]yticé]-numerical teéhnique for evaluating the distribution

of c]adding failures during a LOCA. Two LOCA transients were investigated

..18-



for which the peak pellet surface temperatures were ca]culated to be
1060 and 1340°K. The resuits-showed:that”temperature variations ‘due to
the comb1ned contr1but1ons of randomly d1str1buted var1at1ons in these
three manufacturing parameters were normally t 14 and + 25°K respec-
tively. 1In light of the coupling between pel]et surface temperatures
and c]adding temperatﬁres, it is likely that such tariations wou]d‘be
sufficient to cause cladding strainllocalization (Lowe's study was
- performed pr1or to the current interest in cladding temperature var1a-
| tions and estimates of c]add1ng temperatures were not included.)
‘ .

A similar sensitivity study has a]so beenvreported by the Nuclear Power
Company, Limited (Ref. 34). That study ehp1oyed a trensient fuel per-
formance code‘called MABEL-1 (Ref. 355 which was developed by the UKAEA
and applied by NPC‘to investigate the 1ike1thood of large -in-pile -

ba]]ooning. It was stressed in the report (Ref. 34) that many reactor
phenomena* were not represented in MABEL-l and, therefore, the quanti-
tative predictfons should be viewed with some‘degtee of caution.
Nevertheless, analysis of the temperatukeAveriatien sensitivity to local

power perturbations resu1ted in the fo]]owing comments.

i

*Such as (a) cladding stress- or strain-to-failure criterion, (b) cladding
~surface radiation, (c) grid-to-cladding interactions, (d) eccentrically
positioned pellets, and (e) nonuniform volumetric heat generation.

-19—\



"As Might be expected the results are very sensitive to the level
~of perturbation. For instance, if a perturbatioﬁ of somewhat
greater then 3% could be justified then it appears that there would
be no incidence of "long balloons" at significant strain (above 30%).
Converse]y; if only a 1% perthrbation could be justified it is
predicted that there is a possibility of "long balloons" of 50%
strain occurring.
"It méy be reiterated that in this work, attention has been limited
to local rating perturbations mainly because of current code limita-
tions. There is no implication that many other perturbations are

not equally possible."

Oné might expect that thésé predicted magnitudes of pérturbation (i.e.,
1 and 3%) will deérease.when,refinements (i.e{, inclusion of additional
phenomenological effects) are made to future versions of the MABEL code.
Therefore, in light of typical PWR pellet-to-pellet power variatibns
(thé minjmum occurs on the flux-flattened reéions between grids) of
around 2%, the current MABEL code predictions suggest that Hindle bal-

1ooning will not be possible under in-pi]é conditions.

Finally, there is a source of temperature variation that has not been
widely discussed, and this source consists of "cold" objects in the
core. Core shrouds, channel boxes, water rods, poison rods, thimbies,

guide tubes, source tubes, and instrument tubes all have relatively cool
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surfaces compéred with that of the fuel rods. The presence of these
neighbors'will cause additiona] circumferential cladding temperature

variations and promote the localization of ballooning strain.

6. Results of Other Ballooning Experiments

Many Zircaloy rod burst expériments other than Hindle's have been conductéd,
and.most of these are publicly available (Refs. 8-11,A14, 21-24, 28?31,

and 36-50). In-reactor rod burst expefiments have been performed in

three test reactors: TREAT (Refs. 44-46), PBF (Ref. 47),‘and FR-2

(Refs. 48-50). While these tests do not afford the best comparison with
 Hindle's work, they may bevmost representative of fuel rod behavior

during a LOCA since they include realistic thermal-Hydraulic and local

fuel rod conditions.

Two exper%mehts (FRF-1 and FRF-2) Qere performed in the TREAT reactor to
determine fuel rod failure characteristics under LOCA conditions (Refs. 44-46).
Each experiment was comprised of a seven-rod bundle in whfch the center

rod of each bundle had been previously irradiated. Cladding ruptures

occurred in flowing steam at ramp rates of 25 to 44°K/sec with burst
temperatures ranging from 1015 to 1590°K at engineeringvburst stresses

of 16.3 to 4.9 MPa. The resultant rod swelling was found to be 1oca1izéd

(one or two lobes per rod) with the maximum circumferential burst strains
varying between 26 and 44%. There were no rod deformations similar to -

those obtained in Hindle's tests.
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One experiment has been conducted in the PBF reactor.that resulted in
cladding swelling (Ref. 47). In this experiment, four rods were subjected
to a power-coolant-mismatch transient during which sustained operation

in a film boiling regime occurred. One of .the test rods, which had a
‘large degree of prepressurization, ballooned and ruptured at 1100°K at

an engineering burst stress of 37.6 MPa. Post-irradiation examination
showed that this rod had incurred a centralized regién of sQe]]ing with

a maximhﬁ circumferential burst strain of 25%. Again, as in the previous
in-pile experiments, the rod deformation was no£ simi]ér to.that‘observed

in Hindle's tests.

A total of 18 single-rod burst tests have been conducted to date in the .
DK loop facility of the German research reactor FR-2 (Refs. 48-50).
These experiments are being performed to investigate thé influence of a
nuclear environment on the mechanisms of fuel rod failure during a LOCA
and to compare with electrically heated burst tests performed to study a
LOCA. Cladding condit{ons are designed to simulate theApressure and
temperature histories during‘the low-pressure phase of a LOCA.» The test
matrix includes both fresh and irradiated specimens. C]adding ruptureé
have been induced in stagnant steam at ramp rates of 6 to 10°K/seé with
burst temperatures of 1080 to 1290°K.at engineering burst stresses of
60.8 to 17.3VMPa. Measured rod swelling was found to be localized with
“the maximum circumferential burst strains ranging between.ZSAand 64%.

There were no deformations similar to those observed in Hindle's tests..
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Many out—of-reactor_tésts have also been performed,.an& recent experi-
ﬁenta1 procedures tend to be more representative of ih-pi]eAbehavior
-than those reported earlier. Chapman (Refs: 8, 14 and 29), Erbacher
(Refs. 9, 30 and 31), Fiveland (Réf. 23), and Bauer (Ref. 36) have all
uséd the more typical internal heating technique. Other important test
parameters, however, have differed significantly (e.g., isothermal vs.
transient temperatures, steam and water vs. argon and vacuum atmospheres,
unconstraineduvs. completely restrainéd épecimens, BWR vs. PWR'c1adding
geometries, unirradiated vs. irradiated cladding, and single vs. multiple
rod geometries). 0bservations‘of all of these experimenters of the
cladding conditions at rupture (i.g., tempeyature,‘strain, and stress)
are consistent; differences in their observations are understandable and
attributable to variations in test parameters. None of these experi-
menters observed large axially extended deformation -of the magnitude

that was seen by Hindle.

Finally and oflparticular significance to the deformation responses of
_different heating techniques are the results from recent lTow-heating
rate and creep-rupture tests reported by Chapman, et al., (Ref. 14).

Their creep-rupture tests were designed to repjicate Hindle's flat-topped
| LOCA-simulation tests, but heating was provided by internal heaters
rather than direct-e]ectricé] heating. They found that (1) local tempera-
ture’yariations control the deformation behavior in low-heating-rate and
creep-ruptufe tests mgch the.same as in fheiFA28°K/sec-transiént tests:

(Ref. 29), (2) local strain was more uniform and somewhat greater inlthé
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low-heating rate and creep-rupture tests than in the transient tests,
(3) no large differences occurred in the burst strains for any of their

} _ %
tests, and (4) no large balloons of the kind seen by Hindle were produced.

*Chapman’s cladding specimen labeled (b) in Fig. 1 was chosen for illustra-
tion because its rupture conditions were most similar to Hindle's specimen
labeled (a). Specimen (a) ruptured after 90 seconds at 973°K in stagnant

steam. . Specimen (b) ruptured after 103 seconds at 1035°K in gently flowing
steam. : '
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III. CONCLUSIONS

We have reviewed the experimental work of'an investigafor who suggestéd'
“that 1arge\axia11y extendea cladding §trajns might occur in some LOCA
transients. The extended deformqtfons éccompanied by large diametral
‘gtrains‘that he observed in laboratory. tests areﬂsubstantiaT]y,greater :
than those éssumed’in(safety analyses for bower reactors licensed in the
US.  Such deformations, if they existed during a;LOCA, could threaten
the coolability of the .core; we have concluded, ﬁowever, that such 1afge

axiéT]y extended deformations will not occur.

’

Our conclusion is based on a general understénding of the phenomenon.
Lérge axially extended deformations can be achieved with pressurized
Zircaloy cladding if the c]édding températuke is very uniform. This
fact is demonstrated in Hindle's tests and was known previously. Uniform -

cladding temperatures can exist only if core thermal-hydraulic conditions

are stable, and then only if local fuel rod conditions are suitable.

The existence of stable therma1-hydrau1fc conditions during a LOCA is,
at most, doubtful. Furthermore, we have examined‘16ca1'fuel rod conditions -
éarefu]]y and conc]qded that Hindle's method of testing was ideal for.
léchieviﬁévvéry uniform ]ocaT temperatures, but it differed in fundamental
tways froh the heatinj mode that would occur in nuclear-heated fuel rods
during a LOQA.' Several érguménts have been presented that suggest that
su;h uniform temberatdres cannbt occuf in-feactor. The few in-reactor‘tests
fﬁat have been performed fail to exhibit large ba]]opning deformations..

¢
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- And, finally, tests have been performed\dsing heating methods that
simulate the in-reactor mode much more closely than Hindle's direct-
electrical heating techn{que; and these tests do not show such large |

deformations'even for controlled "flat-topped" transient conditions.

It is our conclusion that (a)‘the 1§rge axially extended deformations
observed by Hindle were an aftifact'of thé experimental technique, (b)
current NRC licensing positidns are not invalidated by this new informa-
tion, and (c) no new research/programs are needed to study this phenomenon:
The NRC has made small changes in on-going research programs to ensure
their accountability for the sensitivity to the effects of temperature

variation.
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V. APPENDIX (List of Abbreviations)

~ .

“BWR- . boiling water reactor

_ CEGB Central Electricity Generating Board
- ECCS Emergencinore-Cooling Systém

FLECHT V'AFu11 Length Emérgéncy Cbo]ing Heat Transfer
 ER-2 . Forschungszentrum Reaktor 2

FRAP—T Fuel Rod Analysis Program Transient

FRF Fuel Rod Failure exper1ment ‘
#RG ‘Federal Repub]fc of Germany
i HBWR' " Halden Boiling Water Reactor
- LOCA Loss-q%-Coo1ant Accident ﬁ B
NBS  National Bureau of Standards
- NPC . Nuclear Power.Cbmpéﬁy
_NRC ‘ Nuc]ea% Regulatory Commission K
«»PBF;:\ Power Burst Facifity |
. PWR“ . pressurized water reactor - .
RELAP»' Reactor‘Leék»and Power Safety Excﬁrsionl

SNPDL Springfields Nuclear Power Development Laboratories
TREAT L Transient Reactor Test |
UKAEA  United K1ngdom Atom1c Energy Author1ty

N

UKNII o Un1ted K1ngdom Nuclear Insta11at1ons Inspectorate
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