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ABSTRACT

Presented ate the results of the FR2 In-lee Tests on'fuel rod
‘behsvior under LOCA conditions performed with PWR~type unirradxated
and irradiated (2500 to 35000 MWd/t) fuel rods. The burst-data: do
net indicate major differences from out-of-pile results. N% ins”

- fluence of burnup on the burst data was observed. In the régions
with major c¢lad deformations of the pre-irradiated rods the frag- . .
mented fuel pellets were found crumbled within che' fuel ro6d. The . ..
posttest examinations indicate ¢lad mechanical behavior and bxidas
‘tion to be comparable to out-of=-pile results and a relatlvély
small fISSIOn Bas release dur;ng the transient. - GE

omscnvxs 'I'ES‘I‘ PROGRAM '

The 1n-px1e experlments sxmulatzng :he second heacup phase’'dt a’ loss-
=of-coblant accident (LOCA) in a pressurized water reactor (PWR), were per-
formed in the FR2 reactor at the Kernforschungszentrum Karlsruhe {KEfK) .

The research is part of .the Nuclear Safety Project's fuel behavxor program.
The mein objective of the FR2 In-Pile Tests was to provide information -
about the effects of a nuclear environment on the mechanisms of fnel rod
failure under LOCA condltlons. The nuclear: ‘environment is characterxzed
mainly by the genulne nuclear heat generatlon 1n uoz fuel. ;

The tests were conducted with unirradlated as well as w1th prev1ously
irradiated short-length single rods. The obJecﬁlves of the program tequ1re
a compatrison with non-nuclear: tests. Therefore, reference cestg ‘with elec= ¢
rrically heated rod simulators were conducted in the 1n-p11ecloop under con=

_ditions identical to those of the nuclear tests. The entiré Eest program :
is given in Table 1:- The ‘main pareme:er of the test program Was the degree "
¢f burnup, rang1ng from 2,500 to a maximum of 35,000 MWd/tU. As’a; ! second
parameter the rod 1nterna1 pressure was varied between 25 'bavs! and 125 bars
ar steady state temperature. The pressure range used ‘was larger than it is
to be expected during the lifetimes of PWR rods. The ‘desired preséure was
adjusted during the preparations for the cransuent’tesr by 2dding, helium
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'rod 1n:arna1 pressure traces.-

B 10 PR ,;;‘u;m_cf,_;r_esrs"m,m ENAVIOR. TEST MATRIX.
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~

Tetpvade Meodinty

T Lnu fzssiou gas generated durlng the prev;ous 1rrad1at10ns. deatuﬁ rateS'

varigé:l between 6 and 20 K/s.

- 5EXPER'1MENTAL CONDUCT

Ii: each test the test rod is exposed to a standard temperature history[
‘derived from caleulations for a PWR fusl rod under the conditions of the

- second neatup phase dur;ng ‘& cold- -leg break LOCA. The transient is 1n1t1ated

by interruption of the loop coolant flow and depressurization of the,;
coclart, During the subsequent heatup phase the test rod power is kept con-
stzn: uitil the target cladding temperature of approx. 1200 K is reached

AL thay temperature the rod power is rapxdly reduced by- reactor scram. The HM2;7*

tess gracedure is glven in. Flg.j ;

, The test rod. 1nterna1 pressure is adJusted prior to the: transie
Duz ity ‘the transient the gas is confined in the rod such .that the in rnal
preseure is measured but not controlled. The deformation and the bursk of
the rod claddxng are monltored by means of the claddlng temperature and

Clodding temperature was meaSured by six thermocOuples re51stanca spot-
-welded to the rod surface at six different axial and azimuthal loearions.
Two zifterent attachment versxons (A and B) were used.
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TEST RESULTS AND RESULTS OF NON-DESTRUCTIVE PTE ™

Burtt Daca rp

The burst temperatures are. plotted versus burst pressures inF

irradiited and 1rrad1ated rods wte indiedted:
omparison two dasted curves apppoxlmac1ng ﬁj"“"“
*of-plle ORNL *) Multxrod Burst Test s1ng1e-rod reSulte are 1nc

and burst temperatures measured durzng the 1n-p11é tests Iie thh

(BSS) tests. bexng performed under 1dent1ca1 condltlons 1n the 1n-
1éop. The BSS data are 1nc1uded in Fig. 2. =

The def1n1txons of burst temperature and burst pressure used’ 1n the
evaluation of the FR2 In-Pile Tests are as follows: :
The burst temperature is defined as the temperature of the cladd1ng at the’
burst location at burst time. It was determined by extrapolation from the
thermocouple ¢losest to the burst location. In order to c0mpensate forthe
deviations of the surface-welded thermocouples a correction value was. ,
added. In this method az1mutha1 Eemperature varxations cannot be taken 1nta

agccount,.’

The burst pressure-is def;ned as the rod internal pressure mezsured at
the beginning of the fast pressure drop, i.e., when the pressure. gradxent '
Ap/at exceeds the value of minus 10 bars/s. The pertinent time after

initiation of the transzent is called burst time. . ,ﬁ,_ i

In Fig. 3 the measured maximum circumferential strains AU/U (burst
strains) are plotted versus burst temperatures. . ‘

Here again the results from un1rrad1ated and irradiated rods are 1nd1--
cated by different symbols. The three data points from the simulator (BSS)
tests available to date are included in this diagram. The results from the
FR2 In-Pile Tests lie in the range between 25 and 67 % clrcumferentlal
strain, (The 67 7 limit is reached when the deforming rod touches the
shroud.) The results do not show an influence of irradiation on the burst.
strain and do basically correspond with the maximum deformaEio s found in
out-of-pile tests using an indirect heating of thg cladding™” ~, 1nc1ud1ng
tests performed with spent reactor fuel cladding. s

& correction factor mentioned above was applxed to the burst tempera- :
tures in Fig. 3. According to microstructural 1nvest1gat10ns of the clad-
ding material (section 4,2) this factor could have been’ overpredicted for
test rods using the chermocouple version 'A. In this case, some of fhe data
points have to be shxfted to somewhat lower temperatures in the dxagram.'

) Dak Ridge National Laboratory, Oak Ridge, Tennessee (U.S.A.)

Ld N s
Post=Test Examination
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. entire length (500 ). The ballooned parts of the zods ere located b
200 and 400 wn ebove the ‘bottom 'of Fuel stack, i.e. within the instyumented

“for each of the F-Tests. The position of maximum strain is usually af or -
close to the position of maximum rod power. However, the rélarively fla
,poW&t;ﬁ;ofileﬁmayvhava:glldwed3qthérlparametérs;.éyg. wall thickness,;fu

, 19Cceakgicity;,ihcrease;bfgdléddiﬁgkﬁaSs~;ndﬁheatzcrans£gtA;@:igcevh ‘
esds, ‘€6 have influenced the position of mdxisium stréin. Fig.'5 undérline:
“'this statemént in demonstrating the random distribution of: the positldn of

. ghour 10 em was obtained with Test Rod E5. The strain profile and the post= .
‘tes: veutron radlograph'of 'this réd are given in Fig. 6. An extemsiod of .~ -
‘the ballooning above 67 Z was prevented by the shroud surrounding the¢ test .
‘rbd- sugh that the cladding hdd to continue its ballooning inte the axial -~ - -

“fuel rods the pellets in the test rods were cracked during operation it

a rzansient and rods not exposed to such conditions after irradistion:

816 926 6785 P06

Cladding Deformation Profiles
The sxisl strain profiles obtasined with test series F (20,000

burnup) ate given in Fig. 4. The eladdings exhibit deformation on ;ﬁﬁl

twedn

secrion of the rod;,Fiﬁzfﬁlshows?also the .normalized :axial power profiles

flac -

-

iaxinun straih under conditions of éxtremely f£1at rod povet profiles

A;claddiné'defprﬁé€i¢h7é§téﬁdidgigo the 67 % limit at.a length 4% :

divection. The deformation behavior of this test may be explained by the :
atypical test conduct (reactor scram at the onset of ballooning in contrast
to che ocher tests) resulting in a cladding temperature decrease duritg the
mein part of the deformation and a delayed pressure release through &:pin-

hole cpening in the cladding, o L

Fuel Condition

ALl tests with previously irradiated rods exhibited a fuel condition
di fferont from the experiments with unirradiated rods. As in commercial

power and the fragments were held in place by the cladding. When, during
the transient test, the cladding moved away from the fuel due to radigl
defermevion, the pellet fragments filled the thus generated additional:
space . This led to a complete loss of pellet shape in the ballooned sec—
tior asd, for rods with larger deformation, to a significant reduction of
the poilet stack height., : S

There was essentially no additional cracking of the fuel during the
transient tests. This fact was clearly demonstrated by particle size
analvses which resulted in similar size distributions for rods exposed to
Fig. 7 preseats the results from the sieve analyses of the Gl fuel samples  °°
(burriop 35,000 MWd/ty). The data of the reference rods not being exposed
to » transient lie in the band of all other samples. The mean fragment’
size was measured to be about 0.3 cm. : g

Trom two tests (E3 and E4) it was learned that the fuel movement . .
(paliet fragmentation) in theé rod occurs in the moment of large deformation
and hur:zt of the cladding. Fig. 8 presents the cladding temperature and
internal pressure histories during Test E4 and the special thermocouple
instrucentation, Three thermocouples (T 137 through T 139) in these two
teste were mounted at the upper end of the fuel stack in order to monitor
the coliapse of the pellet column. At the time of burst the three lower
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jthermocouples T 131 through T 133 behave as usual: A moderate temperature :
~ reduction indicates the incredse of gap w;dth and a flow of relativéﬁy cold_i:
plenum ges past the TC locat1ons.,f : _ R ! RES

The severe temperature drops of the TCs T 137 through T 139, howeve;’“efe
. & clear indicarion for the fuel movement leading. to &’ ‘reduction of ‘the -
_'fuel.ytack of sbout 50 mm ag cculd be: evaluated from the posttest n utron

radiographs.
RESULTS OF DESTRUCTIVE PIE .
Analys1s of Deformatlon of Zircaloyﬂé Claddxng y . éj..
To describe quantztat1ve1y the complex nature of z;rcaloy-d deforma—"f'

" tion the method of the localxzatxon parameter W is used, where 0 < W:< 1.
Small values 1ndicace unlform and h1gh values 10Callzed deforma:ion..

The radial-gtrain- 10ca11zatxon paramecer W 1ntroduced by H. M.,Chung
and T,F. Kaesner5 as caleulated for series A, B, and F shows the same
W /e ‘correlation (Fig. 9) as: the pertinen: ANL data’ for directly’ heaced'
c?adglng tubes. However, the We values of the in~p11e tests are 5 to: 15 4

higher than the ANL data. ;

A COmparison of the ax1a1-scra1n localization parameter Wy between .
the in~pile tests of series 4, B, and F and out-of~pile tests® with direct
heating of the cladding is shown in Fig. 10. W, is plotted versus burst.

. time. For LOCA test conditions, i.e. short times to burst, in-pile ag well -
‘ as out-of-pile tests result "in Wz above 0.5. This means axially localized .
ba1100n1ng. S Lo S F .

Microstructural Evaluatlon of the Claddlng Temperature | ' 7’%2

The z;rcaloy-4 microstructure appearance was 1nterpreted in order to
estimate the local maxlmum c¢ladding temperatures reached during the. in- -
-pile LOCA transients and to quantify azimuthal temperature differences.
For the rods of test series A and B (fresh rods) and the pre-lrradlated
rods of the test series F evalusted to date, the assessment of the maximum
cladding tempersture showed good agreement with the TC measurement using
type B thermocouples and about 30 to 40 K lower temperatures than type A
TCs. Thus the correction value added for the type A TCs seems too high.
Azimuthal temperature variations between O and 80 K were found.

ho Cladding Tube Oxidation

The mlcrostructure of the claddlng outer surface showed the oxide
scale to be dense, adherent, and axially cracked due to clad defotmatlon._
Only ldrge deformation led ‘to partial oxide spalling. The continued :
oxidation after the burst of the cladding formed crack-free, smooth 0X1de
sublayers. .

. In Fig. 11 the local oxide thickness of the samples from the A, B
) ‘ series and F series (pre-irradiated) is plotted versus the pertinent maxi-
¥ /) o mum cladding temperature. The ZrQy layer thickness varied between 2 and

B | 2-137
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. cfeasing distance from the burst openlng. The oxidation of the inne

.Chemlcal BehaV1or of the Fuel and the F1ssion Products

Comm e R
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8 uym for both, fresh and pre-irrad1ated rods., Th1s extent of ox1d§tigp at ;7'3

the outer cledding surface is comparable to out—of—plle results.

At the inner surface :he oxide layer th1ckness decreases w1th

external layer.

In the in-pile test . rods no pronounced chemical 1nteract10n be

'Uoz fuel and the Zry cladding (internal claddxng oxidation by the fuel)

occurred during the LOCA transient. Also do influence of fission products.
e.g. iodine, on the deformation and rupture behavior has go far been b-
served. Possibly the iodine was not present in the fuel rod in the proper
chemical state since neither preconditioning nor substantial preirradiation
of the fuel immediately before the transient were performed. But, the more’
likely reason could be that in particular iodine is not presént &t the
inner cladding surface at a sufflcxently high concentration., The many: 1nc1p

ient cracks detected at the inner cladd1ng surfzce hold for this assumptlon. _"”

A similar crack formation was observed in lsboratory tests when the iodine
concentration was tpo_low,ﬂ_The,crltxcal iodine concentration' depends
strongly on temperature. As laboratory tests demonstrated a significant in-
fluence of iodine on the burst strain occurs at temperatures below 800 °C
only. % But for temperatures above 700 °C the critical iodine concentration
requited for a low-ductility failure of the Zry tubing due to iodine sce

(stress-corros1on cracking) seems too high to be reached iz the in-pile test o

rods, even under the assumption of & complete iodine release from the" high
burnup fuel, Since all tested high burnup fuel rods (35,000 MWd/ty) burst
ét temperatires above 700 °C (730 = 900 °C) the probabillty f8r a low- :
ductility failure of the cladding due ro SCC is rather low, o

Fission Gas Release and Fuel Swelling

The fission gas release from UOq and the fuel swelling were determ1ued
at the test rods after the pre-irradiation, i.e. without LOCA transient
testing, and at the pre-irradiated rods be.ag exposed to the translents.
During the steady-state pre1rradiat1on of the fuel rods the fission gas
release was always below 10 %. During the LOCA transient the additional
fission gas release was smaller than 6 Z. The release is primarily caused
by microcrack formation without the fuel. The various fission gas frae~
txons, i.e. the released gas, the gas in pores, and the gas in the matrlx,
in fuel samples of the test series F after different treatment are given
in Fig. 12. The fuel density increased during irradiation up to about 3 X
burnup. This is due-to a volume-averaged swelling rate of about 1 Z per %
burnup and an irradiation~induced densification to about 2 % residual po-
rosity, There was no notxceable swelling during the LOGA-tests.
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MAJOR RESULTS AND CONCLUSION
. From the test rod data evaluated to date the follaw1ng results are
: summarxzed°- .

- All pretsurtzed rods ruptured during the heatup phase.;f??

f,A)I ballooned rods exh1b1t clrcumferentlal gtraitis over the1r &l e -
 heated length. The deformation profile was_lnfluenced by the 8X; 1ﬂpower o
prof1le end locally hy ‘the thermocouples. S

- All spec;mens burst at the locat1on of maximum straln and th1s i@uﬁfﬁ'h
;deformation is located at or near: the pesk power position.» K

”-'*he bufst data, i e. burst temperature,'burst pressure, ‘and burs_,etrein’f
are similar to vesults .from various Outfof-plle tests. . No 1nf1uence of L
-burnup on the burst data was detected. ' S . % R

=

~ ”he tests with pre-lrradxated rods resulted in fragmented fuel pellets in
the rod sections with major deformation. The pellet fragments relocated
outwdrd and downward filling the space in the fuel rod created by ‘the
redial clad deformatxon.e :

- Fue), pellet fragmentetion does not’ seem to have affected the claddlng
deformation process. @ _ %4

- Tha evaluated data of the radlal-stra1n and ax;al-straln locellz'tion  '4-{w
earameter are cOmpetable for fresh and prelrrad1ated fuel Tods. ST

- Mlcrostructural evaluat1on of the maximum cladd1ng temperature 1ndrcated
' azimuthal temperature drfferences between O and 80 K. 3

~ Stegm oxidation of the- claddlng outer surface is comparable to OuL“Of“
*p*le results, Enhanced local oxidatlon was. observed 1n ‘some cases, w;th S
pLe*eradxated fuel rods. : : : L

- The internal oxide layers observed near the burst pOSlthn were caused

by the steam access via the rupture opening and exhibit a similar -thick-
ness compared to the outer surface. Preirradiated tubes show thicKer
cxxde.leyers on the inside surface compared to unirradiated speci@ens.

- Xi» influence of fission products on the burst strain of the tubxng has
sa far been detected

-'The fisslon gas release'duriug'the LOCA‘tradSieut was detected to-be
- smaller than 6 7. It is primarily caused by microerack formation 1n the.
‘fuel The swelltng of the fuel was negllgrble.

= With. respect to the test obJectlves it may be concluded tentat1Vely
e that the results available at this time do not indicate a systematic in-

: fluence of the nuclear environment ou fuel behavior under the conditions
i o . of these tests.
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