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ABSTRACT 

An in-p i le investigation is currently carried out at the PHEBUS f a c i l i t y 
of the behavior of .8m active height, 25-rod PWR-type fuel bundles during 
simulated large-break LOCA (L.B. LOCA) reactor transients. A f i r s t series 
of six tests using pressurized rods is to be completed by the end of 1984, 
relative to a conservatively calculated 2-peak cladding temperature 
transient at the hot point, as considered in the French 900 MW(e) PWR 
standard safety report. The severity of such a transient has been 
increased in the tests so as to check the bundle behavior at the l imi ts of 
the f i r s t two NRC ECCS c r i t e r i a , which were, in fact , local ly exceeded in 
one test. Three of the tests are reported on hereunder. Short coplanar 
cladding balloonings were observed at the hot point level , which resulted 
in maximum flow blockage ra t ios of about 50%. Severe cladding 
embrittlement against thermal shock and subsequent handMng was observed 
in the test where the cr i te r ia were exceeded. Prediction of the overall 
thermal-hydraulic behavior in the bundle was good, using the RELAP 4 MOD 6 
code. Cladding strains are generally overevaluated by codes such as 
FRAPT 4 or CUPIDON, which currently do not take into account azimuthal 
cladding temperature gradients. Other L.B. LOCA test series are envisaged 
from 1986 on, based on transients calculated with "physical" models. 

OBJECTIVES 
The general objective of stage 2 part 1 of the PHEBUS programme to be 

completed by the end of 1984 is to investigate the actual in-pi le behaviour of 
.8m active height, 25-rod PWR-type pressurized fuel bundles, during the course 
of conservatively calculated L.B. LOCA 2-peak transients, such as those 
considered in the French 900 MW(e) PWR standard safety reports. The severity of 
the 2nd peak of such transients has been intentionally increased, by an 
adequate control of the driver core power and delaying bundle refiooding, so as 
to reach the NRC ECCS cr i te r ia l im i ts , as regards maximum cladding temperature 
and maximum cladding oxidation (F ig . l ) ; this is expected to provide insight 
into the adequacy and the possible margins of conservatism of such l imi ts for 
zlrcaloy embri t t l ement against thermal shock o.i refiooding, once the cladding 
has endured the fu l l 2-peak-type transient. 

The particular objectives can be identif ied as follows : 

a) the quali f ication in a bundle-type geometry of the cladding deformation 
and rupture models as derived from the single-rod EDGAR tests, and the 
supplying of adequate data sets for the qualif ication of any further 
development of these models which could be required ; a possible residual 



2 

effect or, deformation of the brief cladding temperature foray beyond the^/zS 
metallurgical phase transus at the first peak is particularly to be 
investigated ; 

b) The assessment of the maximum flow blockage ratios that could be 
reached during the transient, their impact on possible cladding failure 
propagation modes, and the obtention of data which could be used to evaluate 
the cool ability of damaged reactor assemblies ; 

c) The supplying of data as regards cladding oxidation behavior : 
verification of the predictions given by current zircaloy oxidation models, 
axial extent of internal oxidation in failed rods, structure of oxidized 
cladding (extent of IT 02, <\ - Zr (0) brittle layers, e t c . . ) ; 

d) The assessment of the actual capability of deformed claddings, oxidized 
up to 17% wall thickness according to a given temperature history, to withstand 
thermal shock during PWR prototypical refloodings ; the capability at ambient 
temperature for the bundle to resist other loads which might arise from 
post-test handling, storage and transport is also to be assessed. 

The above objectives appear as the best compromise between some current 
safety analysis issues and the existing capabilities of the PHEBUS facility. 
PHEBUS will be stopped for one year at the end of 1984 and upgraded. The test 
canpaign will be resumed in early 1986, involving L.B. LOCA (stage 2 part 2) 
and SFD experiments (stages 3 and 4 of the program). Among the new LOCA test 
series considered for implementation at that time, two serious candidates could 
be the following : 

a) tests for assessing the impact of a significant burn-up on bundle 
behavior, 

b) tests liable to give major long-ballooning channel blockages during 
blowdown. The latter case refers to milder transients than those considered in 
the current series, such as those which could be calculated with "physical" 
models. Flattening the present "peaky" axial power profile in the test bundle 
is a prerequisite, for which some technical solutions are being examined. 

TEST MATRIX 

The basic cladding temperature history to be simulated in this test series 
is a two-peak curve vs time after the onset of depressurization (Fig. 1). At 
the hot point, the temperature rockets within 10 sec to about 920 C at the 
first peak (which is 100eC higher than theO< / / 3 metallurgical transus of 
zircaloy), then drops rapidly below 8009C, before rising briskly to a maximum 
value which is attained in about 40-50 sec ; this maximum value is HOO'C or 
1200*C as a goal, depending on the test. A temperature plateau is maintained at 
that level during such a calculated time interval as to attain a given oxidized 
fraction of the deformed cladding wall near the balloon ; in view of particular 
objective c , the chosen oxidized fractions cover a domain up to the 17% limit 
of NRC ECCS criteria as a goal. Then, depending on the test, the bundle is 
cooled slowly to preserve the deformed bundle geometry, or more rapidly aiming 
at the same refloodlng velocity as In the PWR case (objective d). Cladding 
burst temperature is a test parameter which is chosen either at 310"C or 890°C 
as a goal. 890°C refers to the burst temperature as calculated for the reactor 
reference transient at the hot point and corresponds to thec^-r/S phase of 
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zircaloy, whereas 810'C is a tentative to get a larger strain at burst, which 
derives from the fact that in the highOC-phase, around 81Q"C, deformations at 
burst are larger (objectives a and b). The choice for these temperatures is 
based on characteristic values of metallurgical equilibrium states. Actually 
there will be in fact probable effects of phase change dynamic which will 
result from the quick temperature excursion beyond thec(/yâtransus at the first 
peak during blowdown, ' 

Six tests with pressurized bundles (test numbers 215 P and 215 R, 216, 
217, 218 and 219) have been scheduled until the end of 1984- stoppage of 
PHEBUS. 

Up to now, tests 215 P to 218 have been completed, but the last two too 
recently (test 217 carried out on 21 June and test 218 on 19 July) to provide 
more than general information. Test results presented hereinafter will 
therefore refer to tests 215 P, 215 R and 216, for which significant analysis 
work has been accomplished. 

TEST PERFORMANCE 
In order to apply to the fuel rods the desired transients as regards the 

cladding temperatures and the differential pressures across the clads, the test 
train is put in a loop (Fig. 2) where the initial conditions reproduce steady 
state conditions of the power plant for pressure and temperatures. The 
transient conditions are obtained by insulating the test section of the loop 
containing the fuel bjndle, then by opening two breaks, one on the cold leg and 
the other on the hot leg. The total area of the breaks is adjusted in order to 
get the desired system pressure history. The break area ratio is set up to 
simulate the flows on a power reactor which move to the break through the cold 
and hot legs, and therefore the flow through the core. The latter adjustment 
allows the control of the position of the stagnation point and thus the control 
of the heat transfer from the rods to the coolant, which means the obtention of 
the desired cladding temperature transient. At the end of the blowdown, the 
refill of the lower part of the loop is initiated, and is followed by the 
bundle reflooding at a controlled inlet flow-rate. 

The adjustment of this operational procedure has been obtained during 
stage 1 of the PHEBUS program by an iterative approach between 
thermal-hydraulic code predictions and experimental results. 15 hydraulic tests 
with unpressurized rods have been performed to reach a satisfactory control of 
the transients applied to the bundle. 

TESTS RESULTS 
TEST 215 P 

This test , which was the f i r s t to use 22 pressurized rods in a bundle, was 
carried out on 8 July 1982, with the 2-peak reference transient of F ig. l as a 
goal, and relevant experimental resul ts were reported on at the 
OECD-NEA-CSNI/IAEA Specialists Meeting at Riso, Denmark in May 1983. The fresh 
fuel was just preconditionned by previous adequate power cycling to fragment 
U02 pellets. The anticipated thermal evolution of the cladding was disturbed 
f i r s t l y by an early, unexpected, non-homogeneous rewet of the bundle during the 
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blowdown, which prevented the goal temperature of 92Q 0C from being reached at 
the first peak, and secondly by three minor entrainmerits of water ontc the 
bundle during the heat-up phase of the transient (Fig. 31 causing the 
downwards flow through the bundle to reverse at about 60 sec. ïne first event 
resulted in the enhanced development of large heterogeneities on cladding 
temperature histories which led to unsynchronized, anisotronic cladding 
deformations, and eventually to flow blockage ratios of 83" (six center rods 
with coplanar short ballons), 65% (nine center rods), and 48% for the whole 
bundle (apart from the unpressurized rods). The latter low value, which is of 
no concern for bundle cooling, is partly due to the flow reversal at about 60 
sec, which caused the hot part of the bundle temperature profile - a rather 
peaky axial shape indeed - to move upwards and subsequently to provoke the 
ballooning and burst of outer rods at a level higher than the elevation where 
the central rods burst. 

PIE results proved that maximum cladding oxidation is 5% close to the 
bundle power peak ; the extent of internal axial oxidation on both sides of the 
burst exceeds 50 mm for the center rods and is about 30 mm for the outer rods. 
U02 pellets are divided into 3 or 4 large fragments, which materially hinders 
any significant fuel relocation as the cladding balloons. 

Five extra hydraulic tests with nuclear power, using unpressurized test 
trains, were conducted between October 1982 and April 1983, to adjust test 
parameters so as to avoid unwanted early rewet and insure all the phases of the 
reference transient. These lsd to the successful test 213 G on 14 April 1983, 
the parameters of which were used for the specification of test 215 R with a 
pressurized bundle. 

TEST 215 R 

This test was performed on 5 May 1983 with 22 pressurized rods. On Fig. 3 
a typical claddding temperature history is represented for test 215 R. The 
cladding temperatures at the f i r s t peak of the reference transient attained the 
maximum value of 1030° C on central rod n* 18, but the i r average values were 
estimated at 850°C and 730°C for the central and external rods, respectively. 
After the expected temperature drop of 150 to 250°C at about 15 sec, due to the 
fu l l opening of the hot leg break, the heat-up ramp, start ing at a rate of 
10°C/sec, caused a maximum temperature plateau of 105O°C to be reached without 
r e f i l l disturbances, which was maintained about 35 sec, before a progressive 
reflooding. 

Al l rods actually pressurized burst at about 25 sec at a mean temperature 
of 850°C. Unexpectedly rods n°10, 15 and 18 did not burst, revealing an i n i t i a l 
lack of tightness. PIE showed a better coplanarity in the bundle of the short 
balloons of the rods, just below core mid-plane, than i n test 215 P. Unlike 
test 215 P, where the burst points of rods were turned towards the bundle 
center, ruptured parts of the claddings in test 215 R faced undeformed rods 
n°10 or 18 (Fig. 4) ; this is due to the fact that these last two rods are 
presumably the hottest in test 215 R. Due to large azimuthal cladding 
temperature differences, strains at burst and relevant sub-channel blockage 
ratios are similar to those obtained 1n test 215 P (Fig. 5). Total cladding 
oxidation reached a maximum of 15% of i n i t i a l cladding thickness on rods n*3 
and 13 at core mid-plane. Internal oxidation extended to 113 TOI of the burst 
point on rod n*13, but a standard penetration is rather 70 to 30mm. 
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TEST 216 
This test was intended to be a repetition of test 215 R on a new test 

train with 23 pressurized rods, more reactor specific as regards some fuel 
assembly features, like the metallurgical cladding variety or the use of mixing 
grids. As it so happened, on 1st December 1983, the first cladding peak 
temperature was attained as expected, but the temperature failed then to drop 
significantly, due to some .nisoperation of the break valves, so that cladding 
bursts were detected at the first peak. The subsequent heat-up phase procured 
unexpected plateau temperatures of 1350*C on the hottest rods, at the limit of 
the capacity of cladding thermocouples. Test control at the end of the 120 sec 
duration plateau was achieved by small repeated water injections, but the 
induced disturbances caused for some claddings rewets followed by dry-outs 
before final quenching (Fig.6). It has to be noted that throughout the test no 
temperature rise occurred which could not be finally controlled. 

PIE revealed smaller cladding strains at burst than in the two previous 
tests, resulting in a maximum channel blockage ratio of about 40% for the 
external rods just below core mid-plane. Fractured claddings and free pellet 
fragments in the bundle (Fig.7) give evidence of severe embrittlement, but it 
is presently difficult to attribute such a damage to thermal shock or 
subsequent handling of the bundle. 

Micrographie examinations of the claddings show that the maximum zirconia 
thickness reaches 75 M m and 62 um on the external and internal sides of rod 9 
cladding, respectively. Thec(-Zr (0) layer attains a maximum thickness of 140 pm 
on rod 9 and appears in general more severely cracked than the adjacent 
zirconia. Some indication of pellet-cladding reaction is visible on rod 17. 

Although test 216 did not reach its original goals, it procures valuable 
information as regards the amplitude of cladding deformation at the first 
temperature peak where bursting occured. Pesides, cladding oxidation on some 
rods went beyond the relevant ECCS criteria limits, which resulted in 
significant embrittlement : further analysis should give additionnai insight 
into the actual margins of such criteria. 

TEST INTERPRETATION 
Due to the global character of the PHEBUS experiments, the interpretation 

has been focused on physical phenomenology and on global code verification. 
Physical phenomenology is derived directly from the detailed analysis of the 
measurements and of the post irradiation examinations (PIE). After trying to 
understand qualitatively what happened, it was seen physically very clearly 
that the phenomena governing most of the fuel behavior are the thermal hydraulic 
events, including those occurring at the sub-channel scale. 

Coplanarity of bursts depends upon each displacement of the hot spot. In 
test 215 P, flow reversal occurs between the burst of inner rods with a 
downwards flow and the burst of outer rods (upwards flow), which explains the 
location of bursts in two distinct regions (Fig. 5). In 215 R, flow remains 
upwards and leads logically to a better coplanarity at a higher level comoared 
to 215 P. 
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Times of bursts depend upon times at which rupture temperatures are 

reached. In 215 P, a large scatter in times is observed due to early rewet 
which gives very heterogeneous initial conditions at the onset of the heat-up 
phase. In 215 R, temperatures are closer to each other, resulting in burst time 
differences as low as 2 sec for some categories of rods. Azimuthal cladding 
temperature differences are the cause of burst orientation and of large 
oxidation differences around a rod. Oxidation is more advanced on the parts of 
the rods which are expected to be the hottest as indicated by the burst 
orientation. 

Tests 215 P and 215 R also show mechanical bundle effects, i.e. 
mechanical interactions between rods which depend on times of ballooning and 
burst. 
Code verification is the second objective of test interpretation. The codes 
concerned ire" tiiose which can currently be used for power plant safety 
evaluation in the LOCA case. The codes used are RELAP 4 MOD 6 for 
thermal hydraulics and fuel behavior, FRAPT 4 and CUPIDON - which constitutes 
the basis of the CATHARE fuel module - for fuel behavior, once the 
thermal hydraulic input is defined. Some CATHARE verification is envisaged in 
the future. 

Successful prediction by RELAP 4 MOO 6 has been confirmed by the correct 
assessment of the overall thermal hydraulic behavior in PHEBUS tests (pressures, 
break flow, densities...) insofar as PHEBUS features could be adequately 
modelled. 

When measured temperatures are used as an input data to the fuel codes or 
are calculated by RELAP 4 MOD 6 by some artifice, thermal behavior of the rods 
is predicted accurately (Fig. 8) provided all the details are correctly 
modelled (e.g. the thermocouple holes, power profile, . . . ) . Oxidation is also 
correctly predicted using the usual correlations of these codes. However, the 
mechanical behavior is not as well predicted. 

Table I shows that for test 215 P times and temperatures at burst are 
under-evaluated by FRAPT 4, slightly over-estimated by CUPIDON, quite correctly 
predicted by RELAP 4 MOD 6. The strains are in most cases significantly 
over-evaluated. 

For 215 R test, times at rupture (Fig.9) seem to be better predicted : 
this could be due to a more rapid crossing of the rupture conditions resulting 
in less sensitivity to the models. Deficiencies in strain prediction are 
obviously due to azimuthal temperature differences which are not taken into 
account in these codes. Some calculations with RODSWELL show that introducing • 
azimuthal heterogeneities on heat transfer and power generation improves 
strain predictions. 

It is clear that the description of azimuthal effects must be introduced 
in codes if one wants to obtain realistic predictions. As the PHEBUS facility 
allows for global experiments only, where many effects are combined, a separate 
effect test program has been defined on the EDGAR rig. The following items are 
to be studied : impact of the actual material properties and geometry of the 
cladding, effect of azimuthal temperature gradient, axial stress and internal 
pressure feedback. 
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This separate-effect program as well as the next PHEBUS tests are due to give a 
better physical understanding of individual phenomena and provide challenging 
data for modelling improvements. 

! Time t at f Temperature f Internal f Average f Total | 
'rupture secf at rupture °C| pressure at | strain (1) £ strain | 
! | I rupture M Pa | § (2) | 

RELAP 4 f 54 | 840 f 7.3 | 35ï f 
FRAP T4 § 46 £ 766 § 5.5 | 23% | 
CUPIDON i 62 1 890 1 4.8 | 34% 1 65% 

EXPERIMENT f 46<t<66 f /v 840 £ f 21%-34% | A > 5 2 % | 
INNER RODS § § | 1 1 ^ 

| | | 1 1 * 
FRAP T 4 f 86 £ 770 f 4.9 £ 30% | 139% \ 
CUPIDON f 170 I 847 | 3.5 | 50% | 90% \ 

EXPERIMENT f £ £ i Ï ! 
1 OUTER RODS | | 4 830°C | | 8%-20% | 15%-37%| 

(1) at the l im i t of the ballooned part of the cladding 
(2) on the ballooned part of the cladding 

TABLE I : PHEBUS TEST 215 P 

CONCLUSION 

A detailed control of the PHEBUS fac i l i t y has been obtained, which 
eventually affords a substantial in-pi le experiment potential for reproducing 
complex LOCA-type, thermal-hydraulic transients. 

Although a fu l l prototypicality of PHEBUS tests cannot be obtained, due to 
some peculiarit ies of the f ac i l i t y , such as i t s atypical bundle power prof i les, 
L.B. LOCA experiments yield three kinds of valuable results : 

a) they provide additional elements of proof as regards the global core 
cool ab i l i t y in the LOCA case ; 

b) they constitute a research tool for identifying governing physical phenomena 
1n complex real-Hfe transients ; such an understanding is a prerequisite for 
insuring a comprehensive safety analysis ; 

c) they procure data sets for code ver i f icat ion and for improvement. 

As regards item a) the main results of the PHEBUS tests reported on are 
the following : no runaway of Ir oxidation and no bundle coolabil i ty impairment 
were observed - no cladding embrittlement occurred provided the cr i te r ia were 
respected, but cladding fractured during reflood i f they were not satisfied 
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(central part in test 216) - early cladding burst resulted in aborted 
deformation - there was no fuel relocation in deformed c1addings?but only fresh 
fuel was used. 

From these results two further themes are serious candidates for the 
definition of future tests : 

- a slower transient in test trains with more uniform power prof i les , so as to 
maximize flow blockage ; 

- the possible relocation in significantly irradiated fue l , l iable to procure a 
larger flow blockage. 

For item b ) , PHEB'JS tests highlighted the acute sensitivity of individual 
cladding histories, and resulting cladding burst strains, to the 3-D local , 
transient boundary conditions, such as the sub-channel flow fluctuations. As 
such similar variations are expected to occur to some degree in power reactor 
fuel assemblies, one may question i f they do not definitely preclude a 
detailed, accurate code prediction of the phenomena happening in the reactor 
core during a LOCA transient. However, such heterogeneities enhance azimuthal 
cladding temperature variations and wi l l lead to smaller channel blockage 
ratios than expected in a uniform temperature f i e l d . 

As concerns item c ) , PHEBUS tests results confirmed the good quality of 
the RELAP 4 MOD 6 predictions for the overall thermal-hydraulics. Conversely 
fuel rod mechanical behavior in the bundle is not correctly predicted by 
currently available codes {FRAPT 4, CUPIDON). Some code improvements are 
presently achieved such as the modelling of the impact of azimuthal 
heterogeneit ies on cladding deformation. Besides, an o u t - o f - p i l e , 
separate-effects test campaign has been in i t iated in the EDGAR fuel test r ig 
for clarifying individual effects. A reasonable code development should ensue. 
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