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PHEBUS PROGRAM MAIN RESULTS AND STATUS FOR SEVERE FUEL DAMAGE STUDIES 

J . Duco, M. Réocreux, A. Tattegrain 

Institut de Protection et. de Sûreté Nucléaire 
Commissariat à l'Energie Atomique, France 

\ 1 - OBJECTIVES 

A large experimental in-pile program has been set up at the PHEBUS 
faci l i ty to investigate the actual behavior of .8 m active height, 
25-rod PWR-type pressurized fresh fuel bundles under typical accident 
conditions. This program consists of four stages. 

Stage 1 was devoted to the adjustment of the operational 
procedure for stage 2. 

Stage 2 refers to the simulation 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 reflooding, so as to reach 
the NRC ECCS criteria limits, as regards maximum cladding temperature 
and maximum cladding oxidation (Fig.I) ; this is expected to provide 
insight into the adequacy and the possible margins of conservatism of 
such limits for zircaloy embrittlement against thermal shock on 
reflooding, once the cladding has endured the full 2-peak-type 
transient. 

Stages 3 and 4 relate to prototypical severe accident transients 
and are aimed at gaining an understanding of the physical phenomena 
governing core degradation. The maximum cladding temperature is 
intentionally limited to around 1850*C in stage 3 scenarios, in 
particular to provide intermediate data for more appropriate code 
verification. In stage 4 the stage 3 scenarios are pushed to 2500*C and 
beyond, in order to comprehend the phenomena controlling core slumping 
and fuel relocation. The stage 3/4 scenarios derive from the boundary 
conditions as anticipated from preliminary calculations for given parts 
of a PWR during four severe transients ; the selected scenarios are 
also intended to be challenging as regards the modélisations of 
phenomenology liable to take place during severe accidents. 

2 - TEST MATRIXES 

2.1 - Stage 2 

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 100'C higher 
than the a/0 metallurgical transus of zircaloy), then drops rapidly 
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below 800*C, before rising briskly to a maximum value which is attained 
in about 40-50 sec ; this maximum value sought Is 1100*C or 1200*C, 
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 ; the 
chosen oxidized fractions cover a domain up to the 17 % l imit 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 reflooding velocity as in the PUR case. Cladding 
burst temperature is a test parameter with target values of either 
810* or 890*C. 890*C refers to the burst temperature as calculated for 
the reactor reference transient at the hot point and corresponds to the 
a + 0 phase of zircaloy, whereas 810#C is a tentative to get a larger 
strain at burst, which derives from the fact that in the high a -
phase, around 810*C , deformations at burst are larger. The choice of 
these temperatures is based on character is t ic values of 
metallurgical equilibrium states. Actually there will be probable 
effects of phase change dynamic which will result from the quick 
temperature excursion beyond the <x/p transus at the f i rst peak during 
blowdown. 

The six tests of stage 2 with pressurized bundles (test numbers 
215 P and 215 R, 216, 217, 218 and 219) were completed between July 
1982 and December 1984. 

2.3 - Stages 3/4 

Early in 1983, four PWR severe accident scenarios were retained as 
candidates for in-pi le simulation at PHEBUS ; these scenarios either 
represent dominant sequences as regards the risk to the general public 
or display well-marked phenomenological features rather challenging for 
code verification, or both. 
These scenarios are the following : 

a) a large break LOCA with injection failure (sequence referred to 
as scenario A), 

b) a small break LOCA associated with an injection failure 
(scenario 8) , 

c) a prolonged total loss of the steam generator feedwater 
(scenario C), and 

d) a prolonged core uncovery a few days after reactor shutdown 
(scenario 0). The last case may result either from the failure of all 
engineered core cooling systems following a cold shutdown for refueling 
or from the sudden failure after a LOCA of the low pressure injection 
and containment spray systems currently functioning In the 
recirculation mode. 

Indicative whole-core calculations have been made with the VULCAIN 
code so as to outline the variation ranges of such quantities as the 
fuel temperature Increase gradient, the steam and hydrogen flow rates 
and the gas temperature along a fuel channel during the four 
aforementioned PWR accidental transients ; calculation results above a 
fuel temperature of about 1850'C were disregarded, due to the lack of 
confidence 1n the code treatment when some fuel relocation 1s liable to 
occur. 
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Analysis of calculation results indicated that the key aspects of 
core degradation could be investigated when considering just a couple 
of selected core regions during given time intervals : this illustrates 
the idea of "space-time windows", according to which prototypical 
phenomena liable to occur in a part of a PWR core during a severe 
accident sequence can be simulated in the PHEBUS bundle provided 
boundary conditions - such as the residual power, the steam and 
hydrogen flow rates , . . . - are reproduced. For technical reasons, as test 
train design (Fig. 2) qualification and step by step verification of 
the codes, the severe fuel damage temperature range was divided into 
two domains stage 3, up to about a 1850*C maximum cladding 
temperature, and stage 4, beyond 1850*C. 

Since 1983 the two-stage process has been expedited, and currently 
three types of tests are envisaged, each type consisting in a stage 3 
test, doubled by a twin test prolonged to 2500*C in the stage 4 realm, 
once feasibility of such a high temperature test has been confirmed 
according to the previous stage 3 experiment. The above three types of 
tests relate to scenarios with, respectively, dominant cladding 
oxidation, dominant liquefied fuel formation and balanced phenomena. 

Two stage 3 tests are anticipated in 1986 ; the f irst one, 
referred to as B9, is due next June : i t will simulate peripheral 
mid-core behavior after about 30 min into scenario B (cladding 
oxidation is then presumed to be dominant). The next test (dominant 
liquefied fuel formation) is expected in December 1986. At least one 
stage 4 test is to be attempted in 1987. 

3 - MAIN PHEBUS STAGE 2 RESULTS 

3.1 - Physical analysis of experimental results 

a) Test 215 P (8 July 1982) 

The anticipated thermal evolution of the cladding was disturbed 
firstly by an early, unexpected, non-homogeneous rewet of the bundle 
during the blowdown, which prevented the goal temperature of 920*C from 
being reached at the first peak, and secondly by three minor 
entrainments of water onto the bundle during the heat-up phase of the 
transient (Fig. 3), causing the downwards flow through the bundle to 
reverse at about 60 sec. The first event resulted in the enhanced 
development of considerable heterogeneities on cladding temperature 
histories which led to unsynchronized, anisotronic cladding 
deformations, and eventually to flow blocage 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 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. 

b) Test 215 R (5 May 1983) 

On Fig. 3 a typical cladding temperature history is represented 
for test 215 R. The cladding temperatures at the first peak of the 
reference transient attained the maximum value of 1030*C on central rod 
n* 18, but their 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 full 
opening of the hot leg break, the heat-up ramp, starting at a rate of 
10"C/sec, caused a maximum temperature plateau of 1050*C to be reached 
without refill disturbances, which was maintained about 35 sec, before 
a progressive reflooding. 

All 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 initial lack of tightness. PIE showed a better coplanarity 
in the bundle of the short balloons of the rods, just below core 
mid-plane, than in 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 ; 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 in test 215 P. Total cladding oxidation reached a 
maximum of 15 % of initial cladding thickness on rods n* 8 and 13 at 
core mid-plane. Internal oxidation extended to 113 mn of the burst 
point on rod n* 13, but a standard penetration is rather 70 to 80 mm. 

c) Test 216 (1 December 1983) 

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 i t so happened, the first cladding peak 
temperature was attained as expected, but the temperature failed then 
to drop significantly, due to some misoperation of the break valves, so 
that cladding bursts were detected at the first peak. The subseouent 
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. 
It has to be noted that throughout the test no temperature rise 
occurred which could not be finally controlled. 
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PIE revealed average cladding hoop strains at burst of about 20 I, 
that i s , deformations smaller 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 give evidence of severe embrittlement, but i t 
i s 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 ja and 62 m̂ on the external and internal 
sides of rod 9 cladding, respectively. ~he a -Zr (0) layer attains a 
maximum thickness of 140 pp 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. 

d) Test 217 (21 June 1984) 

After two unfruitful attempts, during which cladding temperatures 
at the first peak hardly reached 700*C and subsequently dropped to 
saturation temperature, a successful third trial was made with the same 
test train ; the previous failures were due to premature 
depressurization of residual water in the injection lines. 

In the third attempt the maximum temperature at the first peak 
reached 800*C and w&s followed by a temperature drop of 170*C ; the 
cladding maximum temperatures of the central rods then attained a 
plateau of about 4 min duration in the 1100 - 1300"C range, after which 
a slow cooling down was successfully implemented ; cladding bursts 
occurred at about 900*C as expected. PIE revealed average hoop strains 
of 11 % (central rods) and 17 % (peripheral rods), resulting in channel 
blockage ratios of 30 and 35 I, respectively. Maximum thicknesses of 
zirconia and a-Zr (0) layers reach 60 pm and 80 pin at an elevation of 
70 mm below core mid-plane. 

e) Test 218 (19 July 1984) 

In this test cladding maximum temperatures reached 930* to 980*C 
at the first peak, then dropped by 100-150'C before climbing at a rate 
of about 12'C/sec to stabilized levels depending on the rods, some of 
then beyond the goal temperature of 1200*C (~ 1400'C was actually 
reached, during 120 sec on one rod). The test was terminated by a slow 
cooling down to 700*C, followed by quenching. 

Cladding bursts occurred at the first temperature peak and during 
the subsequent drop for the central rods, whereas most of peripheral 
rods burst at the beginning of the so-called "adiabatic" heat-up to the 
oxidation plateau. 

PIE revealed centrally orientated bursts at elevations between 85 
and 105 m below core mid-plane (Fig. 4). The average hoop strains of 
the central rods reach a maximum of 14 %, resulting in a corresponding 
flow blockage ratio of 24 %. 

Test 218 results currently constitute the data set for OECO/NEA 
International Standard Problem (ISP) # 19 of Principal Working Group 
2. 
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f) Test 219 (6 December 1984) 

The temperatures at the f irst peak varied slightly «round 930*C 
(central rods) and 800*C (peripheral rods). After the temperature drop 
following the peak, the rods burst at about 881*C during the 
"adiabatlc" heat up. The test was then interrupted by an unwanted 
scram ; after resuming test conditions, a temperature plateau was 
attained, somewhat higher than expected (1330*C at the maximum, instead 
of 1200*C). A second scram occurred at the end of the plateau, 
triggered by the temperature protection «ystem of the pressure tube. 
The test was terminated by a prototypical reflooding. 

3.2 - Test interpretation 

Interpretation of tests 216 to 219 has not currently been 
finalized and therefore the following statements are to be considered 
as provisional. 

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. 
After trying to understand qualitatively what happened, i t 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. In 215 
R, flow remains upwards and leads logically to a better coplanarity at 
a higher level compared to 215 P. 

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 init ial 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 are those 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, FRETA-F and 



- 7 

CUPIDON - the latter constituting the basis of the CATHARE fuel module 
(CATHACOMB) - for fuel behavior, once the thermal hydraulic input fs 
defined. 

Successful prediction by RELAP 4 MOD 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, thermal behavior of the rods is predicted accurately 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. 

It is clear that the description of azimuthal effects must be 
introduced into 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. 
4 - CONCLUSION 

A satisfactory control of the PHEBUS facility has been obtained, 
which eventually afforded a substantial in-pile experiment potential 
for reproducing complex LOCA-type, thermal hydraulic transients. 

According to the current state of test interpretation, L.B. LOCA 
experiments yield three kinds of valuable results : 
a) they provide additional elements of proof as regards the global core 
cool ability in the LOCA case ; 
b) they constitute a research tool for identifying governing physical 
phenomena in complex real-life transients ; such an understanding is a 
prerequisite for insuring a comprehensive safety analysis ; 
c) they procure data sets for code verification and for improvement. 

As regards item a), the main results of the PHEBUS tests reported 
on are the following : no runaway of IT oxidation and no bundle 
cool ability Impairment were observed ; no cladding embrittlement 
occurred provided the criteria were respected, but cladding fractured 
during reflood if they were not satisfied (central part in test 216) ; 
early cladding burst resulted in aborted deformation ; there was no 
fuel relocation in deformed claddings, but only fresh fuel was used. 
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For item b), PHEBUS tests highlighted the acute sensit ivity of 
individual cladding histories , and resulting cladding burst strains, to 
the 3-0 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 if they 
do not definitely preclude a detailed, accurate code protection of the 
phenomena happening in the reactor core during a LOCA transient. 
However, such heterogeneities enhance azimuthai cladding temperature 
variations and will lead to smaller channel blockage ratios than 
expected in a uniform temperature f ie ld . 

As concerns item c ) , PHEBUS tes t s results confirmed the good 
qual i ty of the RELAP 4 MOD 6 predict ions for the overall 
thermal hydraulics. Conversely mechanical fuel rod behavior in the 
bundle i s not correctly predicted by currently available codes (FRAPT 
4 , CUPIDON). Some code improvements are presently achieved such as the 
modelling of the impact of azimuthai heterogeneities on cladding 
deformation. Besides, an out-of-pi le , separate-effect tes t campaign has 
been init iated in the EDGAR fuel tes t rig for clarifying individual 
e f f ec t s . A reasonable code development should ensue. 

As regards the next steps of the PHEBUS program, two prototypical 
SFD tests are anticipated in 1986, one with dominant cladding 
oxidation, the other favouring the formation of liquefied fuel . These 
tes ts will be voluntary stopped around 1850*C for better verifications 
of codes and tes t train behavior. After PIE and test interpretation, a 
further stage i s currently envisaged in 1987 by extending the above two 
scenarios to 2500'C 
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