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ABSTRACT

During RAPSODIE snd PHENIX reactors operstiop, & lot of tests have be:n performed in order to
incresse the knowledge of LMFBR fuel element behaviour under normal and abnormal conditions. Three

®a1n topics are emphasized io the paper :

- Fuel eelting during stesdy-stste operation including over power conditions (two experiments

vith melted fuel io RAPSODIE reactor).

- Iofluence of fuel element geometrical evolution op resctivity feedback effects and reactor
dynssic bebhaviour (specific series of tests performed in PHEN]X and RAPSODIE reactors).

tests performed in RAPSODIE resctor).

INTRODUCTION

The objective of this paper is to impro-
ve the knovledge oo LMFBR fuel element behs-
viour during protected and unprotected tran-
sients ip RAPSODIE end PHENIX resctors in
order to evaluste its reliability. The range
of the tests performed in these reactors is
sufficieotly large to cover normsl and slso
extremse off rormal conditions such as fuel
eelting. Results of such tests allow to
better establish transient desigo limits for
reactor structural components in particular
for fuel pin cledding which play a lead role
in controlling the accident sequence.

Three sain topics sre emphasized in this
paper :

- Fuel wmelting during slow
excursions.

over-power

- Infiuence of .he fuel element geometri-
cal evolution on resctivity feedback
effects and reactor dynsmic bebsviour.

- Cled damage evslustion during a trao-
sient (essentislly very severe loss of
flow).

1. FUEL MELTING REHAVIOUR

Two experiments A and B were desigued to
be ir .disted during the last runs in
RAPSOLIE reactor. They were performed to
isprove the koowvledge on the fuel bebaviour
Up to eelting, iuformations oo the thermal
conductivity of the mixed oxide at high
temperature ond to tect the validity of the
codes use for the snalysis of sccidents in
8PX! resctor.

Clad demage evaluation during sbuormal traosients essentially very severe loss of flov (last

Experiments A snd B were 19 pions subas-
semblies plsoned to give melting of wvarious
extents in order to get statistical informa-
tions on the behaviour of fissile pins simi-
lar in dismeter to s SPX] one and to demons-
trate the harmlessness of high melted volume
of fuel in a8 pin in the beginnisg of
life.

1.1 Description of the different experiments

All the pins were cladded with CW 316
stainless steel (0.4. 8,6 mm) and have s
fissile stsck of 320 millimeters bigh with
highly enoriched (l.l,l’n)o2 fuel.

The characteristics of the fuels of the
tvo experiments sre given in table 1.

Experiment A wvas loaded in tbe first row
sand B in the second rov of the reactor.
Figure } shows the pover bistory for these
both experiments.

The first phase of the irradistion wes s
two hours platesu (resctor power 16 THW)
then, the power was increased in 45 minutes
up to 30 TMW. The irrasdistion ended by »
reactor scram after 10 mioutes at this power.

No cled failuse has been detected during
thst time. During tb- last phase of the
irradistion, experiment A pins reached linear
powers from 1030 to 1060 W/ca and experiment
B pins fros 920 to 1005 W/cm.



Experiment AlAnnular pellets o0.4. 7,27 =
Fuel density ~ 95 % T.D.

0/8 ratio ~ 1,98

Filling ges: helium (19 pins)
Tag gos capsules (radon)

(5 pins)

Experimeot B|Same geometrical characteris-
tics for cladding and pellets
as experisent A
Fuel density : 94,9 1 T.D.
0/M ratio : 1,984
Filling ges : heliua (15
pins)
air (4 pins)
Tag gas capsules (radon)
(19 pins)

Table 1 - Pin charscteristics for A end B
experiments

Reactor power (vMaw)
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Fig. 1. Power history for irrsdistioas A
snd B.

1.2 MNsin results

Nopn destructive post irradiation exami-
nations had been performed op whole pins of
both subsssemblies (profilometry, geutrono-
graphy, y scsnning). Destructive exsminstions
sre in progress but not yet finished up to
now.

First metallographic exsminstions on two
pins bave been slready particulsrly studied
(the first pin filled with asir from expe-
rimenot A snd the second one filled with he-
lium from experiment B). These esrly results
confirmed thst fuel selting has occured on
the whole fissile column lenght ; the lower
part of tbe column is completely filled with
wolten fuel, cavities and conics]l voids sre
slso numerous (Figure 2).

Molten fuel volumes bave been estimated
on these basis to 54 % for pin A snd 29 % for
pin B of the total fuel volume.

Profilometry snd first msetsllographic
exspinations showed no cladding deformstion.
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Fig. 2. Neutronogrsphies of pins A and
B after irradistion.

In one case only, molten fuel hss been extru-
ded on internsl cladding face without any
effect on it.

First comparison of experimentsl results
wvith code calculstions lead us to the follo-
wipg conclusions :

- Movement of molten oxide and relocation
hsve to be more sccuretaly modelised in
order to get » correct estimstion of the
solten fuel voluses by thermal codes.

- From 2 sechsnics] point of wview, calcu-
lations sre in good agreement vwith
results. Io tbe beginnisg of life of »
pin, sp importsnt ssount of molten fuel
(more than 50 %) due to sp sccidestal
reactivity insertion cen occur without
any damage on the cladding. Next experi-
ments io PHENIX will allov us to test
irredisted pins in such conditions in
order to evaluate the margins snd the
pérformsnce limits in that case.

2. FUEL ELEMENT GEOMETRICAL BEHAVIOUR

The two specific series of tests con-
ducted in PHENIX resctor during beginniag snd
end of the 18th snd 27tbh runs and the large
dynsmic trsnsients performed in March 1983
during the last runs in RAPSODIE reactor
provide important inforsation on stesdy-state
snd trsnsient fuel elesent geometricsl beba-
viour.

The aim of tests in PHENIX resctor was
to compare theoriticsl and messured feedback
effects. As for our sctusl purpose, only the
effects linked to fuel element bebaviour are
of interest, i.e. the doppler o1d the axial
fuel expansion effects. These two psrticular
effects, and only them, contridbute to the so
called "power coefficient b which represents
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the reactivity induced by a variation of the
core power equal to 1 MW while sodius tespe-
ratures resain constant (see ref. [1) for
wore details). Figure 3 and & show the pre-
dicted calculated values of this coefficient
during beginning and end of run, at different
steady-sta“e core power levels, compared to
the mseasured values. Two kinds of cslculsted
values are presented corresponding to two
ditferent assusptions oo fuel bebaviour :

1) Fuel is axislly linked to clad with »
closed gap in all the 100 fissile :ore
subassemblies.

2) Only the previous irradiated 80 subas-
semblies are supposed to follow the
above assumption, the remaining fresh
fuel being supposed to expand sxislly
freely with an open gap between clads
ond pellets. Figures 3 snd 4 show fairly
well that at beginning of run a part of
the fuel elements, i.e. the fresh part,
is with an open gap, when st the end of
run the whole fuel is sufficiently
sticked to the clad to follow its sxisl
expansion with closed gap.

In RAPSODIE reactor, the results for the
end-of-life tests bring more experimental
informstion on the irradisted fuel elements
bebsviour. During the large dynssic tran-
siepts described in ref. {2], core power and
temperatures were measured sand compared to
the predicted calculated vslues, with the use
of theoritical feedback effects wmodels.
Because of the lack of Doppler effect in
RAPSODIE reactor, only the model used for
axisl fuel expsasion effect can be tested.
Figure 5 sbows the evolution of wmeasured
central S/A outlet tespersture during the
LOF-trsnsient compared to two predicted
curves corresponding to the respective as-
sumption : whole fuel axislly linked to the
clad and whole fuel expanding freely. Ob-
viously only the first assusption is in good
agreement with experisectal results.

This well confirms that for irradiated
fuel elements, as observed in PHENIX reactor,
the pellets are sticked to the clads and
follow these last in their transient expan-
sion where ss fuel is cooling down during LOF
transients snd » fortiori duriag sll kinds of
transients.

3.  CLAD DAMAGE EVALUATION DURING THE LAST
LAR™S _TRANSIENT IN RAPSODIE REACTOR

The last dynamic trapsiesot in Rapsodie
reactor perforsed in April B3 sisulated
loss of primsry and secondary pusps. tbe
inilisl state of reactor operation was :

- Reactor power 0 21,2 ™MW
- Inlet core sodius temperature : 402°C
- Mean axial beatinog : 105°C
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Fig. 3. "b" coefficient versus themhpover
at the beginning of PHENIX 18 run
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Fig. 4. "b" coelﬁcie“ versus burp ap during
the PHENIX 18" run

3.1 Description of test conditions

This trapsiept was initisted from this
state by a loss of al]l electric power without
scras.

By feed back effects, reactor power has
decreased quickly while outlet sodium tempera-
ture was ipcreasiang (Fig. 6).

The subessesbly io the ceotral position
of the resctor was an instrusented ome which
permitted sodius temperature mDeasuresents
inside the bundle. The bhot sodium channel
temperature bas increased io 150 s from 580°C



rec) to 750°C im this subassembly until the natu-
ral copvection was estasblished after which

sodium temperature receded. MNuclesr power

- was de.rcssibg until a very lov wvalue (few

,—'\' Free axul fuel expansion kilowstts).

-

0 7 3.2 Experisental results
s Imtial conditons

’ Reatlor power M. MW The thermal evolution hes concerned the
’ Temperature rive  10° °C whole core. The reactor was loaded with
I' Inlet temperature 407 °C driver subassemblies (TMG ~ 720°C) but also
! e e #apy experimeots. We bave selected the more
interesting experiments on this point of view
(Table 2) whether the irrsdiastioo conditions
were high (dose, cladding temperature) or
whether ioternal ges pressures were high.
Axial fuel exparson with clad Haximal cladding tespersture reached, on few
experiences was about 800°C.

No clad failure has beep detected during
a this trsasient in particular no gss failure.

h 3.3 Thersomechanical calculstions

,’/ The thermal trarsient has beeo te'-n in

K sccount in & simplified form (Fig. 6) : »
lioear incresse ip temperature for 90 s,
upholdicg maintenance at constant temperature

for 360 s snd then s linear decresse.

550 — Considering exact experimental condi-
¢ o o £ tisec] tions (preirrasdistion snd thermsl trapsient),
Fig. 5. Central S/A outlet temperature during the clad dasage function D has been calcula-
RAPSODIE end of life test ted with s therwomechspical code (Tsble 2).

Thermsl creep stresin is the msin csuse of

Reactor M dsmage. Damage function is largely less than
J e T 1 (DS 0,3), this result is cobereot with the

2 fact that po clad failure had been detected.
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Table 2 - Dsmage function duriog last test in
RAPSODIE

Fig. 6. Thermal trspsient during lest large
dypasic test .o RAPDOSIE reactor
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These tests are very conforting coocer-
ning the good bebaviour of the fuel element
under abnorwsl conditions. JIo reactivity
trensients (cootrol rod witbdrawsl for iss-
tsnce), the calculastions and experimental
results indicste there is » mergin-to-failure
even if the primary Plant Protection Systes
fails to perforu. During trapsieot undercoo-
liog events, cladding tempersture is » msjor
factor in cledding integrity snd we have seen
damage function (iocluding cladding strain
limits) can be successfully applied even
during severe transients. Todsy, grest effort
is done ino the R sod D oo fuel element beba-
viour under sbnormsl conditions in order to
better appreciste performance limats in the
design and particularly we are iocreasing our
experimental support in this field.
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