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Abstract

The international Phebus FP programme of integral LWR severe accident experiments uses
real core materials and scaled, well instrumented primary circuit and containment models.
The first tests, FPT0 and FPT1, were performed respectively in December 1993 and July
1996. The experimental conditions were very similar in both tests : low pressure (-0.2 MPa)
and steam-rich environment (oxidising conditions), and the test fuel and control rod bundles
was brought to a severely degraded state. Test FPT4 measured the releases of low volatile
fission products and of actinides from a solid debris bed of irradiated fuel and from a molten
pool. Test FPT2 will be performed in mid-2000. An expert group has reviewed the first
results, assessed their potential impact on safety studies and accident management strategy,
and made recommendations for the future experiments of the programme and for future in-
pile programmes as well. In this way guidance was obtained for the analysis of the
experimental database and for the conditions of future tests.
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Introduction

The international Phebus FP programme [1], in which Japan is represented by both
NUPEC and JAERI, provides a unique framework for integral experiments, using real core
materials and scaled, well-instrumented primary circuit and containment models, where test
fuel can be heated beyond its melting point under different thermal-hydraulic and physico-
chemical conditions. The experimental programme is executed by the Institut de Protection
et de Surete Nucleaire (France). Conditions were very similar in the first two tests: low
pressure (-0.2 MPa) and a steam-rich environment (oxidising conditions). The principal
difference between these tests was the irradiation of the fuel - nearly fresh in FPT0, medium
burnup in FPT1. The most recent experiment, FPT4, was performed in July 1999. The
objective was to investigate the release of low volatile fission products and of actinides from
a solid debris bed of irradiated fuel and from a molten pool. Test FPT2 will be performed in
mid-2000, just a few months after the preceding test, since the experimental circuit was not
contaminated during FPT4.

The results of the Phebus FP programme are currently used by the various partners to :
- Validate accident codes
- Refine the reference source term (to containment or to the environment)
- Evaluate accident management features and procedures.
- Assess the safety of next-generation nuclear plants (e.g. EPR).
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The experimental facil i ty

The Phebus FP facility has already been presented in detail [2] and will only be briefly
described. Figure 1 illustrates the facility as used in the first two tests.

Reactor Containment
Model HO m3)

Figure 1: The Phebus-FP Experimental Facility

The test device (rod bundle or debris bed) is inserted into a pressurised water loop, located
at the centre of the 40 MW Phebus driver core. The upper plenum above the test fuel bundle
is connected, through a hot leg heated at 970 K, to an experimental circuit, including in most
tests an inverted U-tube simulating a PWR steam generator and a cold leg heated at 420 K.
At the outlet of the cold leg, the steam-hydrogen mixture and radioactive aerosols are
injected into a 10 m3 vessel simulating the containment building of a reactor. This

configuration is thus typical of a cold leg
~'_ , " ' ' s break. The containment vessel includes

scaled painted and condensing surfaces
,;„.---V;. and a water-filled sump to investigate

iodine behaviour under realistic conditions.
-£,r \ The scaling factor is 1/5000 with respect to
^ / a 900 MWe PWR. The facility is equipped
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; with extensive on-line instrumentation and
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Figure 2: FPT-1 Fuel Degradation illustrated
by radiography and tomogrammes

The programme comprises six integral
experiments, the dates, objectives and
main parameters of which are listed in
Table 1. Tests FPT0 and FPT1, performed
in December 1993 and July 1996
respectively, produced their sources of
fission products and other materials to the
circuit and containment vessel by
degrading an array of 20 cut-down PWR
fuel rods with a central silver-indium-
cadmium control rod at low pressure in a
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flow of steam sufficient to ensure oxidising conditions for nearly the entire transient. The third
test, FPT4, was performed in July this year, and studied the release of low volatile fission
products, fuel and actinides from a rubble bed which was degraded in a series of
temperature plateaux to a molten pool. No circuit or containment were used in this test, the
releases being trapped in a series of filters operated sequentially. FPTO and FPT1, which
differed notably in the fuel burnup (see Table 1), achieved an advanced state of degradation
- Figure 2 shows the massive material relocation and the formation of a molten pool.

Test FPT2 will be similar to FPT1 but will add boric acid to the steam flow and will reduce the
flow to produce a window of reducing conditions. It will also look at the behaviour of
recombiner coupons (see below). Test FPT3 will be similar but will have different chemistry
because of the presence of a boron carbide control rod. Finally, test FPT5 will examine the
effects on degradation and fission product behaviour of air ingress.

Table 1: Phebus-FP test matrix

No.
FPT-0

FPT-1

FPT-2

FPT-3

FPT-4

FPT-5

Ty£eoffuel
Fresh fuel, 1 Ag-In-Cd

rod, 9 d. pre-irrad.

BR3 fuel ~23GWd/tU,
1 Ag-In-Cd rod, re-irrad.

As FPT-1

As FPT-1, but with B4C
instead of Ag-In-Cd

EdFfuel ~33GWd/tU
No re-irradiation.

Pre-irrad. (as FPT-1)

Fuel bundle
Melt progression &
FP release in vapor
rich environment

As FPT-0 with
irradiated fuel.

; FPT-1 under steam
Door conditions.

As FPT-2

Low volatile FP &
actinide release from
UO2-ZrO2 debris
bed. up to melting.

Fuel degradation and
FP release in air

conditions.

Primary circuit
FP chemistry and deposits
in non-condensing steam

generator.
As FPT-0

As FPT-1 with effect of
boric acid.

As FPT-0

Containment vessel
Aerosol deposition. Iodine

radiochemistry at pH 5.

As FPT-0.

H2 recombiner, pH9,
evaporating sump,

As FPT-2?

Integral filters in test device
Post-test studies on samples

Deposition & chemistry of
FPs in air conditions.

As FPT-1 or 2

Date
Dec. 2, 1993

July 26,1996

2000

2003

July 22, 1999

2004-2005

Main findings and evaluation of the results

Interpretation of the test results and the extraction of indications for future tests are pursued
as an international effort among the partners in the Scientific Analysis Working Group and its
supporting Interpretation Circles [3]. To help keep the test analysis focused on safety-
important items an Ad-Hoc group of regulators, utilities and designers [4] has identified and
prioritised items where Phebus can make a substantial contribution, Table 2. The items in the
table have been used to structure the discussion of Phebus results which follows.

Table 2: Ranking of the remaining key-safety phenomena in LWR severe accidents

Ranking
1

2
3
4

5
6
7
8

9

Key phenomena
Determination of the iodine forms in the containment: aerosol,
molecular, organic
Chemical forms of iodine transported in the circuits
Production of H2 during late phase and in case of core reflooding
Deposition and late revaporisation of FP, in particular along
containment by-pass circuits
Behaviour of H2 recombiner in severe accident condition
Aerosol behaviour inside the containment
Air ingress in core
Mass and composition of corium in lower head plenum for DCH,
FCI and CCI
Amount and composition of FP in a molten pool, and their release

Importance (ad-hoc group)
Very important

Important to very important
Important to very important
Important to very important

Important
Important
Important

Moderate to important

Moderate to important
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iodine behaviour in the containment

The "classical" model of containment iodine chemistry based on relatively clean separate-
effect experiments attributed most of the gaseous iodine to be found in the containment
atmosphere to radiolytic reactions in the sump. Phebus with its realistic source showed that
under acid conditions iodine in the sump rapidly precipitates and produces little vapour, most
probably because of Agl formation and heterogeneous reactions on the surface of silver and
silver oxide particles, as confirmed by separate-effect tests. Complementary tests are looking
at the radiation stability of silver iodide. The main sources of vapour forms of iodine are found
to be the circuit (see below) and the re-emission of organic iodides from painted surfaces
exposed to the iodine-containing aerosols. Figure 3 shows an interpretation of test FPTO
including these mechanisms.

1.00E-08

Organic Iodides Contribution

(Interpretation^

Measurements : Total Iodine Concentration (12 + Rl)

Calculations : 12 Concentration without 12 injection
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- uncertainty band
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Figure 3: FPT-0 Calculation with IODE 4.1

Chemical forms of iodine in the primary circuit

As mentioned above, it was found but not precalculated that a significant fraction of the
iodine was still in vapour form at 150C and so contributed directly to the volatile iodine in the
containment atmosphere. Volatile fractions at the circuit outlet were about 30% and 5-10% in
FPTO and FPT1 respectively during the periods of greatest hydrogen production. The
difference between the two tests suggests that equilibrium was not attained in the circuit, and
non-equilibrium models are being investigated [5].

Hydrogen production

Most codes used for precalculation of FPTO underestimated the hydrogen production during
oxidation runaway by factors up to two. There were two main reasons, both associated with
cladding relocation. The codes tended to relocate the cladding to cooler parts of the bundle
relatively early, whereas the cladding mostly oxidised in place, and most of the codes did not
allow relocated material to continue oxidising. It is clear from the Phebus PIE that oxidation
continues simultaneously with relocation. Codes such as ICARE2, ATHLET-CD and
MELCOR have been improved on the basis of Phebus results and can now achieve rather
good agreement both for temperatures and for hydrogen generation.
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Fission product deposition and revaporisation

About 200g of aerosols passed through the circuit in both FPTO and FPT1. Of this only 10%
was trapped in the steam generator tube, although thermophoresis models from separate-
effect tests would predict 20-50% trapping. The explanation may lie in the chemistry or in
various mechanisms remobilising any deposits. It is clear that Cs was not transported as the
hydroxide but possibly as the molybdate, for instance. Another possibility is that deposition
did take place, but that the deposits were simultaneously resuspended by the steam flow.
There was evidence from FPTO post-test operations of resuspension. Another mechanism
tending to decrease circuit retention is revaporisation, and indeed in FPT1 chemistry-induced
revaporisation of Cs was observed late in the test.

Recornbiners, aerosols in the containment, air ingress

Recombiners are being installed in several EU countries to reduce the hydrogen risk, and
this has stimulated considerable interest in the possible degradation in catalyst performance
from their contamination by the fission products and other materials released from the
degrading core in a severe accident. In FPT2 small coupons of catalyst produced by various
manufacturers will be exposed to the Phebus fission product source and their performance
compared with the results of separate effect tests in hydrogen/air mixtures.

Containment aerosols have long been of safety concern for their possible contribution to the
environmental source term through leaks or failures. At the moderate humidities of the first
Phebus tests it is found that all elements settle at virtually the same rate. The settling is fast,
with removal almost complete in 5 hours.

Air ingress, such as could occur through lower head penetration or during a shutdown
accident, could have dramatic effects on the release and transport of certain fission products
such as Cs, I and Ru. Studies are in progress to define the conditions for test FPT5 which
will study these effects.

ELFATMm
PHEBUS-FPT1 Post-lest calculation ATHLET-CD
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Figure 4: FPT-1 - Measured and calculated (ICARE2 & ATHLET-CD) axial mass distribution
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Knowledge on corium behaviour

Fuel relocation in the Phebus bundle (see Figure 4) occurred in FPTO and FPT1 at a much
lower temperature than previously assumed. Corium melting point determinations at JRC
Karlsruhe point to a similar conclusion (MP -2500K), which is tentatively explained by the
formation of complex alloys involving Cr and Fe oxides. The IPSN Madrague tests will
investigate the mechanisms responsible. The consequences for plant assessment could
include faster degradation and relocation and a different melt composition in contact with the
lower head.

The first two tests show nearly complete release of the volatile elements (including Te), while
release of the less volatiles is influenced by changes in fuel geometry (exposed area) and by
the local hydrogen concentration. FPT4 data will clarify the emission of the low-volatile
elements that are released by fuel evaporation. There are large uncertainties in the fuel
evaporation rate in the existing database.

Conclusions

Through the first two tests Phebus FP has shown that it can make a significant contribution
to our understanding of severe accident issues, to the validation of codes and models, and to
improved confidence in NPP safety assessment. One notable example is the new light which
Phebus has thrown on iodine chemistry in the containment, where the emphasis is now
much more on interactions between fission products and control materials and on organic
iodides than on classical radiolytic processes. Future tests and the further analysis of tests
already performed such as FPT4 will strengthen and extend the Phebus database to
important areas such as low-volatile FP emissions, steam-poor conditions, use of boron
carbide control rods, recombiner behaviour, and iodine chemistry in the presence of a non-
acidic sump.

It must be stressed that the Phebus data require continued international efforts to analyse
them in sufficient depth and to synthesise the results from them in a manner that can be
drawn upon by the end users: designers, utilities and regulators. In this effort complementary
experiments, code development and validation, and ongoing interaction between the
research and user communities all have essential and interlinked roles to play.
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