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Introduction

For estimating the potential consequences of a hypothetical LWR core
meltdown accident, informations are needed on the activity and mass release
as a function of time and temperature. Using these informations, it is pos-
sible on the one hand to calculate the fraction of decay heat remaining in
the melt and to determine the time scale for the melt propagation within
and outside the primary vessel; on the other hand, these informations will
allow to make up the activity balance for the primary system and the con-
tainment. This balance does not only depend on the type and amount of released
radioactive nuclides but also on the release and aerosol behavior of the non-
radioactive materials which are involved in much higher concentrations.

It is the aim of the following paper to define the most significant
questions related with these problems and to describe the current release
experiments at the melting plant SASCHA which are carried out to answer some
of these questions.

Short Review of the Present Knowledge

The radioactive nuclides in the inventory of a light water reactor can
be classified according to the volatility of the elements into three groups.

The high volatility group containing the fission products

Kr, Xe, Br, I, Rb, Cs, Se, Te

is characterized by a boiling point temperature lower than 1300 C for the
elemental form as well as for all known oxide forms. For conservative estimates
the release of these elements is expected to be complete when the fuel is
heated to temperatures of 1800...2000°C.

There are several indications, however, to the formation of fission
product compounds (l-5j like Cs.UO,, Cs-U.O.., Csl, Bal, or various Zr-



tellurides with essentially lower vapor pressures than the corresponding
elements or oxides. As a consequence, higher temperatures than 2000 C would
be required for the total release of Cs, Te and perhaps even I. This
assumption is supported by the results of the SASCHA experiments and by
those of K.A. Lcrenz et al. (6) which will be discussed in a separate paper
of this conference.

The group of medium volatile fission and activation products include
the following elements

Sr, Ho, Tc, Ru, Rh, Sb, 8a;. Cr, Mn, Fe, Co, Ni, Sn

The boiling point of the metal or at least of one oxide of the above elements
is lower than 3000°C. The potential release can be predicted only within the
very large uncertainty band of 3-60 X. This is caused not only by the different
chemical and physical properties of these elements but also by several para-
meters and phenomena with almost unknown influence on the activity release.
Some of these are

- the change of the oxidation potential within the fuel and the melt as a
function of geometry,time, temperature, and atmosphere

- the retention of fission products due to phase separation within the melt
and due to compound formation (e.g. uranates, zirconates, silicates)

- the enhancement of release by convection and gas sparging effects.

Some of these aspects apply as well to the group of low volatile elements

Y, Zr, Mb, Rare-earth elements, U, Np, Pu, Am, Cm

It can be assumed, however, that all these elements /will be present in the
melt as stable oxides with boiling points higher than 3000°C (Zirconium of the
Zircaloy cladding will not be oxidized completely in the first 2-3 hours but
the boiling point of the metal is even higher than 4000°C). I Z release is the
common-used conservative estimate for the low volatile elements.

On the basis of these considerations one may try to calculate the
integral activity release and the corresponding uncertainty limits. This was
done in Table I. It can be seen that the contribution of the medium volatile
elements to the total activity release is about 15 Z; however, the uncertainty
of this value is so much higher than for the corresponding values of the high-
and low-volatility group that the uncertainty of the total release is
primarily caused by the uncertain release behavior of the medium volatile
elements.

Some remarks should be made on the potential influence of a steam
explosion on the activity release: despite of numerous experimental and
theoretical efforts there is at present no satisfying understanding for the
prediction wether or not a steam explosion with serious consequences must
be expected during the course of a core meltdown accident. If nevertheless
a postulated steam explosion is included into the release considerations it
must be taken into account that a vehement ejection of a steam/water mixture -.



will take place together with the fragmentation of the melt. The release of
fission products which may occur from the ejected melt fragments will then
be accompanied by rain-out and wash-out effects. As a consequence, a large
fraction of the released products will be removed from the atmosphere by
serving as nuclei for the steam condensation or just by impaction of water
droplets. The release fractions published in the Reactor Safety Study (7) for
the case of a steam explosion appear to be very pessimistic, therefore,
especially for the elements Ru, Mo, Tc, Rh, and Pd.

Besides the steam explosion, an additionalrelease mechanism should be
discussed. It will occur when the pressure vessel is molten through and the
melt is poured out on the concrete of the reactor cavern. The reaction during
this first contact between melt and concrete is very vigorous. This could be
seen in experiments with melts of 200 kg of Fe-0, (8) where portions of the
melt were thrown up and dispersed by fine splashes.

The specific melt surface is strongly increased by these effects, and
because the melt is exposed to air in this phase of the accident intensive
oxidation reactions can take place. Thus it may be possible that the so-called
"pour-out release" will be of the same order of magnitude as the release
during the succeeding phase which is characterized by the concrete decomposition
but also by decreasing melt temperatures.

A survey of the events and release phases during the course of a LWRcore
meltdown accident is given in Table 2. The column of the relevant elements
includes U, several elements of the structural materials and also Si as a
concrete component with relatively low boiling point (SiO-: 2230°C). These
elements will play a significant role because they contribute more than 99 X
to the total mass release. After condensing from the gas' phase they form an
aerosol with high particle density which will in turn influence the behavior
of the released radioactive material during aerosol formation and succeeding
transport. As an example: the condensation process and the growth of the
aerosol particles by coagulation are accelerated and intensified. The
consequence will be that per unit of time a higher amount of radioactive
products will be able to deposit by gravitational settling than without the
presence of the inactive aerosol particles.

Open Questions
«

The preceding discussion may be used as the background for the definition
of some questions which are considered to be most significant for future
investigations of the activity release:

1. What temperature will be required for complete (> 98 X) release of the
fission products I, Cs, and Te ?

2. What is the release characteristic of the elements Ru, Ho, Ba, Sr, Mn, Cr,
Fe, Sn, and U ?

3. What are the main properties of the resulting aerosol particles
(composition, mass distribution, aerodynamic diameter...) and which
conclusions can be drawn with respect to the aerosol transport and plate- .
out ?



4^ Which elements will experience a substantial increase of release during
the first 5-10 min of melt/concrete interaction after pressure vessel
meltthrough ?

5. Is the succeeding phase of melt penetration into the concrete of
additional importance for the total activity release ?

6. How realistic are the present ideas about the fission product release
during a steam explosion ? , -

Experimental Program and Facilities

Within the scope of the Project Nuclear Safety (PNS) an experimental
program is carried out with the objective to answer the questions No. 1,2,
3, and 5 of the above-mentioned list (9,io). It has been the aim from the
beginning to choose the experimental conditions as realistic as possible;
this means

a) LWR-typic fuel and melt composition with

- fuel pellets encapsulated in Zircaloy cladding

- concentration of fission products due to realistic bum-up

- additions of stainless steel and concrete

b) Variability of the following parameters

- atmosphere (oxidizing, inert, reducing)

- pressure ,

- heating rate

- gas flow rate

- surface/volume ratio (melt mass)

c) Assessment of convective effects .

Instead of highly radioactive spent fuel we use so-called fissium
pellets which contain at least 6 of the following fission product elements

Se, Zr, Nb, Ho, Ru, Ag, Cd, Sn, Sb, Te, I, Cs, Ba, Ce, Nd .

After irradiation to tracer level, these elements are added as metals or oxides
to U0« powder. The mixture corresponding to a burn-up of 40 000 MWd/t is pressed
to pellets and then encapsulated into Zircaloy tubes (ll).

The release experiments are conducted at the melting plant SASCHA. As
Shown in Fig. 1, the main components are the induction furnace (50 kHz, 250 kW)
with a ThOg-crucible system and a collection facility for the released material.
The test atmosphere supplied to the furnace is withdrawn through a spherical
glas vessel above the crucible. The released products are transported thereby
to several membrane filters which are arranged both in series and parallel, and



finally to an iodine absorber trap. At the back of the first filter, a Ge(Li)-
detector is installed to allow on-line measurements of the precipitated
radioactive aerosols. Gamma-ray spectra are collected for time intervals of •
50-100 sec during the release experiments. By this method, the release
fractions due to each spectrum can be related to a corresponding temperature
interval of the melt. Following the experiment, the activity remaining in the
crucible and that of the deposits in the aerosol transport system are determined.

For the characterization of the aerosol particles, two cascade impactors
with 8 stages and a spiral duct centrifuge can be used. In this case the
particles are analyzed by electron scanning and transmission microscopy and,
in addition, by the method of X-ray microanalysis. Further experimental details
are described elsewhere (9-12).

Results and Discussion

The first series of experiments with specimen of 30 g and variation of
the parameters

maximum temperature, atmosphere,
pressure, and flow rate

has been completed. A second series with specimens of 150 g has been started
during September 1978 after reconstruction of the melting plant SASCHA.
Because results of this series are not yet available, a summary of the earlier
results is given below:

*)
a) In melting tests with corium-E (without fission products) in air, a total

release of 0.6 wtZ was found when the sample was heated at*about 120°C/min •
to 2700 C and held at this temperature for 2 min. The most volatile
elements were found' to be Sn, Mn, and Sb with 4.0, 6.5, and 10.5 % release,
respectively. The release of Fe, Cr, Ni, Co,and U was lower by about one
order of magnitude (0.35-0.7 % ) . The results in argon were very similar to
those in air with one exception: the uranium release in air was higher by
* factor of about 50 than in argon. This can be explained by the formation
of superstoichiometric UO, in air, from which mainly U0_ is vaporized (l3).

b) The rele&se fractions of some medium and high volatile fission products as
a function of temperature are plotted in Fig. 2. It should be pointed out
that the release curve of Cs was lower than of Se, Te,and Cd for temperatures
up to 2000 C. We conclude, therefore, that the chemical form of cesium in
the melt was not the oxide nor the elemental form, but probably Cs.U.O.j
which was found to be stable at higher temperatures than Cs-UO, (5 }.

Surprising is also the slope of the Se-release curve which is not
exponential like the slope of the Te-, Cd-, and Cs-curves. An explanation
is expected from additional experiments with different melt composition
and/or different atmosphere.

*) The elemental composition of corium-E is: 35 wtZ UO., 55 wtZ steel, 10 wtZ
Zircaloy L



The total release fractions of the fission products in air containing
the deposits on the glass exhaust system (glass vessel and glass tube) as
well as the precipitates on the filters are compiled in Table 3.

c) Significant differences were found in the transport behavior of the various
elements. About 90 Z of the released low volatile products (U, Zr) were
deposited on the glass exhaust system located directly above the melting
crucible, whereas only 15-30 Z of the released high and medium volatile
elements were found there. Accordingly, 70-85 Z of these element were
transported to the membrane filters which are installed in a distance of
about Im from the crucible.

The results depend of course strongly on the gas flow rate and the
geometry. It can be concluded, nevertheless, that the low volatile release
products are deposited at a higher percentage and within smaller distances
from the melt than the release products of the higher volatile elements.
This aspect will be of special importance for the retention of Fu and the
other transuranium elements.

d) The first results (l4) on the size distribution of the aerosol particles
indicate a trimodal distribution with maxima at 0.17 |im, 0.30 ym, and
0.73 )im. The shape of the particles belonging to the first and third
maximum was nearly spherical while the particles of the second maximum
were chain-like aggregates, see Fig. 3. These results were found in two
experiments where samples of corium-E were molten in air and the aerosol
particles were collected in the spiral duct centrifuge for 10 min during
linear heat-up from I.300°C to 2700 C.

Conclusion

The discussion of the most significant problems combined with the
activity release during core melt accidents has shown for instance that there
are still open questions about the release behavior of the elements I, Cs,
and Te. Indications for the existence of Cs-compounds with relatively low
vapor pressure (less than 30 Z release up to 215O°C in air) were found in
the SASCHA experiments, but additional tests are necessary to get corresponding
results for"a steam atmosphere, higher temperatures,different ratio of
surface/volume etc.

It has been shown also that the release of the medium volatile fission
products and structural materials should be investigated further because of
the high uncertainty of the existing release data and because of the fact
that the high concentration of inactive aerosol particles will influence the •
behavior of the airborne radioactivity.

Experimental techniques have been developed in the last years for the
investigation of the fission product release and of the most relevant aerosol
parameters. After reconstruction of the melting plant SASCHA, these tests can
be conducted with melt masses of at least 1 kg including also encapsulated
fisuium pellets, stainless steel and concrete.



Table 1; Course of a core meltdown accident and sequence of the release
phases

Event

Failure of the ECCS

Onset of melting, boil-off

Melt propagation in the
core region

Melt at the bottom of the RPV

Primary vessel meltthrough

Melt/concrete interaction

Releafe-phase

GAP-release

Meltdown-release

Melt-release

Pour-out-release

Vaporization-r.

Relevant elements

Kr,

1 Kr,
1 Sr,
fCr,

Mo,
Sn,

Xe,

Xe,
Ba,

Tc,
Sb,

I,

1,
Ce
Fe

Ru
Si

Cs

Cs, Te,
, U, Pu,
, Co, Sn

Table 2; Estimated activity release for the three volatility groups of
elements (without consideration of a steam explosion)

Element

High volatile

Medium volatile

Low volatile .

Activity
(Z)

21

21 *>

58

2:100

Average release
(X)

95 1 5

15 ;M0

1 +2/-1

Activity released in relation
to total activity (*i)

20.0 +1.0/-1.0

3.2 +2.1/-2.I

0.6 +1.2/-0.6

Z: 23.8 +4.3/-3.7

*) Activation products included

Table 3; Percentage distribution of the released fission products (exp.
conditions: T - 215O°C, Air, 1.5 bar, flow rate 5 1/min)

max

Element

Se
Cs
Sb
Mo
Cd
Te

Glass-vessel

3.9
4.7
0.8
0.4
7.5
8.0

Glass-tube

1.0
1.4
0.3
<0.1
<1.5
<1.5

Filter

23.6
20.1
3.1
2.1

26.4
31.9

Total

28.5
26.2
4.2
2.6

^35.0
-W.1.0
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Release of fission products as a function of temperature
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fissium pellet not encapsulated; open symbols from on-line
measurement, filled symbols from off-line measurements; total
release is higher by a factor of 1.? - 1.35, see Table 3.



small particles

*".

medium size particles

large particles

1 lim

Fig. 3: Structure of nuclear aerosols from molten corium
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