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ABSTRACT

Analysis of the European out of pile Fuel Sodium Interaction Experiments involving kilogram
masses of molten oxide is reported i.e.

- CORECT2(CEA)
- SUS and MFTF - В (АЕА)
- THINA(KfK)

Then common conclusions are drawn.

1. INTRODUCTION

The vaporisation of coolant or the compaction of an LMFBR core can lead to a significant
increase in reactivity. These considerations have long motivated the study of Hypothetical Core
Disruptive Accidents, in which, large quantities of molten fuel debris could be created. An
important aspect of the investigations concerns the possible steam explosion after molten fuel
material contacts vaporisable liquid coolant; the so-called fuel-coolant Interaction. In this
context, the principal questions to be addressed are:

- how an FCI influences the accident scenario?
- is the integrity of the Reactor Pressure Vessel maintained despite the sudden release of

such a potentially large amount of mechanical energy?

The answers must clearly depend on the postulated type of accident. In this paper, we focus on
loss of flow (LOF) type accidents due for example to a failure of the power supply to all
sodium primary pumps, or extended blockages, plus scram failure. Although core melt could
occur to a greater or lower extend in such circumstances, the occurrence of an FCI depends on
the manner that fuel debris come in contact with sodium. This is governed by the behaviour of
the melt pool as well as by the formation and nature of solidified plugs of debris. If tight plugs
are not formed, there occur either a mild discharge of fuel into the sodium, or a re-entry of
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liquid coolant onto the melt pool. On the other hand, in a bottled-up situation, the core debris
could be violently ejected upwards and/or downwards by vapour pressure (UO2 and steel).
Typical modes of contacts between fuel debris and sodium have thus been identified and the
following have been investigated in various large-scale European facilities:

- re-entry of sodium on a molten fuel pool,
- mild discharge into a sodium pool,
- upward ejection of molten fuel into liquid sodium,
- downward ejection of molten fuel into liquid sodium.

We now present the principal experimental results and propose commonly agreed conclusions
concerning these programs.

2. THE CORECT 2 PROGRAM (CEA - Grenoble) [1 a 3]

2.1 Description of the loop and of the experimental sequence

In this loop (fig. 1), we studied the FCI resulting from the re entry of a sodium column on a 5
kg molten UO2 pool. The principal instrumentation consists of pressure transducers in the
interaction zone (PI and P2) and in the argon gas and electromagnetic flow meters (Dl 1, D10,
D9) to measure the sodium velocity. Post mortem granulometric analysis of the fuel debris is
also performed after sodium evaporation.

The experimental sequence is the following:
- heating of the UO2 in a high frequency oven (A),

- at time t0, heating is stopped, valve С is opened and pumping of the H 2 gas into A et В
starts. The UO2 temperature is then near its melting point due to electromagnetic
stirring.

- at time t] : opening of valve J which brings A and В with a large low pressure tank
(10000 1 at about 10"2 mm of Hg)

- at time t2: valve С is closed while valve G is opened allowing the sodium column to fall
into the interaction chamber A.
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Then, pressure peaks leading to sodium expulsions are registered as schematised below.
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Between 1976 and 1981, 14 tests were successfully performed in this facility. Among them,
four tests produced significant energetic events. These energetic events were obtained as soon
as the volume of the interaction chamber was reduced. In fact, we realised that the free volume
(mode I on fig. 2) in the chamber offered to the gas and sodium vapour did not allow a good
contact between liquid sodium and molten fuel. So we decided to reduce this free volume by
using a crucible to collect the molten fuel so as to fill most of the interaction chamber with
liquid sodium before getting liquid-liquid contacts. These new geometries are shown on fig. 2
and all of them resulted in violent events. We must note that the use of this crucible does not
only reduce the free volume but also increases the confinement of the Interaction-Zone. It also
allows an estimate of the initial mass of sodium which interact.
Conditions and results for these tests (18-19-21-22) plus one representative of mode I tests
(12B) are given in table 1).
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2.2 Experimental results

Test numbers

UO? mass (kg)

Initial Na temp. (°C)

Interaction chamber volume
(1) mode:

Residual gas (H2) pressure
in the chamber (mb)

Cover gas pressure
(AT) (MPa)

Dropping velocity of the
column (m/s)

Maximum ejection velocity
(m/s)

Maximum two phase
pressure peak amplitude
(MPa) duration at 10% (ms)

Mass percentage of the
debris such that

d > 5 mm

5 > d > 4

4 > d > 2

2 > d > 1

1 > d > 0.65

0.65 > d > 0.25

0.25 > d > 0.10

0.10>d>0.05

0.05 > d

Sauter mean diameter (цт)

12B

4.15

600

13.37
I

about 10

0.156

-1.53

2.0

6.6
10

34.13

6.59

16.50

20.24

7.76

3.18

9.59

1.98

0.03

794

18

4.92

685

7.76
III

about 12

0.13

- 1.48

7.6

7.0
60

23.71

4.52

8.93

7.46

3.63

13.87

28.41

7.80

1.68

286

19

5.15

580

7.07
IV

about 60

0.125

- 1.44

2.9 (2nd)

5.0 (2nd)
15

25.5

14.2

9.3

9.3

4.7

10.3

13.3

11.1

2.1

320

21

4.86

560

7.81
III

about 20

0.14

-1.49

7.4 (3nd)

12.0 (3rd)
15

14.88

13.39

13.39

8.47

8.78

19.63

15.50

14.81

4.55

225

22

5.13

561

11.17
II

about 10

0.132

-1.45

4.0

4.3
40

42.1

4.9

9.6

8.9

4.7

2.6

16.6

3.7

_

520

Table 1: Experimental Conditions and Main Experimental Results of some CORECT 2 Tests
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2.2.1 CORECT 2 test n° 18

This was the most energetic with the highest ejection sodium velocity (~ 7,6 m/s) that resulted
from a 70 bar pressure peak (rise time: 10 ms, fall time: 50 ms). These results are shown on
fig. 3. From the pressure and velocity traces, we can evaluate the mechanical energy release by
a simple PdV calculation. However we must notice that the pressure is measured in the
interaction chamber while the velocity of the sodium column is measured 2.5 m downstream.
So the sodium motion at the level of the flowmeter will be de layed relative to the motion of
the I.Z. boundary due to compressibility so that the mechanical energy release evaluation
should be: dW = P(t) U(t+At) Adt. By varying the delay time At from 0 to a few ms, we obtain
a mechanical energy release of between 18 and 35 kJ in about 250 ms. Then, if we attribute
this energy release to the UO2 debris which are able to exchange their energy during the
pressure rise time, we get a yield of about 10 to 20 kJ/kg of fuel participating to the FCI.

The "violence" of the FCI was also seen from:
- some melting of the steel structures surrounding the interaction zone. As, when UO2 is
dropped in the structures without Na no melting is observed, this melting can be explained if
liquid sodium at about 2000°K = TSAT (70 bar) contacted these structures,

- some pressurisation in the pressurizer (see figure 4) where we can see that, about 270 ms
after the first pressure peak in the I.Z., the pressure increases from 1.4 to 2.5 bar. During this
pressure increase a flash of light was observed with a magnetoscope in this region,

- the observed post mortem granulometry (see table 1) which gave a Sauter mean diameter of
286 um to be compared with the 794 um of test 12B representative of mode I test.

2.2.2 CORECT 2 test n° 21

Although this was carried out in order to reproduce the results of test 18, the results were
different. A violent event occurred at the third impact of the sodium column and the pressure
peak was also different (fig. 5 and 6). We observed large but narrow spikes, saturating the
transducers at 230 bar (500 bar was estimated from the column acceleration and they were
followed by a two phase pressure peak of 120 bar and 15 ms duration. These peaks lead to a
maximum ejection velocity of 7.4 m/s (fig. 5). Integration of pressure and velocity traces
indicated a mechanical energy release of about 6.5 to 12 kJ over about 130 ms.

Like in test 18, superficial melting of the steel structures and some pressure increase in the
pressurizer were also observed.

The measured Sauter mean diameter was a little smaller than in test 18; 225 um instead of 286.

As an explanation of this different behaviour, we suggest that the UO2 was hotter in this test
due to a shorter delivery sequence.
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In fact, in test 21 the time difference (t2 - t0 in the experimental sequence) between the
beginning of U 0 2 flow and the beginning of Na flow was only 7.8 s instead of the 15.5 s in test
18. Details of the more rapid kinetics are:

- it takes 3 ms to reach the 120 bar pressure peak (with many narrow spikes higher than
230 bar),

- the maximum acceleration of the Na column was about 3500 m/s2 instead of 450 m/s2 in test
18, but a smaller mechanical energy release occurs.

We can explain these results if we admit that the UO2 reacted with a higher temperature
sodium than in test 18 and that it had already lost some of its energy during the first two
contacts.

2.2.3 CORECT 2 test n° 19

This test was carried out with the smallest free volume but according to the velocity and
pressure traces (fig. 7), some contact took place between fuel and sodium before the time
necessary for flooding the UO2 in the crucible, followed by a first ejection at about 1,2 m/s
(pressure peak: 12 bars, duration: 20 ms). Then, when the sodium falls again, there is the most
energetic ejection at 2.9 m/s due to a 50 bar-20 ms pressure peak (see fig. 8).
The mechanical energy is rather low, about 1 kJ but again melting of the steel structures was
observed (see fig. 9).

2.2.4 CORECT 2 test n° 22

This was performed with the largest free volume and a violent event occurred at the first
contact (like in test 18). A 45 bar pressure peak of 30 ms duration lead to a 4 m/s ejection of
sodium (fig. 10 and 11). The mechanical energy is estimated between 2 and 3.5 kJ. Melting of
the steel structures was also observed as well as a deformation of the crucible.

3. THE WINPRITH SUS TESTS

3.1 Experimental techniques, initial conditions

These tests were performed in the MFTF loop in order to study the consequences of a mild
discharge of fuel into a sodium pool. They used 24 kg of uranium molybdenum trioxide
thermite at about 3600°K (+ 150) and results were compared with those of the smaller Rig В
facility using only 0.55 kg of melt [4].

Fig. 12 illustrates the apparatus for the SUS series of experiments in the MFTF, whose
principal feature is the large overstrong containment vessel with an internal volume of 1.7 m3.
Thermite generated uranium dioxide (81%) and molybdenum (19%) melt is released from the
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charge container located centrally under the free surface of a 1.2 tonne sodium pool. The
remaining volume of the vessel is occupied by about 0.29 m3 of argon cover gas, whose largely
isentropic compression by the expanding vapour bubble of an MFCI is used to calculate the
mechanical work developed. Two different melt-sodium geometries are imposed in the SUS
tests by including or omitting the restrictor tube, which modifies the available volume of liquid
sodium from 1.3 m3 (free release mode) to 0.05 m3 (restricted release mode). Table 2 outlines
the initial conditions for each of the six SUS tests in which sodium temperatures and pressures
lie in the ranges 723 to 737 К and 0.1 to 1.0 MPa respectively. While this temperature range is
typical of normal reactor operating conditions, elevated pressures (> 0.1 MPa) are deployed in
order to established if there is the same increase in mechanical yield as occurs with water-
urania interactions.

Experiment

SUS01
SUS02
SUS03
SUS04
SUS05
SUS06

System Pressure
(MPa)

0.1
0.6
1.0
0.1
0.6
1.0

Sodium
Temperature

(K)
737
723
731
728
733
723

Tsar (P)
(K)

1152
1396
1484
1152
1396
1484

Mode of Release

Free
Free
Free

Restricted
Restricted
Restricted

Table 2 Initial conditions for the SUS Series of Experiments

Two piezoelectric pressure transducers in heat-shielded mounts monitor conditions within the
charge container. Following ignition of a thermite charge by a pyrofuse, completion of the
reaction is indicated by a steady pressure measurement in the release mechanism are then
automatically detonated and the melt is forcibly ejected downwards into the sodium pool.

As many as eleven capacitive transducers are located in the walls, base and roof of the
containing vessel to measure the transient pressures in the sodium pool and cover gas during
an experimental [4]. These signals are processed by 2kHz low pass filters to attenuate 3.5 kHz
resonances in the transducer responses. In the later experiments SUS03 to SUSS06,
accelerometers are attached to the mounting pillars of some pressure transducers. Fourier
transforming these accelerometer responses enables the design of digital bandstop filters that
are used to assess the influence on the sensitive pressure transducers of structural vibrations
induced by the explosive bolts and releasing spring.

After each experiment, most of the sodium is drained from the containment vessel and the
residual is then removed by vacuum distillation to allow recovery of the fragmented melt
debris. Its particle size distribution is determined from sample amounts using a series of twelve
precisely graded sieves with meshes in range 8000 to 63 urn. Optical microscopic examinations
enable a qualitative comparison of surface conditions with those for water-uranian
experiments.
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3.2 Experimental Pressure Transients

Fig. 13 depicts a cover gas pressure transient for test SUS01. The rapid oscillations occurring
after 24 ms are directly attributable to vibrations induced in the containment vessel by firing the
explosive bolts. In this respect, similar oscillatory signals are observed from the pressure
transducers in earlier development tests when the vessel contained neither sodium nor thermite.
Furthermore, they are largely eliminated by processing a raw pressure recording with a digital
filter whose stop-band of 220 to 370 Hz corresponds to resonances in the Fourier spectrum of
data from the attached accelerometer. Cover gas pressure transients for experiments SUS02,
SUS03 and SUS05 are given in Figs. 14 to 16 respectively. Energetic MFCI with
correspondingly rapid (< 20ms) rises in cover gas pressure are observed in all tests; except for
the restricted release experiments SUS04, and SUS06 which exhibit just noisy incoherent
sodium boiling. Table 3 summarises the experimental results, in which individual mechanical
yields in a multiple series of interactions are calculated on the basis that each cover gas
compression is isentropic and uninfluenced by adjacent peaks. This latter assumption evidently
neglects possible hydrodynamic coupling between expanding vapour bubbles in a multiple
series of interactions.

Compressions of the argon cover gas originate from bulk movements of liquid sodium within
the containment vessel, whereas pressure waves within the coolant itself propagate much faster
at around sonic speed. Consequently, the wall and base-mounted pressure transducers respond
somewhat earlier than the cover gas pressure transducers mounted on the roof. More
importantly, their input signals are not slowed down by the hydrodynamic inertia of the liquid
sodium, so that the time scale of their responses more closely matches those of events in the
interaction zone. In this context, heat transfer from fragmented melt debris to vaporise the
coolant is of particular interest.

A typical pressure transient in the liquid sodium is graphed in Fig. 17 and its comparison with
Fig. 14 suggests that events in the interaction zone for these experiments are about an order of
magnitude faster than cover gas pressure transients. It is therefore reasonable to conclude that
heat transfer from fragmented debris is largely completed within 2 to 4 ms.
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Experiment

SUS01

SUS02

SUS03

SUS04
SUSO5

SUS06

Delay Time
(ms)

100
456
30
122
135
18

153
173
190
215
233
288
323

-
49
57
-

Peak Cover
Gas Pressure

(MPa)
0.28
0.15

0.95*
0.93
0.86
1.26*
1.36
1.70
1.76
1.97
1.18
1.36
1.17

0.85*
1.02
1.17

-

Interaction
Yield
(kJ)
22
8

54*
51
41

43*
58
104
112
137
30
58
29

68*
62
81

None Detectable

* slow pressurisation by conventional boiling.

Table 3 Summary of Experimental Results

With regard to the three restricted release experiments, just the SUS05 test produces fast
energetic interactions with comparable magnitudes to those occurring with an unrestricted
release. Post-test examination of the restrictor tube for test SUS05 reveals the absence of melt
debris, which must have been expelled by the interactions. Indeed, a sufficiently violent
explosion for the melt debris to impact on the roof mounted cover gas pressure transducers
would account for their failure apparent in fig. 16.

3.3 Test analysis

3.3.1 Morphology of debris particles

Under an optical microscope, melt debris particles from the SUS series of experiments have an
angular and deeply pitted appearance like those previously recovered from Rig В tests. The
surface roughness of all debris from sodium-urania interactions contrasts sharply with that
obtained with water, which appear smooth even under a scanning electron microscope. One
interpretation of these observations is that some fragmentation of solidified melt occurs with
sodium, whereas just molten urania is broken-up when water is involved.
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Fig. 18 compares the particle size statistics of three debris samples taken from the SUS03 test
following vacuum distillation of the residual sodium. Results designated 1 and 2 are derived by
directly sieving two of these samples, while number 3 is obtained after prewashing with
methanol. Although the methanol wash markedly increases the proportion of debris sized
below 1000 urn, it appears hardly to affect the fraction below 250 urn that largely governs the
energetics of MFCI. Heat transfer from particles greater than 250 urn is broadly too slow to be
really effective in MFCI occurring in these and smaller scale tests (8). Repeated sieving of one
unwashed sample is used to assess the spurious fragmentation induced by the debris grading
procedure. One additional sieving increases the debris mass below 250 urn by an extra 3%,
which is increased by a further 8% after six days exposure to air and regarding. It might be
construed that these changes in debris statistics due to methanol separation or sieving are
insignificant. However, interactions with particularly deeply subcooled sodium are very much
smaller than with a water coolant, so inadvertently increasing the interacting mass (< 250 urn)
by even 3 % of the total poured can sometimes have a marked effect on calculating the average
mechanical efficiency.

By grading the two samples unwashed with methanol, the actual mass fragmented below 250
um in size is estimated as 9.6 or 14.4 kg in SUS 03.

Debris statistics for the restricted release experiments SUS04 to SUS06 are determined from
material left only in the restrictor tube. Despite the absence of energetic interactions in tests
SUS04 and SUS06, some 24 to 50% of the directly sieved debris lies below 250 um in size.
Though violent incoherent boiling also produces such fine debris, these large fractions are
cause for concern. Unless the debris recovered from the restrictor tube can be unequivocally
demonstrated as unrepresentative, there remains the possibility that significant spurious
fragmentation of agglomerates [4] is created by the large specific volume changes in sodium as
it is vacuum distilled. To summarise the above discussion, debris statistics for sodium-urania
interactions are not considered totally reliable.

3.3.2 Mechanical efficiency

As already mentioned, the interaction yield are calculated from cover gas pressure traces,
assuming that each gas compression is isentropic and independent of adjacent peaks. From this,
it was deduced [4] that the mechanical work expended in creating the seven identifiable peaks
(see fig. 15) was 528 kJ.

However, the oscillatory system pressure (pressure well below the initial one are registered)
casts some doubts on the authenticity of these value which indeed could be much lower.
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3.3.3 Effect of coolant and its subcooling

The manner in which the nature of the coolant affects an MFCI can be inferred from a
comparison of the SUS tests with the Scale-Urania-Water experiments (SUW). Although the
same melt mass, modes of release and system pressure range are used as in the SUS series, the
coolant subcoolings of 0 to 80 К are significantly smaller. Spontaneous and triggered energetic
interactions are observed with similar efficiencies (~ 0.04) and similar rise times for the cover
gas pressure transients as those in the SUS tests. The principal difference lies in the relatively
fewer and more vigorous interactions. Indeed, the SUW09 experiments elicited a single MFCI
that finely fragmented (< 250 um) 75% of the 24 kg melt mass and created a peak cover gas
pressurisation of 17.2 MPa or a mechanical yield of 884 kJ.

It can be thought that due to the deep SUS cooling of sodium, rapid vaporisation cannot be
achieved to support the strong stock wave necessary for achieving an extended region of fine
debris fragmentation.

An alternative explanation [5] is that premature local freezing of the melt occurs when a
relatively good thermal diffuser like sodium is also very deeply subcooled (~ 400 K). Because
much greater energy is required to fragment a solid, large enough solidified packets can arrest
the prorogation of an MFCI, so leading to the relatively weak events recorded in the SUS and
Rig В tests.

4. THE WINFRITH MFTF-B series tests

These were designed to study the re-entry of almost saturated sodium at the surface of a
molten UO2-Mo thermite pool in a subassembly geometry without pin bundle.

4.1 Experimental techniques and initial conditions

Fig. 19 illustrates the apparatus for the B-Series tests in which the renewable welded test
assembly (hexagonal wrapper, outer shroud tube and thermite injection tube) is centrally
located within the over-strong containment vessel of the MFTF. Welded end-plates seal the
interior of a wrapper from liquid sodium that fills well-defined portions of the shroud tube and
containment vessel. The prototypical wrapper, which is 4.8 mm thick, 185 mm across internal
flats and fabricated from type 321-SI2 steel, has a precisely engineered length which varies
from experiment to experiment. A broad description follows of the four principle stages of the
experiments as depicted in Fig. 20 and 21. Complete engineering specifications and estimates
of measurement uncertainties are available in reference 6.
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Experiment
Number

B01
B02

BO3

B04

BO5

B06

Mass of
Injected Melt

(kg)

None
21

20

20

20

20

Mass of
Injected
Sodium

(kg)
14.15
14.00

14.75

14.00

4.50

6.50

Mode of
Sodium

Injection

Into wrapper
Along melt

surface
Simultaneously

with melt
Below melt

surface
Before melt

injection
Below melt

surface

Temperature
of Injected
Sodium (K)

747
750

748

733

Probably close
to saturation

Mostly >
1109

Bursting Disc
Rating (MPa)

0.5
0.5

1.0

0.5

1.0

1.0

Table 4 Actual Conditions for the B-Series Experiments

At the start of each test, the sodium in the containment vessel and storage tank are separately
heated to the required temperatures of 753 К and that indicated in Table 4 respectively. An
argon cover gas pressure of 0.1 MPa is established by venting, and the evacuated wrapper is
re-pressurised with argon to 0.08 MPa. This value reflects a compromise between discouraging
flash vaporisation of the injected melt and internal pressurisation of the wrapper by heat
transfer to the argon. Shortly before ignition of the thermite charge the sodium storage tank is
pressurised to about 0.8 MPa by opening the valve to the ballast vessel.

Experimental pressures, temperatures and flow rates within the test assembly and containment
vessel are continuously recorded using the same equipment as for the SUS tests after
completing the above procedures. Following ignition of a pyrofuse embedded in the thermite
charge (time = 0.0), subsequent events are controlled by automatic timers and sensing units.
When the charge has burnt for some 1.5 seconds and its pressure and temperature are at 1.0
MPa and 3600 К respectively, explosive bolts are fired to enable the injection of molten fuel
simulate into the wrapper. Pre-test trials reveal that the 24 kg thermite charge creates in there a
melt pool of 20 to 21 kg or about 83 mm deep.

After a preset time delay, that is long enough for the formation of a melt pool but short enough
to prevent crust formation, the punch actuator is released by firing an explosive bolt. This
ruptures a diaphragm that allows pressurised sodium from the storage tank to flow through a
side-wall of the wrapper. Entry of sodium along or beneath the free surface of a melt pool is
engineered by the precise design of wrapper length.

Once sodium contacts the melt pool, pressure within a wrapper increases as a result of
conventional boiling or an energetic MFCI. A wrapper is fitted with three 64 mm diameter
bursting discs above the free surface of the rig sodium, and depending on the particular
experiments, these break within 5 ms after imposing a differential pressure of either 0.5 or 1.0
MPa. Rupture of the discs by an interaction releases melt debris and sodium into the eccentric
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annulus between the wrapper and open ended shroud tube and thereby raises the level of
sodium in the main containment vessel. Mechanical energy developed by an interaction is
estimated from the resulting largely isentropic compression of the main cover gas volume and
from any permanent deformation of the wrapper.

The influx from the pressurised sodium storage tank lasts jus a few seconds, and when the tank
is empty, argon from the ballast vessel eventually equalises pressures throughout the system.
Subsequently, sodium is drained from the containment vessel and any residual is removed by
vacuum distillation. When the apparatus has cooled sufficiently» the test assembly, charge
container, and sodium storage tank are removed for inspection. Melt debris recovered from the
wrapper is weighed to determine the amount forcibly ejected by the interaction [6].

Wrapper pressures are measured by four transducers, of which the two Vibrometer CP103
devices on its welded lid provide generally mutually consistent readings throughout the Series.
Additional Meclec HQ20 and Transamerica BHL-4221 transducers are installed, but their
transient performance might have been compromised by mounting them 1 m along the 4m long
vacuum line to the wrapper. Consequently, quoted wrapper pressures relate to Vibrometer
transducer measurements; except for those from Test B03 when a system malfunction makes it
necessary to rely on the other more remote devices.

4.2 A broad description of the experimental results

The object of the first experiment BOl without a thermite charge is to establish the satisfactory
operation of the various items in the rig.

Two small pressure peaks occurring in the wrapper cover gas at 2.85 and 3.57 seconds during
test B02 are identified as small MFCI. They correspond closely to two slightly later peaks in
the main vessel cover gas pressure at 2.88 and 3.60 seconds. Typical wrapper and cover gas
pressure transients for this test are shown in Fig. 22 and 23 respectively. Vibrations induced in
the pressure transducer mountings on the wrapper are responsible for the negative pressures
seen in Fig. 22 Table 5 summarises the characteristic of pressure transients inside the wrapper,
as well as the mechanical work developed and melt debris mass ejected for each experiments
B02 to B06 inclusive. Although the intention in test B03 was to inject deeply subcooled
sodium 748 К beneath the free surface of the molten fuel simulant, failure of a timing circuit
resulted in their simultaneous injection into the wrapper. Two small MFCI are recorded, and
15.9 kg of melt debris is expelled following the rupture of all the bursting discs in the wrapper
wall. Test B04 achieves the object of the B03 experiment, and deeply subcooled sodium is
actually injected beneath the free surface of the melt pool. As shown in Table 5 a chain of three
small MFCI is produced with the last one at 2.00 seconds arresting the then weakly driven
flow from the sodium storage tank. All the above tests with deeply subcooled sodium are
characterised by multiple weak MFCI which, though vigorous enough to rupture all three
bursting discs in a wrapper, are incapable of inflicting any other damage. However, outcomes
are quite different for the last two tests, B05 and B06, which involve nearly saturated sodium.
Test B05 was intended as a repeat of test B04, but involving the injection of nearly saturated
sodium at 1073 K. In fact due to a flaw in the sodium injection diaphragm, the melt was
injected into an already existing pool of sodium at a temperature of 745 K. Evidence can be
presented that the sodium very likely became saturated prior to the creation of the first of two
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strong MFCI at 1.76 and 3.15 seconds. Corresponding pressure variations inside the wrapper
are shown in Fig. 24, where comparison with Fig. 22 for test B02 reveals the presence of far
sharper maxima when the sodium is largely saturated. Indeed, the coherence of MFCI with
saturated or lightly subcooled sodium appears closely akin to that of water-urania interactions
[7].

Experiment

B02

B03

B04

B05

B06

Start Time
(s)

2.85
3.57
1.25
1.34
1.87
1.90
1.94
1.76
3.15
2.00
2.11
2.18

Rise Time
(ms)

5
19

51/2

1
6
4
9
8
2
6
5
15

Peak
Pressure

(MPa)
0.185
0.493

0.354*
0.175
0.292
0.445
0.429
4.18

1 79**

0.185
3.601
0.766

Work done
on Wrapper

(kJ)
NIL

NIL

NIL

13+4

8 ± 3

Total Cover
Gas Work

(kJ)
Max =17

Max = 6

Max = 5

7 + 5

38 + 2

Melt Mass
Ejected

(kg)
15.47

15.90

15.11

13.40

12.20

* Recorded in wrapper's vacuum line ** Transducer TP2 recorded 4.00 MPa

Table 5 Summary of Pressure Transient within the Wrapper,
Mechanical Work and Ejected Melt Mass for the B-Series Tests.

Despite rupture of all three protective bursting discs, a post-test examination reveals that the
hexagonal wrapper is deformed into an almost circular cross-section and that its originally flat
base-plate is domed. The maximum distortion as an increase in the across-flats dimension is
23 mm with an increase in circumference of 18 mm. Although the longitudinal weld of the
wrapper is split to a maximum width of 3.5 mm along a 117 mm length, this is not significant
because a metallographic examination reveals the weld to have been incipiently defective, and
because in any case relatively little energy absorption is involved with even a perfect fabrication
[5]. Details of the ABAQUS computations used to estimate the energies required to inflict the
observed deformations of the wrapper and surrounding shroud tube are given in reference 8.

Results from test B06 provide information on the effects of injecting 6.5 kg of almost saturated
sodium beneath the free surface of an 83 mm deep melt pool. Initially, however, cold sodium at
753 К in the delivery tube is injected for about 33 ms. Saturated sodium from the storage tank
then follows, but on account of heat transferred to the delivery tube, it is somewhat cooler on
entry to the wrapper. A lower bound on the temperature of sodium injected from the storage
tank is derived as 1108 K. Permanent damage to the wrapper is visibly less than in the B05
experiment, and it is mainly confined to the welded end-plates which are domed to the extent
of a 4.5 mm deflection. The greatest deformation of the hexagonal wrapper occurs near its
base where an across-flats measurement records an increase of 10 mm. Neither failure of the
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longitudinal weld nor damage to the shroud tube occurs in this case. When molten debris is
ejected through the three ruptured bursting discs, it burns holes in adjacent areas of the shroud
tube and anneals the surrounding metal.

4.3 Conclusions

In tests B02, 03, 04 with subcooled sodium, erratic and weak interactions are observed like
these in the SUS Series. But, when the coolant is close to saturation as in tests B05 and B06-,
markedly stronger, more coherent interactions occur that could inflict serious damage to an
empty (without pins) subassembly wrapper. The recorded cover gas compression transients for
tests B05 and B06 appear for sharper than those in the preceding experiments, and in fact more
akin to MFCI involving water and urania.

5. THE THINA EXPERIMENTS (KfK)

5.1 Test description

During a whole-core accident the formation of a boiling pool comprising from a few
subassemblies to the whole core might ultimately lead to the ejection of molten materials into
the upper coolant plenum. This could lead to a large-scale FSI. The ejected material is
probably in the state of a multiphase mixture consisting of molten fuel and steel and (steel)
vapour. This situation was simulated in the THINA experiments [9] by injecting the products
of iron-aluminium thermite into a sodium filled test vessel from below. In these tests, either
molten iron or molten aluminium was injected. However, due to incomplete separation, each
material contained about 25% by weight of the other material and some noncondensable gas.

The test vessel together with the melt injector and the instrumentation is shown in figure 25
[10]. The vessel had a diameter of 0.3 m and a hight of about 5 m. The small diameter was
chosen to facilitate application of the X-ray imaging technique. The initial sodium level in the
vessel could be chosen between 2.5 m and 3.5 m. At a level of 2.0 above the bottom, a
perforated plate reduced the flow cross section to about 33% of that of the vessel. This
constituted an additional flow resistance as well during expansion as during collapse of the
multiphase zone created upon injection of the melt. The upper part of the vessel was filled with
argon. In order to protect the vessel wall against direct contact with melt, a 1 mm thick
stainless steel cylinder was mounted inside the vessel so that the effective diameter of the flow
area was 0.29 m. As indicated in Figure 25 the test vessel was equipped with several X-ray
imaging facilities, pressure transducers, and a multitude of temperature and void detectors. The
injection tube of the melt had a diameter of 0.03 m and it was initially sealed by a steel foil at
its upper end and evacuated. After gravitational separation of the two melts in the melt
injector, melt injection was initiated by applying a driving pressure of about 25 bar and opening
the first of the two fast acting slide valves. So the melt could penetrate into the injection tube
and, after melting the steel foil, into the sodium. After a preset time delay, melt injection was
terminated by closing the second slide valve.
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5.2 Test results

Four tests have been performed. The test conditions are summarised in Table 6. The injected
melt mass was always about 5 kg and consisted mainly of A12O3 in the first two test and iron in
the third and fourth test. The sodium mass was 155 kg in the first three tests and 140 kg in the
last one. The first test differs from the other three by the lower initial melt temperature which
was 2970 К instead of 3270 K.

Some experimental results of these tests are summarised in Figures 26 and 27 (High frequency
oscillations have been removed from the pressure signals by filtering). The principal course of
events seems to be the same in all four tests.

Main component

Melt temperature
Injection pressure
Duration of injection
Mass of melt injected
A12O3

Fe
Mean injection velocity

Sodium mass
Sodium temperature
Sodium level
Cover gas pressure

Vapour volume

К
bar
ms
kg
kg
kg
m/s

kg
К
m

bar

m 3

TH561

A1,O,
2970

25
170
5.5
4

1.5
11.8
155

783 - 808
2.67

1.1
0.081

Test

TH562

AI2Q1
3270

25
153
4.1
3.1

1
10

155
773 - 785

2.67

1.1
0.079

No.
TH564

Iron
3270

25
136
5.5
1.3
4.2
11.9
155

763 - 795
2.67

1.1
0.091

TH567

Iron

3270
25
123
4.9
1.1
3.8
11.3
140

813-823
2.42

1.1
0.084

Table 6 Significant test parameters and a few experimental data

Pressures that indicate thermal interactions are observed only during the injection times that
are marked on the time axis by shaded beams and slightly after. By these pressures, the upper
sodium level and the pressure in the cover gas are raised. The axial extensions of the
multiphase regions created by the hot melt reaches maxima below 2.0 m. Only in experiment
TH564 a bubble penetrates through the throttle plate. Traces of melt are found up to an
elevation of 1.4 m. The void detectors indicate that over considerable distances the cross
section of the sodium vessel is completely voided. After a fast decay of the interaction
pressure, pressures well below the initial pressure are prevailing. After about 0.6 sec the
vapour in the multiphase zone essentially vanishes creating a more or less pronounced re
condensation pressure spike (sodium hammer) and damped oscillations with frequencies of
about 5 to 7 Hz.

Figure 28 shows the initial pressure history test TH567 in more detail together with the
saturation pressure corresponding to a sodium temperature observed 0.4 m above the bottom.
This Figure shows that the pressure history is a superposition of the typical pressure spikes that
are frequently observed when a hot melt and sodium are brought into contact and a more
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slowly varying background pressure that is due to bulk heating of (not necessarily large
amounts) sodium beyond the initial saturation temperature. As is typical of all test, melt
injection causes two pressurisations in the sodium, one directly after the start of the injection
and the other towards and slightly after the end of injection. Figure 28 indicates that the second
peak is essentially due to bulk heating of some sodium.

The mechanical release was small in all cases. The energy conversion ratio was below about
0.3% with a tendency to higher values with molten iron.

Melt fragmentation was extensive and almost equal in all four tests. About 90% of the total
mass is found in particles of less than 1 mm diameter and between 40 and 50% (by mass) have
diameters below 0.25 mm. However, in the case of А12Оз above all, some additional
fragmentation of the quenched material seems to have occurred as especially above 0.25 mm
diameter many of the fragments are rugged.

5.3 Analysis

The most striking and most important result of these tests is the absence of any violent FSI's.
One must, however, keep in mind that the sodium in these tests was highly subcooled (by 410
K) which does not correspond to the conditions in the upper plenum of a fast breeder after a
core melt down accident.

A second important observation is the small difference in behaviour between A12O3 and iron.
This is especially astonishing in view of the big difference in interface contact temperatures.
While that of alumina (1940 К in test TH562) is certainly below the spontaneous (or
homogeneous) nucleation temperature of sodium, that of iron (2430 K) is certainly above it.
But still no important difference in behaviour is observed, while Fauske's interface temperature
criterion would indicate the possibility of a coherent large-scale interaction in the iron case.
This might be taken as indication that Fauske's criterion is invalid or one might speculate that
the interface temperature effect was masked in this case by e.g. the gas contained in the melt or
the admixture of 25 W-% (i.e. an almost equal volume) of А12Оз. However, one can expect
that the controlling effect here was that in neither of the two cases the usual film boiling
condition (expressed as a minimum surface temperature of the hot material) was fulfilled. And
stable film boiling is a pre-condition of premixing and thus of coherent interactions.

The low pressures that are observed in all cases between the injection periods and the
recondensation spikes indicate that after short periods only subcooled sodium is present
(c.f. the right hand part of figure 4). This is an impressive demonstration of how well thermal
energy is redistributed spatially to the subcooled bulk of sodium by two phase sodium. This
intrinsic property of sodium helps to avoid high FSI pressures.
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6. CONCLUSIONS

1. The first conclusion that can be drawn from these experimental results is that a thermal
interaction between kilos of UO2 and sodium is possible even through the so called
instantaneous interface temperature is smaller than the spontaneous nucleation
temperature.

2. In fact, interactions were obtained even with highly subcooled sodium in CORECT 2
tests, 18, 19, 21 and 22, and in SUS test 01 to 05. The maximum measured mechanical
energy estimated from the experimental results was 20 to 30 kJ for about 2 kilos of finely
fragmented UO2 in CORECT 2 test n° 18 (40% of the total mass) and 528 kJ for about
10 kilos (between 9.6 and 14.4 kg i.e. between 40 to 60% of the total mass) of finely
fragmented UO2-Mo thermite in SUS 03 test. Two comments are to be made about these
calculations:

• in CORECT 2 the mechanical work is estimated from the pressure trace in the
interaction zone and its volumic variation,

• in SUS, the mechanical work is estimated from adiabatic compression of the cover gas
and ringing in the measurements due to loop vibration is suspected to lead to an
overestimation of the mechanical work.

Pressure rise time in sodium of some milliseconds were measured (5 to 10 ms) which allow us
to estimate that most of the heat transfer from fragmented debris is largely completed within
these 5 to 10 ms. By assuming that heat transfer is controlled by conduction within the fuel, we
can estimate that most of the heat is taken out of debris smaller than 250 urn in size.

Post test examination of debris recovered after vacuum distillation of sodium was performed
for CORECT 2 and SUS. They showed an angular appearance which can imply some
fragmentation of solidified melt. This appearance contrast sharply with that obtained with
water and UO2 which appears smooth even under a scanning electrode microscope.

3. When the sodium temperature is close to saturation there is some change in the
phenomena. Pressure rise time are smaller and in fact appear more akin to MFCI with
water (see for example fig. 5 : CORECT 2 n° 21).

Mechanical energy seems also to be higher (see MFTF-B05) where the wrapper and the
surrounding shroud tube were deformed. Evidence of this behaviour is observed when the
initial temperature of sodium is close to saturation (MFTF-B06) or when sodium is
approaching saturation after extended contact with UO2 (CORECT 2 n° 21, MFTF B05,
TERMOS[11]).

4. Influence of the constraint was also observed with two extreme situations. If the system
is not constrained at all (like in SUS01 to 03 and in THIN A) or not very constrained
(CORECT 2 tests up to n° 16), there is a rapid separation between fuel and coolant and
only low yields are observed, (the same behaviour was observed with water in the SUW
test, similar to SUS but with water as a coolant). Indeed it was this observation that lead
us to change the geometry of the interaction zone in CORECT 2 in order to have a
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tamping effect of the sodium column and this allow us to get the first UO2-Na FCI. This
effect was also studied in SUS (and SUW) using the restricted mode of release which
showed that fast energetic interactions with comparable magnitudes to those occurring
with the unrestricted release were observed but less events were observed (2 in SUS 05
and 7 in SUS03). On the opposite, if the system is very constrained like in a subassembly
geometry with pin bundle, it is very difficult to mix large quantities of melt and coolant
and only small scale interactions can be observed. This was observed in the 24 out of pile
SES tests in AEA (5 kg of melt injected into prototypical subassemblies containing
dummy fuel pins) or in the pile SCARABEE Tests [12] where no energetic FCI were
observed but played an important role in the fuel propagation.
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Figure 9 :
CORECT 2 n° 19 : Crucible after the interaction showing melting

of some part of it
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