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ABSTRACT 

 
Steam explosions (or vapor explosions) are a safety concern during analysis of LWR core melt accidents that have an 

extremely low probability of occurrence. Conceptually steam explosions might damage safety relevant components of 
the plant. Improved analysis tools are being developed for such events in order to better understand their role during the 
accident and to demonstrate larger safety margins where possible. For this, an improved insight into the phenomena 
involved as well as reliable and relevant experimental data are required. We report here the main results of the PREMIX 
series of experiments in which the premixing phase of steam explosions was studied. We also report about the very first 
results of a new series of experiments, ECO, which serves to measure explosion pressure and mechanical energy release 
in a confined geometry.  

 
1. INTRODUCTION 

 
1.1 General overview and motivation 

Steam explosions occur when a large amount of heat is transferred to a vaporizable liquid at a temperature far above 
its boiling point and at such a rate that the system cannot expand fast enough to convert all the heat transferred into heat 
of vaporization. They are encountered often when liquids of very different temperatures are intermixed accidentally, e.g. 
in the foundry or paper pulp industries or during transport of liquefied natural gas across water. On the other hand, 
quenching of molten materials in water pools is a widely used technique to granulate and cool effectively these 
materials. This dualism indicates the necessity of a careful treatment of the problem. Both types of interaction are called 
thermal interaction. 

Steam explosions are a matter of concern in nuclear reactor safety since long (for more details see the review papers 
/1, 2, 3, 4/). Several reactors have been destroyed by steam explosions that occurred by accident (e.g. NRX, SL-1, 
Tschernobyl-4) or in spectacular destructive tests (e.g. SPERT-1). In all these cases the nuclear fuel was initially 
distributed within the coolant by intention (for cooling), and an accidental nuclear power excursion led to its rapid 
melting which produced the initial conditions for the steam explosions. Such power excursions are eliminated by design 
in modern nuclear reactors. 

The safety concern now is connected with core melt accidents induced by insufficient cooling. These have, in well 
designed reactors, also an extremely small probability of occurrence but might lead to the accumulation of large amounts 
of molten core materials (UO2, ZrO2, Zr, stainless steel). If these were mixed with remaining cooling water in an 
unfavorable way, steam explosions might occur that conceptually might even lead to an early containment failure (the 
so-called α-mode failure). This would lead to unacceptable consequences. The concern about this type of accident has 
been removed since some years mainly on the basis of arguments about the low probability of a strong enough steam 
explosion /5/, and recently a mechanistic study /6/ has shown that a massive failure of the vessel head as a consequence 
of an in-vessel steam explosion (the prerequisite of a containment failure) can be excluded. However, in this study still 
many uncertainties had to be covered by conservative assumptions so that, in the end, an unsatisfactorily small safety 
margin remained.  

Consequently, a deeper understanding of the phenomena involved and improved tools for their analysis are required 
in order to show that there is a comfortingly wide safety margin against an early containment failure, but also in order to 
be able to evaluate local loads from steam explosions inside and outside the reactor vessel and their possible 
consequences on the progression of a severe accident. This will also give further guidance to the planning of accident 
management measures. 

Research along these lines will on one hand try to resolve possibly fundamental key features like the actual 
'explosivity' of real molten core materials and on the other hand to develop sufficiently verified analysis tools and to use 
them for realistic accident analysis. The code development, however, requires well defined and relevant experimental 
data for code validation. This is the main purpose of the two experiments described in this paper. 
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1.2 Fundamentals of steam explosions 
Since quite some time /7/ it has generally been accepted that large-scale steam explosions start from a premixture, 

i.e. a quasi metastable situation in which the hot melt is dispersed within liquid coolant, and that they develop through 
triggering and propagation. These phases are normally followed by expansion during which mechanical work can be 
done. When hot melt and coolant are separated in space initially, the premixture must be formed in a premixing phase 
during which relatively large pieces of the hot melt are intermixed with water while partly being insulated thermally 
from the water by film boiling. The extension of this mixture determines how much thermal energy is available for 
conversion into work at maximum and the nature of the mixture (local distribution of volume fractions) will have an 
influence on the energy conversion efficiency, see below. Premixing ends when a trigger occurs starting fine 
fragmentation of the melt drops and thus increased heat transfer locally. This may e.g. be caused by a local pressure 
pulse. By propagation, the begin of a much more intense thermal interaction is carried over the whole premixture. The 
efficiency of the mechanisms controlling propagation and expansion, i.e. fine scale fragmentation and heat transfer, 
determines how high the pressure becomes and how much work can be done on the surrounding. Obviously the nature 
(mobility) of this surrounding has a big influence as well. This is similar to the role of confinement with chemical 
explosions. The PREMIX and ECO experiments to be discussed here aim at the study of the two decisive phases 
separately: on one hand premixing and on the other hand the explosion itself (propagation and expansion). Further 
details will be given below in chapters 2 and 3 devoted to these experiments. 

Early thermodynamic estimates of the maximum possible conversion of thermal into mechanical energy (Hicks-
Menzies model, see /8/) have indicated up to 50 % of energy conversion. The use of realistic steam table data reduces 
this maximum to 40 % /8/. But these values are still much too high because they result from assuming a constant 
melt/water mass ratio and no heat losses to the surrounding. Maximum energy conversion is obtained for an initial water 
volume one to four times larger than the melt volume. (This remains true for alumina, the hot melt used in the PREMIX 
and ECO experiments, because the thermal energy per unit volume is about the same in alumina. With our alumina this 
means a mass ratio of about 3 to 12.) But release of mechanical energy is connected with a large volume increase so that, 
under most circumstances, a lot of initially unheated water will be mixed into the hot expanding mixture. This and 
further heat losses (condensation of steam on cold water masses) will reduce the interaction pressure and thus 
mechanical energy release. On the other hand, low energy conversion is obtained for high water to melt volume ratios. 
But assuming this condition during the whole process would not be conservative because a smaller ratio in the beginning 
would allow for higher pressures. Thus, thermodynamic estimates are not really helpful. Since in addition (as mentioned 
above), the nature and behavior of the surroundings will also have an important influence on energy release, a numerical 
fluid dynamic simulation appears to be the best way to obtain reasonably realistic estimates of explosion energies. To 
this end, the multifluid codes MATTINA (3 fields) and (in collaboration with CEA) MC3D (4 fields) are developed and 
applied at Forschungszentrum Karlsruhe. They also serve to analyze premixing. (At other places in the world more of 
such codes have been developed, see e.g. /4/). But in this paper we concentrate on experiments. 

Steam explosions can be produced by different modes of contact, i.e. pouring mode (melt stream or jet into coolant), 
injection mode (coolant jet into melt), and stratified mode (coolant layer on melt layer). The pouring mode is considered 
to produce more energetic interactions than the other modes. Both in-vessel and ex-vessel accident scenarios may lead to 
one of these modes. The considerations in the present paper are related to the pouring mode. 

 
1.3 Summary review of previous work 

A large number of experiments have been performed with small masses (one or a few drops), and they can only give 
detailed specific information concerning special questions. The most interesting among these is the SIGMA experiment 
performed at UCSB (USA) /9/. It aims at clarifying in much detail the mechanisms controlling propagation and 
explosion. But here we cannot discuss it because of space restrictions. Many experiments at larger scale have been 
performed using materials (simulants), as e.g. oil into freon, that are easier to handle than the high-temperature melts 
encountered in reactor safety problems. Another large number of experiments have been performed using tin into water. 
But tin has the disadvantage to have a very small heat content so that the interaction energetics are low. However, there 
are also a limited number of experiment series that bear some relation to the reactor accident case because some 
kilograms of a real high-temperature melt were dumped into water. We review these here from the view point of 
explosion characteristics: 

The Argonne National Laboratory (ANL, USA) has performed two series (CWTI and CCM) of experiments (9 in 
total) with actual UO2-based melts. No energetic interactions occurred /10/. 

At AEA Winfrith (Great Britain) several series of experiments were performed with a UO2-Mo thermite at very high 
temperature (>3500 K). In several experiments explosions occurred. The energy conversion showed a tendency to 
increase with decreasing water subcooling and increasing pressure. In test SUW-9 with an initial pressure of 1 MPa an 
exceptionally strong interaction occurred that involved almost all of the melt present and gave an energy conversion of 
2.3 % /11/. As the very robust test facility failed when the pressure reached 17.2 MPa, this is a lower estimate only. 
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Sandia National Laboratory (SNL, USA) has performed a large number of experiments with different hot melts, in 
the majority of cases alumina and iron from a thermite reaction. Many of these experiments suffer from a lack of precise 
control on the initial conditions (melt delivery) and constraint. Still a lot of important observations have been made. The 
experiments show that the water temperature in relation to its boiling point is an important variable. Also, the 
spontaneous occurrence of local pressure transients that may serve as triggers was found to be a quite stochastic event 
with respect to location and time and that such local events normally were not able to trigger an explosion when the 
water was saturated (at the boiling point). Furthermore, hot melt mass thresholds were observed for the occurrence of 
spontaneous steam explosions. They also  depended on water subcooling. It was found that increased ambient pressure 
suppressed spontaneous explosions which, however, could be triggered by external triggers (e.g. igniters). Melts 
containing large fractions of UO2  did not seem to be as explosive as iron-alumina in some initial tests, but later they 
were found to have a similar explosivity /12, 13/. Judging (with large uncertainties) on the basis of the kinetic energy of 
the ejected water, the energy conversion was found to range from a fraction of a percent up to 2.6 % with little 
sensitivity to the (equally difficult to determine) melt/water mass ratio in the range of 1.5 to 57 (with iron-alumina in 
subcooled water) /12/. Much higher efficiency values quoted for the pressurization of the FITS chamber are erroneous 
/14/. Only two tests were performed with a strong confinement at least in radial direction (in a strong steel pipe). The 
second of these blew away the test stand. It was not repeated. The energy conversion is reported to have most probably 
been in the range of 6...17 %, with a value beyond 10 % being 'certainly likely' /15/. The importance of confinement is 
also evidenced by tests in which iron-alumina was injected into water pools at high pressure /16/. Violent explosions 
with (narrow) pressure peaks in excess of 200 MPa were observed in the four tests in which strong models of a reactor 
cavity contained the water while none occurred when a clear water box made of plastic sheet was used. 

In the ALPHA experiments (JAERI, J), typically 20 kg of iron-alumina were released into water. Vessel 
pressurization indicated energy conversion factors up to almost 6 % /17/. 

At the University of Wisconsin (USA), the WFCI facility has been set up to study fuel-coolant thermal interactions 
in a one-dimensional geometry under fairly well characterized conditions. For measuring the energy conversion, an 
expansion tube equipped with an adjustable piston was provided. Most experiments have been performed with tin into 
water and the energy conversion found ranged up to 0.5 %. When the hot melt was changed to the more prototypical iron 
oxide, no steam explosions were obtained (in 9 tests) although an external trigger was applied /18/. 

At JRC Ispra (I) large numbers of experiments have been performed in the KROTOS and FARO facilities with the 
rare special feature that hot melts prototypical of oxidic core melt ('corium': 80 % UO2 + 20 % ZrO2) could be used. 

The KROTOS facility /19/ in the end served to study the propagation phase of steam explosions in a shock tube 
geometry with two hot melts: Al2O3 (typically 1.5 kg at 2650 K) and the model corium (typically 3 kg at 3050 K). The 
outstanding finding was that Al2O3 produced violent explosions in all but one tests with subcooled water and all tests 
with saturated water in which an external trigger was applied. The pressures exceeded 100 MPa in several cases. On the 
other hand, the model corium could not be made to explode at ambient pressures below 0.2 MPa. This was eventually 
understood as a consequence of excessive void formation during premixing. Actually, after increasing the ambient 
pressure beyond 0.35 MPa, propagating interactions were obtained. But they remained much weaker (< 20 MPa) than 
those with alumina. The energy conversion was 0.15 % at maximum as compared to 1.5…2.5 % with alumina. There 
remains an important difference in the break up of the melts within the water during premixing. These observations are 
not yet fully understood. 

In the FARO facility, the mixing of substantial masses of model corium (up to 176 kg) with water has been studied, 
at first at high pressure (5 MPa), later at pressures typical of reactor accident scenarios (e.g. 0.2 MPa) /20/. An explosion 
occurred in one test only, in which it was triggered externally. The explosion characteristics were similar to those 
observed in KROTOS (benign) although the mass was much larger, 40 kg. Two tests have been performed at high 
subcooling without the occurrence of an explosion. This may indicate that with single melt jets and deep water pools, 
steam explosions do not tend to be triggered spontaneously with the model corium, which agrees with the KROTOS 
findings. 

 
1.4 General remarks on the PREMIX and ECO experiments 

Before switching to the specific chapters on these experiments below, here are some important remarks that apply to 
both of them: 

In the case of large-scale steam explosions, the direct transfer of experimental results to reactor accident conditions is 
always handicapped by the need to extrapolate from relatively small experiments to large dimensions (and masses) and, 
if simulants are used, from the material properties in the experiment to those of the molten core materials. Therefore the 
use of large masses and of prototypical materials is highly desirable. Unfortunately, for administrative reasons, we are 
not able to handle large amounts of UO2 at Forschungszentrum Karlsruhe. Consequently we have developed since some 
time the technique of producing large amounts of molten alumina at about 2600 K by thermite reactions. In order to 
obtain better controlled initial conditions, the molten iron produced in the same reaction is separated from the alumina 
and held back. Normally this works so well that mostly well below 10 % of the melt released are iron (by weight). 
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(Note: at 2600 K the density of alumina is about 2800 kg/m3, that of iron 6300 kg/m3.) The oxide that actually is released 
consists of more than 90 % of Al2O3, the rest being (unreacted) FeO and some MgO from the melt generator insulation. 
Also, the melt is released through a circular tube at a controlled driving pressure. The melt velocity cannot be measured 
directly but is calculated afterwards on the basis of gravity and the measured pressure conditions. Agreement of the 
released melt mass calculated with that found in the facility assures reasonable results. 

We consider the alumina used as a good substitute for actual core melt because: 
a) It is essentially an oxide as is the main component of core melt. 
b) Its initial temperature comes close to the expected core melt temperatures. Note that all phases of steam explosions 

are essentially driven by heat transfer (mainly by radiation) and that this is controlled by the temperature of the hot 
melt and its surface area. 

c) Its thermal content per unit volume is similar to that of UO2. So, from an energetic point of view, alumina 
represents an equal volume of UO2, i.e. roughly three times its mass of UO2. Also, as far as the droplet size is 
similar, so is the heat transfer surface per unit thermal energy. 

d) Al2O3 is known to produce violent explosions easily. So it is prudent (conservative) to perform steam explosion 
studies with this material. If no explosion occurs in an experiment, this is not due to the hot melt not tending to 
explode. 

e) Extrapolation to reactor accident conditions must be done by numerical simulation anyhow. By this, many of the 
different material properties (e.g. density, freezing temperature) are accounted for automatically. For others it 
might be necessary to tune models in the codes. But with the KROTOS and FARO results available as well, there 
is a large body of information on the behavior of these materials under comparable conditions. Actually two of the 
later PREMIX experiments have been performed as similar as possible to two of the last FARO tests within a 
common European project. 

On this basis we expect to obtain data relevant for reactor accident conditions when using this alumina in quantities 
beyond 10 kg for premixing and explosion tests. Such data are improving our understanding of the physical phenomena 
involved and are suited to test, improve and finally validate corresponding computer codes for the intended purpose. 

 
2. THE PREMIX EXPERIMENT 

 
2.1 Purpose and test conditions 

The PREMIX experiments have been performed to study the 
premixing of sizable amounts of very hot oxidic melts with water when 
being released as a jet (not chunks or slugs) in a reasonably 
characterized way and with full optical access. Details about the melt 
used are given in section 1.4 above. In some respect these experiments 
are a continuation of the SANDIA EJET experiments /21/. They also 
are a step beyond those premixing experiments in which solid hot 
particles have been used to simulate a prefragmented melt pour, such as 
MAGICO /22/, BILLEAU /23/ and QUEOS /24/. PREMIX involves 
the full physics of the mixing process including jet break-up and melt 
drop fragmentation. But, of course, on the other hand, the initial and 
boundary conditions are more difficult to control and to vary. 

The test facility is shown in Figure 1. It consists of a slender 
cylinder with an effective inner diameter of 0.66 m bearing plane glass 
windows in the front and back sides. The upper part is occupied by the 
melt generator which leaves a 0.14 m wide annular space for the steam 
flow. The facility is entirely closed except for four large venting pipes 
(4 m long, each with a cross section of 90 cm2) which were also closed 
in two tests. The space below the melt generator is about 2.2 m high but 
for the processes to be studied, the actual height of the test water pool 
was determined by a concave debris catcher that could be mounted at 
different heights. The test rig was placed inside a large (220 m3) 
pressure vessel providing a safety barrier and the possibility to perform 
tests at elevated ambient pressure. 

The tests were recorded visually by video and high-speed cameras 
and the pressures inside and outside the test vessel were measured. The 
initial increase of the water level was recorded by level meters. 
Furthermore, the water temperature and the distribution of water and 
void within the test vessel were measured by thermocouples and local Fig. 1: PREMIX test facility 
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void probes, respectively. (Sometimes the destruction of a thermocouple indicated the arrival of melt.) In the open tests, 
the steam velocity in the vent pipes was measured. After the tests, the size distribution of the debris was determined. 

The ideal test result would be the spatial distribution of the volume fractions of melt, liquid water and gas within the 
test vessel. But from the movies one can at least obtain the shape of the mixing zone as well as rough estimates of its 
volume and of mean volume fractions within it. The void probes give time resolved information about the volume 
fractions of water and steam at the locations in which they are installed (in arrays of 8 probes distributed radially). 
Besides that, pressures and steam flow rate give (indirect) evidence of heat transfer. 

A total number of 18 experiments have been performed (see e.g. /25-28/). Details are given in Tables 1 and 2. After 
test PM11 the test rig had to be rebuilt since it was destroyed by a steam explosion (see chapter 2.3). It was slightly 
modified to have geometrical conditions as close as possible to FARO. In only one test (PM11) the single melt nozzle 
was replaced by three nozzles in a triangular array. All tests but PM17 and 18 were open to a constant pressure 
surrounding via the vent pipes. Duration of the melt release was typically 0.5...2.0 sec. In test PM16, with the largest 
melt mass, it was 6 sec. In this test, the outside pressure increased on the long run. 

 
2.2 The course of typical experiments  

 
In test PM13 about 21 kg of melt 

have been released within 1.1 sec and 
with practically zero subcooling of the 
water. Movie pictures illustrating the 
melt penetration into the water pool are 
shown in Figure 2. As in all PREMIX 
tests, the melt initially penetrated into 
the water without detectable interaction 
(just film boiling). Only 0.32 sec after 
melt-coolant contact, when the melt had 
already penetrated 0.44 m into the 
water, the more intense thermal 
interaction typical of the premixing 
phase started. This led to the formation 
of a fairly regular shaped interaction 
zone which was highly voided and thus 
not translucent. There are also a few 
individual melt drops in the water 
around the interaction zone and in the 
gas space above it. 

The onset of the more intense 
thermal interaction was also marked by 
a sudden pressure rise which continued 
in an oscillatory manner, see Figure 3. 
The pressure then approached a 

 

Table 1:  Parameters of the first PREMIX test series, PM1 – PM11 

Exp MELT WATER 
   m    d    ∆p   ∆h 

[kg] [mm] [MPa] [mm] 
   h  T ∆T 
[mm] [K] [K] 

PM1 
PM2 
PM3 
PM4 
PM5 
PM6 
PM7 
PM8 
PM9 
PM10 
PM11 

 9.3   45 0.078 198 
 9.4   45 0.085 163 
 9.2   45 0.085 180 
 9.1   45 0.075 185 
 9.0   45 0.08 200 
20.2   60 0.092 198 
 9.6   40 0.39 145 
 10   45 0.08   0.0 
21.8   60 0.095   0.0 
27.3   60 0.09   0.0 
≈20 3x35 0.07   0.0 

1600  371  2 
1600  373  0 
1600  368  5 
1600  368  5 
1600  368  5 
1600  371  2 
1565  373  0 
  500  373  0 
  900  373  0 
  500  373  0 
  500  373  0 

m = melt mass; in PM10 an exceptionally large mass of iron was found;  
d = nozzle diameter; ∆p = initial driving pressure difference measured;  
the initial speed of the melt released, estimated on basis of ∆p,  
was about 6 m/s in most cases; ∆h = falling height; h = pool height;  
T = water temperature;  ∆T = subcooling. 
The melt temperature was ≈ 2600 K, the system pressure 0.1 MPa.  
 

 

Table 2: Parameters of the second PREMIX test series, PM12 – 18 

Exp. MELT WATER System 
pressure 

Corresponds
to test 

  m   d    ∆p    v1       ∆h 
[kg] [mm] [MPa] [m/s]      [mm] 

  h  T ∆T 
[mm] [K] [K] 

p 
[MPa] 

 

PM12 
PM13 
PM14 

29.0   60 0.046 3.8 - 4.2      193 
23.8   60 0.052 4.0 - 4.2      213 
23.2   60 0.066 4.5 - 4.7      213 

1360 372 1 
1340 372 1 
1340 372 0 

0.1 
0.1 
0.1 

 

PM15 
PM16 
PM17 

23.1   60 0.03 3.2 - 3.3      323 
60.4   48 0.01 1.9 - 2.5      223 
16.0   48 0.01 1.7 - 2.6      223 

1230 416 8 
1330 419 5 
1330 293 104 

0.5 
0.5 

0.222 

 
FARO-L28 
FARO-L31 

PM18 14.6   48 0.015 1.9 - 2.9      223 1330 365 30 0.222  
1 on first melt/water contact – maximum; both values are calculated; 2 steam venting pipes closed 
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constant level of about 0.16 MPa after about 1.3 sec. Slow gas flow started earlier, probably due to gas heating above the 
water and it rose quickly after 0.3 sec. It attained a practically constant value of 4.5 m3/sec after 0.65 sec, probably due 
to sonic choking in the droplet flow established after this time in the venting pipes. (As a rule one can state that soon 
after the start of the intense thermal interaction, the steam flow was strongly affected by entrained water masses.) 

Figure 3 also displays a calculated pressure time curve. This was obtained after the test with the code MC3D 3.2 
from CEA Grenoble as modified by FZK, employing three fields (melt, water and steam). The computational domain 
was limited by the test vessel and the outer boundary of the melt generator. An axisymmetric two-dimensional geometry 
was used with a mesh size of 2 cm in radial direction (with some smaller cells close to the axis where the melt penetrates 
into the water) and 5 cm in axial direction. The venting tubes were simulated by a pressure boundary condition assuming 
a pressure loss coefficient of 10 for the steam. No pressure losses were simulated for water and melt which are supposed 
to move in droplet flow. The inflow of melt at the melt generator nozzle was prescribed on the basis of experimental 
information. Except for a slight overestimation in the end, the simulation shows good agreement with the measured 
pressure. Also melt front velocity in the water and steam production are simulated satisfactorily. Other quantities like the 
losses of water and melt from the test vessel and the total melt surface are in the order of magnitude observed in the 
experiment. 

Figure 4 shows the mixing of melt and water in experiment PM17 which had 0.22 MPa system pressure and 104 K 
subcooling. The effect of these two parameters is clearly visible in the much reduced void volume that results in a much 
more narrow multiphase zone surrounding the melt jet. (Why some parts of the mixing zone appear to be obscured by 
black clouds in the water is not yet understood.) 

The mass mean particle diameter of the debris found after the tests was typically about 10 mm. 

 

Fig. 2:  Progression of the interaction zone in PM13 shown by selected video film pictures.  

time ≈ 0 s 0.1 s 0.2 s 0.3 s 0.4 s

0.5 s           0.6 s    0.7 s   0.8 s         1.2 s 
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2.3 General conclusions from the whole test series 
1. Melt jets can penetrate deeply into water pools without triggering an explosive event. Thus premixing is possible. 

This creates a multiphase zone. This zone is formed after a small delay of the order of 0.1...0.5 sec and its formation 
is accompanied by a steep pressure rise (by some tenths of a bar). 

2. In none of the tests, the initial contact of the melt with the water surface caused a steaming excursion as has been 
observed in some medium-scale SANDIA tests /12/. 

3. In none of the tests, the contact of melt with the pool bottom has triggered an explosive event as has often been 
observed in other experiments and is often quoted as a likely source of a trigger. This is even true of experiments in 
which a large molten mass has assembled on the pool bottom which was finally found as a 'cake' in the catch pan.  

4. In only one of the experiments (PM11) an explosive event occurred. The pressure developed and consequently the 
energetics of this event were low (pressure maximum estimated at 30 bar), probably because the test vessel had a 
design pressure of 6 bar only and disassembled quickly. 

This explosion occurred in one of the two tests with only 0.5 m water depth, almost 1 sec after the first contact 
of the melt with the catch pan. At this time a large portion of the melt had settled in the catch pan while violent 
boiling (also off melt globules churning around) occurred in the water pool. The explosion appears to have been 
initiated by a larger coherent water mass contacting the melt pool (as evidenced by some void probes). Also the 
explosion centre was located directly above the catch pan as can be seen from the high-speed movies. 

It is fairly certain that the melt release in three parallel jets, which is peculiar to this test, had no longer a 
relevant influence on the course of the experiment at the time of the explosion. 

5. Melt release in three jets instead of one jet (PM11) occurred at a lower rate (increased flow resistance in the 
manifold). Nevertheless, pressure build-up occurred earlier (somewhat faster) than with one jet. This appears to be a 
natural consequence of the imposed prefragmentation of the melt. 

6. Reproducibility of the mixing process is quite reasonable. It was tested in three consecutive experiments (PM12, 13, 
14) in which the initial conditions were kept as constant as possible. The variations still observed can be attributed 
to remaining variations in the speed with which the melt was released.  

7. With an increase of the melt velocity, the dwell time prior to the pressure increase decreases and the violence 
(pressure) of the boiling process increases somewhat, apparently because the size of the drops into which the jet 
breaks up decreases.  

8. In the deep-pool (>1.3 m) experiments with a short melt delivery time (≤2 sec), most of the melt appears to have 
been fragmented into centimetre-sized droplets well above the bottom. Most of these have apparently been 
encrusted by a frozen surface in such a way that they did not form a coherent molten mass on the pool bottom 
(almost no 'cake' found afterwards).  

In the shallow-pool (.5 m) experiments large molten masses have assembled on the pool bottom.  
In the one experiment (PM16) at 5 bar ambient pressure and 6 sec melt delivery time, about 40 % of the mass 

have formed a 'cake' in the catch pan in spite of the deep water pool. It appears that in this case the larger drops 
remained essentially molten. In this test, only the smaller fragments solidified as such. 

          Fig. 3: Measured and calculated pressure in PM13
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9. In the cases in which the melt jets have broken up completely above the pool bottom, this occurred at a water depth, 
L, of typically 1 m. Taking the nozzle diameter as jet diameter D, this leads to L/D values of 12...20. These agree 
roughly with those predicted by the Saito formula /29/. 

10. Increased ambient pressure or water subcooling did not have a marked influence on the break-up length of the melt 
jet. 

11. In the vented test vessels, the interaction pressure increased at least as long as melt entered the water pool. If steam 
flow was severely obstructed or even prevented, the pressure occasionally continued to rise for some fraction of a 
second. 

12. As observed in one test with an extended melt delivery time (PM16), heat transfer rate and steaming rate remained, 
after the initial development, fairly constant as long as melt entered the water. This corresponds to the behaviour 
observed in FARO test L-28 using a UO2-based melt.  

13. Typically about 20 % of the heat contained in the melt were transferred to the water during the first 9 sec. 
14. Generally, the mixing process developed in a quasi-steady manner, i.e. the pressures in the water pool and in the gas 

space above, respectively, differed by the hydrostatic pressure only and, besides smaller oscillations, the pressure 
rose monotonically to a maximum at the end of the melt delivery time or shortly after that and then decreased 
monotonically over a long period.  

In two cases a distinct local pressure excursion was observed at the pool bottom when the continuous melt jet 
reached the bottom. But they did not trigger explosive events. This agrees with the observation made in the 
SANDIA FITSB experiments /12/.  

15. When the ambient pressure was increased while keeping the melt delivery conditions unchanged, the rate of heat 
transfer to the water and thus the rate at which steam mass was created remained almost the same. However, at the 
elevated pressure, the specific steam volume was smaller so that the multiphase zone around the jet became 
narrower. Also pressure rise and steam flow rate were reduced by about the pressure ratio. 

That the smaller multiphase zone volume did not increase heat transfer may indicate that the melt surface 
created remained essentially unaffected and that heat transfer was primarily by radiation. 

16. Both, increased ambient pressure and water subcooling, tended to reduce the width and thus the volume of the 
multiphase zone and the amount of level swell. 

17. The volume fractions of water and steam in the multiphase zone around the melt jet could be determined during the 
initial period of melt penetration. With low subcooling, these volume fractions tended to become of similar size 
(around 45 %) within 0.3...0.4 sec. For subcooling up to 30 K, its effect remained within the uncertainties of the 
determination of the volume fractions which are especially large in the initial period when the total volumes were 
small. 

At 100 K subcooling (PM17), the multiphase zone contained about 80 % of liquid water and about 10 % of melt 
and steam, respectively. 

At 30 K subcooling (PM18) it was observed after the end of melt delivery, that a large number of incandescent 
particles entered the continuous water space surrounding the original (opaque) multiphase zone thus increasing the 
mass of melt that was mixed for sure with water. This means that essentially the whole water pool became the 
mixing zone. (The same is thought to have occurred with 100 K subcooling but could hardly be observed because 
the water itself became blackened in some areas in that experiment). 

18. In the two experiments with high subcooling (PM17, 18), pressure oscillations with high frequencies were measured 
within the water pool. They are believed to result from subcooled boiling. There is evidence that these oscillations 
started when there was no longer a direct connection between the original multiphase zone and the gas space above 
the water. 

 
3. THE ECO EXPERIMENT  

 
3.1 Purpose and test conditions 

The ECO experiments have been launched in 2000 to actually measure energy conversion in confined steam 
explosions under well defined conditions. The design of the facility is such that only work done on quite resistant 
surroundings by lasting pressure is measured. The kinetic energy of water that may be thrown upwards within the test 
volume is not registered. It is of no relevance in the accident case.  

Again the alumina discussed above is used to simulate the core melt. The internal dimensions of the test facility as 
well as major test conditions are similar to PREMIX. Until now, two partly exploratory tests have been performed and 
will be described here. Their initial conditions are detailed in Table 3.  

The ECO facility, cf. Figure 5, consists mainly of a cylinder and a piston enclosing the melt generator and the test 
volume. The latter is 0.59 m wide and initially 1.38 m high. Under the action of an increased pressure, the piston can 
move downwards against a stepwise increasing force provided by crushing material. There are three independent ways 
to measure the mechanical energy release: Two of them are time resolved and are based on pressure measurements 



 9

inside the test volume and force measurements in the support columns, respectively, and on measurements of the piston 
displacement which are performed by displacement transducers and by the visual observation of the facility by video and 
high-speed cameras. The third measurement is provided by the crushing material. It only gives the total amount of work. 

 

 

Table 3:   ECO-01 and ECO-02 test conditions 

 ECO-01 ECO-02 
Melt 
  mass released                         kg 
  temperature                            K 

 
5.76 
≈2600 

 
2.87 
≈2600 

Melt release 
  driving pressure difference   MPa 
  nozzle diameter                     m 
  height of fall                          m 
  max. speed                           m/s 

 
0.22-0.04-0.171 
0.045 
0.275 
7.4 

 
0.09 
0.06 
0.325 
5.9 

Water 
  temperature                             K 
  pool depth                               m 

 
293 
1.10 

 
293 
1.05 

System pressure                     MPa 
Trigger pressure                     MPa 

0.1-0.31 
12 

0.1 
-2 

1 varies during mixing 
2 self-triggered steam explosion. 

 
  

Fig. 5: Test facility in ECO-01, schematically
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The conditions within the melt-water mixing zone are observed by thermocouples and arrays of void probes like in 
PREMIX. Here they are especially important as no visual observation is possible.  

The melt is released from the melt generator which is fixed to the stationary cylinder after melt-through of a steel foil 
as in PREMIX. However, in order that no water enters the melt generator, the exit nozzle is equipped with a fast acting 
slide valve that is closed prior to triggering the explosion or when the pressure in the test volume exceeds a preset limit. 
To make sure that a steam explosion is obtained in every experiment, a small explosive device is installed at the test 
vessel bottom for triggering the explosion. It is fired when two out of three selected void probes near the vessel bottom 
indicate void, i.e. the presence of melt, when the pressure exceeds a preset limit, or after a preset time delay after the 
onset of melt release. 

As the experiments have just begun and data analysis including numerical simulations with MC3D are still ongoing, 
the data reported here are still preliminary. 

 
3.2 ECO-01: Description and results 

For ECO-01 the calculation of the velocity of melt release gives a maximum value of 8 m/sec at the onset. Figure 6 
shows the development of the multiphase zone around the melt jet as a function of time (zero time is the onset of melt 
release as detected by a devoted thermocouple). During the mixing process, the pressure in the (closed) test vessel rose 
by about 0.23 MPa. This together with the strong initial subcooling explains the narrow multiphase zone which had the 
intended low void fraction. However, the melt velocity in the water was so high (around 7 m/sec) that only 5.76 kg of 
melt had left the melt generator when melt was detected close to the bottom, the melt generator was closed, and the 
trigger fired (at 0.169 sec).  

 

 
Some representative pressure traces are shown in Figure 7 (note that the axial heights are not equally spaced). In 

higher resolution, the trigger peak can be identified in the trace of PK01 with a width of 0.1 msec and a height of almost 
4.5 MPa. One can derive that this pulse moves upwards at a speed of about 1000 m/sec, apparently essentially in the 
single-phase water surrounding the mixing zone. But no strong, coherent or clearly propagating, steam explosion was 
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triggered. The explosion rather seems to be composed of several quite localized events at different elevations. The 
explosion was essentially terminated after 8 msec. 

After the test, most of the debris was found in the size range 0.20...0.32 mm, cf. Figure 8. This debris size is 
normally taken as indicating a steam explosion. (By contrast, see the much larger debris found in PREMIX test PM18 
that is also shown in Figure 8.) Still energy conversion has been extremely small. The piston moved by 2 mm at best. 
This gives a work of W = 5.6 kJ. Compared to the total thermal energy, Q, of 24.2 MJ, a conversion factor η = Q/W = 
0.02 % is obtained - a quite negligible result. We think that this is due to the large amount of cold water present which 
led to fast condensation of the steam. 

 
3.3 ECO-02: Description and Results 

The main idea for ECO-02 was to get more melt into the test vessel. Therefore the nozzle diameter was increased to 
60 mm and the water level was slightly decreased. The plate closing the cylinder was provided with two venting holes in 
order to keep the pressure nearly constant during the premixing phase. Of course, these holes were equipped with fast 
sliding valves to close them prior to triggering the explosion or when the pressure rose before that.  

In the test, actually a spontaneous interaction occurred after 0.211 sec when the melt had penetrated into the water 
almost 0.4 m. The total melt mass released prior to closing the melt generator nozzle was 2.78 kg. Nevertheless, the 
explosion appears to have been more violent than in ECO-01. The thermal interaction started close to the free surface at 
about 1.0 m height and propagated downwards. (The pool bottom is at 0.1 m.). The maximum pressures amounted to 
20 MPa. They were measured at the levels of 0.6 m and 0.75 m. This spike was about 1 msec wide. It was reflected at 
the bottom reaching 32 MPa (and destroyed the trigger device). It then propagated upwards again, gradually dying out to 
about 10 MPa. This whole process took 2 msec. The event was finished before it could be influenced by the fact that the 
test vessel was still open (closing the relief paths takes about 10 msec). Only small amounts of melt and water were 
ejected.  

As compared to ECO-01, the range of the debris size is extended towards somewhat larger values, 0.2...0.71 mm, see 
Figure 8. The work done in this experiment is similar to that of ECO-01. So the energy conversion factor is about twice 
as high - still negligible. 

 
4. CONCLUSIONS 

 
Steam explosions might be a threat to reactor plant structures during a hypothetical core melt accident in water 

cooled reactors. Numerical analysis tools are being developed to analyze such events with much more realism than 
hitherto possible and to reduce unnecessary conservatisms. In order to improve the understanding of the phenomena 
involved and to provide reliable and relevant data for code testing, improvement and validation, two types of 
experiments are performed at Forschungszentrum Karlsruhe: The PREMIX experiment studying the premixing phase 
and the ECO experiment investigating the explosion proper. In both these experiments, the molten core material is 
simulated by a very hot (2600 K) oxidic melt that consists mainly of alumina. 

A total of 18 PREMIX experiments have been performed. Besides a large data base for code verification they have 
delivered insights into the influence of parameters like ambient pressure, melt jet velocity and water subcooling on the 
character of the premixing process as well as the occurrence and effectiveness of spontaneous triggers. Properties of the 
premixing zone have been obtained in much detail. 

The ECO experiment serves to measure pressure and energy conversion in steam explosions that are externally 
triggered and contained in a cylinder-and-piston system in order to really measure the mechanical energy release. Two 
experiments have been performed until now. They gave extremely low energy conversion, probably because the 
melt/water mass ratio was too small and steam condensation was very rapid. 
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