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ABSTRACT  

The main purpose of this study is to calculate the COLIMA CA-U3 experimental test 
with the ELSA module of the ASTEC code.  This experimental test was performed to 
represent the fission product and structural material releases from a VVER-440 magma type 
configuration.  Thus, some additional work is also done on test result analyses and 
corresponding ASTEC parameter usage to model as closely as possible the test configuration. 

Code results on fission product releases are compared to experimental results in a 
qualitative way for all elements that can be evaluated by the ASTEC code.  Sensitivity cases 
are also performed on the gas flow rate carrying the fission product. 

1 INTRODUCTION 

In May 2003, transnational access to the CEA COLIMA facility was given to a 
Bulgarian user group1 under the PLINIUS European project: two Colima-Aerosol release with 
Uranium dioxide tests (CA-U2 and CA-U3) were conducted [1].  The first objective was to 
study the mechanisms, kinetics, nature and quantity of fission product (FP) releases from a 
corium pool in order to simulate some of the phenomena that could occur during the late in-
vessel phase of a severe accident in a VVER-440 nuclear plant.  The second objective was to 
evaluate the response of the severe accident code ASTEC to the experimental test results, 
mainly those of CA-U3.  In fact, post-test calculations can be performed by focusing on the 
fuel temperatures, the fission product releases and deposits and the remaining FP in the 
corium that have been measured.  Only two modules of ASTEC are of interest for the 
calculations, namely ELSA (part of the DIVA module) and SOPHAEROS.  ELSA models the 
fission product and structural material releases during core degradation from intact rods, 
debris beds and molten pools [2].  Thus, it can be easily applied to the test configuration.  
SOPHAEROS models the fission product transport and deposition in circuits and can also be 
used to represent the COLIMA experiments. 

In order to represent as closely as possible the CA-U3 test, some additional work has to 
be performed especially on test result analyses and corresponding ASTEC parameter usage. 

Thus, this analysis focuses only on the details of corium characterization needed for the 
ELSA modeling and on the ELSA calculation and comparison with experimental results. 

It is to be noted that the fission product transport and deposition calculation with 
SOPHAEROS is not part of this study and will be addressed by the Bulgarian team1. 

                                                 
1 I. Ivanov, I. Mladenov  (Technical University, Sofia), S. Kalchev (NPP Kozloduy), P. Grudev (Institute of Nuclear 
Research and Nuclear Energy, Bulgarian Academy of  Science, Sofia) 
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2 CA-U3 CORIUM CHARACTERIZATION 

2.1 Description of the test 

The COLIMA experimental test facility (Fig. 1) uses an inductively heated Tungsten 
crucible.  The gas chosen for the test is Helium with 2% Hydrogen at a gauge pressure of 3 
bar.  The inductor heats up the tungsten crucible which in turn heats up the load at a 
temperature greater than the liquidus temperature of the corium.  The corium pool 
temperature is estimated by radiative pyrometers: Impac 3 on the crucible bottom, Impac 2 on 
the crucible walls and Impac 4 for the melt upper part.  A specific instrumentation is used to 
characterize the fission product releases : a thermal gradient tube made of Tungsten in its 
lowermost part and of steel above, three lines of filters and an impactor. 
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Figure 1: The COLIMA facility 

 
The COLIMA CA-U3 corium load (Fig. 2) is made of about 2 kg depleted uranium 

dioxide pellets and powders for the other oxides to represent oxidized cladding, steel and 
fission products. 
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Figure 2: Initial COLIMA CA-U3 load in the crucible 
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The test sequence can basically be divided into three different phases: a heating-up 
phase, a heating plateau phase and a fission product release phase.  After the heating-up 
phase, a long high temperature plateau is maintained in order to get aerosol sampling.  A 
corium melt temperature of 2760°C is reached and kept for more than 50 minutes.  In fact, 
this can be assumed from the measurement from the Impact 2 pyrometer (Fig. 3) on the 
Tungsten crucible wall which is in contact with the corium load.  The test ends with melt 
through of the crucible wall and a large flow of the liquid corium outside the crucible.  Thus, 
no mass balance could be performed. 
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Figure 3: COLIMA CA-U3 corium melt temperatures 

 
2.2 Post-test analysis results 

The corium that stayed in the crucible was analyzed.  First of all, it is estimated that the 
equivalent of 25 pellets did not melt ; this means that the composition of the corium has 
changed.  The EDS analysis (Energy Dispersion Spectrometry) shows two distinct phases in 
the melted corium : one main phase, 95% in volume, enriched in Uranium, and, one minor 
phase, 5% in volume, depleted in Uranium. 

54 mg of aerosols were collected during the heating-up phase (filter n° 2), 48 mg during 
the 45 min heating plateau phase (filter n° 3) and 40 mg during the 5 min fission product 
release phase (impactor and filter n° 1). 

 
The main fission product results [3] show that : 
 Te, a volatile fission product equal to less than 0.1% of the total initial load, is totally 

released from the melt, 
 Rh, a low volatile fission product equal to less than 0.1% of the total initial load, is 

totally released from the melt. 
 Cr, representative of structural materials and equal to less than 0.1% of the total initial 

load, is also totally released from the melt. 



801.4 

Proceedings of the International Conference Nuclear Energy for New Europe, 2006 

 50% of Fe is volatilized; it represents structural materials and equals around 1% of the 
total initial load. 

 Only traces of Sr (a semi-volatile fission product) and Pr (a low-volatile fission 
product) remain in the melt. Each represents only around 0.1% of the total initial load. 

 There is no significant release of the semi-volatile fission products Ba, La and Ce and 
the low-volatile fission products Y and Nd (more than 90% remain in the melt).  Initially, 
there is less than 1% of these elements in the load. 

 There is no release of the low-volatile fission products Nb and Zr (they were not found 
in any of the collection devices). 

 A small percentage of U has been released (less than 5% but it is below analysis 
uncertainties in the melt even if it is significant in mass). 

3 ELSA MODELING SCHEME 

The ELSA 2.1 module coupled with the DIVA module of the ASTEC V1 code models 
the release of fission products and structural materials during core degradation from intact 
rods, debris beds and molten pools.  42 fission products and 5 actinides are represented and 
classified depending on their degree of volatility:  

Volatile: Xe, Kr, I, Br, Cs, Rb, Cu, Se, Te, Sb, Ag, 
Semi-volatile: Ba, Ru, Sr, La, Y, Eu, Ce, Mo, 
Low-volatile: Rh, Pd, Tc, Nb, Zr, Np, Pu, Nd, Pm, Gd, Tb, Dy, Ho, Er, Tm, Yb, Pr, 

Am, Cm, Sm, U, Zn, As, Cd, Sn, Ga, Ge, In.  
 The release of the structural materials is limited to the release of Ag, In and Cd from 

the control rods and Sn from the fuel clad.  The release of fission products and structural 
materials from a molten pool is calculated at the pool free surface considering evaporation 
and mass transfer processes and assuming perfect mixing and chemical equilibrium in the 
molten pool. This release is activated through the MAGMA code option (used for a molten 
pool) of the DIVA module. For such code option, only some of the fission products might be 
taken into account in the calculation and they are not implemented as oxides but in their 
elementary form. 

 
3.1 Specific ELSA parameters 

Basically, the needed parameters are related to grain sizes and initial masses.  In the test 
section, an impactor containing 9 stages was used to collect the aerosols coming from the 
oxidic corium pool.  Results from the impactor can be used to calculate the ELSA input 
parameters (Table 1). The number of size classes is set to 8 (I-F net is negligible).  The lower 
and upper bounds of the grain size distribution are therefore respectively 0.2 µm and 3.3 µm. 

Table 1: Impactor results 

Collectors Aerodynamic size 
range (µm) 

Geometric 
mean size (µm) 

Mass before 
experiment (g) 

Mass after 
experiment (g) 

Net(g) 

I-0 9.0-10.0 3.3 0.254 0.258 0.004 
I-1 5.8-9.0 2.6 0.253 0.258 0.005 
I-2 4.7-5.8 1.9 0.275 0.280 0.005 
I-3 3.3-4.7 1.4 0.277 0.280 0.003 
I-4 2.1-3.3 1.0 0.275 0.281 0.006 
I-5 1.1-2.1 0.6 0.277 0.282 0.005 
I-6 0.7-1.1 0.3 0.278 0.283 0.005 
I-7 0.4-0.7 0.2 0.282 0.285 0.003 
I-F 0-0.4 0.1 0.279 0.279 negligible 
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The geometrical mean diameter and the corresponding standard deviation are calculated 
based on the mass of uranium, which is the major released element trapped in the impactor. 

In fact, atomic % are given for the collectors I-2, I-4, I-5, I-6 and I-7 from EDS results 
[4]. For these collectors, one can then calculate the average of atomic %, then the molar mass 
and the percentage of molar mass over the total molar mass, for each element. Finally, using 
the net from Table 1, one can obtain the mass of each element.  This method is used for 
Uranium.  For the other collectors, I-0, I-1 and I-3, the masses are approximated based on 
fitted curves for the density and geometrical diameter.  Once all Uranium masses are given for 
the collectors, one can built a CDF curve for the mass of Uranium as a function of the 
geometrical diameter and fit a lognormal curve which gives the geometrical mean diameter 
equal to 1.12 µm and the standard deviation equal to 1.96 µm. 

 
3.2 Geometrical modeling 

To represent the test, two macro components are used, one of type MAGMA and one of 
type FLUIDGAS.  In view of the ELSA model for a molten pool which does not yet take 
correctly into account the physics of diffusion and convection phenomena between pool 
nodes, it seems adequate to use only one MAGMA node.  The elements which are included in 
the component MAGMA are, namely, UO2, ZrO2, Fe2O3 and Cr2O3  and the initial 
temperature is set to 1520K [4]. The second component, FLUIDGAS, takes into account the 
gas which can entrain the fission products.  The lower elevation of this component is set to the 
top elevation of the MAGMA component.  The gas is composed of 98% Helium and 2% 
Hydrogen [4] and the total pressure is set to 4 bar [4].  The initial gas temperature is equal to 
1520 K at the lower elevation (corresponding to temperature at the top of the load) and to 
1020 K [4] at the top of the crucible.  The initial gas velocity is estimated from the measured 
flow rate (10 l/mn [4]), the gas temperature at the top of the crucible and considering that only 
5% of the total flow rate will actually carry the fission products. 

 
3.3 Boundary conditions 

The necessary boundary conditions are the temperature profile outside the crucible (Fig. 
4), the pressure profile during the test (constant at 4 bar) and the inlet gas flow rate (calculated 
based on the gas velocity). 

Corium melt temperature (K)

1500

1700

1900

2100

2300

2500

2700

2900

3100

3300

0,00 2000,00 4000,00 6000,00 8000,00 10000,00 12000,00 14000,00 16000,00 18000,00 20000,00

time (s)

IMPAC2 

T(-65mm) (K)

T(-110mm) (K)

Tcalcul (K)

 
Figure 4: Boundary temperature profile (Tcalcul) 
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4 ANALYSIS OF THE RESULTS 

The ELSA calculation is performed for best estimate input data and results are then 
compared to experimental results for the CA-U3 test.  For the elements that are calculated, the 
following results are obtained: 

Te was totally released during the test; the release occurred in majority during the first 
phase (the heating-up phase) and in less quantity during the plateau phases.  The calculation 
shows a very large release of Te (more than 62%) starting rapidly during the heating-up 
phase: 40% is released at the end of this phase (Fig. 5).  Thus, there is an overall good 
agreement for the release of this volatile fission product. 

Ba release was quite small during the test (less than 10%) and occurred during the 
plateau phases, mainly during the last one, at high temperature, above 3000 K.  This fairly 
low release value is consistent with the result from the integral test PHEBUS FPT0 (less than 
1%) [5].  However, the ELSA calculation of the COLIMA CA-U3 shows an over-estimation 
of the Ba release (26%), which is usually more representative of analytical experimental 
results (Fig. 5).  The ELSA models of this semi-volatile element should be investigated in 
more details. 

Only traces of Sr remain in the corium, large releases occurring during the last phase of 
the test.  The calculation also shows a fairly large release (33%), with 13% during the heating-
up phase, 17% during the first plateau and only 1% during the last plateau (Fig. 5). 

Traces of La were observed in the impactor (last plateau); the La volatility is low as 
over 90% of La remains in the corium.  The calculation is in agreement with the test result: 
less than 1% release is obtained even if it is mainly released during the first part of the test. 

Traces of Y have been collected during the first plateau phase, more than 90% 
remaining in the corium.  The calculation gives a very low release in agreement with the 
experimental result but Y is only released during the heating-up phase. 

Traces of Ce were found in the filters and impactor during all the phases of the test even 
so more than 90% remains in the corium.  In concordance, very little release is obtained by 
the code calculation (less than 0.1%) with the larger part after the heating-up phase. 

Similarly, traces of Nd were found in the filters and impactor during all the phases of 
the test with more than 90% remaining in the corium.  Very little release is also obtained by 
the code calculation (less than 0.1%) with the larger part during the heating-up phase. 

Zr was not found in any of the collecting devices (filters and impactor) in agreement 
with its non-volatility in the reducing atmosphere of the test.  The code calculation gives the 
same type of behavior. 

Some U was released from the melt: some was deposited on the Tungsten tube and 
some was collected in the impactor.  The calculation shows very little release of U (less than 
0.005%)which is not in accordance with the test results. In term of masses, as expected, even 
with an initially predominant mass of U (74.4%), the released mass of U is calculated to be 
quite small (0.05 g) compared to the release mass of Ba, Te or Sr (respectively 0.7 g, 0.59 g 
and 0.52 g).  However, it is not in agreement with the tests results which already give 0.26 g 
deposited on the Tungsten tube without taking into account what was deposited on the steel 
tube and in the filters [4]. 

The experimental results for Pr are difficult to interpret, and it is not obvious to compare 
them with the calculated results.  Even so, they show very little release from the MAGMA 
component. 

The test results give 50% release of Fe with deposit on the hot side of the Tungsten 
tube, in the steel tube and in the filters and impactor.  The calculation shows little release of 
Fe compared to the 50% released in the experiment. 
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Figure 5: Release fraction for Te, Sr and Ba 

 
In this best estimate calculation, it is estimated that only 5% of the total inlet gas flow 

rate actually carries the fission products during the test.  However, it might be interesting to 
look at the influence of the gas in term of velocity and flow rate.  Two sensitivity calculations 
are performed by increasing the flow rate carrying the fission products to 20 % and to 100 %.  
For both calculations, there is very little effect on the fission product release :  

 There is no difference when the flow rate is modified from 5% to 20%. 
 When the flow rate is changed to 100%, the most important changes are obtained for 

the fission products Te with 63.2% release (instead of 62% previously), Sr with 33.7% release 
(instead of 33%) and Ba with 26.4% (instead of 26%).  Nevertheless, these variations are 
small. 

5 CONCLUSIONS 

Calculations of the CA-U3 experimental test were performed with the ASTEC v1.1 
ELSA module to represent the fission product and structural material releases from a magma 
type configuration.  In order to model as closely as possible the CA-U3 test, some additional 
work was performed especially on test result analyses (corium characterization) and 
corresponding ASTEC parameter usage (geometrical mean diameter). 

The main conclusions for the calculations are the following: 
1. There is a large Te release, in accordance with the experimental results. 
2. There is a fairly large Sr release, also in relatively good agreement with the 

experimental results. 
3. There is very little release for Ce, Nd, Y, La and Zr in agreement with the test 

results. 
4. The calculation shows very little U release while the experiment gives an order 

of magnitude more. 
5. The experimental results for Pr are difficult to interpret (very low quantity), and 

it is not obvious to compare them with the calculated results.  Even so, they 
show very little release from the MAGMA component. 

6. The calculation shows little release of Fe compared to the 50% released in the 
experiment. 
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7. Finally, the calculation gives 26% release of Ba compared to at the most 10% in 
the experiment (there is more than 90% Ba retained in the corium).  This should 
be investigated in more details. 

 
The ELSA results (corrected for Fe, Ba and U) are now used by the Bulgarian user 

group1 to look at the fission product transport and deposition phases in the tubes using the 
SOPHAEROS module. 
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