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TW3-TSS-LT4 

Task Title: ANALYSIS OF TWO DOMINANT ACCIDENTAL SEQUENCES OF 
THE PPCS MODEL D: MAIN PHYSICAL PHENOMENA AND 
FIRST ASSESSMENT 

INTRODUCTION 

 
In the scope of the safety study of the various models of 
fusion reactors defined in the Power Plant Conceptual 
Study launched by EFDA (PPCS model A, B C, D & AB), 
assessment elements – and among them, first order 
calculations - of the dominant accident sequences of the 
PPCS model D (see [1]) are summarized hereafter. 
 
Based on the results of previous studies that have given 
some characteristics of PPCS model D such as the potential 
activation and decay heat [2] and the temperature transient 
in a Loss of Coolant Accident (LOCA) [3], safety 
performance of the model D has been first assessed [4] on 
qualitative grounds, the conclusion being that this 
performance “would be at least as good as those of Models 
A and B”. 
 
Otherwise, the complementary study [5] based on a 
Functional Failure Mode and Effect Analysis (FFMEA) has 
allowed to identify the accident sequences representative 
for Model D as possible objects of ulterior deterministic 
assessment. 
 
The present work, fully described in [6], aims to quantify 
the conclusion of [4] by simple parametrical computations 

detailing the possible evolution of two dominant accident 
sequences. 
 
PRELIMINARY REMARKS ABOUT 
PHENOMENOLOGY 
 
The Pb-Li mass entering the VV will not undergo any 
major change of state. Due to the cryo-pumps, a Pb-Li cold 
plug in the divertor zone will keep all the Pb-Li mass inside 
the VV. The hot Pb-Li jet onto the VV walls will induce 
very high stresses in the VV walls and a subsequent loss of 
confinement may reasonably be postulated. 
 
IN-VESSEL LOCA  
 
Description (see figure A) 
 
An in-vessel break of a blanket module is postulated, 
inducing a Pb-Li ingress inside the VV. After Pb-Li has 
flown into the VV, an ex-vessel break of the same primary 
loop generates a consequential air ingress inside the VV. 
The heating-up of the air inside the VV will then induce the 
release of the VV radioactive contamination. 
Detailed values of each parametric study may be found in 
[1] with the general hypothesis taken into account. 
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Figure A: Major Accidental Sequences 
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Three successive main steps are observed:  
 
1- Pb-Li flows out the primary loop by gravity 
 
The emptying process takes less than 125 s. 

 

Figure 1: Pb-Li emptying the primary loop VV 
 
2- Following a postulated loss of VV-confinement, air 

enters the VV 
 
Air pressurizes the VV it up-to 1 bar in less of 12 s. 
 

 
Figure 2: VV pressurization by air 

3- A long term process of heat and air exchanges begins. 
The parametric study shows that the VV air renewal is of 
about 2 (± 1.2) VV/h in any case (1 or 2 breaches located 
at the bottom or at the top of the VV).  

 

 
Figure 3: Renewal rates in case of one or two VV-wall 

breaches  

IN-VESSEL LOCA WITH INTERNAL HX BREAK 
 
Description (see figure A) 
 
An in-vessel break with multiple HX pipe ruptures is 
postulated at the same moment. In this case, emptying of 
the primary loop is speeded up by high pressurized He and 
VV undergoes a quicker Pb-Li ingress followed by a He 
ingress that may actuate the expansion volume. A loss of 
VV confinement is then postulated. 
 
Four successive main steps are observed: 
 
1- Pb-Li flows out the primary loop under He pressure 

The emptying process takes less than 55 s. 
 

 
Figure 1: Pb-Li emptying the primary loop VV 

 
2- He fills the VV volume 

The VV pressurization may reach up to 3.6 MPa without 
actuation of the expansion volume (a 68000 m3 one, similar 
to the PPCS model B, would reduce the final pressure down 
to 0.14 MPa, well under the VV operational value). 
 
3- The loss of VV confinement induces He goes out and air 

entering 

The VV pressure becomes atmospheric in less of 6 s. 

 
Figure 2: VV depressurization 

 
4- A long term process of heat & mass transfers occurs 

between the VV and the hall 

The heat & mass transfers between the VV and the hall deal 
with an always-lower He mass as time goes on. After no He 
is left, the VV air renewal is similar to the one of the first 
LOCA. 
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CONCLUSIONS 

 
The parametric calculations done in the scope of the present 
first quantitative assessment of major accidental sequences 
(see [6]) deal with a succession of distinct steps: emptying 
of the coolant loops, VV pressure returning to atmosphere, 
heat & mass transfer between the VV and the hall with 
contamination transfer. The two first steps evolve very 
quickly (about seconds or minutes) and the last one is a 
long-term process with an air renewal of about 2 volVV/h. 
These first order results show a rather simple accidental 
evolution and a need of complementary assessment, in 
particular about the contamination; the thermo-mechanical 
behaviour of the VV walls submitted to a hot Pb-Li jet 
should also be addressed. 
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TW4-TSW-002 

Task Title: STUDY ON POSSIBLE CONCRETE DETRITIATION 

INTRODUCTION 

 
Tritium can migrate deep into concrete. From waste 
management point of view, it is of great importance to 
develop decontamination methods for concrete. The main 
objective of this task is to perform a measurement of tritium 
content in concrete sample and to test decontamination 
procedures with a minimum of concrete damage. The final 
goal remains the recycling or disposal of concrete.  
 
The report hereafter presents the studies performed by LPC 
laboratory of CEA-Cadarache. Samples received from JET 
have been measured, but too weak tritium content did not 
permit a fruitful study. To proceed on concrete, LPC took 
the decision to use concrete samples from a University 
reactor to be dismantled. Several tests have been 
performed, leaching, steam cleaning and thermal 
detritiation. 
 
At least, the goal of the detritiation processes is to reach the 
lowest category of waste for final disposal. Then, 
detritiation factors are one of the major parameters. The 
adopted strategy is to transfer the tritium contained in the 
tritiated waste to water. These processes allow the 
production of one effluent type (tritiated water) that can be 
treated in a specific detritiation facility or recycled in a 
water detritiation system. However it is important to reach a 
compromise between the waste final activities, the volume 
of the produced effluents and industrial feasibility (point 
not studied in the present work). 
 
Before testing different detritiation processes, a 
bibliography review has been done to answer two 
questions: 
 
- How tritium is inserted in the concrete, 
- What are the most promising decontamination 

treatments. 
 
Then some experimental tests were performed to determine 
tritium content and evaluate efficiency of detritiation 
processes. This document summarizes the different 
obtained results and proposes some processes that seem to 
be the most effective. 
 
 
2005 ACTIVITIES 

 
LITTERATURE REVIEW 
 
In the scientist literature, there is little information on the 
tritium decontamination of concrete. But there is the 
description of a lot of concrete decontamination techniques. 
Here is a short presentation of concrete treatments.  
 
 

Prior to this, it is interesting to understand the tritium 
insertion mechanisms in the concrete matrix and to know 
the various forms under which it could be founded. Most 
interesting and promising ones will be determined. Then 
among many concrete decontamination processes, a choice 
has been done [1]. 
 
Concrete structure  
Concrete is porous, its structure is hydrated and its specific 
surface area is very high. It is formed with the following 
chemical groups: CaO, Al2O3, SiO2, H2O and various oxide 
impurities.  
 
Water chemistry inside the concrete 
Water chemistry of concrete is fairly complicated. Concrete 
hydration is high and involves a number of reactions that 
results in a variety of hybrids and hydroxides as well as 
some free water of crystallization. In addition, the reactions 
of blending agents, such as fly ash, slag or silica fume, with 
Ca(OH)2 result in secondary reactions leading to various 
hydroxides and hydrosulfides. 
 
Tritium behaviour inside the concrete 
Assuming that the source of tritium is tritiated water form, 
HTO, one can postulate several pathways: 
 
- Movement of pore water through cracks and pores in 

concrete, 
- Tritium exchange with hydrogen in the hydrated cement 

components, 
- Gaseous species movement as HT through open pores 

or cracks, 
- Diffusion of dissociated H+ ions or HT molecules 

through the concrete crystal structure, 
- A combination of pore movement and diffusion of HTO 

through pore-boundary materials under barometric or 
hydrostatic pressures. 

To be efficient, detritiation processes must act at least on 
one of these mechanisms. 
 
Decontamination processes described in scientist 
literature 
Decontamination processes could be classified in 5 
families: mechanical, chemical electrochemical, thermal 
and microbiological processes. The following processes are 
not specially dedicated to tritium decontamination, and 
their interest for this application will be discussed. 
 
Mechanical and physical processes 
Mechanical and physical processes are partly used inside 
detritiation scope and could be adapted to every type of 
surface: metallic, concrete... The goal is to remove the most 
contaminated layer of the concrete to decrease the waste 
volume. This technique increases the contamination of the 
waste, and thus the detritiation factor. Many techniques 
could be founded: sweeping, brushing, graving, grinding, 
polishing, scabbing, shaving and flatting. 
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Chemical processes 
Chemical processes consist in a contact of the contaminated 
concrete with a solvent, an oxidizing or a chelating agent. 
The extracted agent separates the pollutant of the concrete 
waste. In our case, tritium should be eliminated. In the 
scientist literature, many solvents are used: H2O2, 
ammonium sulfate, O3… The extraction is realized with 
solvent vapor form.  
 
Oxidation with ozone [6] 
The principle of this process is the oxidation of tritium by 
ozone. Tritium is trapped as HTO.  
 
H2 + O3 � H2O + O2 
O2 + 2H2 � 2 H2O 
 
- This process seems to be not adapted to the treatment of 
concrete, because ozone premises to oxide organic 
molecules. So this process could be used to decontaminate 
organic waste (liquids, housekeeping…)  
 
Oxidation with H2O2 [6] 
The principle of this process is the oxidation of the tritium 
by H2O2 (hydrogen peroxide). Tritium will be trapped as 
HTO f. 
 
H2O2 � H2O + ½ O2 
H2 + ½ O2 � H2O 
 
- According [6] Detritiation is very good for treatment of 
metallic surfaces and ceramics, but for concrete, 
experimentations should be made.  
 
Treatment with ammonia vapors or steam 
Ammonia is very aggressive with concrete. Concrete may 
be leached with ammonia (gaseous form). The same 
procedure could be realized with steam.  
For both processes, tritium is be flushed with the gaseous 
phase.  HTO form is trapped in water and HT is oxidized to 
HTO, then trapped. 
 
- These processes are interesting and seem to be efficient. 
Ammonia treatment seems to be too aggressive and 
concrete may be damaged. 
 
HYTEC gas treatment 
The HYTEC gas (95% Ar; 5% H2) may enhance isotopic 
exchange. It has been used in other detritiation conditions 
like steel treatment [3].  
 
- This isotopic exchange seems to be very adapted for the 
detritiation of porous materials, like concrete. It will be 
interesting to test it. 
 
Detergent, Surfactant washing [5] 
Detergents and surfactants are cheap, safe and can be used 
to increase the effect of water,  
 
- Mechanical stirring increases the effectiveness of 
detergents and surfactants. Their disadvantages include 
limited effectiveness for many surfaces and contaminants, 
possible foaming or ammonia release in waste treatment 
systems and difficulty in subsequent dewatering to 
concentrate removed contamination. 

 
Electrochemical processes 
It is a potential difference applied to the concrete. The 
contaminated ions are moved inside the porosity of the 
concrete. Radioelement transfer is realized with a leaching 
solution.  
 
- This process is valid only for ionic and mobile 
radioelements. It is not the case of tritium. This process 
cannot be used.  
 
Thermal processes 
This process generates irreversible damages to the 
materials. They are generally used for deep contaminations 
and produced a lot of suspension particles, which would be 
treated. But detritiation results are encouraging and lead to 
low contamination residues. The tritium can be trapped in 
water.  
 
- In spite of the irreversible damages caused by the 
treatment, thermal detritiation will be an interesting way to 
process the waste before disposal. It is a surface treatment. 
 
Classical thermal processes 
This treatment uses various tooling:  
 
- Blowlamp 
- Electro-burner 
- Arc xenon lamp 
- Furnace (some tests are realized to the laboratory and 

results are encouraging)  
 
Laser treatment [8] 
Laser either caused an ablation or a heating then damage to 
the hydraulic binders. In heating case,  high power CO2 
laser are used. With laser, concrete melting is reached.  
 
- There is no HTO production and the process is efficient. 
But the processing seems to be difficult and expensive 
when applied to large surface. 
 
Micro-waves treatment [4] 
The principle is to point the microwaves toward the 
concrete. The waves penetrate the concrete in the first 
centimeter and excite the water molecule. So water goes as 
steam and induces internal overpressures, which achieve 
local and superficial breaking in the concrete. But this 
technique is difficult to be set up and rather inefficient 
(burnt concrete in the middle of the spot, no effect on the 
contour).  
 
- This technique is not well adapted.  
 
Drying process [9] 
It is a controlled thermal treatment. It is used for rubbish 
solids and moist powdery waste. The treatment is realized 
on a vibrant-fluidized thermal bed. Radioactive 
contamination contained in water is extracted by 
evaporation.  
 
- This process may be adapted to tritium contaminated 
waste. 
 
 
 

Balance: 3H2 + O3 � 3H2O 

Balance: H2O2 + H2 � 2 H2O 
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Micro-biological processes [4] 
This process allows the destruction of hydraulic binders of 
concrete. Micro-organisms (bacteria, fungus…) produce 
acids (nitric, sulfuric, organic…), which damage the 
concrete.  
- This technology type has an advantage; it produces a 
small volume of waste. But long treatment duration is 
necessary to obtain degradation: for about one centimeter 
one year is necessary. It is only a surface attack. 
 
 
CONCLUSIONS 

 
From the waste management point of view, two ways are 
proposed: recycling or disposal: 
 
- In the case of a recycling way, the treatment could be 

done in-situ or ex-situ: 
 

- For an in-situ way, the most interesting 
treatments are high-pressure water washing, 
chemical treatments with ammoniac or water 
vapors or isotopic exchange.  

- For an ex-situ way, the most interesting 
processes are chemical treatments with 
ammoniac or water vapors, isotopic exchange 
or drying process. 

 
- In the case of a disposal way, it seems to be more 

advisable to combine two treatment techniques in 
particular, when the concrete treatment is realized ex-
site: 

 
- A first mechanical step (by cutting for 

example) allows decreasing the volume of the 
most contaminated waste (in the first 
centimeters).  

- This part could be treated by chemical or 
thermal techniques before the disposal and the 
less contaminated part could be managed as a 
TFA waste and stored by ANDRA. Different 
techniques could be used like chemical 
treatments with ammoniac or water vapors, 
isotopic exchange or drying process 

 
EXPERIMENTAL MEASUREMENT 
MEASUREMENT FOR TRITIUM CONTENT 
 
Samples have been analyzed for the evaluation of tritium 
level in the bulk. To reach a full detritiation 2 ways have 
been chosen: 
 
- Thermal detritiation until 1050°C. This technique 

allows the release of tritium (it was certificated with a 
chemical mineralization done on the residue coming 
from the furnace). 

 
- Full chemical dissolution of concrete. 
 
 
 
 

 
The first attempt was thermal detritiation with 2 steps: 3 
hours at 450 °C and 1 hour at 1050°C. The procedure is   
described in [3]: a tight hastelloy device containing the 
sample, put in an oven, flushed by a gas to evacuate tritium 
compounds and heated at selected temperature.  
 
Gas exhaust is collected in bubblers, tritiated water is 
trapped first then other tritium compounds are converted as 
HTO and collected Sample weights were about 100 g for 
each concrete piece, it may be noticed that exhausted 
tritium is mainly water. This means that tritium is combined 
in concrete as, hydroxide. 
 
CHEMICAL DECONTAMINATION  
 
Leaching 
It may be noticed that extracted tritium from concrete is 
mainly as tritiated water HTO. 

Tests on concrete from University reactor: 
 
One of the ways to detritiation consists in a leaching of 
concrete with different solutions, this operation remains 
easy to set and economically interesting. 
 
The samples the LPC worked on, were not really defined 
for the geometry, this means that no information was 
provided to identify: the face exposed to tritium , the 
thickness…So the study consisted to evaluate the tritium 
content in the bulk and not in thin layers.  
 
Leaching studies were performed with 3 different reagents: 
 
- Hydrogen peroxide at low concentration at steam 

temperature 
- Gaseous ammonia 
- Hot water Procedure 
 
The experiment device has been set to extract tritium 
species and recover the species in MARC 7000® apparatus 
and counted by liquid scintillation on a PACKARD®. 
 
Because of the heterogeneity of concrete, the whole sample 
was fully detritiated at 1050°C, after each leaching 
procedure; to get the tritium content in sample enabling the 
determination of decontamination factor (DF).  
 
Results are listed in table hereunder: 

 

Leaching 
Procedure 

Sample 
Weight 

(g) 

Tritium 
extracted 
(kBq/g) 

Total 
tritium 
Content 
(kBq/g) 

DF ER 

H2O2 17.9  0.10  9.32  1.01 ~1% 

NH3 22.8  0.06  0.24  1.33 
~26 
% 

Hot H2O 28.9  0.56  1.07  2.10 
~53 
% 

 

Results obtained for different leaching experimentations. 
ER = Extraction Rate 

DF = Detritiation Factor 
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Discussion 
 
Leaching studies were operated at temperature of about 
100°C, to enhance the detritiation mechanism. 
 
The selection of hydrogen peroxide at low concentration of 
3 % (for safety consideration) has been decided to add an 
oxidizing reagent to water. Despite this, the 
decontamination factor remains poor and not satisfactory. 
 
The choice of ammonia was considered regarding the 
chemical composition of concrete that is mainly basic with 
calcium hydroxide matrix, this allowing an isotope 
exchange with hydrogen without strong matrix destruction. 
The DF is better but not yet satisfactory. 
 
Finally hot water has been tested, because of its easy use 
and safety, surprisingly this is the best leaching reagent, 
however far from the hope of a high decontamination factor 
of, at least 90%.  
- Due to a low efficiency of these methods, it seems 
interesting to value thermal detritiation methods 
efficiencies. 
 
 
THERMAL DECONTAMINATION 
 
Study of the kinetics for concrete detritiation 
 
A furnace is used to study the detritiation kinetics of 
concrete sample; about 100 g is sampled. 
 
Figure 1 shows the evolution of extracted tritium from 
sample according to the temperature. Most of the tritium is 
extracted at 500°C. This may come from the inertia of the 
furnace thus the temperature could be slightly lower. 
 

Evolution of the detritiation according to the temp erature 
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Figure 1 

 
DETRITIATION OF CONCRETE AT LOWER 
TEMPERATURES 
 
It was checked whether detritiation could be efficient at 
lower temperatures.  
About 60% of tritium is extracted during 300°C and 400°C 
steps. The hypothesis of the delay is confirmed. To realize 
the tritium balance, a chemical mineralization is done on 
the sample.  

 
Other experimentations should be done to optimize the 
sample decontamination. 

 

Figure 2 
 
 
CONCLUSIONS 

 
Leaching studies were operated at temperature of about 
100°C, to enhance the detritiation mechanism. Chemical 
detritiation has been studied with hydrogen peroxide at low 
concentration, ammonia and water as gaseous form. The 
obtained decontamination factors remain poor and not very 
satisfactory. 
 
Because of the low efficiency of these low damages 
methods, it was interesting to value the thermal detritiation 
methods efficiencies. Detritiation in a furnace is efficient 
and the study shows that detritiation at temperatures less 
than 500°C is possible on small parts of concrete (gravels), 
in particular in the case of ex-situ treatment of concrete. 
To complete this study it would be interesting to make 
experiments of detritiation efficiency with other techniques, 
in particular water washing, blasting, drying process and 
isotopic exchange with HYTEC gas. 
 
The efficiency of leaching with hot water is not as efficient 
as annealing but this last method causes damages on the 
concrete structure. Depending on the goal to reach and 
constraints, both methods could be foreseen. The efficiency 
is better with the second one, but damages are higher. For 
annealing treatment, an optimization of the better couple of 
parameters (temperature and duration) could be done. 
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TW5-TSS-SEA3.5 

Task Title: IN-VESSEL SAFETY: MITIGATION OF HYDROGEN AND DUST 
EXPLOSIONS

INTRODUCTION 

 
In 2002-2004, the Heat Transfer and Fluid Mechanics 
(LTMF) laboratory of CEA Nuclear Energy Division in 
Saclay performed H2 risk related studies for the ITER 
vacuum vessel. Numerical simulations were performed with 
the CAST3M code and code to code comparisons were 
made with the GASFLOW and COM3D/DET3D codes of 
FZK. In 2005, no new numerical simulations were 
performed but instead, a synthesis of the performed 
numerical work was made, focussing on the development 
and validation needs for the CAST3M code, with respect to 
hydrogen distribution and combustion, dust mobilization 
and explosions. A long-term R&D programme proposal 
was also made and submitted to EFDA. Finally, with the 
realisation that unmitigated accidents pose unacceptable 
risks, a thorough bibliographic review of inerting mitigation 
techniques was made, together with a proposal for 
performing experiments in the MISTRA facility of CEA 
Saclay to evaluate the effectiveness of the method to inert 
hydrogen clouds, as well as to prevent dust explosions. 
 
 
2005 ACTIVITIES 

 
Three deliverables were produced in 2005.  
 
A proposal of a detailed R&D programme to be carried out 
in CEA in the areas of hydrogen and dust explosions – and 
associated mitigation, was made. It consists of a code 
development and validation programme, together with an 
experimental programme mainly dedicated to the study of 
mitigation by inerting (see [1]). 
 
A very thorough bibliographic review of inerting strategies 
for the mitigation of hydrogen and dust explosions was 
performed.  
 

Some interesting results coming from the non-nuclear 
industry were highlighted, such as the comparative 
properties of different inerting gases for different 
thermodynamic conditions. In terms of mitigation strategy, 
emphasis is placed on the control of oxygen concentrations 
rather than hydrogen or dust particle concentrations. In this 
report, a test programme in CEA’s MISTRA facility is also 
proposed to evaluate the efficiency of different inerting 
strategies (see [2]).  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Figure 1: MISTRA facility at CEA Saclay: 100 m3 vessel 
with annular compartment and various gas injection 

locations, and well-instrumented for gas concentration 
measurements suitable for CFD code validation. 

 
Finally, the status of CEA’s CAST3M code development 
and validation with respect to hydrogen and dust 
mobilization and explosions was made. Flow models 
developed for hydrogen risk in fission reactors as well as 
the associated validation efforts were described. A synthesis 
of the simulation work performed for ITER accident 
scenarios was also made, identifying the specific 
development and validation needs that are required, for 
both hydrogen distribution and combustion, as well as dust 
mobilization and explosion (see [3]). 

 
 
 
 
 
 
 
 
 
 
 
 
 

Figures 2: 3D Mesh and CFD calculations of H2 distribution in the ITER vacuum vessel, performed in 2002-2004 with the 
CAST3M code 
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FUTURE WORK 
 
In 2006, modelling work in the area of dust mobilization 
will be performed, with the development of a two-fluid (gas 
and dust particles) model, and validation on appropriate 
experiments such as FZK’s dust tube and ENEA’s 
STARDUST experiments. This work will be performed in 
close collaboration with FZK. 
 
Depending on call for proposals, an experimental 
programme in MISTRA to investigate different inerting 
strategies might be initiated, following the desk study made 
in D2. 
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TW5-TSS-SEA5.3 

Task Title: CRYOGENIC EXPERIMENTS ON THE CEA EVITA FACILITY 

INTRODUCTION 

 
The computer codes which are used for the analysis of the 
accidental sequences in ITER should have good quality 
assurance level. The EVITA facility (figure 1) has been 
designed for the simulation of the physical phenomena 
occurring during a coolant ingress into the cryostat of 
ITER reactor, which is one of the identified accidental 
sequence in the ITER safety report. Studied physical 
phenomena are namely ice formation on a cryogenic 
structure, heat transfer coefficient between walls and fluid, 
flashing, two-phase critical flow. The comparison between 
calculations and experiments allows the ability of the 
computer codes to treat the relevant physical phenomena 
to be assessed. 
The EVITA programme is supported by the EFDA and it 
is also an item of an implementing agreement under the 
auspices of the International Energy Agency. 
The main experimental results are the pressure evolution in 
the vacuum vessel, the different heat exchanges and the ice 
formation on the cryogenic surface. 
 
 
2005 ACTIVITIES 

 
EXPERIMENTS 
 
The 2005 test matrix (10 tests) was defined [2] with the 
EFDA participants agreement. The main objective of this 
third series, denoted 7.xx, was to perform a selection of 
complementary tests, in order to complete the 
experimental program by putting the emphasis on the ice  
 

formation kinetics on the cryogenic plate and on the 
vacuum vessel pressure which occurs during water /steam 
leakage with and without simultaneous non-condensable 
gas flow rate. 
 
MAIN RESULTS 
ICE MASS KINETICS 
 
The ice mass kinetics (with and without non condensable 
gas) are reported on figure 2 and 3. In both cases, the ice 
layer grows swiftly during the first seconds (300 s) or 
water injection and 120 s for steam injection) and then 
increases very slowly in an asymptotic way until the end of 
the experiment. 
The ice mass is calculated by using the mass of steam still 
in the vacuum vessel at the end of the steam/water 
injection. The mass of steam is estimated using the steam 
density at the final vacuum vessel pressure. 
 
VACUUM VESSEL PRESSURIZATION 
 
Case of water injection 
 
The evolution of the internal pressure of the vacuum vessel 
during the tests is reported on the figure 4. It must be 
pointed out that during experiments performed without 
non condensable gas injection, the internal pressure 
increase more swiftly after condensed water has appeared 
in the vessel (see figure 4 tests 7.7 & 7.8). 
Comparing tests performed during 2004 and 2005 and the 
previous test denoted 5.4 x, the final pressure is 
respectively lower for the former than the latter one. This 
phenomenon has not been explained yet. 
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Figure 2: Case of steam injection with and without non condensable gas: 

kinetics of the ice layer formation on the cryogenic plate. 

 
Figure 3: Case of water injection with and without non condensable gas: 

 kinetics of the ice layer formation on the cryogenic plate 

 
 
Case of steam injection 
 
The evolution of the internal pressure of the vacuum vessel 
is presented in figure 5. One can notice that the curves are 
quite different even for experiments whose incoming 
flowrates are almost the same. 
 
The examination of the measurements of the pressurizer 
parameters has shown that the main difference noticed 
between the whole tests performed without non 
condensable gas seems to be the duration of the flushing 
operation of the injection line performed before the 
beginning of the injection of steam into the vessel. 
 
 

 
No evidence has been found to demonstrate the dependence 
of the initial experimental conditions on the efficiency of 
the cold trap. 
A plausible explanation of this phenomenon is to assume 
that, in some cases, droplets of water can be carried away 
and directed to the cold part of the experimental device by 
means of injected steam flow. 
These tiny droplets then may directly be turned into a thin 
frozen layer which is an impediment to the trapping of the 
remaining steam. 
This may imply a swift rise of the pressure during the 
earliest seconds of the injection phase because of the 
reduction of the efficiency of the cryogenic plate to trap and 
turn into ice the water contained in the steam. 
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Figure 4: Comparison of the pressure evolutions in the vacuum vessel in the case of pressurized water injection 

with and without non condensable gas. 
 

  

Figure 5: Comparison of the pressure evolutions in the vacuum vessel in the case of steam injection 

 with and without non condensable gas 
 

CONCLUSIONS 

 
To achieve the experimental program, ten tests have been 
scheduled on the EVITA facility this year. The results of 
these complementary tests have improved the knowledge of 
the formation of ice layers and the condensation of water 
during injections of steam or pressurized water. 
The ice layer formation times are about 120 seconds in cases 
of steam injections and about 300 seconds in cases of the 
water injections. 
Some discrepancies noticed between the vacuum vessel 
pressurization kinetics of the tests denoted 5.xx, 6.xx and  
 
 

 
 
7.xx have shown that the conservative case of 
pressurization of the vessel doesn’t match to the pure 
steam injection case. 
 
The assumed presence of tiny water droplets in the 
injected flow may be out of importance in the rise of 
pressure in the very early stages of the injection phases 
and on the final look and quality of the formed ice layers.  
Upgrading the heating device of the injection line should 
improve the abilities of the apparatus and should provide 
keys to a better knowledge of several not yet properly 
explained points like the condensation phenomenon, the 
kinetics of pressurization and the variability of the ice 
density.  
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TW5-TSS-SEA5.5 

Task Title: PAXITR VALIDATION EFFORT ON EVITA TESTS

INTRODUCTION 

 
This task concerns the cryogenic calculations that have 
been performed by TECHNICATOME on the EVITA 
experimental facility in the frame of the validation and 
qualification of the PAXITR 2 code used in fusion safety 
assessment. 
 
PAXITR2 is a spot calculation computer code used to 
evaluate the pressurization or the depressurization of 
containment. 
 
 
2005 ACTIVITIES 

 
The fifth set of calculation on the EVITA facility has been 
realized in order to better characterize the ice layer 
formation kinetic, the pressure evolution and the other 
physical phenomena which occur in the vacuum vessel, at 
different step of duration (condensation of water at the 
bottom of the vacuum vessel and end of formation of the 
ice layer). 
The tests analysed are those with a steam injection (tests 
7.2, 7.3, 7.4, 7.9) and also the series 5.5 and 6.22 which 
were performed during the previous sets of calculation. 
 
MODELLING 
 
The EVITA facility modelling consists in two different 
containments: the pressurizer and the vacuum vessel (cf. 
figure 1). The injected flow rate and energy of the steam 
and of the non-condensable gas are imposed. 
 

 
 

Figure 1: EVITA facility modeling with PAXITR 2 
 
Concerning the calculation, the cryogenic plate is 
modelled as a heat sink absorbing all the fluid energy in 
the containment (see figure 2). As PAXITR is a spot 
calculation computer code, an efficiency of the cryogenic 
plate is added to take into account its space position in the 
containment. It means that only a part of the injected mass 
and energy will be in contact with the cryogenic plate. 
 

 

 

-196°C 

hext 

hint 

Ice Copper 
plate 

NITROGEN TEST 
CHAMBER 

7 mm 

 

 

Figure 2: Cryogenic plate modelling 
 
 
MAIN RESULTS 
 
With a greater number of available tests, physical 
phenomena and PAX limitations have been better 
understood. Some improvements have been made on the 
PAX modelling: 
 
- a fourth structure has been added to model a heat sink 

due to the nitrogen feeding pipes located at the bottom 
of the vessel, 

 
- the efficiency factor can be modified during the 

transient, 
 
- a thermal resistance between the ice and the cryogenic 

plate has been added, which, in conjunction with a 
lower external heat transfert coefficient, give a 
cryogenic structure temperature close to the 
experimental measurements, 

 
- the external heat transfert coefficient is more precisely 

calculated, deducted from WN2. 
 
With these improvements, steam injections are globally 
well simulated during the first part of the transient. 
 
For the tests with steam injection only (5.5, 7.3, 7.4 and 
7.9), PAXITR calculations show that the efficiency of the 
cryogenic plate is very high: k≅0.9. 
 
For the non condensable gas injection tests (6.22 and 7.2), 
the PAXITR calculations show that the efficiency of the 
cryogenic plate is very low during the nitrogen injection 
(k=0.35), then when this phase ends, the efficiency 
increases (k=0.5). 
 
The table 1 gives the main results of the calculations 
comparing to the experimental measurements. 
 

TEST 
CHAMBER 
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Table 1: Comparison between the experimental results and 
the PAXITR calculations 
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Figure 3: Experimental VV pressures 

 
 
CONCLUSIONS 

 
In order to achieve better results, the cryogenic structure 
modelling should be improved: 
 
- when the ice reaches the critical thickness the VV 

pressure calculated increases whereas the experimental 
pressure is stable (see test 6.22). 

- liquid injections transients cannot be well simulated, 
because the PAXITR cryogenic structure does not take 
into account the liquid flowrate (droplets condensed on 
the plate for example). 

Due to inherent PAXITR limitations (spot calculation, 
steam and water in thermal equilibrium), non-equilibrium 
phenomena (P>Psat(Tm)) cannot be calculated. 
Moreover, the experimental vacuum vessel pressure 
evolutions are different even if the incoming flowrates are 
almost the same. The tests analysis has shown that this 
could be due to some liquid droplets mixed with the steam 
injection. This phenomenon cannot, of course, be 
simulated with PAXITR code. 
 
The tests are supposed to be performed in the same 
conditions but the figure 3 shows that the reproductibility 
seems to be difficult to obtain. 
 
The test analysis should go further to identify the tests to 
be performed again. The actual tests are still not sufficient 
to qualify a computer code on this kind of transients. 
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Test   Ice final mass 
(g) 

Liquid 
mass at the 

end of 
injection 

(g) 

Mean power 
removed by 

Nitrogen 
(W) 

Experiment 184±11 1350±2.9 4450/4250 
5.5 

Calculation 151 1376 5870 
Experiment 175±11 30±2.9 4861 

7.3 
Calculation 173 22 5004 
Experiment 126±11 310±2.9 4045 

7.4 
Calculation 288 155 5349 
Experiment 205±11 1050±2.9 4493 

7.9 
Calculation 197 1015 5388 
Experiment 229±11 1370±2.9 5029 

6.22 
Calculation 479 964 4040 
Experiment 111±11 33±2.9 3300 

7.2 
Calculation 101 32.5 6420 
Experiment 175±11 30±2.9 4861 

7.3 
Calculation 173 22 5004 
Experiment 126±11 310±2.9 4045 

7.4 
Calculation 288 155 5349 
Experiment 205±11 1050±2.9 4493 

7.9 
Calculation 197 1015 5388 
Experiment 229±11 1370±2.9 5029 

6.22 
Calculation 479 964 4040 
Experiment 111±11 33±2.9 3300 

7.2 
Calculation 101 32.5 6420 
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TW5-TSS-SEA-5.6    

Task Title: ENHANCEMENT OF THE PACTITER COMPUTER CODE AND 
RELATED FUSION SPECIFIC EXPERIMENTS 

INTRODUCTION 

 
In fusion devices such as the International Thermonuclear 
Experimental Reactor, ITER, neutron activation would 
also produce Activated Corrosion Products in the divertor, 
blanket and vacuum-vessel cooling loops, as well as in any 
other auxiliary cooling systems.  
These corrosion products are basically released from Cu-
alloy (as CuCrZr) constituting part of the piping under flux 
in the divertor (ranging between 5 and 30 MW/m²) and 
from SS 316L (N) IG1 constituting the first wall/shield 
blanket. These ACP could be responsible for a large 
percentage of the Occupational Radiation Exposure (ORE) 
of personnel during the reactor operation, inspection and 
maintenance[1]. By consequences, the precise 
determination of ACP inventories and the estimation of the 
resulting doses to personnel is thus an important safety 
task. 
 
The computer code PACTITER has been used for the 
calculation of generation and transport of ACP in the 
various Primary Heat Transfer System (PHTS) or 
Tokamak Water Cooling System (TWCS). In the last 
version, PACTITER V3, the release rates of the different 
materials in contact with the cooling water are input data 
of the code. Thus they have to be accurately determined in 
various representative ITER operating conditions prior to 
any calculation. 
 
CORELE loop devoted to the measurement of the release 
of industrial tube belongs to the test facilities used to 
validate PACTITER code. 
 
For that reason, tests campaign was performed into 
CORELE Test facility to determine the SS 316L (N) IG 
stainless steel mass release rates under similar operating 
conditions of the TCWS [3]. On another hand a feasibility 
study has been launched in order to assess the capability of 
the CORELE loop to measure the Cu release rate [2]. 
 
 
 
2005 ACTIVITIES 

 
STAINLESS STEEL RELEASE RATE 
EVALUATION IN THE CORELE TEST FACILITY 
 
Release rates measurement methodology 
 
The tube mock-up were supplied by Sandvik company and 
cut from seamless stainless steel hot finished pipes. From 
the same fabrication a batch of witness washers was also 

                                                 
1 IG: Iter Grade 

supplied to provide the necessary measurement of the 
specific activities. 
The composition of the alloy of these tubes is given in 
table 1. 
 

Table 1: Chemical composition of the 4 tubes 
 

Element Fe Ni Co Cr Mn Mo Cu S C N Si P 

 67.4 11.2 0.093 16.77 1.640 2.06 0.29 0.0070.012 0.07 0.440 0.031 

 
Four tubes made of the above stainless steel (SE1 to SE4) 
have been activated in the OSIRIS reactor are and then 
connected to the main circuit of the CORELE loop. The 
specific activity of each irradiated tube (measured from 
witness washers) is given in table 2 at the date of the 
irradiation (26/03/2004). 
 

Table 2: Specific activities of the tubes after irradiation 
 
 Co-60 Co-58 Mn-54 Fe-59 Cr-51 
Half-life (days) 1925 71 313 45 28 

SE1-SE3 87 92 13 115 5410 Measurement 
(Bq/mg of tube) SE2-SE4 91 97 14 120 5620 
 
The primary coolant circulating through the tubes section 
is continuously purified by mixed beds of ion-exchange 
resins (figure 1). Filters (1 µm) placed at the mixed-beds 
inlet trap possible particles. These filters are measured by 
gamma spectrometry at the end of the experiment to check 
the presence of particles.  
 
After the test, the resins are removed from the water loop 
and the radionuclides trapped in the resin are measured by 
gamma spectrometry in a detected low gamma background 
device. For each chemical species the release rate R 
(mg/dm²/month) is calculated using the following formula: 

  
TSA

wA
R

w ⋅⋅
⋅=  

where: 
 
- A: Activity of radionuclide in measurement resin at time 
t0 (Bq) corresponding to the beginning of the experiment 
i.e. when the temperature in CORELE is reached and the 
coolant begins to flow through the tests sections. This 
activity is actually measured at the end of the experiment 
(Aend) and has to be corrected from the radioactive decay 
of the considered radionuclide (half-life λ) corresponding 
to the duration T (month) of the experiment  
- w: weight % of the element in the tube (mg/mg tube 
section) 
- Aw: Mass activity of tracing radionuclide in the tube at 
time t0 (Bq/mg of tube section) 
- S: Exchange surface of tube with primary coolant (dm²) 
- T: Duration of the test (month) 
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Table 3: CORELE Tests matrix 
 

ITER 2004- 01 ITER 2004-02 ITER 2004-03 ITER 2005-01 
SE1 SE2 SE1 SE2 SE3 SE4 SE3 SE4  
insert No insert insert No insertinsert No insertinsert No insert

Operating conditions 150 °C / 150bar 100 °C / 150bar 100 °C / 120bar 200 °C / 120bar 

Velocity V (m/s) 4.12 1.02 3.96 0.95 3.82 1.01 4.10 1.03 

Duration (days) 14 14 14 14 

O2 (vppm) 4.15 < O2< 22.5 9 < O2< 24 3 < O2< 4 1 < O2< 18 

H2  (cm3/kg) 23.7< H2  < 26 23.5< H2  < 25.5 23.5< H2  < 25 27.5< H2  < 22 

Li (ppm) 0.21 0.195 0.23 0.21 

PH25°C measured 6.6 6.85 6.6 7.2 

PH test temperature 
(estimation) 

7.0 7.2 6.8 

 
Experimental tests matrix 
 
For TWCS operating conditions, wall temperature range 
between 100°C and 150°C and coolant velocity from 0.04 
m/s to 11 m/s. It appears that the water chemistry of ITER 
is closer to the BWR water chemistry [4], than originally 
specified. Thus water chemistry could be monitored 
through its conductivity instead of its pH which requires 
more specific attention due to the very high purity of ITER 
water.  
The neutrality of the pH at ambient temperature has been 
done by adding 0.2 vppm of Li (LiOH form) in order to 
counterbalance the slight acidity of the CORELE feed 
water. To ensure their stability versus lithium during 
operation, the mixed beds of ion-exchange resins have 
been first equilibrated. 
The CORELE tests matrix proposed 4 tests devoted to 
study of the influence of the both temperature and flow 
rate corresponding to the ITER TCWS specifications (see 
table 3) This complete tests campaign, was performed in 
three stages in 2001, 2004 and last one in 2005. 
The two first tests 2004-01 and 2004-02 were performed 
with the same pair of tubes (SE1 and SE2) although the 
last one 2004-03 and the test of year 2005 (2005-01) were 
performed with new irradiated pair of tubes (SE3 and SE4) 
 
Results  
 
The total release rate is the sum of the different release 
rates relative to each radionuclide measured in the resins. 
For Test 2005-01 realized at 200°C the total release rate is 
mainly due to the Fe release (through the 54Mn assumed to 
be representative of Fe). The Ni activity is lower than the 
detection limit of the measurement technique (through the 
58Co assumed to be representative of Ni). This behaviour is 
due to the fact that the half-life period of 54Mn (313 days) 
is far longer than the one corresponding to 58Co (71 days). 
Thus in order to properly compare all results, only 54Mn 
release rates has to be considered. 
 
Test 2004-01 indicates that Fe release rate (54Mn or 59Fe) 
represents about 75% of the total release rate. The total 
release rate of Test 2005-01 has then been estimated using 
this ratio. Table 4 summarizes the results of the tests 
campaign 2004-2005.  

 

Table 4: Stainless Steel Release Rate 
 

Total release 
rate 

Test 
Temperature 

°C 
Velocity 

m /s mg/dm2/mont
h 

4.12 22 ± 3  
ITER 

2004- 01 
150 

1.02 35 ± 5 

3.96 <L.D. ITER 
2004- 02 

100 
0.95 2.6 ± 1.3 
3.82 0.8 ± 0.3 ITER 

2004-03 
100 

1.01 2.8 ± 1.5 

4.10 16 *± 3 ITER 
2005-01 

200 
1.03 14* ± 3 

 
The release rate uncertainty as reported in table 4 is due to 
the uncertainties of the measurement resins activities, 
adding to the specific activity of the tube. 
 
Figure 1 is an illustration of the Fe (54Mn) release rate as a 
function of the temperature for the 1 m/s fluid velocity. 
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Figure 1: Fe release rates for the 1 m/s coolant velocity  
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Interpretation 
 
Finally the whole tests campaign sustains the following 
interpretation:  
At 100°C the O2 solid diffusion (corrosion) in the chromite 
layer is strongly limited, which explains the lack of 
release, 
At 150°C the O2 solid diffusion and elementary (including 
H2O) diffusion in the oxide layer are enhanced. On another 
hand the equilibrated concentrations of the different 
corrosion products (as ions) are still sufficiently low to 
maximize the total release flux. For such conditions, the 
release is sensitive to the hydrodynamic diffusion at the 
interface fluid/solid, 
At 200°C, the thermodynamic equilibrium is far more 
favored than at 150°C since the apparent diffusion of the 
elements seems to take place in the porosity of the oxide 
layer (aqueous phase) rather than in solid phase. However 
the thermodynamically equilibrated concentration of Fe in 
the coolant is higher than at 150°C thus reducing its 
release flux as well as the total release rate in a 75% 
extent. For such conditions the release is not influenced by 
the hydrodynamic diffusion. 
 
 
CONCLUSIONS 

 
This tests campaign has underlined an important 
temperature effect: the total release rate is higher at 150°C 
than at 200°C and negligible at 100°C. 
 
Last test 2005–01 has pointed out the major role of the 
first days (< 300 hours) on the release rate process. 
 
These effects have been interpreted as the result of the 
competition between thermodynamics (chemistry coolant, 
pressure, temperature, material composition) and 
elementary diffusion (including H2O and/or O2).  
Depending on the magnitude of the thermodynamically 
equilibrated concentration of the released element in the 
bulk of fluid, the coolant velocity (and the hydrodynamic 
diffusion) may play a role in the release rate. 
 
However such experiments have been conducted for a 
water chemistry, which could not match the final ITER 
specifications. In that aim it could be interesting to specify 
the release rates values using perfectly deionized water. 
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