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CEFDA 00-539 
 
Task Title : FRENCH CONTRIBUTION TO ITER LICENSING WORKING 

GROUP 
 
 
INTRODUCTION 
 
 
In view of the licensing of ITER and the development of 
safety principles, criteria and standards for the licensing of a 
fusion power reactor, an EU Licensing Working Group for 
ITER was established, called LWG hereafter. This group, 
composed of members of Belgium, England, France, 
Germany, Portugal and Spain, had to carry out the 
following tasks. 
 
- Review of the safety principles and criteria contained in 

sections I.1.3 and I.3.3 of document No. G A0 RI 2 00-
01 – 18, entitled "Technical basis for the ITER-FEAT 
outline design", proposed by ITER in the light of the 
corresponding criteria available in member states. 

 
- Elaboration, as a result of the review (task a), of a basis 

for a possible common approach to ITER licensing. 
 
 
2000 ACTIVITIES 
 
 
The work performed by the French members of the LWG is 
described here. 
 
The documents mentioned in task a) have been rewieved. 
 
In view of the national regulation, a report called "ITER 
licensing – assessment of safety principles and criteria for 
the "international thermonuclear experimental reactor" 
(ITER)" (see under) has been circulated to all members of 
the LWG.  
 
During 3 LWG meetings (May 23, June 29 and July 20, 
2000) and between these meetings, the following work has 
been performed. 
 
- Review of ITER safety principles and criteria. 
 
- Discussion of regulatory aspects of other member states. 
 
- Identification of common issues and differences among 

national regulations (as far as relevant for ITER). 
 
- Contributions to common LWG group. 
 
- Discussion of draft of LWG report and proposal for 

final report. 
 
- Agreement on final report of the ITER-EU Licensing 

Working Group. 

The results are presented in two reports. 
 
- For task a), the results are presented in reports specified 

under. 
 
- For task b), a common report has been prepared by the 

ITER LWG, entitled "Licensing of ITER in Europe – a 
preliminary assessment". The ITER-EU-LWG chairman 
submitted this report in October 2000. 

 
 
CONCLUSIONS 
 
 
The assessment of the safety principles and criteria for the 
ITER facility project in terms of the French approach to 
nuclear safety is as follows.  
 
- Under the French regulatory system, the ITER facility 

should at least be classified as a basic nuclear facility as 
a result of the radioactivity contained in it. As the 
technical rules applicable to basic nuclear facilities in 
France are not essentially of a prescriptive nature, its 
construction could be examined in accordance with the 
applicable practices in France without any need to 
modify the regulations; the licensee must justify, on the 
basis of the safety analysis of its facility, the safety 
provisions it intends to implement.  

 
 The particularities of the facility are thus taken into 

account without directly copying any safety provisions 
applicable to another type of facility. As the facility is of 
a new type, the technical dialogue on the safety case of 
the facility should be based on the "safety options 
document" of the planned facility. This document should 
validate the safety principles adopted as well as the main 
associated technical options. 

 
- The principal deviations from French safety practice 

identified in the documents examined relate to the use, 
for establishing the design basis of the facility, of an 
approach based on a probability versus radiological 
consequences graph, the seismic design approach, the 
waste management policy and the definition of the 
effluents to be discharged into the environment under 
normal operating conditions. 

 
- Furthermore, additional material is required concerning 

certain points, which are not covered in the documents 
examined, in particular protection against fire and 
explosion hazards, external hazards other than 
earthquakes, management of maintenance and work on 
the machine, control of the installation, human factors 
and surveillance of important safety parameters. 
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 Also, no precise indications are given concerning the 
ancillary installations for managing tritium and waste. 

 
Whatever the case, an overall standpoint can only be 
adopted after examination of a "safety options document" 
for the projected facility. 
 
 
REPORTS AND PUBLICATIONS 
 
 
- Report DES/422: ITER licensing – assessment of safety 

principles and criteria for the "international 
thermonuclear experimental reactor" (ITER). 

 
- Report DES/432: ITER licensing – assessment of safety 

principles and criteria for the "international 
thermonuclear experimental reactor" (ITER) : French 
contribution to the ITER licensing Working Group. 

 
 
TASK LEADER 
 
 
Thierry CHARLES 
 
IPSN/DES 
CEA Fontenay aux Roses 
Boîte Postale 6  
92265 Fontenay aux Roses Cedex 
 
Tél. : 33 1 46 54 90 05 
Fax : 33 1 46 54 79 73 
 
E-mail : thierry.charles@ipsn.fr 
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SEA1-14 
 
Task Title : ASSIST JCT ON SAFETY DOCUMENTATION 
 
 
INTRODUCTION 
 
 
The ITER Generic Site Safety Report has been reviewed in 
2000 by all home teams. DER has been involved in the 
review of volume III (radiological source term), IV (normal 
operation) and XI (safety models and codes). 
 
 
2000 ACTIVITIES 
 
 
EU REVIEW OF VOLUME III 
(radiological source term) 
 
The main comments are as follows: 
 
- Request to give range of uncertainty in calculated 

activation values. 
 
- Distinction between dust and loose material is not clear. 
 
- Be and C not relevant as activated material but 

influence aerosol behaviour and their mobilisation 
should be taken into account. 

 
- Required expansion volumes for coolant inventories to 

guarantee the integrity of confinement could be 
mentioned. 

 
- List potential ignition sources for hydrogen. 
 
- Potential hydrogen production from specific test blanket 

modules (TBM) is not mentioned. 
 
EU REVIEW OF VOLUME IV (normal operation) 
 
The main comment is that the ALARA (As Low As 
Reasonably Achievable) process implementation needs 
further discussion. More explanations are needed on the 
way to optimize the overall effluents using the foreseen 
control systems. As a more specific comment, it was asked 
for a breakdown of effluents between waterborne and 
airborne. 
 
EU REVIEW OF VOLUME XI 
(safety models and codes) 
 
The collection of code descriptions with the effort to a 
systematic approach and linking with the thematic of 
physical phenomena supply a good picture about what was 
done, what it is necessary to do in the future. In volume XI 
there is also a trial to quantify in terms of quality what has 
been done for validation and verification (V&V) in the past. 
In spite of that a further effort should be done for a correct 
and effective assessment of the results. 

The evaluation must be always and for all the parameters 
involved in the verification not only qualitative but also 
quantitative, in same case and for some phenomena that 
was done. But that practise is not extended in the document 
for all codes and results. When several codes are identified 
to treat an accidental sequence a discussion on the 
differences between the codes models should be of interest. 
Moreover the reasons of the choice of one code to treat a 
given sequence should be explained in details. The answer 
of JCT to this last comment is that the final choice of code 
is up to the Home Teams. A documentation on disruption 
data is required to justify disruption load assumption. The 
10% acceptance margin is just a practical judgement in 
view of the recently achieved results by the codes compared 
to the experimental data from ICE experiments, which 
shows differences in the order of 20%. For final judgement 
the results of the benchmark action is required. 
 
 
CONCLUSIONS 
 
 
Several improvements were suggested through EU review. 
Nevertheless the overall conclusion of the EU Home Team 
is that "the overall approach and provision of safety related 
information appear to be compatible with most European 
licensing requirements". 
 
 
REFERENCES 
 
 
ITER Generic Site Safety Report. 
 
 
REPORTS AND PUBLICATIONS 
 
 
Minutes of ITER Technical Meeting on Safety and 
Environment, Garching Germany, 27 – 30 November 2000. 
 
 
TASK LEADER 
 
 
Pierre SARDAIN 
 
DEN/DER/SERI/LFEA 
CEA Cadarache 
13108 St Paul Lez Durance Cedex 
 
Tél. : 33 4 42 25 37 59 
Fax : 33 4 42 25 36 35 
 
E-mail : pierre.sardain@cea.fr 



 - 252 - EFDA technology / Safety and Environment 
 

 
 
 
 
 



 - 253 - EFDA technology / Safety and Environment 
 

SEA4-4 
 
Task Title : PLANT SAFETY ASSESSMENT 
 ITER-FEAT design CAT V accident analysis : 
 H2 production via delayed plasma shutdown 
 
 
INTRODUCTION 
 
 
The aim of this task is to evaluate the maximum hydrogen 
production during the accident sequence named “H2 
production via delayed plasma shutdown” described in the 
reference [1]. 
 
The accident sequence is the following: 
 
A large FW cooling loop ex vessel break (0.4 m²) 
discharging water in the TCWS vault is assumed as the 
initiating event. 
 
No plasma shutdown is assumed (cat V accident), 
consequently the FW temperature of the affected cooling 
loop increases. The disruption, due to Beryllium 
evaporation is assumed once the Facing Plasma Be tile has 
reached 1080°C. 
 
This brutal disruption is suppose to cause an in-vessel 
LOCA (15.7 cm²) on the same FW cooling loop. 
 
The hydrogen produced by Beryllium-steam chemical 
reaction in the vacuum vessel is the critical point of this 
study. 
 
These calculations have been performed with the code PAX  
for the coolant leaks (and H2 reaction rate) and with the 
ANITA code (one dimension thermal code) for the FW 
temperature increase. 
 
The technical data needed for this study are given in 
references [2] and [3]. 
 
 
2000 ACTIVITIES 
 
 
The main results obtained are the followings: 
 
EX VESSEL LOCA 
 
The simulation shows that the FW cooling loop pressure 
falls immediately down to the saturation pressure (at the 
medium cooling loop temperature) due to the large break 
diameter. 
 
The pressurizer pressure is disconnected from the FW 
cooling loop pressure (flow rate in the pressurizer line << 
break flow rate). 
 

One minute after the break aperture, the break mass flow 
rate is close to 0 and the pressure is stabilised at about 1.5 
bar (pressure equilibrium between the first wall cooling 
loop and the TCWS). 
 
FW TEMPERATURE INCREASE 
 
The delay calculated to reach 1080°C in the Be plate 
(≈ 350 s) is greater than the time needed to reach the 
pressure equilibrium between the FW cooling loop and the 
TCWS vault (≈ 60 s). 
 
This delay is however an estimation because of: 
 
- the uncertainty of the heat flux distribution in the FW, 
 
- the heat losses by radiation (inner and outer faces of the 

first wall) or conduction with the steam are not taken 
into account, 

 
- the FW model is simplified : the cooling channels in the 

Cu heat sink and Stainless Steel plate (which have an 
influence on the heat transfer by conduction) aren’t 
modelized. 

 
However, it has not a great importance on the transient 
since the in-vessel LOCA occurs after the pressure 
equilibrium between the FW cooling loop and the TCWS 
vault. 
 
IN VESSEL LOCA AND HYDROGEN PRODUCTION 
 
The hydrogen production is due to the chemical reaction 
that occurs in the vacuum vessel when steam is in contact 
with hot Beryllium. 
 
The total amount of hydrogen calculated at the end of the 
transient (27 kg) is far above the safety criteria (about 4 kg 
chosen in order to avoid the H2 explosion risk). 
 
The hydrogen reaction rate as a function of the Be tile 
temperature and with the steam partial pressure as a 
parameter (5 kPa to 50 kPa by step of 5 kPa)  is shown on 
figure 1. 
 
The H2 reaction rate increases exponentially with the Be 
temperature. 
 
The red curve plotted on the same figure shows the 
evolution of the Hydrogen reaction rate during our 
calculation. 
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Figure 1 : H2 production 
 
The different phases of the transient are the following : 
 
- A : beginning of the in vessel LOCA 

break, 
- from A to B : Vacuum Vessel steam pressure 

increase, 
- B : First Wall cooling loop pure steam 

drainage and air entry in the Vacuum 
Vessel, 

- from B to C : Vacuum Vessel steam pressure 
decrease (due to the H20 consumption 
by the reaction and lower steam 
concentration entering the vacuum 
vessel (air + steam ingress)), 

- from C to D : First Wall temperature decrease (due 
to heat rejection by radiation with the 
non-affected cooling loops). 

 
The driving parameters concerning the hydrogen 
production are the following: 
 
- pressure obtained after equilibrium between FW and 

TCWS, 
 
- heat transfer near the hot Be heat slab: 

* % of the chemical reaction energy given to the 
structure, 

* cooling effect due to radiation with the non affected 
loops and the conduction through the blanket, 

 
- chemical reaction: 

* safety factor, 
* Be-air chemical reaction with a steam partial 

pressure, 
 
- Composition of the fluid entering into the VV: 

* first pure steam, 
* after the FW cooling loop pure steam drainage, air + 

steam flow rate. 
 

CONCLUSIONS 
 
 
This study showed during the in-vessel LOCA the strong 
effect of the air ingress into the Vacuum Vessel once the 
First Wall cooling loop (pure steam) drainage is achieved. 
 
This effect can hardly be calculated by the use of ATHENA 
+ INTRA codes because it means air and steam flow rate 
coming from the TCWS vault through the FW cooling loop, 
and finally entering the VV. 
 
The very high amount of hydrogen (27 kg) obtained during 
this accident sequence is not acceptable (the maximum 
value of the safety criteria is 4 kg). 
 
This study needs to be completed with less conservative 
hypothesis (taking into account a temperature difference 
between the first wall inboard and outboard (which means 
lower H2 reaction rate during the in vessel LOCA), taking 
into account the effect of the pressure suppression system, 
....) in order to demonstrate if this scenario can achieve the 
safety goal concerning the H2 risk. 
 
 
REFERENCES 
 
 
[1] Accident Analysis Specification (AAS-3) 29/02/2000. 
 
[2] Safety Analysis Data List-3 (SADL-3) 
 Version 0.2. 
 
[3] Technical basis for the ITER-FEAT outline design 
 TA 6512. 
 
 
REPORTS AND PUBLICATIONS 
 
 
[1] ITER feat design cat V accident analysis : H2 

production via delayed plasma shutdown 
 TA 210736 Ind A. 
 
 
TASK LEADER 
 
 
Xavier MASSON 
 
DI/SEPS 
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SEA5-2 
 
Task Title : VALIDATION OF COMPUTER CODES AND MODELS 
 ISAS maintenance 
 
 
INTRODUCTION 
 
 
The main objective of this year has been the delivery of a 
new version of ISAS including new releases of slave codes, 
the optimization of control procedures on user’s requests, 
and the finalization of the integration of the computer codes 
(mainly SAFALY). 
 
 
2000 ACTIVITIES 
 
 
• Organization of an ISAS2.0 training 

 
This training has been organized in Garching in January 
to present the new ISAS2.0 features and the last 
associated improvements for the users in the driving of 
the slave codes belonging to the system. 
 
The session has been split into a theoretical part and into 
a practical part on computers including on site sample 
test of slave codes. 
 

• Support to ISAS users 
 
Support has consisted on solving users requests 
concerning : 
 
- development of frozen OCAML methods for slave 

codes and validation by comparisons with ISAS1.0 
reference calculations, 

 
- installation of the ISAS2.0 kernel and of the 

associated codes on user computing platforms. 
 

• Optimization of the OCAML functions already in 
use 

 
• Solving some residual problems appeared with the 

transition from ISAS1.0 to ISAS2.0 
 
- Athena flow rates not encountered by Intra. 
- Intermediate storages of Naua results during a run. 
- Synchronization problems between Athena and Intra. 
 

• Improvements on slave codes 
 
- Athena 

 
As the back pressures of Intra were not taken into 
account by Athena, a modification of Athena has 
been done with the help of INEL for the time 
dependant volume models 

- Intra 
 
A new release of Intra has been also integrated.  
 

- Safaly 
 
The last release of Safaly has been available in mid-
December to take into account some news features of 
the ITERFEAT design.  
 

• ISAS kernel developments 
 
Minor improvements have been made to the ISAS 
kernel, including a slave code time-out function, and the 
support for parallel (using MPI) slave codes 
compatibility. 
 
A new feature had been specified and developed in the 
ISAS kernel to improve the slave codes parallelization. 
This new feature is based on POSIX multi-thread 
definition to achieve portability and allows 
asynchronous methods invocation from the supervisor. 
Compatibility with the previous versions of ISAS is 
guaranteed. 
 
A connection to a neutral data representation library 
M.E.D. (Model for Data Exchange), including mesh, 
scalar field and vector field have been specified and 
developed. This library provides compact and machine 
independent data persistency. It can also be used for 
data exchange between the supervisor and slave codes. 
 
These developments will be finalized during 2001. 

 
 
RESULTS IN 2000 
 
 
• Delivery of a fully exploitable integration of Athena, 

Intra and Naua into ISAS2.0 
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SEA5-3 
 
Task Title : VALIDATION OF COMPUTER CODES AND MODELS 
 Thermohydraulical code validate experiments 
 
 
INTRODUCTION 
 
 
The overall objective of this task is to improve the 
validation level of important EU computer codes, which are 
being used for the safety assessment of ITER or future 
fusion power plants. This includes definition and 
performance of a limited number of experiments. 
 
 
2000 ACTIVITIES 
 
 
FUSION CODE BENCHMARK 
 
The scope of the fusion codes benchmark is to assess the 
capabilities of best estimate thermal hydraulic codes to 
simulate the main physical phenomena occurring during an 
in-vessel break transient within a water-cooled fusion-type 
reactor: pressurisation of a volume at low initial pressure, 
critical flow, counter pressure effect, relief into an 
expansion volume. Seven cases have already been treated in 
1999. Two additional cases have been considered in 2000 
which were representative of the EVITA and ICE 
experimental devices. They have been simulated using the 
CATHARE code. The CATHARE results have been 
compared to the results obtained by other codes (figures 1 
and 2). 
 
EVITA 
 
The EVITA facility is devoted to the simulation of a water 
ingress in the cryostat leading to water/steam condensation 
on cryogenic surfaces (figure 3). 

 
 
 
 
 
 
 
 
 
 
 
 
 
 

Figure 1 : Benchmark – calculated pressure 
in the vacuum vessel 

 
 
 
 
 
 
 
 
 
 
 
 
 
 

Figure 2 : Benchmark – calculated mass flow rate 
of the break 

 
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Figure 3 : Sketch of EVITA facility 
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The main components are the pressurizer, whose function is 
to produce steam, the vacuum vessel, where experiments 
are conducted and the cryogenic system, which provides 
circulation of nitrogen. 
 
These components are connected by pipes thermally 
insulated for steam circulation and pipes vacuum insulated 
for cryogenic circulation. 
 
Several tests are foreseen in cryogenic and non-cryogenic 
conditions. Ths first non-cryogenic tests have been 
performed in 2000. 
 
Because of an insufficient accuracy of the flow meters a 
new methology has been defined for the measurement of an 
average mass flow rate; in fact the total injected mass is 
measured after the test and divided per the duration of the 
test. Results of a non-cyogenic test are shown on the 
figure 4. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Figure 4 : Example of non-cryogenic test result 
 
 
CONCLUSIONS 
 
 
Benchmark: the results are in good agreement as far as the 
equilibrium pressure in the vacuum vessel is concerned 
(figure 1).  
 
However discrepancies have been observed which are 
mainly due to the different ways the codes calculate the 
break mass flow rate and the pressurisation of the vacuum 
vessel (figure 1 and 2). 
 
EVITA: a methodology has been defined for the 
measurements of an average mass flow rate, providing 
sufficient data for the analysis of the non cryogenic tests. 
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TSW-2.1 
 
Task Title : WASTE AND DECOMMISSIONING STRATEGY 
 Detritiation of structural material and management of tritiated waste 
 
 
INTRODUCTION 
 
 
This study is devoted to the management of tritiated 
materials. A process is currently used in CEA Valduc to 
detritiate steels. It is based on a melting under vacuum. It 
allows a volume reduction of the wastes and a reduction of 
tritium activity from 1000 Ci/t to 10 Ci/t (average 
activities).  
 
Since the detritiation factor is not sufficient, possible 
improvements to this existing process are studied. Such 
melting are used in steel industry to reduce hydrogen, 
carbon and nitrogen pollution in steels. An argon bubbling 
is performed to increase surface reaction. A modelling, 
developped for hydrogen is adapted to tritium. 
 
The second point of this study concern a limitation of 
tritium release from ingot after melting. The addition of 
substances or the modification of the micro structure which 
could stabilise hydrogen isotopes in the material are 
studied. 
 
 
2000 ACTIVITIES 
 
 
IMPROVEMENT OF THE DETRITIATION PRO-
CESS 
 
The steel industry, and more specifically the IRSID 
(USINOR’s Process Research Center) has demonstrated 
that the injection of a gas in bubble form in a liquid steel 
induced a very good dehydrogenation.  
 
The industry has provided a calculation code which models 
this process by liquid-gas desorption. This code has been 
adapted to the steel detritiation. 
 
It does not include the possible reactions at the free surface 
of the metal but only describes the reactions of the purging 
gas with the metallic melting bath which, in comparison, 
provides a much greater reaction surface. 
 
Concerning metal-gas thermodynamic aspect, the following 
balances can be considered : 
 

H (dissolved)  ↔   
2
1 H2 (gas)  (1) 

 

T (dissolved)  ↔   
2
1 T2 (gas)  (2) 

 
H2 (gas) + T2 (gas)   ↔   2 HT(gas) (3) 

The dissolved hydrogen and tritium concentrations are 
linked to their respective partial pressures in the gas 
(bubble), by Sievert’s law : 
 

gas
H

metal

SH

2
P

]H[
K =    (4) 

 

gas
T

metal

ST

2
P

]T[
K =    (5) 

 
With KSH and KST being Sievert’s constants respectively for 
hydrogen and tritium. In a first hypothesis, these constants 
will be considered as equal (KSH = KST = K). They are a 
function of the temperature, depending on the relation : 
 

log(K) = - 
T

1820  - 1,63  (6) 

 
With K in %w.atm-1/2 and T in Kelvin. 
 
This reaction can be used for liquid iron and by extension 
for liquid steel. 
 
Hydrogen/tritium equilibrium (3) in gaseous phase is 
written as a function of partial pressures : 
 

k = 
22 HT

2
HT

PP

P

×
   (7) 

 
This constant is a function of the temperature depending on 
the relation : 
 

k = 





 +− 4966,1

T

133
exp   (8) 

 
With T in Kelvin. 
 
Concerning the elementary kinetic, the mass transfer 
between the liquid metal and the homogeneous gaseous 
phase requires two successive stages : 
 
- the transfer of the hydrogen and tritium from the metal 

to the interface, the driving force of this stage being the 
difference in concentration between the interface and 
the metal bulk, 

 
- the interfacial reaction of recombination of the 

hydrogen and tritium, the driving force of this stage 
being the difference between the partial pressure of the 
gas and the partial pressure corresponding to the 
equilibrium with the interfacial concentration. 
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The interfacial reaction being very rapid for hydrogen and 
tritium, the transfer mechanism will essentially manifest 
itself between the metal and the interface, so that the 
contents in hydrogen and tritium at the interface will be 
those in the gas. 
The equations showing the transport of hydrogen and 
tritium in the metal have been established :  
 

nH2 = (kd)H2 . 
)M(H 10 2

6 ×

ρ
. ( [H]m - [H]i )  (9) 

nT2  = (kd)T2 . 
)M(T 10 2

6 ×

ρ
. ( [T]m - [T]i )  (10) 

 
with : n-- : molar flux (mol.cm-2.s-1) 
 ρ  : metal density (g.cm-3) 

 M : molecular mass (g.mole-1) 
 [X]m : content in X element (ppm) in the metal bulk 
 [X]i : content in X element (ppm) at the interface 
 (kd) : mass transfer coefficient (cm.s-1) 
 
The hydrodynamics of gaseous release must also be taken 
into account. The mass transfer coefficient (kd) is 
proportional to the square root of the hydrogen diffusion 
coefficient DH (itself supposed identical to the diffusion 
coefficient of tritium), and depends on the hydrodynamic 
conditions of the metal-gas system according to the 
formula: 

(kd)H2 = (kd)T2 = 0,59 . 
b

bH
d

u.D   (11) 

 
with : (kd) : mass transfer coefficient (cm.s-1) 
 DH : diffusion coefficient of hydrogen (cm2.s-1) 
 db : average bubble equivalent diameter (cm) 
 ub : bubble velocity (cm.s-1) 
 
The average bubble equivalent diameter and the bubble 
velocity depend on the position of the bubble in the melting 
bath. The following relations have been established : 
 

db = 0.9 . Vs
0,44    (12) 

ub = 22,15 . bd . Vs
(0,1126 + 0,0431 . log(Vs)) (13) 

 
Vs being the superficial gas velocity (ratio of volumetric 
gas flow rate to vessel cross section area) expressed in cm.s-

1. 
 
Then the hydrogen and tritium elimination kinetics can be 
assessed. The evolution of the steel composition is obtained 
using a material balance between the gas and the melting 
bath, performed at the same time intervals. 
 
This material balance is written, for hydrogen and tritium 
respectively : 
 

[H] (t+dt)(%w) = [H] (t)(%w) - 2.10-4.
M

QH2
.dt - 

10-4.
M

QHT
.dt + 100

1060

POLLH
6-

×
×

.dt  (14) 

 [T] (t+dt)(%w) = [T] (t)( %w)  - 3.10-4. 
M

QHT
.dt - 

6.10-4. 
M

QT2
.dt   (15) 

 
where POLLH is the pollution rate in H (ppm/min) 
 QX is the flow rate of X leaving the metal (mol/s) 
 M is the mass of steel (tons) 
 dt is the time interval (seconds) 
 
If hydrogen level in the injection gas is significant, the first 
phenomenon encountered will be dissolution. As this 
phenomenon is not considered in the code, a hydrogen 
pollution term (POLLH) is used, corresponding to a 
complete dissolution of hydrogen in argon flush. So the 
code uses a pure argon bubbling and hydrogen pollution 
corresponding to an argon-hydrogen gas mixture. 
 
Different parameters have been tested such as duration of 
the process, initial concentration of tritium in the metal, 
hydrogen level in the sparging gas… 
 
The gas flow rate and the pressure above the metal have a 
slight influence on detritiation efficiency in comparison 
with the technological development they required. 
 
Concerning the influence of tritium initial concentration in 
the metal, the process is more efficient when initial 
concentration is higher and then, the time needed to obtain 
the same level of detritiation is lower. This points out that, 
depending on the tritium activity in the metal to be 
detritiated, the process duration could be adapted to reach 
the expected tritium content in the final waste. 
 
Concerning the influence of gas composition, until the 
supply of hydrogen, due to the gas, during the process, is 
lower than the initial concentration in the metal, the impact 
of the gas composition is not significant. The efficiency of 
the detritiation increases with hydrogen rate (from 20 to 
80 % of hydrogen). These levels of hydrogen require safety 
measures but the presence of significant concentration of 
hydrogen should be necessary to reach very low level of 
activity in the final waste for a defined duration. 
 
POSSIBILITIES FOR DECREASE TRITIUM 
RELEASE 
 
During a previous study concerning the characterization of 
the ingots obtained in CEA Valduc, the existence of an 
intense trapping of residual tritium on the walls of some 
cavities present in a detritiated stainless steel ingot was 
evidenced. 
 
This phenomenon was attributed to heterogeneities of the 
microstructure, or more probably, to the chemical 
composition which could be used beneficially to fix 
residual tritium in steel.  
 
The purpose of this study is therefore to accurately identify 
the origin of this trapping phenomenon by a thorough 
metallographic study of the trapping zones and by local 
chemical analyses aimed at characterizing the 
heterogeneities responsible for this trapping. 
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Observations have been made using optical microscopy and 
electronic microscopy over both the surface of the internal 
cavity walls and on transversal cross sections with or 
without metallographic etching. 
 
The results clearly show that the internal wall of the cavity 
which traps the tritium is coated with a present phase in the 
form of slightly thick sheets with a dendritic structure of 
« fern » type. This phase is very rich in niobium and also 
contains steel, chromium and titanium. 
 
This is probably an inter-metallic compound. Its ability to 
trap tritium can easily be explained by the very great 
affinity of niobium for hydrogen and its isotopes. 
 
In parallel to these experimental observations, a 
bibliographical study is performed. It consists in identifying 
the additional element which, through analogy with the well 
known hydrogen trapping  phenomenon on different 
microstructural defects (inclusions, precipitates, secondary 
phases...) and present in ferritic steels, can lead to similar 
trapping effects in austenetic stainless steels. The addition 
of these elements during the making of the ingot should 
allow, through trapping effect, the ingot tritium desorption 
kinetic to be reduced. 
 
The study is made using the data base on: 
 
- the formation of inclusions and precipitation 

mechanisms in stainless steels, 
 
- the values of hydrogen trapping energy on different 

microstructural defects in the cfc structures, 
 
- the solubility of hydrogen in different metals or 

compounds. 
 
The presence of precipitates, inclusions or of new phases in 
stainless steels is the result of the combined effects of 
different types of thermal treatment and of different 
additional elements present either in the form of impurities 
(carbon, oxygen, nitrogen, sulfur...), or of additional 
elements (chromium, titanium, niobium,...). The new 
phases formed (carbides, nitrides, carbo-nitrides, oxides, 
oxi-sulfurs, sulfurs, silicates, inter-metallic compounds,...) 
can favor hydrogen trapping. 
 
This phenomenon can be of different origins : high 
solubility of hydrogen in the new phase formed, trapping 
associated to the stress fields developed on the precipitate-
matrix interfaces, trapping on incoherent interfaces, 
trapping on dislocations… 
 
The traps should all the more limit the tritium desorption 
kinetic since they are finely dispersed and evenly 
distributed in the microstructure and since the hydrogen-
trap interaction energy is high. There are only few data on 
the hydrogen-trap interaction energy in the cfc structures. It 
is possible to intervene on thermal or thermo-mechanical 
treatments to favor an even distribution of some 
precipitates. 

CONCLUSIONS 
 
 
The modeling permits to assess the behavior of a steel 
melted bath when gas bubbling is injected. It takes into 
consideration, firstly, the transfer of hydrogen and tritium 
between liquid metal and injected gas. This transfer occurs 
in two steps : the liquid phase mass transfer and interfacial 
reaction driven by Sieverts’ laws. Secondly, in the gas 
phase, H2 and T2 react to give HT, following the 
thermodynamic equilibrium also referred to isotopic 
exchange. The efficiency of the process is limited by 
tritium transfer at liquid-gas interface. 
 
The code shows that parameters such as duration, tritium 
initial concentration and gas mixture determine detritiation 
efficiency. These parameters should be chosen according to 
the final activity that is expected. 
 
It would be necessary to reach a compromise between the 
activity of the final waste, the duration and the volume of 
gaseous effluents derived from the process. 
 
Concerning the possibility to add substances or to modify 
micro structure to limit tritium desorption, the study must 
continue with experimental tests. Then the feasibility of the 
process (melting plus substances addition or thermal 
treatment) would be assessed. 
 
 
REPORTS  
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TSW-2.6 
 
Task Title : WASTE AND DECOMMISSIONING STRATEGY 
 Development and assessment of overall strategies 

 
 
INTRODUCTION 
 
 
The objective of this task is to clarify the requirements of 
decommissioning and waste management strategies within 
the framework of a future commercial fusion plant. 
 
In this study, six blanket concepts are considered in six 
fusion power plant models : PM 1, PM 2, PM 3, PM 4, 
PM 5 and PM 6. The designs PM 1, PM 2 and PM 3 were 
studied within the second Safety and Environmental 
Assessment of Fusion Power (SEAFP-2). The other are 
concerned by the SEAFP-99 assessment. 
 
 
2000 ACTIVITIES 
 
 
During operation periods, two types of waste will be 
produced in fusion reactors: 
 
- wastes essentially in metallic form coming from 

component replacement (blankets, first wall 
components…), 

 
- wastes due to the supporting (classical for a nuclear 

installation). 
 
Wastes steam from dismantling operations must also be 
taken into account. 
 
Concerning wastes in metallic form, there are two sources 
of activation :  
 
- the activation by the 14 MeV neutrons due to fusion 

reaction, 
 
- and the tritium contamination. 
 
So, these wastes can be activated, tritiated or both activated 
and tritiated. 
 
For waste management it is essential to classify the wastes 
in order to define, for each of them, a specific issue. 
Different levels of classification can be used for wastes. 
Contact dose equivalent rate and decay heat generating 
must be considered. 
 
Three options are possible after an interim storage, 
generally assumed to be 50 years or longer if needed: 
 
- recycling, i.e. reuse of the material in nuclear industry, 
 
- clearance, i.e. release of the materials from regulatory 

control, 

- disposal as radioactive waste of the waste fraction 
which cannot be recycled or cleaned. 

 
ACTIVATED WASTES CLASSIFICATION 
 
These categories depend on the contact dose rate D and the 
decay heat per volume unit H: 
 
- D>20 mSv/h, H>10W/m3 : Permanent Disposal Waste 

(PDW), the material is disposed in a repository for 
radioactive waste. 

 
- D<20 mSv/h, H<10W/m3 : it is possible to recycle 

irradiated materials. 
 
- 2 mSv/h<D<20 mSv/h, 1W/m3<H<10W/m3 : Complex 

Recycle Material (CRM) using Remote Handling 
Recycling (RHR). 

 
- 1 µSv/h<D<2 mSv/h, H<1W/m3 : Simple Recycle 

Material (SRM), using RHR performed with simpler 
procedures than those for CRM. When D < 10 µSv/h, 
Hands On Recycling (HOR) is feasible. 

 
- D<1 µSv/h, H not relevant : Non Active Waste (NAW) 

or Non Active Recyclable Material (NARM), when 
material may be cleared or recycled outside the nuclear 
industry. 

 
For these last materials, two clearance levels can be 
calculated when specific activity is sufficiently low: 
 
- Clearance with disposal (D) corresponding to a disposal 

as non active waste (NAW) using IAEA data. 
 
- Clearance with recycling (R) corresponding to a 

recycling outside the nuclear industry (NARM) using 
E.C Recommendations. 

 
They are attributed to each relevant nuclide contained in the 
waste on the basis of its potential hazard. 
 
The clearance levels refer to the unconditional recycling of 
metal scrap, i.e. the recycling of the material outside of the 
nuclear industry. It could be interesting for industry, which 
does not need the same technology development as fusion, 
to reuse materials from dismantled fusion plant. 
 
E.C Recommendations do not contain data for all 
radionuclides relevant in fusion. The comparison, when 
possible, shows a fair agreement, but the clearance levels 
adopted derived from IAEA with additional safety factors 
are generally lower, i.e. they are on the safe side. For the 
activation calculations, it is assumed that the total 
irradiation time is 25 years. During this time, 5 sets of 
blankets and First Wall will be used. 
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Knowing the contact dose equivalent rate and the decay 
heat per unit volume for each material constituting, the 
component, it is possible to classify the waste and to 
establish a strategy between disposal and recycling. The 
repartition between Permanent Disposal Wastes, Complex 
Recycling Materials, Simple Recycling Materials and Non 
Active Wastes is described in Figure 1 and 2. 
 

PM-1 PM-2 PM-3 
Classification 

Weight 
(ton) 

% 
Weight 
(ton) 

% 
Weight 
(ton) 

% 

PDW 0 0 48 0.1 4 0.01 

CRM 561 1.3 258 0.5 1503 3.8 

SRM 15774 37 22535 45.9 11627 29.6 

NAW 26243 61.6 26243 53.5 26230 66.6 

TOTAL 42578 100 49084 100 39364 100 

 
Figure 1 : Waste classification for PM 1-3 

after 100 years interim storage 
 

PM-4 PM-5 PM-6 
Classification 

Weight 
(ton) 

% 
Weight 
(ton) 

% 
Weight 
(ton) 

% 

PDW 15360 22.5 7973 10 9156 18.8 

CRM 510 0.7 7171 9 5082 10.4 

SRM 30810 45 42763 53.7 12800 26.2 

NAW 21720 31.8 21720 27.3 21720 44.6 

TOTAL 68400 100 79620 100 48750 100 

 
Figure 2 : Waste classification for PM 4-6 

after 100 years interim storage 
 
ONLY TRITIATED WASTES 
 
Concerning the tritiated steel management and before 
storage, two ways can be studied: 
 
- the first one consists of preliminary storage for tritium 

radioactive decay, awaiting final disposal, 
 
- the second one is detritiation which make wastes 

compatible with criteria of acceptance for tritium in 
existing or in coming years storage plant. 

 
In the first way, it is necessary to precisely define the 
packaging and the casks specifications. This storage 
requires either a tritium tightness of the packaging or 
atmosphere detritiation. The second way allows a waste 
volume reduction. It could be very interesting for steels and 
specific materials such as Be. A process currently used, for 
steels, at semi industrial scale and its optimisation are 
described in task TSW2.1. In parallel with this process 
optimization the limitation of tritium release from ingot 
after melting is studied. The addition of substances or the 
modification of the micro structure which could stabilise 
hydrogen isotopes in the material are studied. 

ACTIVATED AND TRITIATED WASTES 
 
The application of steel detritiation process by melting to 
tritiated and also activated wastes must be estimated. 
 
As a matter of fact, a high temperature treatment will lead 
to an active gas release. In the case of only tritiated 
material, tritium effluents have to be managed. But for both 
tritiated and activated material, other gaseous nuclides must 
be taken into account, such as Ar or Kr isotopes. 
 
For all detritiation processes, the production of secondary 
wastes, and their treatment must be estimated. It determines 
the detritiation gain in comparison with the use of a 
packaging with a specific tritium barrier which could limit 
tritium release. 
 
 
CONCLUSIONS 
 
 
After the classification of activated materials, the strategy 
will certainly consists in different duration of the interim 
storage, depending on the component. This could allow a 
smaller quantity of Permanent Disposal Wastes or Complex 
Recycling Materials requiring Remote Handling Recycling. 
For example, the interim storage times are assumed to be 
100 years for the in-vessel components and 5 or 50 years 
for the ex-vessel components. 
 
Concerning materials which contain tritium, detritiation 
process allow a reduction of tritium content in the waste 
and a reduction of volume. Experimental data on the 
optimized process are needed to determine the gain of 
detritiation, taking into account the tritium concentration 
reduction in the primary waste (metal) and the production 
of secondary wastes (tritiated water). 
 
 
REPORTS  
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TW0-SEA3.5 
 
Task Title : HYDROGEN DEFLAGRATION/DETONATION ANALYSIS 
 
 
INTRODUCTION 
 
 
Hydrogen deflagration/detonation is likely to challenge the 
integrity of the vessel in which it occurs. Thus it must be 
assessed as accurately as possible. The objectives of this 
task is to define a methodology for the analysis and the 
evaluation of the hydrogen risk in a fusion type reactor. 
 
 
2000 ACTIVITIES 
 
 
The different steps of this methodology are as follows: 
 
ANALYSIS OF THE "ENVELOPE" ACCIDENTAL 
SCENARIOS 
 
The "envelope"  scenario (ex-vessel LOCA and induced in-
vessel LOCA) which can potentially lead to hydrogen 
production will be analyzed. This will allow us to precise 
the contribution of the main parameters (hydrogen and 
steam contents, initial pressure and temperature...) and to 
propose a methodology for the evaluation of the 
consequences. 
 
EVALUATION OF THE CONSEQUENCES OF THE 
"ENVELOPE" SCENARIOS 
 
All the steps of the scenarios must be accurately quantified: 
hydrogen production kinetics, vessel pressurization, 
hydrogen localization, determination of ignition zones, 
hydrogen combustion. 
 
Hydrogen production: the evolution of the reactants 
masses (for example steam and beryllium) versus time must 
be calculated. This can be done using the PAXITR code. 
PAXITR is a 0-D thermal-hydraulics code which allows us 
to assess the mass flow rate of a break, the heat transfer 
with structures and the hydrogen production kinetics, using 
models which have been validated on fusion-specific 
experiments. As far as the break mass flow rate is 
concerned it can be fitted on the results of a six-equations-
model code (CATHARE). Moreover an accurate 
assessment of the counter pressure effect is of concern 
since, through the break mass flow rate, it has an influence 
on the hydrogen production. 
 
Vessel pressurization: the assessment of the pressure 
evolution will be done using the PAXITR code. Its 
accuracy is important for at least two reasons: it allows a 
correct evaluation of the counter pressure effect and it 
provides conditions of  hydrogen deflagration/detonation. 
 
Hydrogen localization: the hydrogen distribution within 
the vessel will be calculated using the CASTEM code. 
CASTEM is a 3-D fluid dynamics code. 

It allows us to determine the evolution versus time of the 
different gases contents within the vessel; it takes into 
account stratification phenomena and condensation on cold 
surfaces. (Note that CASTEM has also a 0D module that 
can compute H2 distribution in multi compartments). 
 
Determination of the ignition zones: this will be done 
from the 3-D analysis of the hydrogen distribution, using 
Shapiro's diagram. A bibliography will be done which 
could allow us to find diagrams suitable for fusion-specific 
conditions (low pressure, high temperature). If no 
interesting information is found an adequate experimental 
program will be defined. 
 
Hydrogen combustion: CASTEM includes a detonation 
model which have been previously developed for the 
PLEXUS code, as well as laminar and turbulent 
deflagration models; these models have been validated on 
fission-specific experiments (FZK shock tubes, RUT 
experiments, experiments of 3D spherical detonation). A 
temperature peak is needed as CASTEM input for the onset 
of the combustion. 
 
"Manual" coupling of PAXITR and CASTEM: two 
outputs of PAXITR can be used as inputs for CASTEM 
(break mass flow rate and hydrogen production kinetics). 
The pressure calculated by CASTEM can be fitted on the 
pressure calculated by PAXITR. 
 
 
CONCLUSIONS 
 
 
A methodology has been defined which will be applied to 
tha assessment of the hydrogen risk in ITER. 
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TW0-SEA4 
 
Task Title : PLANT SAFETY ASSESSMENT 
 
 
INTRODUCTION 
 
 
The objective is to provide a top down approach for the 
ITER safety assessment. The top-down approach starts with 
a plant-level, safety functional approach, and works down 
to initiating faults.  This has been implemented by the 
construction of a global fault tree, developed as a Master 
Logic Diagram (MLD).  The approach taken to constructing 
the tree differs in some respects from the conventional 
MLD used elsewhere, for example in fission plant studies. 
 
The top-level event in the MLD is “excessive off-site 
release”, meaning the release of radiological or 
toxicological hazards which exceed the adopted project 
guidelines.  
 
Subsequent levels in the diagram show the confinement 
barriers and supporting safety functions that protect against 
the release, and finally the potential initiators of accident 
sequences.  In general, several failures must occur to give 
rise to a release, indicated in the logic of the MLD by the 
use of Boolean “AND” gates in the diagram. 
 
For example an ingress of coolant into the vacuum vessel 
will create the conditions in which mobilisation of tritium 
could occur, but a significant release to the environment 
would only result if, additionally, other failures occurred 
resulting in loss of confinement. 

2000 ACTIVITIES 
 
 
A master logic diagram (MLD), shows the possible events 
that could lead to releases of hazardous materials from the 
facility buildings. The MLD uses Boolean logic operators 
(i.e., AND gates and OR gates), like a fault tree, to connect 
events.  MLDs are constructed "from the top downward" by 
postulating an excessive release at the site boundary.  In the 
case of ITER the potential to generate a release in excess of 
the project release guidelines is low, and can only happen in 
events of extremely low likelihood. Therefore, to achieve 
the completeness of initiating event identification, the ITER 
MLD focuses on potential releases exceeding the adopted 
project release guidelines, regardless of how low the 
likelihood of the event sequence may be. The MLD is 
constructed using successive levels, each representing a 
common function across all branches. The levels serve as 
an ordering technique to give structure to the MLD process 
and to provide consistency and comprehensiveness. The 
MLD for ITER operation is shown in Figures 1 and 2. 
 
Level 1 is the public hazard from a postulated offsite 
release. The term "excessive" refers to a release which 
would exceed the adopted project release guidelines.  From 
Level 1, logically, Level 2 lists the release paths from 
buildings which could release hazardous materials; the 
tokamak building or one of the other facility buildings that 
support tokamak operation.  
 

 

 
 

Figure 1 : Top levels of Master Logic Diagram 
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Figure 2 : Master Logic Diagram: Tokamak Cooling Water System  

 
The principle is that a release from the tokamak building is 
an "indirect" release since there are many barriers, 
including the two confinement barriers of the vacuum 
vessel and the cryostat, that must be penetrated for a release 
to occur; a "direct" release may be possible from a support 
building where there are generally fewer barriers to 
penetrate (however, there is also less magnitude of 
inventory, fewer combinations of inventories, and little or 
no energy available to promote mobilisation). 
 
Level 3, the origin of the hazardous release, departs from 
conventional MLDs because the nature of ITER is to have 
many systems or plant functions located within a few 
buildings.  These systems contain a variety of radiological 
and other hazardous materials that must be delineated for 
clarity in the MLD.  ITER will have many combined 
inventories.  Considering, for example, the vacuum vessel, 
there are inventories of tritium on the surfaces and within 
the PFCs, activated and possibly toxic tokamak erosion 
dust, activated gases, radioactive material volatilised by the 
plasma in a disruption,  and oxidation driven radioactive 
material in an event in which air or water enters the vessel. 
 
The MLD Level 4, release species, lists the types of 
hazardous material inventories being handled in each of the 
Level 3 plant functions.  

Some of the hazardous inventories are in gaseous (e.g., 
tritium) or liquid form and are easily mobilised, while other 
inventories are in solid form (e.g., activated PFCs) that 
must be volatilised to allow a release.  Level 4 promotes 
delineation of the fact that the variety of inventories will 
require different conditions for mobilisation. Conversely, 
where the conditions required to mobilise and release 
inventories are qualitatively the same, they have been 
combined at level 4. 
 
Having thus represented the main hazardous inventories, 
the remainder of the MLD depicts the conditions necessary 
to permit their release.  In general the safety function which 
prevents this is confinement, so loss of this confinement is 
shown at level 5. 
 
The boxes here represent the physical barriers providing 
this confinement.  Since in general two reliable barriers are 
provided in the design, these failure boxes are always seen 
connected by an AND gate, indicating that failure of both 
barriers is necessary to permit a release. 
 
For many of the important inventories, failure of 
confinement alone will not cause an off-site release.  First 
their has to be a mobilisation of the inventory or some part 
of it. 
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Although the prevention of mobilisation can be regarded as 
part of the confinement function, in the MLD it has been 
assigned a level of its own to emphasise the fact that only 
some inventories require this to happen.  So level 6 is 
labelled mobilisation, and it is important to note that those 
inventories which are assumed to be readily mobilisable do 
not have a box at this level. For example, the tokamak dust 
which the vessel is assumed to be volatile, so there is no 
box at level 6, as no initiating events are required to 
promote its availability for release. It should be 
remembered that the assumption of 100% mobilisation as a 
conservative one, but the MLD does not attempt to quantify 
amounts of material mobilised and released. Where there is 
a mobilisation box at level 6, it is generally combined in an 
AND gate with the loss-of-confinement boxes at level 5. 
 
In some cases a loss of confinement at level 5 can be 
directly caused by an initiating event (e.g. a pipe rupture in 
the case of the primary confinement of the activated 
corrosion products in the cooling water circuit).  
 
In other cases confinement is maintained by some 
supporting safety function, or a function needed to mitigate 
the effects of a failure.  This is also true of mobilisation at 
level 6, which may, for example, result from the loss of the 
function to remove heat. These various losses of supporting 
functions are depicted in the MLD at level 7.  The functions 
which appear here are: 
 
- Ensure heat removal. 
- Control hydrogen inventories and chemical reactions. 
- Control effects of coolant energy. 
- Control effects of magnetic energy. 
- Control effects of coolant energy. 
 
The listed functions correspond to the confinement safety 
functions listed in Volume I, although this has the addition, 
"restrict radioactive inventories", which does not appear in 
the MLD as it is not a function required to mitigate an 
accident, rather it is concerned with controlling the source 
available for mobilisation in an accident. 
 
Level 8 gives the types of initiating events that may 
challenge the confinement barriers in level 5, promote 
mobilisation at level 6, or cause loss of the supporting 
safety functions at level 7, and propagate upward in the 
MLD to produce an excessive offsite release.  These 
include component failures and other accident initiating 
events as well as other aggravating failures that would have 
to occur to result in a release.   Individual component and 
sub-system failures are not listed, only the types of 
initiating events, such as Loss of Coolant Accident or Loss 
of Flow Accident.  Because of the AND gates further up the 
tree, a wide range of event combinations are represented, 
and generally more than one failure is required to lead to 
offsite releases.  However, some combinations of events 
will not be mechanistically possible, other combinations are 
possible but due to their independent nature have a very 
low probability of occurring together in a time span that 
allows propagation up the tree to an offsite release.  

CONCLUSIONS 
 
 
A top down approach has been implemented for the ITER 
safety assessment. The resulting list of initiating events 
from this approach has been used to confirm the 
completeness of the Postulated Initiating Events from 
bottom-up studies, although the less detailed nature of the 
Master Logic Diagram provides a more generic list than the 
specific results of the FMEA studies. 
 
 
REFERENCES 
 
 
ITER Generic Site Safety Report, volume X. 
 
 
TASK LEADER 
 
 
Pierre SARDAIN 
 
DEN/DER/SERI/LFEA 
CEA Cadarache 
13108 St Paul Lez Durance Cedex 
 
Tél. : 33 4 42 25 37 59 
Fax : 33 4 42 25 36 35 
 
E-mail : pierre.sardain@cea.fr 
 



 - 383 - Underlying technology / Safety and Environment 
 

UT-S-BLK 
 
Task Title : BLANKET SAFETY 
 
 
INTRODUCTION 
 
 
The post-Critical Heat Flux (post-CHF) phenomenon is of 
interest for fusion designers because under certain water 
conditions, this phenomenon can allow the divertor coolant 
channel to exceed its local CHF by multiplication factor 
near two. 
 
 The phenomenon is due to the non-uniform heat flux 
around the wetted perimeter of the coolant channel, which 
allows the simultaneous existence of multi-regimes of the 
Nukiyama boiling curve. 
 
This post-CHF phenomenon was experimentally measured 
and theoretically modeled in the United States for two 
prototypical fusion divertor coolant channels.  The 
modeling consisted of finite element analysis and two 
specific heat transfer correlations: Tong-75 for the local 
CHF and Marshall-98 for the transition boiling regime. 
 
The objective of this task is to extend the above modeling 
from a two dimensional to a three dimensional analysis and 
include a coupling between the thermal calculations for the 
mockup and the thermal-hydraulic calculations of the water 
coolant.  
 
The GENEPI computer code is selected for the coupled 
thermal and thermalhydraulics finite element modeling of 
the post-CHF phenomenon. 

2000 ACTIVITIES 
 
 
Local CHF can be exceeded with the GENEPI code; post-
CHF correlations that are already programmed into its 
library. 
 
Two correlations have been implemented in GENEPI for 
fusion applications: Tong 75 for the critical heat flux 
(dryout point on the figure 1) and Marshall 98 for the 
transition boiling (figure 1). 
 
Tong-75 is written as: 
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Figure 1 : Nukiyama curve 
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where Cp = isobaric specific heat (J/kg°C) 
 D0 = reference inner diameter (0.0127 m) 
 Dh = hydraulic diameter of cooling channel 
   (m) 
 fo = Fanning friction factor 
 G = the mass flux (kg/ms) 
 Hfg = latent heat of vaporization (J/kg) 
 Ja = Jakob number 
 P = water pressure (MPa) 
 Pcrit = critical pressure of water (22.089 MPa) 
 ì = liquid bulk viscosity (kg/m s) 
 ñl = density of liquid bulk (kg/m3) 
 ñv = density of vapor at the liquid bulk 
   temperature (kg/m3) 
 ÄTsub = degree of subcooling, Tsat - Tb (°C) 
 Xsub = quality of subcooled liquid bulk 
 
The Marshall-98 correlation is written as: 
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where ÖWCHF = CHF at the wetted perimeter (MW/m2) 
 ÖTB = transition boiling heat flux (MW/m2) 
 TWCHF = wall temperature at local CHF (°C) 
 Ts = saturation temperature at liquid bulk 
   pressure (°C) 
 Tw = wall temperature (°C) 
 
Test calculations illustrated that the Tong 75 correlation 
was correctly working.  However, there was a small note to 
be made in regards to the term “local conditions”.  From an 
experimental point of view, it is not possible to measure the 
water properties at the water to material interface during the 
experiment. Instead, one usually bases the experimental 
data on local bulk conditions of the water.  However, in the 
thermal-hydraulic calculations of GENEPI, the local 
conditions are truly the local conditions at the water to 
material interface. 
 
This is a potential source of error for the modeling since the 
governing heat transfer correlation was developed for local 
bulk conditions of the coolant and not those near the 
material interface. Nevertheless, the predicted local CHF 
values were consistent with those of the experiments. 
 
Some difficulties arose implementing Marshall 98 
correlation since, in GENEPI standard version,  ΦCHF and 
TCHF values are no more available during post CHF 
calculations. A modification of GENEPI made ΦCHF 

available. For TCHF a constant value, coming from 
experiments was assumed, limiting the accuracy of the 
modeling. 
 

CONCLUSIONS 
 
 
An effort has been made in order to adapt the GENEPI code 
to fusion conditions. A new correlation for Critical Heat 
Flux has been successfully implemented. Problems arose 
while implementing a correlation for transition boiling 
limiting the capabilities to simulate post CHF phenomena. 
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 UT-S-MITIG 
 
Task Title : EVALUATION AND MITIGATION OF THE RISK CONNECTED 

WITH AIR OR WATER INGRESS 
 
 
INTRODUCTION 
 
 
Water ingress in the torus, for instance due to a breach of 
the first wall (Beryllium) between torus and cooling system, 
results in the oxidation of Beryllium. As a consequence of 
this oxidation, there is production of hydrogen (Be + H2O 
à BeO + H2), with the explosion risk associated. It is 
therefore necessary to define a strategy in order to mitigate 
this risk.  
 
Depending on the situation, some well-known techniques, 
usually based on O2/H2 reaction such as recombiners or 
igniters, can be used. However, in some parts of the reactor, 
with low or unpredictable concentration of oxygen, such a 
system cannot be used. This is why a process, based on the 
reduction of metallic oxide (H2 + MnO2 à MnO + H2O) is 
currently under development. 
 
 
2000 ACTIVITIES 

 
 
1999 was devoted to the development of a first model of 
hydrogen elimination based on manganese dioxide 
reduction, which is now available (MITRHY [1]). However, 
it is necessary to determine experimentally kinetics data of 
the reaction to complete and validate the model. 
 
Year 2000 was devoted to the elaboration of a methodology 
for kinetics determination using CIGNE facility. This 
program induces some changes in the model, as well as 
some study concerning the conditioning of oxide powder. 
 
KINETICS DETERMINATION – EXPERIMENTAL 
PROGRAM 
 
The first model of hydrogen elimination by manganese 
oxide reduction was developed based on the shrinking core 
model with adherent ashes [1] : reaction starts at the surface 
of the granulates (chemical regime), ashes appears which 
remains on the surface, so that the gas must diffuse through 
this layer to reach fresh material and react (chemical or 
diffusion regime according to the limiting step of the global 
reaction).  
 
Final formulation of the kinetics law for the system is rather 
complex, with some data needed to validate the model 
difficult to reach from experiments, such as the 
concentrations at fresh material / ashes border. One way to 
simplify the model is to assess that the kinetics order of the 
reaction is 1, hypothesis that seems consistent with first 
experiences, bus has still to be checked.  

Furthermore, the examination of previous results on the 
CIGNE facility showed that there are two times in the 
process. The reactor is a fixed bed, with hydrogen flowing 
through powder or granulates,. Figure 1 presents the 
evolution of hydrogen concentration downstream of the 
reactor (continuous measurement using mass spectroscopy). 
There is first a fast elimination of hydrogen by manganese 
dioxide, then the kinetics seems to slow down. This can be 
interpreted as the succession of chemical regime (reaction at 
granulates surface) followed by diffusion regime (kinetics 
governed by the diffusion of hydrogen in the ashes).  
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Figure 1 : CIGNE experiment - Hydrogen concentration 
in the gas downstream of the reactor 

 
Based on this observation, it was decided as a preliminary 
approach to reach the kinetics parameters to change the 
model in MITRHY to a more simple model : 
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where r is the reaction rate, k the kinetics constant (might be 
a function of reaction progress, for instance to take into 
account the actual fresh material surface), E the energy of 
activation, n the reaction order, T the temperature, CH2 the 
hydrogen concentration in the gas. Two such kinetics law 
must be determined (chemical regime and “diffusion” 
regime), corresponding to two parameters set (E, k, n). In a 
second part, depending on the results (essentially on the 
reaction order determined from experiments), the data 
obtained for the chemical regime will be integrated to the 
shrinking core model, or a new phenomenological model 
will be developed.  
 
Experimental program to determine kinetics parameters 
includes tests on temperature, hydrogen and water 
concentration in the inlet gas, flow rate of the gas (time in 
the reactor), and oxide particles size. The results from these 
various experiments will be integrated in a numerical 
optimizer, in order to get the kinetics parameters.  

0,00

0,50

1,00

1,50

2,00

14000 15000 16000 17000 18000 19000 20000 21000 22000 23000 24000

Time (s)

%
 H

2 
d

o
w

n
st

re
am

 o
f 

th
e 

re
ac

to
r

gas in by-
passgas in reactor

gas in 
by-pass



 - 386 - Underlying technology / Safety and Environment 

The CIGNE facility had to be adapted for the realization of 
the program (essentially for working at temperature above 
80°C), and will be available to start the program test at the 
beginning of second quarter. By this time, the final choice 
of powder conditioning (see below) for the experimental 
program will be achieved.  
 
CONDITIONING OF OXIDE POWDER 
 
The hydrogen conversion process is based on the reduction 
of manganese dioxide (MnO2), with silver oxide (Ag2O) 
added in order to promote the reaction. 
 
The powder is obtained from the mechanical mixture of 
MnO2 (90%wt) and Ag2O (10%wt), with water added in 
order to favor the homogenization. Indeed, the analysis by 
Energy Dispersion Spectrometry (EDS) of two samples, the 
first prepared without adding water and the second using 
water showed that silver oxide was well dispersed in the 
later, while, in the former, silver oxide seems to be 
segregated as particles in the middle of manganese dioxide. 
Water in excess is removed by heating up to 120°C the 
product for at least 2 hours.  
 
The final powder has a very small granulation, between 10 
and 100 µm. This product was used “as prepared” for the 
first CIGNE experiments performed in 1999. The reactor 
used for these test is of fixed bed type : the product is 
placed between two filters fitted in order to keep the powder 
in place. The gas (hydrogen/nitrogen) flows through the 
reactor, where the reaction takes place. Due to the very fine 
granulation, the pressure drop is quite important in the 
reactor.  This point is important with regard to the 
experimental program for determining kinetics parameters, 
but also in view of hydrogen elimination device design for 
ITER program. Indeed, one of the possibility is to 
implement an “hydrogen elimination cartridge” in the pipe 
between the torus and the expansion vessel, in which case 
the problem of pressure drop is of major importance. 
 
In order to get rid of this problem, the solution might be an 
increase of the size of the granulates (first calculation for 
CIGNE facility showed that an increase of particle size 
from 0,1mm to 1mm allows to reduce the pressure drop 
from 250 mbar to 4 mbar). Thus it was decided to look at 
the processes available to increase the size of the granulates. 
Two ways are still investigated : agglomeration of the thin 
powder or deposit of the product on a substrate.  
 
Concerning the agglomeration studies, two possibilities 
arised : crushing pellets or agglomeration in a fluidized bed.  
 
The first method is based on the fabrication of pellet from 
the initial powder. The product, wetted using a small 
quantity of water is placed in an isostatic press. The pellet is 
then crushed, the final product being sized in order to get 
different lots of granulates. This method is very simple to 
implement, at low expense. However, it has a very low 
output, more than 50% of the pellet giving particles too 
small to be of any use in a fixed bed reactor.  
 

An other process to get large size granulates is the 
agglomeration of the powder in a fluidized bed.  This 
method requires the use of a binding agent, which is added 
to the initial product. This agent enters the porosity of the 
initial powder, then it build bridges between the grains, to 
produce particles of the desired size. 
 
Experiments were performed using different binders, 
organic (carboxymethylcellulose of sodium or CMC) and 
inorganic (manganese sulfite, manganese nitride). It was not 
possible to obtain particles of 1 mm diameter when using 
inorganic binder, while the use of organic binder allows the 
production of this kind of particles. However, the 
mechanical stability of these particles disappears when they 
are heated above 100°C. This can be a problem as the 
chemical reaction is exothermal and as the inlet gas 
temperature in case of accident can be higher than 100°C. 
As a temporary conclusion, no suitable binder was found 
yet to produce particles using this method. 
 
An other possibility studied is the deposit of manganese and 
silver oxide on a substrate with convenient properties for 
hydrogen elimination purpose. With this idea, the best 
solution seems to be the use of a large developed surface 
material, such as zeolithe. One of the major advantage of 
this process is that the powder layer being thin enough, all 
manganese dioxide is directly in contact with the gas, 
without any problem of diffusion through ashes. On the 
other hand, two points should be raised : first, it is difficult 
to control the quantities of each oxide deposited on the 
substrate and its distribution, and second, the final product 
efficiency is lower for equivalent dimensions, the quantity 
of active product being diluted in the substrate. 
 
Tests were performed using alumina (Al2O3) as the 
substrate. These particles are first impregnated with 
manganese nitride and silver nitride in a fluidized bed. The 
granulates are finally calcinated at 300°C, to turn nitride to 
oxide. First experiments by thermal gravimetry have shown 
that this product seems to be suitable for our purpose. 
However, only complete characterization of the product and 
CIGNE experiments will permit to validate this 
conditioning for the final process.  
 
 
CONCLUSIONS 
 
 
The study of hydrogen risk mitigation for fusion reactor 
purpose is going on with two main orientations : 
determination of kinetics data and conditioning of the 
product in view of its application as an hydrogen 
elimination device.  
 
Concerning the kinetics data, it appears that the global 
reaction can be divided in two parts. During the first period, 
oxide reduction is governed by the chemical reaction. Then, 
as the ash layer grows, the reaction turns toward a diffusion 
controlled regime. The experiments planned for 2001 
should allow to determine the kinetics parameters, 
especially those corresponding to the chemical regime 
(energy of activation and order of the reaction). 
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The kinetics model will then allow to dimension hydrogen 
elimination device for fusion reactor.  
 
On a more practical point, the initial powder being of too 
small granulation, two possibilities are investigated to 
implement the process as granulates : agglomeration of the 
powder or deposit on particles with large specific surface.  
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