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TW0-TRP-3D1 
 
Task Title : ANALYZE THE SENSITIVITY OF ACHIEVING ACCIDENT 
 MANAGEMENT 
 
 
INTRODUCTION 
 
 
In the frame of the safety analysis of a fusion reactor, it is 
important to verify that the toughness of the containment 
system is guaranteed, whatever accidental sequence is 
considered. 
 
The safety requirement is to maintain the pressure peak 
within the containment down to an acceptable level without 
releasing an unacceptable quantity of radioactive material in 
the atmosphere. Several confinement strategies have been 
assessed through the analysis of large LOCA scenarios in 
order to define a concept for the Power Plant Conceptual 
Study (PPCS). 

2001 ACTIVITIES 
 
 
The studied confinement concepts are based on the SEAFP 
containment (figure 1). 
 
One of the most severe accidental sequence is the loss of the 
condenser. It induces the loss of the heat sink in the steam 
generators (SG) of the First Wall/Shield blanket (FW/SB) 
cooling system. The SG feed water is lost. During a certain 
time, the reactor residual power can be removed  through 
SG inertia. 
 
The main parameters of  the concepts are shown on the 
following table: 
 

A B C 
Concept 

Cont. VV Cont. VV Cont. VV 

Volume (m3) 37450 2843 54440 2843 101300 2843 

Design pressure 
(bar) 

1.4  1.4  1.4  

Expansion volume 
(m3) 

68000 25000 None None None In containment 

Scrubber No No No 1694  No No 

Rupture disk area 
(m2) 

25 2 25 4 25 4 

Rupture disk opening 
at (bar) 

1.4 4 1.4 2 1.4 2 

 

STEAM GENERATOR 
VAULT

18 770 m3

VACCUM
VESSEL
2843 m3

DIVERTOR 
VAULT

10 000 m3

DIVERTOR CIRCUIT (1 LOOP) 

SECONDARY 
CIRCUIT

FIRST WALL/BLANKET 
CIRCUIT (4 LOOPS)

SECONDARY 
CIRCUIT EXPANSION VOLUME

68 000 m3

EXPANSION VOLUME
25 000 m3

Rupture disk
A = 25 m²
DP = 0.4 bar

Rupture disk
A = 2 m²
DP = 0.4 bar

Rupture disk
A = 1 m²
DP = 4 bar

 
 

Figure 1 : SEAFP containment 
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The SG safety valves can be opened. After the SG dry out, 
there is no more heat sink for the primary circuit. The 
primary pressure increases leading to the opening of the 
pressurizer safety valves. Therefore, there are two potential 
energy sources for the containment: the steam generator 
safety valves enthalpic flow and the pressurizer safety 
valves enthalpic flow. Due to the loss of primary coolant an 
in-vessel LOCA is likely to occur; the criterion is the quick 
rise of the wall temperature of the plasma facing 
components. 
 
It is shown that the expansion volumes are insufficient to 
ensure that the integrity of the containment is not 
challenged. Thus, complementary mitigation systems have 
been envisaged. 
 
The pressure suppression pool (PSS) is a thermal sink in 
which the steam released in the containment is condensed 
(figure 2). The presence of non condensable gases above 
the pool is likely to diminish the efficiency of the system 
and to make the pressure increase. Therefore it is necessary 
to vent the gas space above the pool; this leads to 
significant release to the stack requiring an appropriate 
filtering. The vented PSS allows to maintain the 
containment pressure under the design limit. 
 

V =      m 3

d=0.1 m

P = 1 bar

T = 293 °K

P = 1 bar

T = 293 °K

Rupture disk

Water depth :

N2 : 0.79

O2 : 0.21

N2 : 0.79

O2 : 0.21

Surroundings
T=293 °K, 1 bar
Veq=1010 m3

Drywell

VH20
3

V =        m 3

Rupture disk

Wetwell

 
 

Figure 2 : Pressure suppression pool 
 
The spray system can provide the containment with small 
water droplets and is able to reduce the pressure rapidly 
through steam condensation thanks to the high exchange 
area (figure 3). The containment pressure does not exceed 
the design limit using an appropriate cooling water flow 
rate. The drawback of this system is the required high level 
of reliability. 
 
 
CONCLUSIONS 
 
 
Despite the important potential energy release in the 
containment, it is possible to meet the safety requirements 
using a combination of adequate safeguards systems. The 
vented PSS seems to be a reliable and efficient solution and 
could be suitable for the PPCS model A (Water Cooled 
Lithium Lead concept). 

 

EXCHANGER 
HEAT 

POOL 

TANK 

 
 

Figure 3 : Spray system 
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TW0-TRP-4D5 
 
Task Title : IN-VESSEL COMPONENTS 
 
 
INTRODUCTION 
 
 
In the framework of the Power Plant Conceptual Studies 
(PPCS) program of year 2001, an improvement of the 
Water Cooled Lithium Lead (WCLL) blanket design has 
been proposed. The present study concerns the thermo-
mechanical optimization of a WCLL module (PPCS 
model A). 
 
The blanket module design is optimized, in order to 
maximize the Tritium Breeding Ratio (TBR) under 
structural integrity criteria constraints. The input module 
design for the optimization process is based on 
specifications proposed for the DEMO reactor [1]. The 
objective is to take advantage of the new blanket design and 
power density specifications, in order to improve 
performances of the WCLL concept. 
 
 
2001 ACTIVITIES 
 
 
PPCS WCLL BLANKET MODULES 
 
In the new design of  the WCLL blanket, presented on 
figure 1, blankets have been segmented in six modules in 
the poloidal direction.  

For thermo-mechanical optimization, we consider an 
outboard module centered on the equatorial axis, where the 
neutron wall loading is maximum. 
 
Each module is composed by a steel box (Martensitic steel) 
reinforced by a grid of stiffener plates (figure 1). The 
thoroidal step between two stiffener plates is 135 mm, and 
there are 5 channels in the radial direction. Stiffener plates 
are 5 mm thick. The box constitutes a container for slowly 
circulating Pb-17Li, and a first wall tube with pressurized 
water (15.5 MPa) is used for the steel box cooling. The 
power deposited in liquid metal is extracted by bundles of 
Double Walled Tubes (DWT). The water flows downward  
in the first and second channels, and flows upward in three 
last channels. Each tube is connected at a mixing box at the 
bottom of the module. Then, inlet temperature for upward 
tubes is equal to the mean value of  downward tube outlet 
temperatures. Dimensions of the first wall tube and breeder 
zone (BZ) tubes are given in table 1. 
 

Table 1 : Tubes dimension 
 

 Outer diameter (mm) Thickness (mm) 

First wall tube 10 1 

BZ Inner tube 13.5 1.25 

BZ Outer tube 16.5 1.5 

 
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Figure 1 : New design of the WCLL blanket (PPCS model A) 
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THERMO-MECHANICAL LOADING 
 
Water inlet temperature and pressure are respectively 285°C 
and 15.5 MPa. Specifications for Neutron Wall Loading 
(NWL) and the surface heat flux  are respectively 
2.52 MW/m2 and 0.57 M/m2. The latter represents 
approximately 23 % of the NWL. For a first step estimation 
power density profiles in poloidal and radial directions were 
derived from the DEMO specifications (reference [1]). 
 
FINITE ELEMENT MODEL AND THERMAL 
COMPUTATIONS 
 
The Finite Element model has been developed in reference 
[2] and is presented on figure 2. As we can see on figure 1 a 
module can be represented with a periodic pattern, and the 
finite element mesh represents only ¼ of this periodic 
pattern because of symmetries. The pattern size along the 
poloidal axis is given by the step between first wall tubes. In 
our case we use 26 mm as proposed in reference [2]. 
 
The evaluation first starts with the computation of the 
steady state temperature distribution in the module. In 
reference [2] an incremental procedure has been developed 
in order to estimate water power extraction and steady state 
conditions versus the poloidal location in the module 
(figure 2). 

The optimization procedure consisted in adjusting the water 
inlet conditions (velocity and temperature) and the number 
of DWT's in order to reach an average outlet temperature of 
325°C under the following thermal constraints : 
 
- maximum coolant temperature < 340°C (Tsat=343°C), 
 
- subcooled boiling and critical heat flux criteria, 
 
- martensitic steel temperature < 550°C (unsignificant 

creep conditions), 
 
- martensitic steel temperature > 300°C (to prevent 

irradiation embrittlement), 
 
- steel/Pb-17Li interface temperatures < 480°C to prevent 

corrosion. 
 
The result of the optimization procedure is the geometrical 
configuration presented on figure 2. 
 
Each material percentages of  this new design are detailed 
in table 2.  
 
The number of tubes in the BZ has been reduced of 40 % 
compare to the initial design with "U" tubes in reference 
[2].  
 
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Figure 2 : Finite Element Incremental procedure for water power extraction and steady state conditions estimation 

water temperature, pressure and velocity

Convection exchange ratio 
between water and DWT (h)

•h=f(T,p and v)
•Steady state temperature computation in the slice i
•Water power extraction in the slice i
•Inlet and outlet temperature for the next slice

Slice i

i=0 Tin=285°C pin=15,5MPa  vin=5 m/s
Tou=325°C pou=15,5 MPa and vou=9,2 m/s

Inlet Tin, pin and vin

Outlet Tou, pou and vou

I=i+1
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Table 2 : Steel, Pb-17Li and water volume percentages 
in the blanket module 

 

Volume Steel (%) Pb-17Li (%) Water (%) 

Total 20.27 77.16 2.57 

First wall 79.8 - 20.2 

Cell 1 15.2 77.2 7.6 

Cell 2 8.2 90 1.8 

Cell 3 9.2 88.1 2.7 

Cell 4 8 90.2 1.8 

Cell 5 7 92.1 0.9 

 
As expected power extraction is mainly due to downward 
tubes in cells 1 and 2. The minimum range between water 
temperature and subcooled boiling temperature is 9°C, and 
the maximum heat flux is seven time lower than the critical 
heat flux. Other thermal criteria are summarized in table 3. 
 

Table 3 : Maximum temperatures in the equatorial 
outboard blanket module 

 

 Temperature (°C) 

component Maximal Yield value 

Lithium-Lead 504  

Martensitic steel 483 550 

Steel/Pb-17Li interface 477 480 

Water 329 340 

 
MECHANICAL COMPUTATIONS 
 
Thermo-mechanical loading is due internal pressure (Water 
and Pb-17Li) and steady state temperature gradients. 
Structural integrity under nominal loading is checked with 
RCC-MR code criteria. The first rule, RB3111 (P damage 
type), lead to the following criterion for a level A analysis: 
 
 Pm < Sm, 
 
where Pm is the equivalent primary membrane stress and 
Sm a yield value. In our case, primary loading is pressure, 
and the maximum equivalent primary stress is 56.5 MPa. 
The lower value of Sm, as a function of temperature, is 
161 MPa, then the RB3111 rule is satisfied with an 
important margin. Concerning S damage type (RB3112) the 
following criterion is proposed: 
 
 Max(Pm+Pb) + ∆Q < 3.Sm, 
 
where Max(Pm+Pb) is the maximum equivalent primary 
stress and ∆Q the secondary stress variation. In our case, 
thermal loading is introduced in the second term ∆Q. 
Ratchetting rule RB3112 is also checked without any 
problems, the minimum margin, 245 MPa, represents 50 % 
of the yield value 3.Sm. 

The most loaded slice in the module is approximately 
located at a mid distance between the top plane and the 
equatorial plane .Minimum margin points are consistent 
with maximum thermal stresses locations. 
 
 
CONCLUSIONS 
 
 
A thermo-mechanical optimization of the new WCLL 
blanket module design has been proposed. This 
optimization is based on a finite element computation of 
steady state temperatures and stresses in an outboard 
module centered around the equatorial plane. Compared to 
a previous design, with "U tubes" concept, the number of 
DWT's in the BZ has been reduced of 40 %. This 
improvement is mainly due to the reduction of upward 
tubes, at the rear part of the module. With this new design, 
thermal and mechanical constraints are still satisfied with 
important margins. 
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TW1-TRP-PPCS1-D04 
 
Task Title : MODEL A (WCLL) - CONSISTENCY WITH THE PPCS GDRD 
 
 
INTRODUCTION 
 
 
The goal of this action is to provide the needed data for the 
safety evaluation of the PPCS model A (Water Cooled 
Lithium Lead concept). Differences from the General 
Design Requirements Document [1] should be pointed out. 
 
 
2001 ACTIVITIES 
 
 
The main data for model A are shown in the following 
table. 
 
 

 

Parameter Unit Value 

Major radius, R m 9.8 

Minor radius, a m 3.27 

Plasma current, Ip MA 33.5 

Additional heating & CD power MW 265 

Fusion power MW 5500 

Toroidal field at major radius, Bo T 7.3 

Plasma volume m3 3564 

Plasma surface m2 1800 

Average and maximum neutron wall load at the 
first wall inboard and outboard 

MW/m2 
2.52 
(av.) 

Neutron wall load at the outboard equator MW/m2 2.96 

Total neutron fluence at the outboard equator MWa/m2 15 

Plasma thermal energy GJ 4.3 

Plasma magnetic energy GJ 3.1 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

I 

II 

III 

IV 

V 

VI 
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The power repartition for model A is as follows: 
 
Fusion power: 5500 MW 
Alfa power: 1100 MW 
Neutron power: 4400 MW 
 
Blanket power (including neutron multiplication): 5330 
MW 
 Breeder Zone Power: 3892 MW 
 First Wall Power: 1438 MW 
 
Divertor Power: 984 MW 
 
The limited extrapolation on physics has led to high value 
of the major radius and the fusion power and, as a 
consequence, the thermal power. Thus, for the blanket, 
6 cooling loops are assumed instead of 4 as in the GDRD. 
 
It is assumed that the alfa power distributed on the first wall 
of the blanket is about 23% of the neutron power. 
 
The repartition of neutron power comes from FZK 
calculations (MCNP results) 
 
The wall loading repartition for model A calculated using 
MCNP is as follows 
 

Module 
Area (m2) 
Module 

Area (m2) 
Reactor 

Wall loading 
(MW/m2) 

I 10.3 185.4 2.06 

II 9.69 174.42 2.39 

III 12.2 219.6 2.02 

IV 17.8 320.4 2.63 

V 17.5 315 2.96 

VI 16.3 293.4 2.69 

Total / Av  1508 2.52 

 
Another important safety relevant data is the coolant 
inventory in the loops since the internal energy of the 
coolant is the potential of the pressurization of the 
containment in case of LOCA scenario. The calculated 
inventory in the blanket loops is 145 m3; it comes from the 
characteristics of the loops and the assumed velocity within 
the pipes (20 m/s). 
 
The definition of the containment will be optimized through 
the safety analysis. It consists in using the TCWS (Tokamak 
Cooling Water System) vault associated with a pressure 
suppression system. 

CONCLUSIONS 
 

 
 
The safety relevant data are provided. The number of 
cooling loops has been increased compared to the GDRD. 
The coolant inventories of the loops are quite high leading 
to the necessity to define a containment with optimised 
associated mitigation systems. 
 
 
REFERENCES  
 
 
[1] Ward, General Design Requirements Document, 

PPCS/PP2D3/UKAEA/4, June 2000. 
 
 
REPORTS AND PUBLICATIONS 
 
 
CEA report , "PPCS model A (WCLL) - Data for the safety 
evaluation", DER/SERI/LFEA 02/50XX, to be issued 
 
 
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 
 



 - 327 - EFDA technology / System Studies / Power Plant Conceptual Studies 

TW1-TRP-PPCS1-D10 
 
Task Title : MODEL A (WCLL) - DESIGN INTEGRATION 
 
 
INTRODUCTION 
 
 
A Power Plant Conceptual Study has been launched in the 
framework of the EU fusion programme the objective of 
which is to demonstrate the credibility of  fusion power 
plant design and the claims for safety and environmental 
advantages and for economic viability of fusion power. A 
generic set of requirements, addressing in particular safety, 
operation and economic aspects, has been set out with 
inputs from industry and from utilities. Four reactor models 
have been identified for a complete evaluation.  
 
The model which is presented in this paper is based on little 
extrapolation on both physics and technology, using a 
water-cooled divertor based on ITER technology and 
associated to the Water Cooled Lithium Lead (WCLL) 
blanket.  

The WCLL blanket uses low activation ferritic martensitic 
steel EUROFER as structural material, pressurized water as 
coolant and lithium-lead as breeder and neutron multiplier. 
 
 
2001 ACTIVITIES 
 
 
For maintenance, a segmentation of the blanket in large 
modules and a segmentation of the divertor in cassettes are 
considered. The poloidal segmentation of the blanket is 
given on figure 1. 
 
The central outboard module is the first to be removed; its 
dimensions are adapted to the dimensions of the port. Then 
all other modules can be removed. The bottom modules 
(inboard and outboard) cannot be removed before the 
modules located above them. 
 

 
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Figure 1 : Segmentation of the blanket 
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The toroidal segmentation is given on figure 2. The total 
number of modules is 189.  
 
There are 9 sectors "with port" in which one central 
outboard module is located in front of the port.  
 
There are 9 sectors "without port" in which no module is 
located in front of the port. 

 
 
 
 
 
 
 
 
 
 
 
 

Figure 2 : Developed view of the blanket 
 
The total surface of the blanket modules is 1500 m2.  
 
A generic view of a blanket module is given on the figure 3.  
 
Each module is connected to 7 collectors (2 for the first 
wall circuit , 2 for the breeder zone circuit, 2 for the 
lithium-lead circuit, 1 for the lithium lead emptying). 

The first wall coolant flows in horizontal tubes while the 
breeder zone coolant flows in vertical tubes. The modules 
attachment points to the shielding are located on the sides of  
the box. 
 
The low level of extrapolation on physics has led to 
consider a maximum heat load of 15 MW/m2 for the 
divertor in order to limit the major radius. Copper alloy 
(CuCrZr) has been chosen as structural material due to its 
high thermal conductivity and its better fracture toughness, 
and tungsten alloy as armour material.  
 
A swirl tape is inserted in the tube as turbulence promoter. 
Because of large mismatch in thermal expansions, an OFCH 
(Oxide Free High Conductivity) layer is put between copper 
alloy and tungsten. The divertor concept is presented on 
figure 4.  
 
The fusion power is 5500 MW (1100 MW alfa power, 
4400 MW neutron power). The blanket power is 5330 MW 
and the divertor power 984 MW.  
 
There are 6 cooling loops for the blanket with the following 
parameters: pressure 15.5 MPa, inlet temperature 285°C, 
outlet temperature 325°C. 
 
There are 1 pressurizer, 1 steam generator and 2 pumps per 
loop (for availability reasons). The main characteristics are 
shown in the table 1. 
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Figure 3 : Generic view of a blanket module 
 

20 ° sector with port 
11 modules 

20° sector without port 
10 modules 

outboard 

inboard 
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Figure 4 : Divertor concept 
 

Table 1 
 

 Length 
(m) 

Diameter 
(m) 

Volume 
(m3) 

M (kg/s) Q (m3/s) V (m/s) A (m2) 

High Temp. Components        
IVC to outlet header 34.5 0.618 10.34 3982.00 5.99 20 0.300 
outlet header 11.3 0.873 6.77 3982.00 5.99 10 0.599 
outlet header to SG - vertical 7.5 0.618 2.25 3982.00 5.99 20 0.300 
outlet header to SG - horizontal 6 0.618 1.80 3982.00 5.99 20 0.300 
pressurizer piping - vertical 7.5 0.1 0.06     
pressurizer piping - horizontal 6 0.1 0.05     
pressurizer   35.00     
Low Temp Components        
SG to pump - vertical 0 0.410 0.00 1991 2.64 20 0.132 
SG to pump - horizontal 10 0.410 1.32 1991 2.64 20 0.132 
pump discharge to inlet header - vertical 15 0.410 1.98 1991 2.64 20 0.132 
pump discharge to inlet header - horizontal 5 0.410 0.66 1991 2.64 20 0.132 
inlet header 11.3 0.823 5.96 3982.00 5.27 10 0.527 
inlet header to IVC 34.5 0.582 9.10 3982.00 5.27 20 0.264 
pump bowls   1     
Low & High Temp. Components        
Steam Generator   30.00     
In_Vessel Components        
Blanket    31.30     
First Wall   4.30     

Loop Coolant Inventory   145.83     
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Due to temperature limitation imposed by the copper alloy, 
the inlet temperature of the divertor cooling loops is 140°C. 
The velocity in the tubes is assumed to be 20 m/s. The 
outlet temperature is 167°C. Because of the relatively low 
operating temperature, the divertor power is used to preheat 
the feedwater of the steam generators of the blanket loops. 
There are 2 cooling loops for the divertor. 
 
 
CONCLUSIONS 
 
 
The main characteristics of the WCLL concept for PPCS 
are defined. They concern the internal component the 
associated cooling loops and the maintenance scheme 
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TW1-TRP-PPCS3-D01 
 
Task Title : SELECTION OF ADVANCED MODELS 
 Assessment of Pb-17Li cooled blanket and divertor concepts 

using SiCf/SiC as structural material 
 
 
INTRODUCTION 
 
 
The objective of this task was to assess the performance of a 
fusion power plant using a Pb-17Li self-cooled concept with 
Silicon carbide composites (SiCf/SiC) as structural material, 
both for blanket and divertor. 
  
Silicon carbide composites (SiCf/SiC) that are some of the 
most promising low activation materials for structural 
application in fusion power reactors, can be viewed as a 
high-risk high payoff endeavor. The high payoff is linked to 
the safety characteristics of SiC arising from its low induced 
radioactivity and afterheat, and to the possibility of high 
performance due to high temperature operation. The high 
risk is associated mainly with the uncertainty about SiCf/SiC 
behavior and performance at high temperature and under 
irradiation. 
 
TAURO [1] blanket and the ARIES-AT [2] blanket 
concepts are analyzed and compared with regard to their 
attractiveness [3].  
 
 
2001 ACTIVITIES 
 
 
A literature review was performed on TAURO blanket and 
the ARIES-AT blanket and the main features are 
summarized hereafter. In figure 1 and figure 2, the two 
blankets are shown. 
 
TAURO CONCEPT [1] 
 
Description of the TAURO concept 
 
The TAURO blanket is essentially formed by a SiCf/SiC 
box with an indirectly-cooled FW which acts as a container 
for the Pb-17Li (see figure 1). The Pb-17Li acts as coolant, 
breeder multiplier material, and tritium carrier. 
 
Each blanket segment is poloidally divided into 5 straight 
modules, attached on one common thick back-plate. The 
number of modules cooled in series depends on the 
assumption on inlet and outlet Pb-17Li temperatures. The 
feeding pipes are located behind the module. The coolant 
enters the inlet collector through a single tube and is divided 
into 5 sub-flows, one for each sub-module. This flow 
scheme enables high operating Pb-17Li temperature without 
exceeding limit imposed by thermal and thermal-mechanical 
criteria. 

 
 

Figure 1 : TAURO outboard blanket module 
 
 

 
 

Figure 2 : Midplane cross-section of ARIES-AT 
outboard blanket modules 

 
The coolant flows at high velocity of 2.25 m/s in the first 
channel corresponding to a mass flow around 90 kg/s. 
 
The average velocity at the module’s inlet/exit ranges from 
2.25 to 0.12 m/s. 
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Main features and performance of the reference design 
 
The TAURO blanket offers the capability of heat extraction 
at high coolant temperatures and promises favorable 
conversion efficiencies. The maximum surface heat flux is 
around 0.70 MW/m2 for a neutron wall load around 
4 MW/m2, the limiting factors being the maximum allowed 
temperature in SiCf/SiC. In the reference design, which 
assumes a surface heat flux of 0.5 MW/m2, Pb-17Li outlet 
temperature of 950°C the estimated efficiency is 
approximately 55 % for a compression ratio of about 1.77. 
However, the precise determination of the global blanket 
system efficiency depends on the optimization of the 
blanket module, the pressure drop, the compression ratio, 
and the requirement of efficient Pb-17Li/helium heat 
exchangers and recuperator. 
 
The main characteristics and performance parameters of the 
reference designs are highlighted below: 
 
- A 3-D neutronics analysis yields a tritium breeding ratio 

of 1.1 (90 % of 6Li) ; 
 
- The maximum SiC temperature at the first wall is 

995°C, and the maximum SiC/Pb-17Li interface 
temperature at the inner channel wall is 915°C ; 

 
- The maximum stress is well within the TAURO criteria 

in the first wall as well as in the whole sub-module. The 
maximum stress is obtained for the criteria in the plane 
reaching a value of 0.75 (that is far below the unity) ; 

 
- The core sector maintenance or the segmentation 

methods could be applied. But, no studies have been 
performed to define the segmentation and maintenance 
method ; 

 
- The MHD pressure drops are maintained at tolerable 

levels by the relatively low electrical conductivity of SiC 
compared to steel in spite of the relatively high velocity 
of the flowing Pb-17Li. 

 
ARIES-AT [2] 
 
Description of the ARIES-AT concept 
 
In the ARIES-AT the Pb-17Li first flows through the 
divertor which is designed to accommodate a 5 MW/m2 
peak heat flux. Each sector is composed of the first wall, 
divertor plates and blanket and is extracted as a single unit 
through simple radial motions on a rail system. To minimize 
waste and to decrease cost, the blanket is subdivided 
radially into two regions: a replaceable first zone (in the 
inboard and outboard) and a life-of-plant second zone (in 
the outboard). To simplify the cooling system and minimize 
the number of coolant, the same flow is used to cool 
blanket, divertor and hot shield regions. 
 
The design is modular and each segment comprises 
6 modules. Each module consists of a simple annular box 
through which the Pb-17Li flows in two poloidal passes. 

Positioning ribs are attached to the inner annular wall 
forming a free-floating assembly inside the outer wall. 
These ribs divide the annular region into a number of 
channels through which the coolant flows at high velocity of 
4.2 m/s at the front wall and 0.66 m/s at the back wall to 
keep the outer and inner walls cooled. 
 
The coolant then turns and flows slowly as a second pass 
through the larger inner channel from which the Pb-17Li 
exits at high temperature. 
 
This flow scheme enables operating Pb-17Li at high outlet 
temperature (1100°C) while maintaining the blanket 
SiCf/SiC composite and SiCf/Pb-17Li interface at a lower 
temperature (1000°C). The FW consists of a 4 mm SiCf/SiC 
with a CVD SiC armor layer. 
 
Main features and performance of the reference design 
 
The main design features and performance parameters are 
highlighted below: 
 
- A 3-D neutronics analysis yields a tritium breeding ratio 

of 1.1 ; 
 
- The 0.5 cm module side walls are pressure balanced 

except for the two walls at each end of a segment. These 
walls are thicker (� 2 cm) to accommodate the Pb-17Li 
pressure of 1 MPa ; 

 
- The maximum SiCf/SiC pressure + thermal stress is well 

within 190 MPa in the first wall as well as in the 
separation wall ; 

 
- The Pb-17Li pressure drop through the blanket is about 

0.24 MPa ; 
 
- Safety analyses show that the low decay heat of SiC 

enables accommodation of any LOCA or LOFA 
scenarios without serious consequences to the blanket 
structure ; 

 
- Maintenance methods have been investigated which 

allow for end-of-life replacement of individual 
components ; 

 
- An annular Pb-17Li coolant piping is used to service the 

blanket, with the lower temperature inlet flow in the 
annular channel and the higher temperature outlet flow 
in the inner channel. In this way any effect of the high 
SiC/Pb-17Li interface temperature on the inner channel 
wall would only result in a leak to the annular channel, 
which is tolerable.  Moreover, the low temperature outer 
channel would ensure the structural integrity of the 
configuration. 

 
ANALYSYS AND COMPARISON 
 
The comparison of the selected blanket was carried out to 
propose the best workable concept or rather the “best 
estimated” options. 
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Hypothesis of the analysis 
 
ARIES-AT and TAURO reactor are different in plasma 
parameters and shape, thus in operating conditions. In 
particular, the maximum surface heat flux is fixed to 
0.5 MW/m² for TAURO system. Concerning ARIES-AT, a 
poloidal profile of heat flux was considered with a peak of 
0.34 MW/m². The maximum NWL and surface heat flux at 
the outboard blanket are respectively 4 % and 48 % lower 
for ARIES-AT compared to TAURO. 
 
The hypotheses of TAURO system are more severe than the 
ARIES-AT ones. 
 
Blanket module size 
 
The dimensions of a typical ARIES-AT blanket segment are 
appr. 6.8x1.3x0.66 m3 (HeightxWidthxThickness,~5.8 m3). 
 
The total volume, total weight and total drained weight of 
1/16 sector are 29.9 m3, 260 tons and 96 tons respectively. 
 
The detail of mass is the following: 15.6 tons for blanket, 
51.3 tons for shield, 8.8 tons for divertor, 19.6 tons for 
vertical shells. The dimensions of a typical TAURO module 
are 2.5 x 1.5 x 0.73 m3 (Height x Width x Thickness, 
~2.7 m3). 
 
The total weight and drained weight of a module are 32 
tons and 2.5 tons respectively that is below the weight of 
4.75 tons for reasonable porter. These considerations about 
the module size will affect directly the maintenance 
strategy. 
 
Blanket maintenance and replacement of blanket 
module 
 
The arrangement and the segmentation of the blanket 
provide a different maintenance and replacement schemes, 
and have consequences on the module size and the 
possibility of in-situ repair. Because of radiation damage the 
blanket maintenance and replacement of blanket module 
showed be as simple as possible. 
 
The single pass cooling like the ARIES-AT system implies 
a large sector handling; it means that the replacement of the 
divertor is dependent from the blanket ones. 
 
TAURO system can accommodate either the maintenance 
with large sector handling or by segmentation. 
 
In the first category complete reactor sectors are translated 
vertically upwards or horizontally outwards. A sector 
includes always all the internals and may include part of the 
main vacuum vessel and TF coil. In the second case the 
internals are segmented to allow their handling in and out of 
the main vessel through openings of limited dimensions. 
 
With regard to the contamination of the building, the 
TAURO maintenance scheme needs little contamination 
control, because all the process of disassembling, cutting, 
reconnecting, and reassembling will be done in the vessel 
(however, the procedure has yet to be identified). 

On contrary, even if the cutting and reassembly are well 
identified, the contamination from segment must be 
controlled in ARIES-AT power plant. 
 
Segment Box fabrication techniques 
 
All kinds of breeding blankets present technological 
difficulties with regard fabricability and reliability. A 
preliminary fabrication assessment of TAURO and ARIES-
AT show that the main difficulties are to be found in 
strongly curved parts. As consequence, the use of the 
structural 3D SiCf/SiC is proposed and used for both 
concepts. 
 
The minimum and maximum thickness of the 3D material 
are appr. 1 and 6-10 mm. In the future, even with progress, 
it appears indeed very difficult to weave and to densify 
thicker materials. The thickness adopted in the concept 
ranges between 3-6 mm for the blanket and 0.5-2 mm for 
the divertor. 
 
The fixation of the two blankets is a further concern. 
Another issue is also related to the SiCf/SiC tightness 
towards Pb-17Li: a Pb-17Li slow penetration through the 
SiCf/SiC thickness could have a significant impact on the 
composite’s mechanical properties. 
 
The 0.5 mm thickness foreseen in the ARIES-AT divertor 
could thus difficult to obtain. The minimal obtainable will 
be in the future around 1 mm. On the other hand the 
concept ARIES-AT minimizes the number and the length of 
braze required for assembling. The number and the length 
of braze per module are 10 and 30 m respectively: that is 
much higher than the 7 m of ARIES-AT. 
 
Considerations about back end of waste 
 
The radioactivity generated through neutron captures 
depends on the choice of construction materials. The SiC 
offers rapid decay of activity and decay heat at 1 mn after 
shutdown, that simplifies the problem of decay heat removal 
and maintenance. 
 
Concerning the recycle of waste, to segment radially the 
blanket like ARIES-AT permit to reduce the waste 
inventory. The segmentation lowered the cumulative 
blanket waste by a factor 2, insofar the rear blanket segment 
could be replaced less frequently than front segment. 
 
The volume of SiC per unity of height in the ARIES-AT and 
TAURO outboard are 680 m3 and 3090 m3 respectively. 
The mass of SiCf/SiC to recycle in ARIES-AT is 62 % lower 
than in TAURO. 
 
Net conversion efficiency 
 
The Brayton cycle offers the best near-term possibility of 
power conversion with high efficiency. It is chosen to 
maximize the potential gain from high temperature 
operation of the Pb-17Li which after exiting the blanket is 
routed through a heat exchanger with He as secondary fluid. 
A work was done to increase the efficiency by reaching high 
temperature. 
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The maximum He cycle temperature obtained with ARIES-
AT is 1050°C, resulting in a high cycle efficiency of about 
58.5 %. 
 
Calculations for the TAURO blanket with inlet/outlet 
temperatures of 650/950°C indicated efficiency around 
55 %. 
 
Hydrogen production 
 
High temperature operation must be used for hydrogen 
production. Preliminary study of thermochemical hydrogen 
production process for nuclear system was performed. The 
joint production of hydrogen and electricity is very 
attractive for the future of energy carrier, and enhances the 
attractiveness of these concepts. 
 
General considerations about thermo-mechanical 
criteria model 
 
It is clear that the conventional primary and secondary 
stress limits do not apply for ceramics and that the TAURO 
design criteria go a long way in providing a more realistic 
stress criteria for SiCf/SiC design application. The TAURO 
criteria validation will require a large experimental 
campaign that will have to be launched for the selected 
composites to be used in fusion blankets. 
 
Concerning the ARIES-AT analyses, the absence of tools 
enabling such sophisticated analysis, designers using 
conventional FEM analysis limited the total combined stress 
in plane to 190 MPa. ARIES team admitted that the stress in 
plane remains conservative in first order approximation. It 
appears very difficult to confirm this trend for all cases; in 
fact it depends on the shape and the loading direction. 
Moreover, stresses through the thickness should be 
evaluated separately. 
 
 
CONCLUSIONS 
 
 
The extrapolation of the present blankets to the future is not 
a trivial task. It would be possible to overcome this 
difficulty and to arrive to more attractive blanket by 
considering a high safety strategy, by maximizing the 
efficiency of the thermodynamic cycle, that is operating at 
very high temperature.  
 
A strong R&D program would be required in order to get 
the results with regard the modeling, irradiation test, 
compatibility assessment. SiCf/SiC could be the only 
material capable of satisfying both environmental impact 
and the economic requirement of FPR. 
 
As far as the blanket segmentation is concerned, it is 
expected to limit the weight of each independent component 
for maintenance operations, and to limit the consequences 
of a breeder containment failure. On the other hand, a single 
module with a single pass flow allows to reach higher 
temperature around 1100°C, which is very benefit in terms 
of thermal conversion but not really in term of H2 
production. 

The radial segmentation of the outboard blanket proposed 
in ARIES-AT reduced the waste to go to disposal by a 
factor 2 and increase the lifetime of the rear blanket 
segment. This consideration is very attractive with regard to 
the economical and back end of waste point of view. It 
means less SiC part to manufacture and to replace at each 
batch, and less SiC material to store to waste disposal. 
Furthermore, the option with large sector handling is well 
beyond today’s technology. 
 
In conclusion, the blanket and divertor design selection for 
Pb-17Li self-cooled concept with  Silicon carbide 
composites (SiCf/SiC) based reactor (model D) strongly 
depends on the overall reactor parameters derived from 
plasma physics considerations and on maintenance 
considerations. These features are, in order of priority, 
compliance with the adopted reactor parameters and 
maintenance scheme, higher efficiency, lower waste 
volumes, and lower development risks. 
 
The detailed definition of the blanket and divertor concept 
will therefore be made within task TW0-TRP-PPCS13 
launched in 2002 and will be possible only after knowing 
the reactor parameters and the preferred maintenance 
scheme. 
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TW1-TRE-ECFA-D01 
 
Task Title : EXTERNALITIES OF FUSION 
 Comparison of fusion external costs 
 with advanced nuclear fission reactor 
 
 
INTRODUCTION 
 
 
During the last years, CEPN was in charge of the 
development of the calculations of the nuclear fuel cycle 
external costs within the ExternE project for the European 
Commission. As far as fusion is concerned, CEPN has been 
involved since SERF 2 in the calculation of the external 
costs and more particularly in the assessment of 
consequences associated with a potential severe accident. 
As far as the health and environmental impacts are 
concerned, one of the interests of fusion fuel cycle is the 
limitation of consequences associated with the releases into 
the environment of a potential accident as well as the 
limitation of high level solid waste. Therefore, it is 
interesting also to compare these results with those obtained 
for other potential technologies aiming at producing 
electricity. In this perspective, within the SERF-3 project, 
CEPN has to carry out a comparison between external costs 
of fusion and advanced fission technologies. 
 
 
2001 ACTIVITIES 
 
 
Fusion is a breakthrough and it could be applied at an 
industrial scale in the years 2050. Thus, for the sake of 
comparison, new fission reactors that could be available on 
an industrial scale in 2040 or 2050 have been considered. 
Three reactors have been selected: 
 
- The Energy Amplifier, a hybrid reactor developed by 

Carlo Rubbia at CERN. 
 
- The AMSTER concept, a molten salt reactor developed 

by EDF and CEA. 
 
- A High Temperature Reactor. 
 
This choice reflects the main trends in the nuclear research 
on future fission reactors. No external costs calculation has 
been performed up to now but information on source terms 
have been collected and researches on the environmental 
impacts of these reactors are under progress. 
 
THE ENERGY AMPLIFIER [1] 
 
A hybrid reactor is a sub-critical reactor, in which an 
external source of neutrons is necessary to keep a constant 
neutron population. For the Energy Amplifier (EA), the 
external source is an accelerator associated with a lead 
target (the spallation target). The fuel considered is a 
mixture of 232Th and 233U oxides. 

An EA module consists more precisely of a 1500 MWTh 
unit with its dedicated 1.0 GeV proton accelerator of 
12,5 mA. A plant may be made of several modules. A 
cluster of three modular units will produce about 
2000 MWe. In order to keep a fast neutron spectrum and to 
evacuate heat, liquid metal is used as a cooler. Lead was 
chosen for safety reasons but it generates several 
inconveniences (chemical toxicity, corrosion, production of 
radionuclides, viscosity). 
 
Environmental impacts of the EA were studied through a 
quantification of gaseous and liquid discharges generated 
by the cycle (gaseous discharges at the electricity 
generation step and liquid discharges at the reprocessing 
step, tables 1 and 2). In addition, it is important to note a 
supposed decrease by a factor 2500 of the discharges at the 
mining and milling step compared with those associated 
with a 900 MWe PWR (0.78 ton of thorium produces 
1 GWyear while 200 tons of uranium are needed for the 
same power). 
 

Table 1 : Preliminary estimates of gaseous source term 
of the electricity production step 

 

Nuclide Discharges (TBq/GWyear) 
3H 521 
14C - 

39Ar 0,43 
42Ar 3,268 
81Kr 0,004 
85Kr 63,6 

127Xe 3718 

 
Table 2 : Preliminary estimates of liquid source term 

of the reprocessing step 
 

Nuclide 
Discharges 

(kg/GWyear) 
EA/PWR 

3H - 1 
14C 0,0145 9,2 

85Kr 21,64 10,16 
129I 27,28 1,722 
131I 0,2924 0,458 

137Cs 118,5 1,109 
90Sr 74,76 1,578 

106Ru 1,147 0,074 
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THE AMSTER CONCEPT [2] 
 
The AMSTER concept is partially based on the MSBR 
project findings (Molten Salt Breeder Experiment, Oak 
Ridge). AMSTER is a concept for a graphite-moderated 
molten salt reactor, in which the salt treatment installation 
has been designed in order to reduce waste production. 
Using this concept, a large number of configurations can be 
defined according to the products loaded and recycled. For 
this study, it was decided to focus on a configuration which 
self-consumes transuranium elements and generates fissile 
material with a mixed thorium and uranium support. This 
should result in a highly economical reactor for uranium 
and thorium consumption leading to only a few grams of 
transuranium elements per billion KWhe in the ultimate 
wastes. 
 
The core of a molten salt reactor consists of an array of 
graphite hexagons. Each hexagon contains a hole through 
which the salt circulates. The molten salt envisaged is the 
same as the one of the MSBR project (61LiF-21BeF2-
18HNF4). When the salt enters the array (550°C-600°C), it 
becomes critical and heats up (800°C). Once heated, the salt 
is dragged by pumps and passes through salt/salt 
exchangers (the secondary salt heats up either steam or 
helium, which can feed a combined cycle turbine plus 
alternator). 
 
When leaving the core, an on-line reprocessing unit takes a 
small fraction of the fuel for reprocessing. It consists in 
extracting the fission products from the salt and is 
accompanied by the injection into the salt of new nuclei to 
replace the heavy nuclei fissioned. 
 
The use of lithium and beryllium in the salt generates an 
important quantity of tritium (around 0.5 grams per day). If 
several answers are envisaged, one can reasonably wonder 
how much tritium will be discharged into the environment 
during the electricity generation stage. This needs further 
investigations. 
 
HIGH TEMPERATURE REACTOR [3] 
 
Gas cooled reactors are considered as a breakthrough 
towards an economic, safe and sustainable nuclear power. 
In such a reactor, graphite is used as a moderator and 
helium as a coolant. Helium has numerous advantages: it is 
chemically inert, transparent to neutrons and not corrosive. 
Furthermore, there is no secondary circuit. Helium heated 
in the core (850°C) goes directly through a turbine to 
produce electricity (this leads to a yield of 48 %). The 
Pebble Bed Modular Reactor (100 MWe) is an industrial 
concept of HTR. 
 
High Temperature Reactors use coated fuel particles. This 
technology is quite different from PWR fuel elements. The 
silicon carbide coatings that surround the uranium fuel 
particles form a miniature pressure vessel. This pressure 
vessel provides a highly efficient barrier against the release 
of fission products during operation. The effective 
containment of radioactivity at the source results in low 
levels of contamination in the primary circuit. Within 2040, 
it is thought that plutonium or minor actinides fuel will be 
available and that it will be possible to burn them in a HTR. 

It has been demonstrated that the fuel particles can operate 
at 1600°C without losing its capability as a highly efficient 
barrier against the release of fission products. 3H and 14C 
discharges during the electricity generation stage should be 
low as far as water is no more present in the core. 
 
In fact, water is a source of 3H and it carries 3H and 14C 
from the core to other parts of the reactor in a PWR. 
 
Information concerning accidental source terms estimation 
for small pebble-bed HTR were found and are presented in 
table 3. Core heat-up events are not dominant, but fission 
product transport during water ingress accident and 
depressurisation is relevant 
 

Table 3 : Best estimates for accidental source terms 
(200 MWe HTR) 

 
Release (GBq) 

Release category 
Frequency 

1/year 131 I 137 Cs 

0-5 h: water ingress 
5-5.1 h: partial depressurisation 

4,00E-06 10 4 

0-5 h: water ingress 
5-10 h: complete depressurisation 

>10 h: core heat-up 
6,00E-06 90 26 

0-0.2 h: complete depressurisation 
> 0,2 h: core heat-up 

(filtered emission) 
4,00E-05 0,2 2,5 

0-0.2 h: complete depressurisation 
> 0,2 h: core heat-up 

9,00E-08 20 2,5 

 
 
CONCLUSIONS 
 
 
First data concerning environmental impacts of the three 
selected fission reactors have been resumed. 
 
Researches to collect as much information as possible are 
under progress. Following the validation of these data, 
source terms will be used to evaluate external costs of the 
considered fuel cycles in order to compare them with fusion 
technology external costs. 
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TW1-TRE-ECFA-D02 
 
Task Title : EXTERNALITIES OF FUSION ACCIDENT 
 Sensitivity analysis on plant model and site location  
 
 
INTRODUCTION 
 
 
The present research is a contribution to the SERF-3 study 
(Socio-economic Research on fusion). It is aiming at the 
assessment of external costs associated with different 
accident scenarios taking into account recent developments 
in fusion technology and power plant models. The objective 
is to complete the externalities of fusion accident which 
were performed in SERF2 for only one plant model and one 
scenario [1]. 
 
Collective doses have been re-evaluated for three new 
plants models and different site locations (Lauffen, 
Flamanville and Marcoule) for a selected accident scenario. 
The selected accident scenario was the same as accident 
scenario in SERF2. Direct external costs of the accident 
will be further investigated and discussed on this basis, 
particularly focussing on the integration of potential local 
food restrictions. 
 
 
2001 ACTIVITIES 
 
 
NEW FUSION REACTOR MODELS AND ACCI-
DENT SCENARIO 
 
Three new fusion reactor models using silicon carbide are 
considered in SERF3 [2]. Only the in-vessel components 
differ between the three models considered in SERF2 and 
these new models. The accident scenario adopted in this 
study refers to the study performed in the SEAFP project 
[3]. The reference scenario is called BDBA: « beyond 
design basis accident ». In this case, it is considered that a 
first event occurs leading to a DBA scenario (« design basis 
assessment »): i.e. a major in vessel loss-of-coolant 
(LOCA). 

For the new fusion reactor models, an assessment of the 
influence of silicon carbide on the safety performance of 
the plant has been done by evaluating the potential 
consequences of a bounding accident scenario. As in 
SEAFP, the assumptions for this scenario are a complete 
loss of all cooling for a prolonged time period (up to three 
months) with no operation of any safety system or operator 
intervention. 
 
The results thus represent the enveloping temperatures that 
could be reached in any decay-heat driven transient. Some 
differences can be pointed out between model selected in 
SERF-2 and the new models in accidental case:  
 
- Releases of tritium should be assumed to be the same as 

for the previous model (1.8 E+16 Bq). 
 
- Fe-55, Mn-54 and Co-60 were all due to activation 

products in the cooling water (crud) in the previous 
model, and are entirely absent in the SiC/SiC models 
(which are helium cooled). Thus, crud are assumed to 
be negligible in new plant models. 

 
- The aerosol releases could be assumed to be 1 % of 

those of the previous model. 
 
- In the accident analysis, a potential for release is from 

the dust inside the vessel. The activation of SiC dust is 
calculated to be approximately 1 % of that found for 
tungsten (both in terms of activity and hazard potential) 
and so is not expected to be important. The main 
nuclides (5 hours after shutdown) are Na-24 and Si-21. 
In the designs of the new plant models, different 
assumptions were made about the use of protective 
armour to cover the first wall (two models have no 
armour). For the purposes of accident analysis, 
however, the suggestion is to use the most pessimistic 
assumption, which is that the dust is the same as the 
previous model. 

 
Table 1 : Collectives doses associated with an accident scenario for three selected sites (tritium only) 

 

 Local (0-100 km) in man.Sv Regional (100-500 km) in man.Sv 

 
SERF2 

results/60 h release 
PC-CREAM 

results/Annual release 
SERF2 

results/60 h releases 
PC-CREAM 

results/Annual release 

Lauffen 30.5 11.5 84* 31.7 

Flamanville 1.32 0.5 21.6 8.2 

Marcoule 6 2.3 26 10 

 
* The value presented in SERF2 annex 2 for regional scale (0-1000 km, Population density = 449 inhabitants/km2) has been 

corrected for the 0-500 km scale population density (246 inhabitants/km2) for consistency with Marcoule and Flamanville 
data. 
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RADIOLOGICAL IMPACTS 
 
Evaluation of collective dose 
 
Collective doses associated with tritium releases have been 
calculated on the basis of SERF-2 results (Lauffen site) and 
of complementary calculations with PC-CREAM software 
especially to derive the collective doses for Marcoule and 
Flamanville sites. Table 1 presents collective doses 
associated with an accident scenario for three selected sites 
(tritium only) and for different scales. 
 
Radiological impacts on food products 
 
Concentrations in food products were calculated with PC-
CREAM software. These concentrations have been 
compared with estimated derived intervention levels 
applicable (according IAEA methodology) to tritium for 
each food product. Table 2 presents the estimation of 
restricted areas as estimated from these calculations. 
 

Table 2 : Estimation of restricted areas for food products 
due to tritium releases for three selected sites 

 

SERF-3 results SERF-2 results 
 

Area Radius Area Radius 

Lauffen 80 km2 5 km 300 km2 10 km 

Flamanville 300 km2 10 km nd nd 

Marcoule 300 km2 10 km nd nd 

 
Differences observed for Lauffen are mainly explained by 
different meteological conditions. 
nd : not determined 
 
Due to the behaviour of tritium into the environment, it is 
assumed that such restrictions would be applicable only 
during the duration of the releases (i.e. 60 hours) and would 
mainly concern cow milk and cow meat for areas located 
under the plume. Because of the short duration of the 
restrictions for food products, only two impacts are 
considered hereafter: loss of milk production during a week 
and temporary storage of cow meat during a week. For 
other food products (i.e. mainly green and root vegetables), 
the impacts may be considered as marginal in terms of 
economic consequences. Table 3 presents the first estimates 
for the quantity of loss of milk production and of meat 
storage during a week. 
 

Table 3 : Loss of milk production 
and temporary storage of cow meat (in kg/week) 

associated with accident scenario 
 

 Loss of milk 
(kg/week) 

Meat storage 
kg/week 

Lauffen 108,076 22,000 

Flamanville 122,884 84,038 

Marcoule 19,615 2,903 

 

SENSITIVITY ANALYSIS ON SITE LOCATION 
 
Sensitivity analysis is performed on the basis of two 
comparisons: the collective doses for each and the food 
product contribution to collective dose (only collective dose 
associated to tritium) for each site. 
 
Comparison of collective doses at local and regional 
scales 
 
The comparison of collective doses at local and regional 
scales presented in figure 1 uses the results of table 1. 
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Figure 1 : Comparison of collective doses at local 
and regional scales for three selected sites 

(only for tritium) 
 
At the local scale, these results show that : 
 
- Collective dose at Marcoule is lower than collective 

dose at Lauffen with a factor 5. 

- Collective dose at Flamanville is lower than collective 
dose at Lauffen with a factor 22. 

- Collective dose at Flamanville is lower than collective 
dose at Marcoule with a factor 4.5. 

 
These variations mainly reflect differences between 
population densities and between food products around 
each site (0-100 km). The low collective dose associated 
with Flamanville is explained by the site proximity of sea 
(low population density estimated to 20 inhabitants/km2 at 
0-100 km scale). 
 
Population densities around Lauffen (urban environment) 
and Marcoule are respectively estimated to 363 
inhabitants/km2 and 111 inhabitants/km2 for this scale. The 
differences between meteological conditions and food 
products for each site can explain a part of variation of the 
collective doses but their contribution is less important than 
the one of population density. 
 
At the regional scale, the results show that : 
 
- Collective dose at Marcoule is lower than collective 

dose at Lauffen with a factor 3.2. 
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- Collective dose at Flamanville is lower than collective 
dose at Lauffen with a factor 3.9. 

 
- Collective dose at Flamanville is lower than collective 

dose at Marcoule with a factor 1.3. 
 
For this scale (100-500 km), the variations also mainly 
reflect differences between population densities. For 
Lauffen, Marcoule and Flamanville, population densities 
are respectively estimated to 246 inhabitants/km2, 
119 inhabitants/km2 and 111 inhabitants/km2. At this scale, 
differences between population densities being attenuated it 
explains the lowest variation between collectives doses. 
Nevertheless, part of variations can be also explained by the 
differences between food products. 
 
Contribution of each food product to the total collective 
dose 
 
Contribution of each food products to the collective dose 
(by ingestion pathway) were determined on the basis of PC-
CREAM results. Results are presented in figure 2. 
 
At the local scale, results reflect differences of food 
production and/or of type of production around the 
considered site. Four types of food products mainly 
contribute to the collective doses however the site: green 
vegetables, root vegetables, milk and cow meat. Root 
vegetables contribute the most at the collective doses for 
Lauffen (59 %) followed by milk, which represents 20.8 % 
of the collective dose. For Marcoule, green vegetables 
contribute the most at the collective dose (50.4 %), 
followed by root vegetables, which represent 32.8 %. 

For Flamanville, the four food products contribute 
significantly to the collective dose: milk (34.1 %), root 
vegetables (22 %), green vegetables (19.4 %) and cow meat 
(18.1 %). 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Figure 2 : Contribution of each food product 
to collective doses (local scale) 

 
PRELIMINARY COSTS ASSOCIATED WITH THE 
RADIOLOGICAL IMPACTS 
 
Costs have been calculated on the basis of the radiological 
impacts presented before. Direct external costs have been 
evaluated according to the ExternE methodology by 
distinguishing health effects and food ban costs. 
 
 

 
Table 4 : Economic consequences associated with BDBA scenario for each site 

(in EUROS - results derived from PC-CREAM results) 
 

  Local Regional Sub-total total 

Health effects 4.77E+05 2.08E+06 2.56E+06 
Marcoule 

Food ban 6.46E+03 - 6.46E+03 
2.56E+06 

Health effects 1.08E+05 1.70E+06 1.81E+06 
Flamanville 

Food ban 4.20E+04 - 4.20E+04 
1.85E+06 

Health effects 2.39E+06 4.77E+06 7.16E+06 
Lauffen 

Food ban 3.57E+04 - 3.57E+04 
7.20E+06 

 
Table 5 : Economic consequences associated with BDBA scenario for each site 

(in EUROS - results derived from SERF-2 results) 
 

  Local Regional Sub-total total 

Health effects 1.25E+06 5.40E+06 6.65E+06 
Marcoule 

Food ban - - - 
6.65E+06 

Health effects 2.74E+05 4.48E+06 4.75E+06 
Flamanville 

Food ban - - - 
4.75E+06 

Health effects 6.33E+06 4.48E+06 1.08E+07 
Lauffen 

Food ban 2.61E+05 - 2.61E+05 
1.11E+07 
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Figure 3 : Economic consequences associated with BDBA at 0-500 km for the three selected sites 
 
The costs have been calculated for different discount rate. 
Table 4 and table 5 present a summary of the external costs 
associated with BDBA scenario for each site (only for 
discount rate = 0 %). 
 
Figure 3 presents for the area 0-500 km the contribution of 
health effects costs and food ban costs to the total external 
costs. 
 
Figure 3 shows that the external costs associated with 
Flamanville are the lowest (1.85E+06 EUROS) composed 
to Marcoule (2.56E+06 EUROS) and Lauffen (7.20E+06 
EUROS). External costs distribution shows that 
Flamanville presents the lowest external costs associated 
with health effects and that Marcoule presents the lowest 
external costs associated with food ban (same results for 
local scale). 
 
 
CONCLUSION 
 
 
The results presented above have to be considered with 
caution as far as they constitute a preliminary assessment. 
Complementary calculations are underdevelopment in order 
to consider other parameters which can influence the results 
of consequences associated with accident scenario. 
Futhermore, the evaluation of food restrictions will be 
reconsidered according to the results of the task performed 
on tritium releases and long term impacts. 
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UT-SS-REL 
 
Task Title : RELIABILITY / AVAILABILITY ASSESSMENT 
 Double walled tube concept, impact on the pressure tubes 

reliability/availability 
 
 
INTRODUCTION 
 
 
Double Walled-Tube concept has been chosen for the 
pressure tubes inside the Water Cooled Lithium-Lead 
(WCLL)-blanket of the future fusion power reactor. 
Calculations show that this concept should significantly 
improve the impact of the blanket on the reactor overall 
reliability/availability. To perform these calculations, basic 
failure data are needed. Two sources of operating 
experience feedback are possible. 
 
The 1st source is the operating experience from the 
CANDU-pressure tubes.  
 
The other source of data comes from the steam generators 
in the liquid-metal fast breeder (LMFB) reactors. Although 
operating pressure is very different (~ 10 bars), LMFB 
reactors are very close to the WCLL-blanket, in terms of 
potential hazards and impact of the safety. 
 
For both types of reactors, the main concern, in case of 
leak/rupture, is related to the release of the radio-nuclides in 
the heat transport system (HTS) outside the containment, 
and to the loss of the core cooling capability that may led to 
the core meltdown accident. 
 
In the WCLL-blanket, the leak/rupture would result in the 
ingression of the water-coolant into the Li-Pb-pool. The 
main concern is related to the non-desired events “Water 
Liquid Metal Contact”, WLMC. This event, if produced, 
would menace the vacuum vessel and all other internals. 
 
In all cases, failure data are required to perform any 
reliability/availability assessment. The data issued from the 
above mentioned sources should somehow be corrected in 
order to suite for the WCLL-blanket applications. 
 
Besides, some mathematical modeling effort is necessary to 
model: 1/ the double-walled tubes reliability as function of 
the single-wall tube used in its fabrication, 2/ to model the 
impact of brazing on the DWT-reliability. 
 
The FY 2001 activities covered both aspects: 1/ data 
assessment of pressure tubes, and 2/ mathematical 
modeling of double-walled tube failure rate. Only tube 
failures related to small leaks are considered. The 
significant small leak has to be redefined in order to suite 
the specific conditions of the WCLL blanket.  
 
The details of the FY2001 activities are reported in the 
publication [P1]. The work is covered by the Underlying 
Technology task of the FDA R&D program.  

2001 ACTIVITIES  
 
 
During the FY2001, the UT-SS-REL task has focused the 
effort on: 
 
- The evaluation of the past operating experience on the 

pressure tubes in the CANDU and the Steam Generators 
tubes of the LMFBR’s. 

 
- Development of a rational scheme to calculate the 

significance of a small leak in the WCLL-blanket. 
 
- Modeling the failure rate of a Double-Walled Tube 

failure rate and the impact of the brazing on the double-
walled tubes reliability/availability. 

 
CANDU EXPERIENCE FEEDBACK 
 
CANDU is certainly very close to the DWT concept of the 
WCLL-blanket in terms of operating pressure inside the 
pressure tubes and neutron irradiation damage (lower dpa). 
Subsequently, its operating experience feedback could 
provide some guiding lines to the design of the WCLL-
blanket pressure DWT. 
 
The main difference between the two types of applications 
is due to the fact that in CANDU reactor heat transfer is 
done between D2O and D2O while it is between H2O and 
LiPb eutectic at higher temperature in the WCCL-blanket. 
However, it is interesting to go rapidly through the analyses 
of some recent pressure tube failures to enlarge our insight 
regarding tube failure mechanisms. The interest of the most 
recent failure events in the CANDU pressure tubes are due 
to the present doubts that this mechanism of tube failures 
may be more present in the WCLL-blanket. The mechanism 
is identified as a Stress-Corrosion Cracking (SCC). 
 
Stress Corrosion Cracking (SCC) is a separate degradation 
phenomena that is much less predictable and potentially 
very dangerous. SCC caused feeder pipe failures at Point 
Lepreau in 1997 (on the outlet of pressure tube S08) and 
2001 (on the outlet of pressure tube K16). As of March 19, 
2001 SCC had been found in two additional tubes (Q08 and 
U15) with the maximum crack depth found to be 40 %. 
 
In some recent Monte-Carlo simulation schemes that have 
been published in [1], the failure criteria was fixed to a 
crack depth equal to 90 % of the tube thickness, for the 
WCLL-blanket pressure tubes. No data are available on the 
most representative failure criteria in the WCLL-blanket 
operating environment, in terms of crack depth. This is 
certainly one of the points that need some additional R&D. 



 - 448 - Underlying technology / System studies 
 

FAST BREEDER OPERATING EXPERIENCE 
 
Although, there is a significant worldwide LMFBR 
feedback experience data on steam generators trouble 
events (tube leaks, ruptures, fire caused by sodium-water 
contacts, …) are not yet statistically treated in a manner that 
may provide high-quality data on pressure tubes failure rate 
and can’t permit direct extrapolation to fusion energy 
applications. In spite of a certain similarity between the 
LMFB and WCLL reactors, differences in operating 
conditions should be underlined. These differences come 
from: 
 
- The neutron irradiation and its impact on the tubes 

failure; the DWT of the WCLL is subjected to high 
neutron flux, while it is not the case of the SG’s tubes in 
the LMFBR. 

 
- The operating pressure; which is of the order of 1 MPa 

in the tubes of the LMFBR, while it is as high as 
15,5 MPa in the WCLL. 

 
These two physical factors would produce additional 
degradation mechanisms in the pressure tubes of the 
WCLL-blanket, and subsequently, higher failure rate 
values. However, these additional degradation mechanisms 
need to be correctly evaluated and considered in the DWT 
reliability assessment. 
 
Past experience with fission reactors shows that neutron 
irradiation increases the rate of cracks initiation and their 
growth rate, (fuel pins, support metallic structures, grille, 
…). It is thus reasonable to assume that a single-wall tube 
(SWT) in the WCLL-blanket would show higher failure 
rate than a SWT in the SG’s of fission reactors (PWR, 
LMFBR, …). But on the other hand, the operating 
temperature of the tubes in the WCLL blanket-segments 
(~ 460°) is higher than in the SG both in PWR and LMFBR 
(~ 300°C). This higher operating temperature in the WCLL-
blanket would favor some healing mechanisms that may 
moderate the neutron-induced damage. 
 
SMALL LEAKS 
 
Only small leak events and their occurrence frequency were 
considered. This emphasis of small leak events is motivated 
by the fact that these events are by so far the most frequent 
events. The tube break and the tube break with no-leak-
detection are lesser frequent events compared to the small 
leaks. Large leaks are directly related to tube rupture. The 
definition of a significant leak depends among other factors, 
on the detection method and its physical limits. However, 
for the immediate use of this analysis an attempt-to-answer 
will be presented in the following section based on the 
definition of small leaks as it has been defined and treated 
for the LMFB reactors. Accordingly, A small leak of water 
into a liquid metal is characterized by an increase of 
impurities and by the presence of erosion/corrosion material 
agents in the leak area. But as a rule, no departure from the 
thermo-hydraulic normal operation state of the liquid-metal 
is observed, [2, p157]. Thus, a water-into-liquid metal leak 
with the same flow rate of water may be classified as a 
“large leak” for a single-segment and as a small leak for the 
whole blanket (80 segments). 

The scheme developed in [P1] gives the following limit of a 
small leak associated to leak rates equal to: 
 
- 0,24 g/s/U-tube, if a 4 % perturbation in the heating 

power/tube can be measured, 
 
- 37,4 g/s/segment, if a 4 % perturbation can be measured 

on the segment heat removal level, 
 
- 3 kg/s/blanket, if a 4 % perturbation can be measured on 

the blanket heat removal level. 
 
The same type of procedure could be imagined based on 
hydrogen production and its effects rather than local 
heating effect. That would certainly lead to a different grid 
of characteristic values of the significant small leak. 
 
SMALL LEAKS DETECTION METHODS  
 
The method used until now to detect water leaks in LMFBR 
has involved the measurement of hydrogen concentration in 
the sodium and the detection of a rise in pressure due to 
hydrogen gas production (hydrogen gas is given off in a 
sodium-water reaction). This detection method will not be 
significant in the case of the WCLL-blanket where a 
significant quantity of the hydrogen isotope (H3) is 
produced from the neutron interaction with Li rather than 
from Water-Eutectic reaction in the case of small leaks. 
 
A direct detection method under development at present is 
the "passive acoustic method," which uses microphones 
attached to the steam generator casing to pick up sounds 
generated by a sodium-water reaction. Researchers at 
CRIEPI are developing a new technique called the "active 
acoustic method." In this method, sensors for transmitting 
and receiving are attached to the steam generator. The 
technique makes use of the fact that sound waves are 
attenuated by the hydrogen gas bubbles produced by 
sodium-water reaction.  
 
This method was originally proposed in France, but to put 
theory into practice CRIEPI has carried out many basic 
experiments and much of the groundwork, such as the 
development of signal processing methods. The active 
acoustic method has an advantage over the passive acoustic 
method. It listens for sound waves it itself has produced and 
is virtually unaffected by surrounding noise. The immediate 
developmental goal is to detect a 10-gram-per-second water 
leak within 10 seconds. Researchers want to raise detection 
sensitivity to detect even smaller water leaks, thus 
increasing the reliability of the method. 
 
SIMPLE TUBE FAILURE RATE VALUES  
 
We admit the thermo-hydraulic based-criteria, and suppose 
that it is possible to monitor the water leak on the pressure 
tube level, so the water leak becomes significant if it is 
equal or higher than 0,24 g/s/tube. Although we are lower 
than today-technology limits as applied in the PWR-SG 
where the detection limits are of the order of 1 g/s/tube, we 
will consider that a leak detection capability as sensitive as 
0,24 g/s/tube is feasible for DEMO fusion reactor. 
Consequently, the required technology will have the same 
order of magnitude as the one we have today.  
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Accordingly, we may consider that pressure tube failure 
(small leaks) occurrence probability will be of the same 
order of magnitude as in the PWR/LMFB-SG. 
 
According to EDF data bank, tube failure rates in French 
PWR-SG are of the order of 4.5 10-9/h/tube. One should 
underline the EDF tubes are single walled tubes (SWT). 
This is drawn from a global failure probability of 
1,5 10-5/h/SG. This figure could be considered somehow 
conservative. 
 
It does not consider Liquid-metal specific effects (slugging 
small cracks) that are suspected to improve very small 
cracks initiation. However, that should be experimentally 
validated. In order to illustrate that effect, the tube failure 
rates issued from the feedback experience on Phenix SG is 
as high as 2 10-7/h (CEA Data on Phenix). 
 
If the analogy is done with the Heat Exchangers (HX) 
rather than the SG, the pressure tube failure rate is 2 10-9/h 
(EDF data on water/water HX, small leak with φ = 10mm) 
to 3 10-9/h (CEA data bank on Phenix) are typical issued 
from operating experience feedback on water/water HX and 
Na/Na Hx, respectively. 
 
A failure rate of the order of 10-8/h/U-SWT seems 
reasonable (including the 2 joints at the extremities and the 
180° U-bent) [3]. 
 
Bunde, [4], has suggested for fusion applications that the U-
tube failure rate would vary between 10-9/h and 10-7/h. 
Although it is not clearly mentioned, he is certainly talking 
about a SWT. A SWT with a failure rate of 10-7/h, would 
produce in the best conditions a DWT with a failure rate of 
4 10-9/h and 410-7/h, in the worst conditions. The DWT 
reliability is still higher than the corresponding SWT. 
 
DOUBLE-WALLED TUBE FAILURE RATE  
 
The DWT overall failure rate Λ  itself may thus determine 
it using the following [P1]; 
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where 1λ  and 2λ  are the failure rates (/h) of each wall 
(inner and outer), and T is the time of the mission 
(20000 h). 
 
We can also define the overall DWT failure index ( TΛ ) as 
a function of the tube walls’ indices ( Tλ ), as following: 
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The above equation allows to make a better abstraction of 
the mission time. However, the DWT overall failure rate Λ  
would immediately be determined for any given mission 
time T. The equation  illustrates that starting from a SWT 
with an unreliability index ( Tλ ), a resultant DWT will 
have an unreliability index ( TΛ ) somehow higher than 

( [ ]2Tλ ). 

At that level of the assessment, it should be underlined that 
if the objective reliability requirement of the DWT is fixed 
at a failure rate not less than 10-8/h/DWT, that would be 
equal to a failure index of 2x10-4 /DWT (20000 x 
10-8/h/DWT). 
 
According to the equation, It is enough to use a SWT in the 
fabrication of the DWT as bad as 10-2 /SWT in terms of 
unreliability index which will be equivalent to a SWT 
failure rate of 5 x 10-7/h/SWT (10-2/20000). 
 
This fact establishes the strongest rational in the choice of 
the DWT concept for the WCLL blanket: DWT concept 
provide sufficient margin in order to tolerate uncertainties 
due to failures induced by neutron irradiation mechanisms, 
high mechanical loading operating conditions and damage 
induced by fabrication process as it is already mentioned 
above. 
 
 
CONCLUSIONS 
 
 
A failure rate of the order of 10-8/h/U-SWT seems 
reasonable (including the 2 joints at the extremities and the 
180° U-bent). This what the LMFB reactors operation 
feedback recognizes. 
 
Using the mathematical model developed in [P1], a DWT 
fabricated from the above SWT would have an overall 
failure rate equal to 4 10-12/h/U-DWT. However, a 
correction is necessary to take into account the specificity 
of the WCLL-blanket with respect to the SG-LMFB 
reactors. 
 
A factor between 10 and 1000 could be conservative 
enough to count for all known and unknown degradation 
mechanisms specific to the WCLL-blanket operation 
conditions. 
 
That would result in a DWT failure rate equal to 4 10-11- 
4 10-9/h, in a conservative manner. In the lowest case, the 
resultant DWT shows an overall failure rate of 4 10-9 /h, 
while the SWT that has been used to fabricate that DWT, 
showed a failure rate equal to 10-8/h. 
 
If we admit the conservative point of view (a correction 
factor equal to 1000), DWT (λ = 4 10-9/h) will thus be 
necessary to improve the reliability of the SWT 
(λ  = 10-8/h). In this case, the use of the DWT is highly 
recommended. 
 
The interval between 10 and 1000 of the correction factor, 
express uncertainties related to : 
 
- Neutron irradiation damage. 
 
- High pressure loading in the tubes. 
 
- Leak significance and leak detection limits. 
 
- Local heating rate control capability in the blanket 

(> 4 %). 
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However, some factors could moderate these possible 
degradation effects such as: 1/ thermal annealing due to the 
fact that operating temperatures are higher in the WCLL-
blanket than in the LMFB reactors SG, 2/double-walled 
tube concept improves the overall reliability specially in the 
case of high uncertainties. However, the correction factor 
1000 used in this study to express the worst case seems 
very conservative. Only experimental feedback could allow 
better adjustment of this factor. 
 
As far as the possible degradation during the DWT 
fabrication due to the tube insertion this is not proved yet. 
Material experts are supporting the idea that brazing would 
counterweight possible degradation due to DWT 
fabrication. 
 
 
REPORTS & PUBLICATIONS 
 
 
[P1] Li Puma A., Eid M.Y., “Double walled tube concept 

impact on the pressure tubes reliability/availability.” 
Rapport DEN/DM2S, SERMA/LCA/RT-012999/A. 

 
 
REFERENCES 
 
 
[1] S. Chapuliot, M. Eid, “Assessment of Failure Rates 

due to cracks occurrence and propagation using 
Monte-Carlo simulation.” CEA Report,  
SERMA/LCA/RT/99-2570/A, 1999. 

 
[2] “Fast reactor fuel failures and steam generator leaks: 

transient and accident analysis approaches, IAEA-
TECDOC-908, October 1996, ISSN 1011-4289 

 
[3] M. Eid, C. Nardi, L. Giancarli, E. Proust « On the Use 

of Double-Walled Tubes as a means to Improve 
Safety and Availability of the EU-DEMO Water-
Cooled Pb-17Li Blanket » 18th Int. Symp. on Fusion 
Technology, August 22-26, 1994, Karlsruhe, 
Germany. 

 
[4] Bunde R, et al. “Reliability of welds and brazed joints 

in blankets and its influence on reliability” Proceeding 
of the 12th Int. Symposium on Fusion Nuclear 
Technology, Karlsruh, Germany, June 2-7, 1991(59-
72) part A. 

TASK LEADER 
 
 
Mohamed Y. EID 
 
DEN/DM2S/SERMA 
CEA Saclay 
91191 Gif-sur-Yvette Cedex 
 
Tél. : 33 1 69 08 31 75 
Fax : 33 1 69 08 99 35 
 
E-mail : Mohamed.eid@cea.fr 
 
 
 


