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Preface 

The Fusion Projett of the Karlsruhe Research Center (FZK) was 

founded in 1982 under an association agreement with the 

Commission of the European Communities to support the 

European Fusion Technology Programme. 

Various nuclear fission programmes and earlier component 

development for particle actelerators were the basis for a 

broad Input of FZK in almest all areas of the newly founded 

Next Step and Leng Term Fusion Tethnology Programmes. 

Majortest facilities were built or upgraded during the past 

decade. To name only the most important ones: TOSKA, a test 

facility for large (up to 5 m size) superconducting magnets, 

the tritium Iabaratory TLK with more than 1000 m2 of 

experimental area and 20 g of tritium inventory, and the dual 

beam facility to simulate Irradiation effetts under fusion 

tonditions. 

Having been developed for the requirements of the Next 

European Torus Programme initially, most of the Installations 

are equally weil suited for the International Tokamak 

Experimental Reactor ITER (TOSKA, TLK and smaller facilities 

for the test of vacuum pumping systems, plasma facing 

materials and microwave tomponents). Today about fifty 

pertent of FZK's fusion programme is contracted to ITER via 

the contribution of the European home team. 

Medium term, tooperation on the retently approved 

Wendelstein 7X Stellarator will form an increasing 

constituent of our programme concentrating on the areas of 

gyrotron development and qualifitation of superconducting 

toils. 

The FZK fusion project has permanently put emphasis on 

supporting the development of breeding blankets and 

related materials research. After selettion of blanket 

concepts in the European frame, a toncentration protess 

resulted in restructuring the blanket programme. FZK 

activities now toncentrate on the helium cooled ceramic 

pebble bed blanket. A module of this blanket shall be tested 

in ITER. 

Closely related to blanket development is the long term 

materials programme. FZK work is focused on reduced 

activation ferritic-martensitic steels. lmportant project 

resources for Irradiationsand hot cell work are devoted over 

long periods of time to characterize and improve the 

performance of suitable structural materials. A major fraction 

of underlying technology support (support for not strongly 

task oriented effort) is applied to this work area. 

The yearly report of the FZK-EURATOM association is 

structured according to the organizational scheme of the 

European Technology Programme. ITER references are given 

in the nomenclature valid du ring the reporting period. 

The annexes provide the reader with some Information on 

participating departments and on the project management 

structure. 

The achievements documented in this report were made 

possible due to the support of the partners of FZK, the 

Federal Republic of Germany, the State of Baden­

Württemberg and by additional funds of the Commission of 

the European Community. The involvement of industry and 

the cooperation with many research Institutes sharing with us 

the interest in the development of nuclear fusion is 

particularly acknowledged. 

J.E. Vetter 
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Plasma Facing Components and Plasma 
Engineering 

lntroduction; 

Tasks in this area which are alllinked to ITER issues have been 

pursued at FZK with an essentially constant etfort but an 

increasing number of highly interesting results. 

Within T 227 (connected with T 221) where the experiments 

have been concentrated on tritium retention in irradiated 

beryiiium, it was possible to distinguish the effects of tritium 

accumulation by nuclear reactions from those of plasma 

exposure (simulated by gas loading), and it was found that 

the number of tritium traps in Be is increased by neutron 

irradiation but drasticly reduced at temperatures above ca. 

900°C. 

Within T 9 (now T 216) small scale First Wall mockups with 

artificial defects were thermocycled in FIWATKA, and 

intermediate non-destructive inspections were carried out on 

the propagation of cracks as a function of the number of 

cycles. After about 60 000 cycles a gradual arrest of the cracks 

at the different types of artificial defects was detected so that 

the test was stopped after 75 000 cycles. A destructive 

inspection revealed that competing longitudinal cracks had 

developped at locations which could be identified lateron by 

transient plastic finite element analysis as being the most 

critical ones. 

As a first step for Validation of the current FW designfurther 

transient calculations have been made to define the goal and 

parameters of a testing program in FIWATKA, and mockups 

have been designed accordingly. Experimental work will start 

as soon as the test pieces have been provided. 

Within T 226 b the modelling of disruption erosion has been 

continued and the codes have been verified by simulation 

experiments performed in the RF. The agreement concerning 

the directed total radiation flux was satisfactory, for the soft 

x-ray component the agreementwas good. First 2D analyses 

of the impact of hot plasma on inclined divertor surfaces 

showed that instabilities are developing which will drastically 

decrease the plasma shield efficiency. 

What concerns the plasma interaction with the entrance 

window fo ECRH heating, direct particle impact can be 

avoided by proper design, however it is hardly possible to 

fu!!y suppress a certain radiation Ievei. Therefore, within 

T 26/T 246 the effects of radiation on the dielectric properties 

of window materials arefurther investigated. Dielectric Iosses 

for neutron irradiation at cryogenic temperatures were 

measured in comparison to ambient temperature irradiation. 

The expected difference has luckily not been found for 

sapphire with a certain caveat that the target fluence value, 

which is presently identified as "tolerable" for ECRH 

windows, has not fully been attained in the cryogenic 

irradiation. Advanced grades of silicon and diamond have 

been characterized and identified as forthcoming candidate 

--1--

window materials and their performance under x-rays has 

been demonstrated. 

H.D. Röhrig 



G 17TI25 (T227) 
Tritium Permeation and lnventory 

Subtask 2: H/T Retention Studies in Neutron lrradiated 

Graphites, CFCs and Doped C Composites 

Carbon-based materials and beryllium are candidates for 

protective layers on plasma-facing components of fusion 

reactors. ln contact with the D-T-plasma these materials 

absorb tritium and it is anticipated that tritium retention 

increases with neutron darnage due to neutron-induced 

traps, leading eventually to tritium inventories which 

represent a safety problem. Previous investigations indeed 

show that for carbon-based materials tritium retention 

increases with neutron darnage in the range s 0.1 dpa by 

two to three orders of magnitude [1 ,2]. For beryllium only 

one data set exists, indicating a gradual increase of tritium 

retention with neutron darnage in the range < 40 dpa by 

about a factor ten, which is assumed to be due to irreversible 

changes ofthe microstructure ofthe samples [2]. 

Because of the poor data base for beryllium, the work 

concentrated on this material. Tritium retention and its 

dependance on neutron darnage is studied by loading 

unirradiated and irradiated samples at elevated temperatures 

in a H2/T2 atmosphere (H2 + 5 ppm T2, 2 bar, 850 •c, 7 h) and 

determining the tritium uptake by annealing (850 •c, ~ 1 h, 

purging with He + 0.1 % H2). For irradiated beryllium this is 

difficult because of the huge amount of neutron-produced 

tritium. Todetermine the amount of loaded tritium, the two 

types of tritium must be separated, which is possible due to 

the different release kinetics. The separation is accomplished 

by subtracting the normalized release curve of an unloaded 

irradiated sample from that of the loaded irradiated sample. 

Normalizing is done at the end of the annealing run, where 

the loaded tritium is essentially released (Fig. 1). 
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Fig. 1: Release of loaded and neutron-generated tritium 

from irradiated beryllium. 

The samples studied were manufactured by Brush-Wellman 

(type 5200 HIP) and irradiated in the BR2 reactor in Mol 

(irradiation MOL F-BSBE1) at temperatures between 235 and 

600 •c to a neutron fluence of ~ 1.6 x 1021 ( ~ 1 .6 dpa). 

--2--

To check the reproducibility of the results and the thermal 

stability of tritium traps, a series of loading/annealing cycles 

were performed with the same samples. After the first two 

loadings the tritium uptake of the irradiated sample was 

found to be 10 to 20 times !arger than that of the 

unirradiated sample, The tritium uptake of both the 

irradiated and the unirradiated sample and also the uptake 

ratio (irradiated/unirradiated) decreased steadily from cycle 

to cycle (after several ten hours at 850 •c and 6 h at 950 •c the 

uptake of the irradiated sample decreased by more than a 

factor ten). The following conclusions can be drawn from 

these results: 

tritium trapsexist already in unirradiated beryllium 

further traps are produced by neutrons 

at 850 •c the traps are slowly and at 950 •c they are 

rapidly destroyed. 

ln addition, first tests with advanced silicon doped carbon 

fibre composites (CFC) of type SEP-N31 C and SEP-N31 C 

showed that the tritium retention of both types is similar and 

pretty low, compared to other carbon-based materials [3]. 

Literature: 

[1] H. Kwast et al., J. Nucl. Mater. 212- 215 (1994) 1472. 

[2] H. Kwast, H. Werfe, C.H. Wu, Physica Scripla T 64 (1996) 

41. 

[3] C.H. Wu et al., "Evaluation of an Advanced Silicon 

Doped CFC for Plasma Facing Materials", SOFT-19, 

Lisbon, Sept. 6- 20, 1996. 

E. Damm 

S. Rübel 

H. Werle 

H. Ziegler 



CTA-EU-T 9 Fabrication and Test of Water­
Cooled, Small Size FW Mockups 

1. Thermal Fatigue Testing of Small Mockups with and 

without Artificial Defects 

First wall mockups with artificial defects were tested in the 

thermal-fatigue facility FIWATKA. The observed failure is 

reported and is compared to a prediction of crack growth. 

Additional cracks that started from intact surfaces and are 

predictable by standard codes have limited the crack growth 

at some ofthe defects. 

1.1 lntrod uction 

The First Wall (FW) may contain defects in the form of cracks 

originating from manufacture, overloads (disruptions), or 

earlier fatigue. Due to the pulsed nature of the present day 

Tokamakoperation the FW area is subjected to cyclic thermal 

Ioads and corresponding stresses and strains. ln addition 

stress concentrations caused by defects could shorten the 

fatigue life time of the component. ln this context thermal 

fatigue experiments under purely thermal Ioad were 

performed in order to contribute to answers to three 

questions: 

(a) where and how would defective specimens fail, (b) are 

there indications of crack arrest, and (c) how weil predictable 

by analysis is crack growth und er these conditions? 

1.2 Specimens 

The specimens were reetangular bars made from stainless 

steel AISI 316L with a cross section shown in Fig. 1 and 260 

mm long. They were designed by the NET-Team and 

manufactured by Sulzer lnnotech in 1993. 

Each one contained two cooling channels drilled into the bars 

at dimensions typical for a FW structure; the water supply 

lines to each channel were connected through the back wall 

close to both the top and bottom ends. Most of the specimens 

carried artificial defects in the form of electro-eroded notches 

in positionsatthat time expected tobe weak points. 

There were three specimens selected to be tested 

simultaneously in the present program: Specimen No. 3, as a 

specimen 
notch position 

--3--

orientation 

reference, did not have artificial defects. Specimen No. 13 

carried three notches eroded into the wall of one of its 

cooling channels at position A of Fig. 1 and oriented normal 

to the channel axis. Specimen No. 11 carried three notches 

eroded into the heated surface at position B of Fig. 1. The 0.1 

mm wide notches were distributed over the length of the 

specimens, their shapes were nearly semi-elliptical, and their 

initial dimensions may be read from Fig. 1. To increase its 

emissivity the heated surface of the specimens was coated 

with a 20 IJm thick layer of plasma-sprayed Al 20 3 + 13% 

Ti02• 

1.3 Experiment 

The three specimens were tested in the thermal-fatigue 

facility FIWATKA [1] at FZK. They were positioned side by side 

in a window of the water-cooled heater housing (Fig. 2) and 

resistonce heoter ot N 2050 'C ------
! q"! 

~~~~~~th~re~e~~~ 
specimens heoler housing 

SG I 
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Fig. 2: Experimental setup 

surface-heated cyclically by thermal radiation from a graphite 

resistance heater in vacuum. For each 1 BO-s-cycle the quick 

(low-mass) heater was energized for the first 80 seconds and 

transferred a heat flux of 75 W/cm• to the surface of the 

specimens. The specimens were cooled continuously with 

water ( 8 bar and 30 °C, demineralised and low oxygen); the 

heat transfer in the cooling channel was 2.2 W/(cm•.K) and 

the water heated up about 4 K when it passed through two 

cooling channels of a specimen in series. The heat flux 

received by the surface of the specimen was determined 

calorimetrically from flow rate and heat-up of the cooling 

waterat the end of a heating phase. The hottest point at the 

surface of the specimens reached about 450 °C and cooled 

down during the 100 seconds of the dwell phase to almost 

A 
no. 13 

2 3 B 
no. 11 

2 3 

·L=·+--·-+-·-+ =d' ·L=·-, ·-:::-·-. '=d' . ·--·--·--· . . ·--·--·--· . 
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I 2c I width, af1crox. 0.2 0.2 0.2 
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depth of notch a 1 0.5 0.5 0.5 1 0.5 
crack lla 0.7 1.6 0.7 0.4 0.2 0.9 
total 1.7 2.1 1.2 0.9 1.2 1.4 

plus 2.4 mm deep longitudinal crocks in oll chonnels 

Fig. 1: Shapes and sizes of specimens, notches and cracks 



room temperature. The specimens were unconstrained since 

they were fixed in only one point and since the water supply 

lines were flexible hoses. 

As a reference for uniform cycle operation each specimen was 

equipped at its rear surface with a thermocouple and two 

strain gauges (longitudinal and transverse) in its center and 

with three displacement sensors (LVDT) along a 200 mm line 

to monitor the bending. ln Fig. 3 the measured quantities are 
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Fig. 3: Experimental behaviour du ring a cycle 

plotted for one cycle indicating that the specimens reached 

equilibrium at the ends of the heating and cooling phases. 

The experiment was interrupted every about 10000 cycles 

when the specimens were taken out for an examination of 

the crack depth. 

1.4 Observed Failure 

1.4.1 Examination techniques 

Failure was expected to be initiated at the artificial notches 

and to propagate into the specimens. The eddy current 

technique was utilized for the non-destructive examination 

(NDE) of the crack growth since the expected crack 

propagation is normal to the respective surface, an 

orientation for which this technique promises to result in high 

resolution. 

A differential sensor (two coils) with 1 mm effective width 

was operated typically at a frequency of 2 MHz. The sensor 

was positioned over the center of a notch and moved in steps 

along its length by rotating it along the inner notch (type A) 

or by traversing it over the outer ones (type B). All notch areas 

were destructively examined after the test by breaking them 

open (mechanical fatigue) which showed the final depths, 

shapes,and surfaces of the cracks. The sensor signal was 

interpreted as crack depth by calibrating it with both the 

signals for the initial notch and the final crack depths. 

NDE was applied to the notch areas only; longitudinal cracks 

away from the notches, which were not expected and were 

discovered only after the test, were located with the naked 
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eye and with the dye penetrant method (PT); they also were 

examined optically after a section was broken open. The crack 

surface revealed beach-marks that could be correlated with 

the fatigue test interruptions and hence with the number of 

cycles. 

1.4.2 Measured crack growth 

For each of the failures the application of the above 

techniques yielded the crack growth as a function of the 

number of cycles: 

Crack growth at the inner notches (type A) is plotted in Fig. 4 

and the final crack depths at the summits are listed in Fig. 1. 
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Fig. 4: Growth of cracks at channel inside 

80000 

Cracks were detectable after 104 cycles. They grew at a 

maximum rate of araund 4·104 cycles and stopped growing at 

about 6.5·104 cycles, a reason why the testwas terminated; 

after the longitudinal cracks had been discovered this crack 

arrest could be explained primarily as a result of a local stress 

relief by competition of the faster growing longitudinal 

cracks initiated during the test. The maximum growth of a 

crackwas 1.6 mm, i.e. it stopped after it had penetrated 42% 

of the channel wall. Fig. 5 illustrates the elliptical shape of the 

final crack at A 1 and the position of the competing 

longitudinal cracks. 

For cracks at the outer notches (type B) the measurement was 

disturbed by the blackening coating applied after 104 cycles 

and by some carbon deposition in the notches originating 

from the heater. Therefore only 83 could be measured and 

because of data scattering it is not clear whether a crack 

arrestwas reached. Data are not displayed here. The cracks 

grew up to 0,6 mm from the bottarn of the notch. 

Growth of the longitudinal cracks is plotted also in Fig. 4. 

These cracks started from the intact surfaces of the cooling 

channel walls; they appeared uniformly in each of the six 

cooling channels in positions about 10• left of A in Fig. 1 



cooltng channel 

Fig. 5: Crack at notch A 1 after 75000 cycles 

(compare section 5 for the maximum of the strain range in 
this position). The cracks extend over the whole length of the 
channels. They obviously were initiated during the first 2·104 

cycles and grew in depth almost linearly until the end of the 
test when they had penetrated 2.4 mm or almost half the 
channel wall. From the data in Fig. 4 there is no strong 
indication of a crack arrest if the test would have been 
continued. Fig. 6 shows the flank of a crack after it was 

Fig. 6: Flank of a longitudinal crack 

broken open and it indicates the almoststraight crack front. 
Micrographs reveal that the cracks are transgranular. 

1.5 Fallure Prediction 

Prediction may be focused on two different aspects of failure: 

1.5.1 Crackinitiation from an intact surface 

As a result of a transient, 2-D, plastic FEM analysis (Fig. 7) the 
maximum mechanical strain range D.r. of 0.52% islocated 10° 

left of A in Fig. 1 where the longitudinal cracks actually 
appeared. Crack initiation in this study compares reasonably 
weil with other thermal fatigue failure results in Fig. 8 and 
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Fig. 7: Mech. strain range D.r. from plast. analysis 
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Fig. 8: Standard lifetime assessment 

confirms the safety margin ofthe ASME design curve. 

1.5.2 Crack growth from a notched surface 

The stress concentration at the bottom of an artificial notch is 
assumed to initiate a sharp-edged crack during several 
thousands of cycles. Growth of such cracks may be predicted 
on the basis of 'simplified elastic-plastic' fracture mechanics: 

The loading parameter controlling fatigue crack growth is the 
range of the stress intensity factor D.K which is given as D.K = 
D.o·va · v 

A fracture mechanical analysiswas carried out 

e using the elastically calculated cyclic stress field and 
assuming e!ast.-plast. shake-down conditions. i.e. 

D.o=D.o0 1astlc and Omin/Omax= -1. 

considering the notch an initially sharp semi-elliptical 
surface crack with the two axes a (depth) and c. 

applying a geometry function Y= f(a/c, mock-up 
geometry, crack shape, and loading conditions) which 
has been developed for the geometry of the 
benchmark specimen (2]. 



The relation for incremental crack growth da/dN = f{b.K) was 

taken from [3]. 

Crack growth was calculated for the conditions of the 

artificial notches in the test. As an example calculated and 

measured crack growths are plotted for notch A 1 in Fig. 9. lt 

•crack-fn Diagramm 19 
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Fig. 9: Crack growth at notch A 1 

seems that the model over-predicts the crack growth but a 

closer Iook reveals that in the experiment the crack starts 

rather slowly (sharp crack forms), reaches the predicted 

growth rate and comes to 'an arrest possibly due to the 

presence and depth of a competing longitudinal crack (not 

modeled). Yet at other notches in the channel the actual 

maximum growth rate was under-predicted. 

1.6 Conclusions 

All notches inside the channel developed cracks that were 

arrested, possibly by competing longitudinalcracksthat grew 

faster and continued to grow at the end of the test. Also all 

notches in the heated surface developed cracks, for which the 

measured data would not allow a statement on crack arrest. 

Initiation of the longitudinal cracks seems predictable from 

the calculated strain range. 

Literature: 

[1] G. Hofmannet al., KfK 5381 (1994) 

[2] E. Diegeie et al., submitted to lnt.J.Fract.{1994) 

[3] R.W.Watson et al., J. Press.Vess.Techn., Vol.105{1983), 

pp.144-152. 
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2. Thermo-mechanital Tests of Small Scale Primary Wall 

Mockups 

ln preparation of the forthcoming task T 216 work has been 

done for the testing of critical issues in the new design of the 

integrated First Wall and Shield Blanket as an ITER Test 

Module. As part of the European program four small scale 

first wall mockups will be thermal-fatigue-tested with 13 000 

cycles in the FIWATKA facility. The mockups will be of the 

present ITER FW design with stainless steel {SS) tubes 

embedded in 20 mm of copper and the copper plate joined to 

the SS shield blanket area. The mockups will include those 

made of DS-copper as weil as those made of CuCrZr and 

different joining techniques like diffusion welding (solid HIP), 

powder HIP, and explosion welding will be employed. The 

heated surface ofthe mockups will be 250 by 110 mm. 

lt is considered the main goal of the program to find out 

whether the copper to SS joints survive thermal cycling; the 

stress range at the joints (during a cycle) is considered the 

main local Ioad parameter responsible for possible fatigue 

failure. ln order to subject the mockups to reasonable Ioads 

the stress ranges calculated (by 5iemens/KWU) for the real 

ITER module were used as a guide line and the small scale 

mockups were designed such that according to FEM 

calculations they will, under test conditions, experience 

similar stressrang es at the joints. 

This resulted in a mockup design in which the shield blanket 

area is represented by a 60 mm thick 55 plate containing two 

rows of channels, a central one to receive radiative heaters 

and a rear one to be used for water cooling in series with the 

FW channels. Testing is expected to start as soon as the 

mockups are provided by the NET Team by the end of 1996. 

A NET 5tudy Contract for the definition of a test program on a 

medium scale mock-up at FIWATKA is imminent. 

E. Eggert 

G. Hofmann 

M. Kamlah 
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Plasma Disruption Simulation 

Three main activities were performed during the periodtobe 
reported. These are: 1) development and application of the 
2D radiation-magnetohydrodynamics (R-MHD) code FOREV-2 
for analysis of disruption erosion under realistic ITER 
conditions [1, 2]; 2) verification of modelling codes against 
results from simulation experiments performed at TRINITI 
Troitsk, at Efremov St. Petersburg and IPP Charkov [3-6]; 3) 
detailed scenario calculations of ITER disruption erosion using 
the 1 D R-MH D code FOREV-1 [7]. Additionally activities on 
benchmarking of 2D radiation transport were performedas a 
joint exercise tagether with Livermore [8]. 

The experimental results on physical properties of carbon 
plasma shields as obtained at TRINITI Troitsk were used for 
Validation of the models used for description of disruptive 
plasma wall interaction. Distribution and time evolution of 
plasma temperature and electron density was reproduced 
quite weil. The calculated directed total radiation fluxes as 
obtained from 2D radiation transport calculations were a 
factor of 4 less than the measured ones, calculated directed 
soft x-ray line radiation fluxes were in agreement with 
measured values [3]. 

Detailed scenario calculations for power densities of the 
incoming hat plasma in the range 1 - 10 MW/cm2 were 
performed to determine erosion, melt layer thickness and 
properties of low Z plasma shields. lt was found that the 
plasma shield is a two temperature non-LTE plasma with a 
high temperature (Te :::; 300 eV) plasma corona of atomic 
density of 1015- 1016 cm-3 and a low temperature (Te :::; 2 eV) 
plasma of density 1017 - 1 Q19 cm-3 close to the target. The 

plasma shield efficiently converts the incoming energy into 
radiation and thus darnage of side walls due to intense lateral 
radiation may occur [7, 8]. 

Rather interesting results were obtained from a first 20 
analysis [1, 2]. lnclined impact of hat plasma produces 
instabilities in the density distribution of the plasma shield 
which result in a periodic modulation of erosion as is seen 
from Figs. 1 a and b showing the time evolution of plasma 
density and velocity in a carbon plasma shield for an inclined 
graphite target (Fig. 1 a) and the time evolution of the erosion 
pattern (Fig. 1b). Tilting of divertor plates (ITER vertical 
targts) results in a drastic decrease of the shielding efficiency 
because of movement of the plasma shield along the inclined 
surface. The guiding magnetic fie!d (toroida! component Bz 
:2: 5 T) guarantees that apart of the plasma shield produced 
du ring one single ELM of energy density of 1 MJ/cm2 arrives 
at the SOL despite its distance of at least 2 m from the 
divertor target. The question of impurity penetration across 
the SOL into the main plasmastill needs tobe addressed. First 
bo.undary conditions at the SOL (density and temperature of 
the impurity plasma) have been defined by detailed FOREV-2 
calculations. 

--7--

10 J-LB 
incom.ing 

<:::= 
hot plaama 

1 
20om 

0 

Fig. 1 a: Timeevolution of plasma density and velocity in 
the plasma shield for inclined target. 
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Fig. 1 b: Time evolution of erosion pattern due to plasma 
shield instability. 
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G 55 TI 01 (T 26/T 246) 
Ceramies for Heating and Current Drive and 
Diagnostic Systems 

Following the given frame of the ITER tasks, the effects of 

radiation on candidate insulator materials, especially on 

window materials for electron cyclotron (EC) systems, are 

studiedunder application relevant conditions. The targets are 

to fill the remaining gaps in the database for the "cryo­

window" concept based on sapphire and to establish the 

forthcoming alternative concepts based on special silicon 

grades and on CVD diamond. 

The dielectric parameters were determined at 145 GHz i.e. 

close to the ECRH frequencies. The thorough Ievei of 

development of the "cryo-window" is documented by a weil 

established understanding for the intrinsic Iosses [1]. Ongoing 

research on Sapphire serves as product qualification of the 

windows selected for European gyrotron development for 

Cadarache [2]. The open question of Sapphire windows at the 

torus was concerned with a potential reduction of the 

presently identified tolerable neutron fluence Iimit of 1021 

n/m 2 (E > 0.1 MeV). This Iimit might still be lower because of 

defect stability enhancement which may be expected when 

the window is irradiated at cryogenic temperatures. Forthat 

purpose, dielectric measurements were continued with the 

specimen set from the cryogenic irradiation (HFR) which was 

obtained just before the reporting period. The data were 

compared to those of the previous specimens from the 

ambient irradiation (GKSS). No significant difference in the 

temperature function ofthe Iosses could be seen (Fig. 1). 
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Fig. 1: The dielectric loss at 145 GHz in HEMEX Sapphire 

(o.r.) observed after a neutron irradiaton at ambi­

ent (GKSS) and cryogenic (HFR) temperature. 
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ln cantrast to HEMEX Sapphire, monocrystalline quartz 

showed a clear increase of the dielectric loss relative to the 

unirradiated material (Fig. 2). 
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Fig. 2: The dielectric loss of 145 GHz in monocrystalline 

quartz (o.r.) observed after the cryogenic irradia­

tion (HFR) in comparison to the unirradiated ma­

terial. 
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The final evaluation of the fluence monitors at Petten 

showed that instead of the target value of 1.0 · 1021 n/m2 only 

a fluence of 0.3- 0.4 · 1021 n/m 2 had been reached. Thermal 

cycling occuring between the scheduled irradation periods, 

and du ring transport and specimen handling is considered to 

be equivalent to the case of an actual torus window. 

The materials development of the forthcoming candidate 

materialswas guided with dielectric property measurements. 

As could be shown, the doping process of Silicon had reached 

a degree of perfection that the Iosses at room temperature 

were close to the intrinsic Ieveis [3]. A new extended size CVD 

diamond disc (40 mm dia x 1 mm) could be procured which 

shows virtually constant permittivity and loss values in a wide 

temperature range around the ambient. After their 

characterization, these advanced grades of Silicon and 

Diamond were included in the specimen set for the neutron 

Irradiation at GKSS. The set was sent to the reactor in 

September, and the irradiation is now pending. 

The in-beam demonstration of the materials perfomance 

und er X-rays was perfomed and concluded for the advanced 

grades of the alternative window materials [4]. The previous 

inspection Iimit of the X-ray dose rate in neutron-irradiated 

HEMEX Sapphire (1 Q23 n/m 2
) could be extended for the 

alternative grades from 0.5 to 0.8 Gy/s. But still, as for 

Sapphire, no additional in-beam loss term was observed in 

these experiments at 35- 45 GHz. 
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Superconducting Magnets 

lntroduction: 

Next step fusion experiments plan for plasma pulses of 
extended duration (ITER) or even quasicontinuous operation 
(Stellarator W7X). Superconducting magnets are mandatory 

under these conditions. 

The confinement of ITER relies on a superconducting magnet 

system consisting of 20 D-shaped toroidal field (TF) coils, a 
central solenoid (CS) to drive the plasma current, and a set of 
poloidal field coils to stabilize the plasma position. Tests of 
industrially fabricated model coils for TF and CS are part of 
the seven large experimental programmes within the ITER 

Engineering Design Activity. The FZK-EURATOM Association 
was entrusted by the European ITER Horne Team to upgrade 
the TOSKA Magnet Test Facility and to perform the tests for 
the ITER TF model coil. 

An important step in the facility preparation activity was 
reached in 1996. The former LCT coil was reinforced to 
withstand higher stresses and was tested in TOSKA to the 
Iimits of current capability of the Nb Ti conductor at superfluid 
helium temperatures. This LCT coil will serve as background 
coil in future experiments with W7X and ITER model coils, 
respectively. 

Further work for ITER consists of component development 

(high temperature superconductor feedthrough), 
characterization of low temperature structural materials and 
of studies related to magnet safety and overall system 
behaviour. 

Afterinauguration of the Wendelstein W7X project in 1996, 
an extended cooperation is being implemented of FZK and 
IPP with the aim of qualifying the complete set of 
superconducting W7X coils before assembly at the Greifswald 
site. 

The current FZK programme for W7X concentrates on flat coil 
tests in the STARtest facility to examine the superconducting 
quality of the newly designed W7X conductor in Ionger 
production lenghts. 

A fully prototypic W7X coil is expected tobe tested in 1997/8 
in TOSKA, preceding the ITER model coil test, which is 
scheduled for 1998/9. A more detailed programme to test the 
70 W7X !ine item coi!s is und er preparation, making optimum 
use of the capacities of the TOSKA installation and the 
connected refrigerators. 

J.E. Vetter 
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MCOI ITER TF-Model Coil Development 

Subtask 1: Monitoring Manufacture ofthe Toroidal Field 
Model Coil (TFMC) 

The aim of the subtask is the support of the NET Team in 
design and the fabrication oftheITER TF model coil. 

A specification for the fabrication was sent out to European 
industry July 1995. FZK participated in the evaluation group 
to elaborate the technical assessment for the received offers. 
The contract for the selected consortium was sent in 
December 1995 for signature of the EU to Brussels. FZK 
participated with its experts in a series of technical and 
progress meetings (about 14) to start up and monitor the TF 
model coil fabrication by the European industry consortium 
AGAN. FZK contributed to the following items: 

a.) Analyses and optimization of the mechanical support 
structure (see also ERB 5000 CT 950064 NET (NET 95-
384)) for the TFMC test configuration. 

b.) Contributions to the design work and test facility 
related items (instrumentation, superconducting 
busbars, gravitational support structure) were 
elaborated and presented atthe meetings. 

Subtask 3: Ba sie Development of High Voltage Technique 
for Components used in Model Coil and Test 
Fatility (Feedthroughs, lnsulation, Breaks, 
Cu rrent Leads etc.) 

The aim of the subtask is the transfer of the know-how in the 
development of high valtage components gained in the 
POLO project totheITER model coils. A partial discharge free 
high voltage supply system was ordered and taken in 
operation for performing partial discharge measurements 
with the TF model coil. The system consists of a control and 
measuring unit, a control transformer, and a high valtage 
transformer. The system is designed for a maximum valtage 
of 10 kV and an output of 10 kVA. The unit was taken in 
operation and fulfilled the specifications. 

An experimental study was performed by investigating the 
effort of partial discharge (PD) measurements for unipolar 
voltages to find a relation between periodic and single shot 
operation. lt was found that the apparent charge depends 
predominantly on the peak-peak voltage. The PD pattern for 
curves with the same peak-peak voltage and the same 

steppness are identical. This work was performed in 
collaboration with the Institut for Energy and High Valtage 
Technique (I EH) at the Karlsruhe University [1). 

Literature: 

[1) M.C. Thoma, Teilentladungsmessung bei unipolarer 
Spannung an Gießharzkörpern, Diplomarbeit, IEH, 
Universität Karlsruhe, 1995. 
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Preparation of ITER TF-Model Coil Test Facility 

Subtask 1: Preparation of TOSKA Facility for the Test of the 
ITER TF Modei-Coil 

The order for fabrication of the ITER toroidal field model coil 
(TFMC) was placed in the European industry, a consortium 
called AGAN (Ansaldo, GEC-Aisthom, ACCEL, Noell). The work 
performed for the model coil is described in subtask MCOI-1. 

ln the frame of upgrading the TOSKA facility to test the ITER­
TFMC, the 1.8 K operation of the LCT coil was successfully 
performed in July. After the termination of the POLO 
experiment, it was the first test operation of the TOSKA 
facility with the extended cryogenic and electrical supply 
system as weil as a new configuration of the measuring and 
control system, including data acquisition. Therefore an 
import milestone was passed by this test in the programme of 
preparing TOSKA for the TFMC test. 

1. Upgrading of the TOSKA Facility 

The main activity was the installation of the LCT coil after 
about 9 years idle time (Fig. 1). The coil will be used in the 
ITER TF model coil test as background coil. All work 
performed for the facility will be reported in this section 
while the specific test results of the LCT coil at 1.8 K are 
reported und er subtask MBAC. 

1.1 Cryogenic Su pply System 

To respond to the future requirements a new flow scheme 
had to be realized in the TOSKA facility (Fig. 2). The 2 kW 
refrigerator was connected to the control cryostat B 250. The 
400 W refrigerator was connected to the control cryostat B 
1000 for the subatmospheric operation at 1.8 K. During the 
LCT coil test at 1.8 K it must be possible to supply the winding 
with supercritical superfluid helium. lt was therefore foreseen 
to valve on and oft the winding to the forced flow superfluid 
supercritical circuit of the control cryostat B 1000 or 
alternatively to the forced flow supercritical circuit of the of 
the control cryostat B 250. For the superfluid supercritical 
operation the venting lines had tobe separated by a thermal 
barrier. A cold storage medium pressure vessel {20 bar) was 
installed for collection of the expelled helium gas to avoid 
response of the safety valves. Three different pump types {3 
cylinder piston, centrifugal and thermomechanical) were 
insta!!ed in the superfluid ccntrol cryostat. Th~ \Nhole system 
was controlled by programmable logic controllers (PLC). The 
circuits were operated by a control and visualisation system 
(VXL) on a VAX station [1]. Both forced flow circuits were 
tested separately. lt was demonstrated in the test of the LCT 
coil at 1.8 K (MBAC) that the cryogenic supply system is now 
fully available for testing the ITER TF model coil. 
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Fig. 1: A view into the TOSKA vacuum vessel with the 
installed LCT coil. On the right side of the LCT coil is 
the space for the ITER TFMC and W7X­
demonstration coil 
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Fig. 2: Flow diagram of the cooling system 

1.2 Electric Supply System 

The 50 kA, 30 V DC power supply was used as current source 
for the LCT coil which was connected across a separation 
switch {ST) in the positive and negative busbars (Fig. 3). 
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Fig. 3: Electrical power supply with dump circuit 

The dump resistor (R) was switched parallel to the coil (L). The 

short circuit path of the coil consists of two arc chute breakers 

(S) in parallel with a pyro breaker (F) in series for having 

simple redundancy if one of the arc chute breakers does not 

close or open. The switching sequence is controlled by a PLC 

with a backup relais circuit for the safety discharge. ln case of 

a dump trigger the arc chute switches are closed and the 

power supply is switched in the Inverter mode. The coil is now 

short circuited by the branch (S,F). Then the separation 

switches ST open and isolate the power supply from the dump 

circuit. After that the arc chute breakers open and 

commutate the current in the dump resistor. The time 

constant was 12.5 s and the dump voltage 2.5 kV at 20 kA. ln 

case of a power supply fault the power supply is protected by 

an overvoltage protection device (OV) and a short circuit 

branch in parallel to the main short circuit with a current 

limiting resistor (RN) for arc free opening of the separation 

switches. 

The delay time between trigger and breaker opening was 

about 675 ms with a jitter of 20 ms, mainly determined by the 

opening time of the separation switches. The maximum 

switching power handled for extracting 300 MJ was 48 MW. 

The 20 kA power supply, which will be the current source for 

the LCT coil in the TFMC test, will be ordered in the 4. quarter 

96. Technical clarifications and negotiations about the 

received offers are running. The conceptual design of the 80 

kA TFMC dump circuit was concluded. The detailed technical 

specification is now elaborated by a company. lt is planned to 

use the POLO switching circuit for testing the transient 

behaviour of the TFMC. On the basis of the results gained 

with POLO counteracting current, a fast discharge was 

calculated for the TFMC (Fig. 4) [2]. Using that method at 

higher current Ieveis requires larger capacitor banks, 

capacitor banks that are charged to higher voltage values 

than the nominal voltage Un, or a faster discharge of the 

capacitor bank. ln the latter two cases switching surges must 

be expected which can cause oscillating overvoltages inside of 

the superconducting winding. A solution has to be found to 

make suitable changes in the POLO switching circuit. 

1.3 Instrumentation and Data Acquisition 

The cryogenic supply system was equipped by sensors 

necessary for control and protection. All sensors were 
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Fig. 4: Calculated coil voltage at HV discharge oftheITER 

TF MC (10 = 25 kA, UN = 10 kV) using the Polo 

circuit described in the previous annual report 

connected to the new data acquisition system (Fig. 5). The 

necessary data for controlling the facility were adapted in 

their engineering units. All measured data were finally stored 

in engineering units in the data base ORACLE where they 

were available for later analysis procedures. For the usual 

operation the data were collected by a scanner with < 5 s 

repeatition rate. Fast changes during experiments were 

acquired by transient recorders with 1 MHz sampling rate. ln 

the present state the scanner has 500 channels and the 

transient recorders about 32. The channel number can be 

adapted to the requirements of the experiment. The LCT coil 

Instrumentation was used as existing. The additional 

Instrumentation will be described undertask MBAC. 

1.4 The 80 kA Current Lead 

Based on the principle of the POLO current Iead a 80 kA 

current Iead was designed (Fig. 6). The most critical parts are 

the warm end and the cold end of the current Iead. For the 

warm end a special flexible water cooled busbar has to be 

developed foradefinite feed in of the current in the current 

Iead heat exchanger. Heat loss reduction at the cold end 

required the use of copper with a high residual resistance 

ratio (RRR) of about 6 as compared to the copper rod of the 

heat exchanger. The originally planned friction welding 

technique had to be rejected because of a Iack of a suitable 

friction welding machine for 90 mm ( diameter) copper rods. 

Now, a brazing technique is planned to be used. The 

preparations for construction of the heat exchangers are 

running in the workshops. 
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Ulbricht, W. Weigand, F. WOchner, Switching Circuit 

for generatingFast Field Transients in Superconducting 

Coils, Proc. 19th SOFT, Lisbon, Portugal, Sept. 16 · 20, 

1996 



REFRIGERATORS 
300/2000 w 

CONTROL-SYSTEM 
TELEPERM 

SWITCHING 
SYSTEM 
ENERGY 

DISCHARGE 
CRYOGENIC 

COMPONENTS 

--15--

SUB-SYSTEM 
CAMAC-ZYK 

nVAX 300 ·I 
CRYO 

Componenls 

FIBER 
OPTIC 

SUB-SYSTEM 
DR22-CONTROLLER 

SUB-SYSTEM 
CAMAC-TRA 

PCs PCs X-TERMINALs 
USER -INTERFACE TO DATABASE, 

V\SUALIZATION ANO CONTROL 

Fig. 5: Data acquisition system 

SUB-SYSTEM 
HOTIINGER 

INTERNET 

Joint surface Heat exchanger Flexible busbar 

He outlet 

Joint to Al busbar 

A. Augenstein 

H. Barthel 

F. Becker (till30.6.96) 

S. Darweschsad 

G. Dittrich 

P. Duelli 

s. Fink 

G. Friesinger 

A. Götz 

P. Gruber 

A. Grunhagen 

R. Heller 

W. Herz 

H. lrmisch (till 31.12.95) 

H. Kathol 

R. Kaufmann 

P. Klingenstein 

L. Lang 

0. Langhans 

Heinlet 

Fig, 6: 

Cooling water 
inlet 

Artist's view of the 80 kA current Iead 

W. Lehmann 

W. Maurer 

I. Meyer 

G. Nöther 

U. Padligur 

K. Rietzschel 

G. Schleinkofer 

K. Schweikert 

Ch. Sihler (till31.8.96) 

E.Specht 
H.-J. Spiegel 

H. Stiefel 

M. SOßer 

A. Ulbricht 

D. Weigert 

G. Wieczorek (till30.6,96) 

F. WOchner 

G.WOrz 

G.Zahn 

H.P. Zinecker 

V. Zwecker 

Cooling water 
outlet 



--16--

MBAC High FieldOperation of NbTi at 1.8 K 

Subtask 1: He II Forced Flow Cooling: 1.8 K Test of the EC 

LCT Coil plus Development of Circulation Pumps 

The 1.8 K cooling technique is indispensible, if technically 

applicable superconducting materials shall obtain their 

highest field Ieveis. Therefore the task was started with a 

programme part containing the development of components 

included in such a cooling circuit and is continued with the 

operation of a !arge forced flow cooled fusion magnet, the 

Euratom LCT coil. The last experiment is an intermediate step 

in the sequence of upgrading the TOSKA facility for the ITER 

TF model coil test (Task MTOS). The experimental part of the 

task was successfully concluded in July 1996. The LCT coil 

achieved a quench current of 19.6 kA at 11 T at a 

temperature of 1.89 K. The quench current observed 

corresponds almost exactly (within 1 %) to the predicted 

value. 

1. The 1.8 K Test ofthe Euratom LCT Coil [1] 

The cryogenic and electrical supply system as it was used for 

the 1.8 K test of the LCT coil was already described in subtask 

MTOS- 1. The operationwas performed in two steps. First, the 

winding and case were cooled at 3.5 K by the forced flow 

circuit of the control cryostat B 250. Later, for superfluid 

supercritical operation, the winding was connected to the 

cooling circuit of the B 1000. The operation parameters, are 

given in Table 1. 

Table 1: Cooling conditions 

Operationmode 3.5 K 1.8 K 
Standby 
at 1.8 K 

Winding 
Mass flow rate [g/s) 50 80 20 
Pressure [bar) 3.5 2.4 3.5 
Pressuredrop [bar) 0.1 0.6 0.07 

10 27 25 

Case & structure 
Mass flow rate [g/s) 50 70 40 
Presse [bar) 3.5 3.4 3.5 
Pressuredrop [bar) <0.1 <0.1 <0.1 
Heat Ioad [W) 100 90 90 

Currents Ieads 
Mass flow rate [g/s) 2x1.6 2x2.0 2x0.3 
Heat Ioad to 
winding [W] 

I 2x5 I 2x8.5 I 2x12.5 
Current per Iead [kA) 16 19 0 

2. Test Results 

2.1 Standardoperation 

After an idle time of nearly 9 years, the LCT coil with its 

reinforcement (total mass now 60 t) was cooled down again 

during 290 h to its operation temperature with about 1 K/h 

and a temperature difference of < 40 K between inlet and all 

other temperature sensors. The leak rate at 4 K was less than 

5x10-6 mbarl!s. The coil was ramped up with 20 A/s in steps 

accompanied by dump tests up to its nominal current of 11.4 

kA at an operation temperature of 4.6 K. The same procedure 

was repeated at 3.6 K. After a steady state operation at 16 kA 

the ramp up was started with 5 A/s. The coil showed a 

spontaneaus quench at 16.5 kA in full agreement with the 

current sharing data measured earlier (Fig. 4). The dump was 

2.5 s delayed caused by the impact of magnetic stray fields on 

relays of the quench detector. This was avoided for the 

following runs by a JJ-metal screening. The estimated hot spot 

temperature was about 100 Kinagreement with the expelled 

helium of about 80 K. After a quench of three pancakes, the 

cryogenic system handled the expelled gaseaus helium 

without He Iosses and the recooling took place in less than 

2 h. 

2.2 He II operation at supercritical pressure 

To proceed to 1.8 K forced flow cooling operation, roots 

blowers were started for subatmospheric operation until a 

pressure Ievei of 16mbar and a temperature of 1.8 K were 

reached in the assigned control dewar. The dewar was then 

filled with liquid helium. Thereafter, the winding was 

connected to the 1.8 K cooling loop and cooled down to its 

superfluid operation temperature while the coil case, 

reinforcement structure, and current Ieads remained on the 

3.5 K cooling loop. The following procedure consisted of 

ramping up to different current Ieveis (11.4, 16.3, 17 .3, 19.0 

kA), performing an inverter mode discharge, and, in a second 

step, a manual triggered dump. The ramp rate was 20 A/s up 

to 11.4 kA and above this Ievei, 10 Als. A ramp rate of 5 Als 

was used for ramping the coil into the current sharing region. 

2.3 Electrical properties 

The coil was ramped up in its current sharing region, clearly 

visible on the resistive voltage. The quench started, as 

expected, in the center pancake. The inlet temperature was 

1.89 K, the current 19.6 kA and the maximum field 11 T. This 

current is about 0.2 kA below the expected extrapolated 

quench current (Fig. 1). The coil and the dump circuit 

withstood a dump valtage of 2.45 kV with a peak power of 

48MW. 

2.4 Thermohydraulk properties 

The handling of the 4.5/3.5 K cooling system tagether with 

the 2 kW refrigerator was free of problems du ring computer 

controlled cool down, the coil cooling with the secondary 

pump loop, and also du ring recooling after quench or dump. 

Stable He II cooling of the winding with the piston and 

fountain pumps was demonstrated and the disturbance of 

the mass flow after a dump up to 14 kA was negligible. At a 

higher current, the pumps were switched off after dump or 

quench. The installed centrifugal pump could not be used 

because the inlet valve was blocked. For a continuous and 

equal mass flow through the 28 cooling channels, a rate of 80 

g/s was necessary at 1.8 K. The mass flow instability occured 

only during ramp up of the coil and is not completely 
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Fig. 1: Current sharing diagram for the EU-LCT coil 

derived from measured current sharing data and 

an extrapolation to the HE II range 

understood up to now. No significant differences in pressure 

drop and heat Iosses between He I and He II cooling 

conditions after a dump or quench were observed (Tab. 1 and 

2). 

Table 2: Thermohydraulk properties after a dump or 

quench (peak values) 

Operationmode 3.5 K 1.8 K 1.8 K 
D = Dump 16kA 19 kA 19.6 kA 

Q = Quench D D Q 

Winding 
lnlet temperature [K) 14.7 11.7 26.5 
Oulettemperature [K) 8.8 11.0 17.4 
Pressure [bar) 5.3 8,8 26.6 
Heat Ioad [MJ) 0.38 1.6 2.0 

Case 
lnlettemperature [K) 12.5 17.5 24.3 
Oulet temperature [K) 18.4 21.0 21.7 
Pressure [bar) 5.6 18.1 13.4 
Heat loat [MJ) 1.1 1.3 1.65 

2.5 Mechanical properties and FEM calculations 

The LCT coil instrumentationwas used as it was in the earlier 

tests. Additional 30 strain gauges were installed onto the 

reinforcement belts. A frame with displacement transducers 

was installed to measure the coil case deformation in the 

middle of the straight section. Also, the coil deformation 

across the apices was measured. 

All the measured data like strain, displacement and 

equivalent stresses (v. Mises) at the coil case and reinforce­

ment structure were in excellent agreement ( < 10 %) with 

FEM calculations. The gap measured between winding and 
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case at the inner side of the straight part of the rei nforced coil 

corresponds to measurements at the ORNL test facility where 

the LCT-coil was fixed to a bucking post. This confirms the 

quality of the design, the proper Installation and the force 

transmission from the coil to the reinforcement structure. 

3. Conclusions 

• After 9 years idle time, was confirmed that the EU-LCT 

coil with all its components kept its full performance, 

Therefore, the coil is suitable tobe used as background 

field coil for the ITER TFMC test . 

• For the first time, it was demonstrated that a coil of 

this size can be cooled with forced flow He II at 

supercritical pressure. 

The ff cooling mode compensates the electrical 

insulation problems related to subatmospheric 

operation in liquid Helium. 

The test demonstrates the engineering standards of 

the design principles of the EU-LCT coil with fully 

predictable operation Iimits. 
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M 27 Critical Current vs. Strain Tests on EU 
Strandsand Subsize CICC' s with 
Stainless Steel and lncoloy Jackets 

Within this task the eftect of axial strain ( 1:) on critical current 
(1,) of various subsize "eable in eonduit eonductors" (eleC) 
foreseen forTFand es coils and their basic Nb3Sn strandswill 
be investigated. The e1ecs consist of an outer jacket and an 
inner 36 strand cable. The jacket influences the lc vs 1: 

characteristic drastically. Therefore different jacket materials 
(stainless steel and lncoloy) and also various volume fractions 
of jacket material ("thin" and "thick" walled conduits) will be 
tested. For the cable Nb3Sn strandswill be delivered by the EU 
industry (VAe and LMI). The task will be performed as a 
collaboration between FZK/ITP, eEA and the EU industry. The 
samples will be delivered by eEA and measured in the high 
field test facility at FZK/ITP. The delivery of samples was 
scheduled for the end of 1995, and they arrived partly in July 
1996. 

First results of e1ecs with VAe cable tested on "thin" and 
"thick" walled SS conduit samples (representative forTFand 
es conductors, respectively) show the expected strong 
degradation of lc due to prestrain (Figure 1). The decrease is 
about 10% smaller for the "thin" walled e1ee in comparison 
to the "thick" walled one. Furthertests are in progress. 

5~--------------------~ 

1 B=13T 

o~--------------------~ 
0 0,3 0,6 0,9 

e(0/o) 

1,2 1,5 

Fig. 1: eritical cu rrent versus axial strain of thick and thin 
walled stainless steel jacketed conductor 
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M 31 Development of 60 kA Current Leads 
Using High Temperature Super­
conductors 

The purpose of the program is to develop a 60 kA current Iead 

for the ITER Toroidal Field Coil system using High 

Temperature Superconductors (HTSC), in a situation where 

d.c. operation is considered. The development will be donein 

collaboration with the Fusion Technology Division of the 

Centre Recherehes en Physique des Plasmas (CRPP) of the 

Ecole Polytechnique Federale de Lausanne. The task has been 

started early this year. The deveiopment program is based on 

study and engineering work done during the last few years, 

both at FZK and CRPP, which demonstrate the capability (and 

the risks) of using HTSC's in current Ieads carrying several 

10 kA. 

Current Ieads for operation currents in the range of 10 • 60 kA 

are needed in the research community for fusion (ITER, W 7-

X) or accelerator technology (LHC) applications. Most of the 

work presently done was concentrated on HTSC binary 

current Ieads for currents in the 1 to 2 kA range except the 

following ones: ln the frame of the European Brite/EuRam 

programme, European industry is developing a 5 kArm/50 kV 

current Iead, at Argonne National Laboratory, a 16 kA current 

Iead has been designed for the Babcock&Wilcox Anchorage 

SMES project. Recently, Oxford Instruments and CERN have 

announced the successfull test of an experimental 13 kA HTS 

current Iead forseen for the LHC. 

As a result of study work done in the past, the following 

concept will be used: The current Iead will be of the binary 

type, i.e., an HTSC part in the temperature range from 4 K to 

70 K and a conventional copper part in the range from 70 K to 

room temperature (RT). A two-cooling circuit concept is 

forseen, i.e., the HTSC part will be conduction cooled at 4 K 

and the copper partwill be actively cooled with 60 K helium. 

The heat sink at 60 K will be realised using 60 K Helium from 

the refrigerator; this is in general available as shield cooling 

for e.g. transfer lines. lt turnsout that the reduction factor in 

refrigeration power will be in the order of 3- 5, as compared 

to a conventional copper Iead. The spread covers for example 

the uncertainties in refrigerator efficiency and contact 

resistance. 

The development program is subdivided into three stages: 

A-1 Test of different materials and concepts in 1 kA 

modules for selection, i.e., 

• Bi-2212 bulkmaterial (tubes), 

• Bi-2223 tapes with Ag/Au sheath in a straight 

stacked configuration, 

11 Bi-2223 tapes with Ag/Au sheath twisted around a 

support GfK-tube,and 

11 Y-123 bulkmaterial (rod). 
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Each assembly is being tested separately in a test 

facility at CRPP. The tests cover the steady state as weil 

as the transient behaviour with respect to temperature 

profile, heat Ioad at 4 K Ievei, mass flow of 60 K helium 

and safety behaviour in case of loss of coolant flow. 

The results of the tests will be compared to design 

calculations to qualify the numerical codes. ln addition, 

the effect of thermal cycling on the behaviour of the 

Ieads will be measured. 

At the end of stage A-1, one option will be chosen for 

the further development. 

A-2 Test of a 10 kA HTSC binary current Iead using the 

material selected in stage 1. This will also be done at 

CRPP 

B Design and test of a 20 kA HTSC binary current Iead to 

prove the modularity and scale-ability of the design. 

Forthis test, the STAR facility at FZK will be used. 

c After completion of stage B, a 60 kA current Iead could 

be designed to replace an existing current Iead in the 

TOSKA facility at FZK. This stage is an option, the 

decision will be made after completion of stage 3 

depending on the results. 

The task will be performed in stages A toB. After completion 

of stage B, a decision will be made wether to proceed with 

stage C. 

Special emphasis will be given to safety. The safety 

requirements fortheITER TF-coil magnet systemaresuch that 

the coil system has to be discharged with a time constant of 

15 s of the exponential current decay without any damage. 

So, the current Ieads have to withstand a power discharge of 

the coils within approximately 60 s. The critical issue is the 

behaviour of the HTSC part of the current Iead in case of a 

quench in the HTSC due to, e.g., a failure of the refrigeration 

system of the current Ieads. 

Taking into account the fact that HTSC have a low thermal 

conductivity and generate !arge Joule heating in case of 

being normal conducting, a quench of HTSC bulk material 

would result in a burn-out during a very short time, if the 

energy will not be removed from the system very fast. As a 

consequence, a current Iead design using HTSC bulk material 

requires a current stabilization for emergency situations. For 

the 1 kA current Iead options using HTSC bulk material, no 

electrical bypass is foreseen because the power supply can be 

switched-off fast enough to prevent the HTSC material from 

damage. This has tobe taken in mind if comparing the results 

of the different materials resp. concepts. 

The design of the 1 kA current Ieads consists of a HTSC part 

and a copper part connecting the 4 K and 70 K resp. 70 K and 

RT regimes. The copper heat exchanger is of the bundle type, 

i.e., a large number of silver coated corrugated fine copper 

wires are bundled, compacted and put into a stainless steel 

tube to form a helium porous current carrying device. The 



copper cross-section and length of heat exchanger is adapted 

to the operation current. The heat transfer area is very large 

although it is not exactly defined. This concept was been 

successfully applied to vapour cooled current Ieads up to a 

current of about 20 kA. The HTSC part consists of the HTSC 

bulk material resp. tapes and two copper adapters which are 

soft soldered to the copper heat exchanger and to the copper 

stabilized NbTi bus bar. The design allows the exchange of 

the HTSC part without changing the copper heat exchanger. 

The heat Ioad on the 4 K Ievei is determined by measuring the 

mass flow rate of the evaporating helium encapsulated in a 

separate volume to distinguish from cryostat losses. The mass 

flow rate of the 60 K helium, which cools the copper heat 

exchanger, is also measured. Temperature sensors as weil as 

valtage taps are positioned along the HTSC and copper part 

to measure the temperature profile and the valtage drop 

along the HTSC and the copper heat exchanger resp. across 

the copper adapters to determine the contact losses. The 

conduction loss is measured at zero transpoft current by 

adjusting the upper temperature of the HTSC part to the 

same value as for nonzero current. The measurements are 

done for different mass flow rates and for different transpoft 

currents. The experimental results are compared with design 

calculations basedonmaterial property data. 

As already mentioned above, four materials resp. concepts 

are being investigated. Melt-cast-processed (MCP) Bi-2212 

bulk tubes fabricated by Hoechst AG, Frankfurt, are used 

having outer/inner diameters of 35/27 mm and a totallength 

of 260 mm (including Ag-contacts). The current Iead was 

tested at the end of last year. 

B-2223 m ultifilamentary tapes sheathed by Ag(3at% )Au alloy 

fabricated by AmericanSuperConductor are currently tested. 

At FZK, Bi-2223 tapes with Ag/Au sheath are currently 

fabricated. The tapes consist of seven Bi-2223 filaments 

embedded in a sheath made of Ag(8at%)Au, the tape 

dimensions are 0.20 x 2.4 mm2, the volume fraction of 

superconductor is roughly 20 %. The critical current of the 

tape in self field at 77 K is 8- 9 A (critical current density of 

9000 · 10000 A/cm2), The choice of using 7 tilaments was 

made to ease and fasten the fabrication although the critical 

current density is notashigh as possible. For the next step of 

the program, it is planned to use tapes with 37 filaments, the 

expected ic will be up to 2 times higher than for the current 

ones. Thirteen tapes are loosely put tagether to form a 

"stack". Ten of these stacks are equally-distanced mounted 

on a device which consists of two copper adapters which are 

needed to fit in the CRPP current Iead device and a GfK tube 

which serves as mechanical connection and support. The 

stacks are twisted araund a GfK support tube, the twist 

length is chosen to be twice the length of the tapes. The 

stacks are soldered in grooves and milled in the copper 

adapters. The length of the HTSC module is about 500 mm. 

Fig. 1 shows an artists view of the HTSC-module. 

Without magnetic field correction, the critical current of the 

module should be 1100 A. at 77 K and zero magnetic field. 

Magnetic field calculations have been done using the code 

--20--

Fig. 1: Artist's view ofthe Bi-2223 tape (FZK version) 

EFFI for the actual geometry. This results in an 

inhomogeneaus distribution of critical current in the stack 

and in a total critical current of 800 A which is about 70% of 

the uncorrected critical current. Because the maximum 

temperature at the upper end of the HTSC module in the 

current Iead will be about 70 K, the critical current will be 

higher. 

At FZK, Y-123 bulk rods are fabricated using a technique 

developed for the fabrication of pellets for a flywheel project. 

The rods are 14 x 9 mm2 in cross-section and approximately 

90 mm in length. Due to fabrication reasons, the rods consist 

of three Y-123 domains, so their critical currents are 

determined by weak links. The critical current measured in 

self-field at 77 Kat one sample was 1800 A corresponding to a 

critical current density of 1400 A/cm2. ln the meantime, the 

fabrication of the rods have been further optimized to get 

higher critical currents. 

ln Table 1, the design parameters of the HTSC part of the 1 kA 

current Ieads are summarized. The calculations were done 

using the computer code CURLEAD which had been 

developed for optimization of forced-cooled conventional 

current Ieads. lt also contains the Room Temperature Power 

Consumption (RTPC) normalized to a conventional copper 

current Iead. 

The calculated 4 K Iosses of option 1 (Bi-2212 bulk material) 

are lower by a factor of > 2.5 as compared to the other 

options (see Table 1). lt should be reminded, however, that no 

electrical stabilizer was used in the design: for a current Iead 

to be forseen in !arge magnet systems, such a stabilizer or 

safety Iead is indispensible to minimize the operational risks. 

An electrical stabilizer, e.g. stainless steel, will Iead to an 

increase of the totallass at the 4 K Ievei. 
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Table 1: Designparameters of the 1 kA HTSC-modules 

Material Unit 

lcat B=O, T=77K [A] 

Bself at 1 kA [mT] 

Ase [mm2] 

Astab [mm2] 

L [cm] 

Ttop, HTSC [K] 

Pcond at4 K [mW] 

LW for 1 kA [mV] 

Ideal RTPC [%] 

The 1 kA current Ieads are being tested at CRPP in a cryostat 

under vacuum conditions. 

Table 2 contains the main results of options 1 and 2 for steady 

Table 2: Test results ofthe 1-kA HTSC-modules 

Material 
Bi-2212 Bi-2223 
(bulk) (tape) 

I[A) 1000 1000 

mass flow [g/s] 0.08 0.08 

Ttop, HTSC [K] 67.8 72.3 

Pcond at 4 K 101 330 

LWhex [mV] 32 33 

Total ideal RTPC [%] 29 34 

b.T [s] 540 n.a. 

state operation as heat Ioad and valtage drop. These results 

have to be compared to the design values of Table I. ln 
addition it contains information about the transient 

behaviour in case of loss of coolant flow. Dt denotes the time 

difference between interruption of helium mass flow and 

exceeding a resistive valtage across the HTSC part of 100 mV. 

lt turnsout thatthe measured conduction Iosses as weil as the 

temperatures at the upper end of the HTSC part agree weil 

with the calculated ones. 

ln Fig. 2, the measured and calculated temperature profiles 

along the current Iead using Bi-2212 bulkmaterial resp. Bi-

2223 tapes sheathed with Ag(3at%)Au alloy for 1 kA are 

Bi-2212 Bi-2223 Bi-2223 Y-123 

(bulk) (tape) (tape) (bulk) 

>2000 1025 ~1000 >1800 

13 26 26 36 

390 10.5 12.5 126 

--- 24.6 50 ---

26 50 50 9 

72.1 71.8 71.5 70.6 

97 375 314 240 

31.7 31.2 30.8 31.3 

28 34 32 31 

shown. The agreement between the measurement results 

and the calculations is good. 

At the end of the year, the construction of the Bi-2223 (FZK­

ITP) version as weil as the Y-123 (FZK-INFP) version will be 

finished and the moduleswill be shipped to CRPP for testing. 

ln the meantime, the construction of the 10 kA current Iead 

has been started. The testwill also be done at CRPP. 

Literature: 

R. Heller et al., "Development Program of a 60 kA Current 

Lead Using High Temperature Superconductors", paper 

presented at 1996 Applied Superconductivity Conference, 
Pittsburgh, PA, Sept 25th- 30th 1996 
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N 11 TD 58 (SEA 3) 
Reference Accident Sequences - Magnet Systems 

Subtask 2: Magnet System Safety 

Within the subtask 3.2 FZK investigates the thermal and 

mechanical behavior of magnet systems du ring accidents. 

ln the period reported here code application and Validation 

of MAGS have been major parts of the work. The work on 

structural analysis has been emphasized and is now focusing 

on the ITER TF coil test to be performed in TOSKA. 

a) Thermal analyses for magnet systems 

Analyses on arcs within coils have been performed using the 

module HEXAN (Helium EXpulsion ANalytical). First results 

showed the necessity to introduce also for this module the 

moving mesh option, being used for module GANDALF 

already. The module CRYOSTAT, thermo- and fluiddynamics 

in the cryostat, has been extended to be also applicable for 

small leaks. This development turned out to be difficult, 

because continuum mechanics are applied at very low 

pressures. This Ieads to very sensitive equation systems since 

volumes having small masses and small distortions from the 

boundary conditions can Iead to oscillations. For a more 

general use of MAGS the GRID7 module was prepared. This 

allows for analyses of more complex coil shapes, e.g. 

Stellarator coils. 
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Fig. 1: Temperature due to quench propagation in a 

W7-Xcoil 
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Besides this some reprogramming of the code system was 

performed to improve the code performance and to ease the 

use of MAGS. 

lnvestigations on shorts and arcs for the ITER coils have been 

performed. For the TF coils it turned out that the design is 

robust. Because the cable is located in grooves of the radial 

shear plates any insulation failure will Iead to a current 

through the shear plate. These currents can be monitared and 

limited by appropriate selection of their 'grounding' resistors. 

ln consequence, damages to the TF coils are not to be 

expected. 

The central solenoid is wound with four cables in hand. 

Therefore shorts within one hand or between different hands 

have to be considered. For this coil it turned out that its 

electrical circuit is advantageous. Since all the four hands are 

connected in parallel, voltage difference between 

neighboring turns are small. Additionally, due to the almost 

perfect inductive coupling, current can be commuted to other 

hands so thatthe damaged area can be bypassed. Even with a 

short the coil can be safely discharged. 

For the PF coils, the coil PFS was investigated for reference. lt 

was found that the present design and electrical circuit 

cannot exclude major damages to the coil. One reason for this 

result is the fact that the cables for this coil are connected in 

series, so that a short shortens many turns, the other is, that 

the cable has a high copper fraction so that even though 

quench is initiated the additional resistance does not help 

much to spread the energy on a !arger fraction of the coil 

volume. 

To test the GRID7 module, for a stellarator geometry, a 

quench analysis for a W7-X coil has been started. Three 

cables, i.e. 6 layers of conductor were investigated, a quench 

has been initiated at the transition between layer 1 and 2. Fig. 

1 shows the temperatures in the third layer, in an 

circumferential- axial cut, 2.5 seconds after quench initiation. 

lt is to be seen there that initially quench propagation via 

heat conduction between turns occurs, trapping cold slugs of 

helium. At the third turn, however, the quench propagation 

velocity along the conductor is higher than the transverse. 

The cold helium slug evaparates within O.Ss reducing the 

temperature gradient along the conductor. 

b) Experimentto validate the MAGS code 

As reported earlier, for Validation of the MAGS code the 3d 

quench experiment Q3D is performed in the STAR facility in 

cooperation with ITP at FZK. The focus of this experiment is to 

examine the axial and transversal quench propagations in a 

coil having forced flow helium coolant. For the tests a one 

layer coil, wo und with two conductors in hand, is used. 

The coil is heavily instrumented, amongst others 10 taps have 

been drilled into the jacketto place measurement devices and 

the quench heaters. These taps as weil as the cable feed­

throughs between the helium conducting tubes and the 

cryostat vacuum are prone for leaks. At ambient 
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temperatures such leaks have been found and successfully 

tightened. But new leaks may show up during cooldown or 

du ring the experiments. 

To protect the Q30 test apparatus as weil as the STAR facility, 

an envelope was designed for the Q30 coil to provide a 

separate vacuum for it. This vacuum is tight against the 

vacuum of the STAR cryostat and can be pumped down 

separately. While a loss of vacuum for the STAR cryostat could 

Iead to shorts or arcs, a leak in the separate vacuum of Q30 

coil is no problem since this coil is non inductive, i.e. no arcs 

can be ingited. 

The envelope is built and the Q30 coil was installed. Both are 

inserted in the STAR facility where helium and current supply 

are presently connected. The cabling of the measurement 

devices to the feed-throughs is in preparation, while the 

cabling from the cryostat to the control room is ready. First 

shake down tests of the measurement equipment and the 

power supply of the sensors are just done. 

The software to prepare the experimental data is developed 

and adapted to the systems available. Tests are performed 

with simulated data. 

ln the framework of validation of MAGS comparisons with 

the QUELL (Quench Experiment on Long Length) have been 

performed. The QUELL-sample, built up at PSI, is based on a 

coil with two layers with 30 windings each and a connecting 

loop between the layers. The quench is initiated by an 

inductive heater located at the connecting loop. 

For the first series of comparisons simulation data of the 10-

code GANOALF were used. The pressure profiles agree quite 

weil. Temperature profiles are similar in shape but differ 

significantly in absolute values. The difference has to be 

investigated. Quench propagation computed with MAGS is 

slightly slower. 

An important feature of the results of the 30-code MAGS is 

the appearance of a transversal quench initiated by heat 

conduction from the outer to the inner layer, doubling the 

quench velocity. A slug of cold helium is trapped between the 

two quenched zones. 

Calculations were performed using different discretisations of 

the cable cross section. The resolutions extend from 8 

gridpoints in the cross section up to 48 gridpoints for the 

finest mesh. ln the first case different lumped materials were 

used whereas in the latter only in the cable space, 

represented by 5 gridpoints, was mixed material. The overall 

agreement is quite good. Oifferences mainly arise from 

different heat conduction in the transversal direction due to 

lumped materials and due to the approximation of the 

circular cable with a coarse or fine mesh. 

Differences between MAGS results and the given data also 

might be due to different initial conditions. Therefore the 

boundary conditions leading to steady state have be properly 

defined. 

M. Siemüller 

G. Bönisch 

W. Kuhn 

R. Meyder 



CTA-EU-D 36 (SEP 2) Environmentallmpact 

Based on the knowledge gained with plant experiments, 

performed at FZK, Karlsruhe, the computer code 'Piant-OBT', 

for describing the OBT formation and translocation in wheat 

plants, has been developed. A first version of the stand alone 

program 'Plant-OST' is described in (1]. The OBT formation is 

directly coupled to processes such as photosynthesis, 

respiration, metabolic exchange and maintenance of the 

plant. Comparative calculations, which were performed 

during the previous working period, with plant experiments 

carried out in the years 1993 • 1994 at FZK, showed that the 

photosynthesis process was not correctly taken into 

consideration. Therefore, the photosynthesis as weil as the 

deposition submodules have been rewritten. New tests 

performed with experimental data from 1995 demonstrated 

the need for improvements in both processes, as the prior 

version of 'Piant-OBT' was not able to validate the data 

sufficiently correct. When completed, the model will be 

implemented into UFOTRI, the accident consequence 

assessment code for tritium releases (2]. 

Within BIOMOVS II (BIOsheric MOdel Validation Study- phase 

II) tritium models including UFOTRI and Plant-OBT were 

tested using three different scenarios. The firstscenariowas a 

model intercomparison study with an artificially derived 

release scenario. lmportant conclusions were, that the process 

oriented models are useful for understanding the processes 

of the tritium transfer in the environment, whereas 

compartment approaches are more suitable for dose 

assessments, but they are of minor help for describing the 

time dependency of tritium concentrations in the 

environment. Additionally, modelling of the soil and the 

dynamics of OBT proved to be the critical points of the 

models. The other two seenarios covered subprocesses such as 

the reemission process from soil and Vegetation as weil as the 

OBT formation during daytime and night-time conditions. 

The model results of UFOTRI for the reemission scenario were 

in rather good ag reement with the calculations. However, the 

tritium flux out of soil and plants in the morning and in the 

evening were always overestimated. The results of UFOTRI for 

the OBT formation scenario showed the tendency to 

underpredict the OBT formation rate at night-time. The 

Plant-OBT model performed better in this case which 

supports the idea to replace the 'old' UFOTRI submodule by 

the 'new' Plant-OBT' code. 8oth model results showed a good 

agreement for the daytime scenario. The documentation of 

allseenarios will be finalized till the end of 1996 [3]. 

Starting with a series of small-scale field studies at FZK last 

year, scientists from the 'Zentrum for Strahlenschutz und 

Radioökologie' (ZSR), Hannover, have performed new 

reemission experiments this summer. Three experiments were 

carried out on reemission from grass covered soil after one­

hour HTO deposition, one at sunrise (7:00a.m.), one at sunset 

(9:00 p. m.) and one at noon. The aim of these experiments 

was to improve the UFOTRI submodel for estimating the 

reemission from bare soil and soil covered with Vegetation. 
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For accidental and normal operation releases, dose 

assessments were performed in the frame of subtask SEP2 of 

the European Fusion Programme for the two sites of 

Greifswald and Cadarache, at the time of the investigations 

potential sites for ITER. Probabilistic calculations for 

accidental release conditions were carried out with the 

computer codes UFOTRI and COSYMA [4] for HT, HTO and 

activated steel, respectively. Two different release heights -

10m with building wake effects and 100m undisturbed stack 

release • were considered. Normaloperation conditions were 

investigated for HT, HTO and activated steel by using 

NORMTRI [5] and COSYMA, respectively. For the normal 

operation scenarios, releases via a stack were assumed. The 

input parameters were adapted as far as possible to those 

used in the ITER·EDA study to allow a better intercomparison 

with the site Independent dose assessments. No specific 

national criteria were applied in the calculations. The 

agreement between the results from the ITER study on 

accidental atmospheric releases and the two sites are rather 

good for tritium, whereas the ITER reference dose values for 

the activation product releases are often lower than the 

maximum doses for Cadarache and Greifswald. However, the 

percentile values fit better to the deterministic approach of 

ITER. Doses from site specific routine release seenarios were 

always lower than estimated within ITER (6]. Additionally, 

data from Stockholm, representing Forsmark and Studsvik 

(Sweden), were provided and the same assessments were 

repeated for this site. The resulting doses do not differ 

significantly from those of Greifswald and Cadarache [7]. 

The work on developing models for the assessment of doses 

to individuals and the public resulting from contamination of 

waterbodies after an accidental release of radionuclides has 

been progressed. The hydrological model chain which consists 

of the run-off model RETRACE-1 and RETRACE-2, the river 

models RIVTOX and COASTOX, the Iake models LAKECO-B 

and COASTOX-Iake and a simple dose model has been 

successfully coupled and demonstrated to a wide audience 

[8]. The model chain is undergoing test and Validation studies 

on the llja river (Ukraine), the Pripjat river (Russia) and the 

Rhine catchment (mainly Germany). Individualmodels such as 

RETRACE and RIVTOX have been tested within the frame of 

the BIOMOVS-11 study [8]. 

Literature: 

[1] Raskob, W., Diabate, S. and Strack, S., A New Approach 

for Modelling the Formation and Translocation of 

Organica!!y Bound Tritium in Accident Consequence 

Assessment Codes, in: Proc. of the International 

Symposium on lonising Radiation: 'Protection of the 

Environment', Stockholm, Sweden, May 20 - 24, 1996, 

tobe published 

[2] Raskob, W., Description of the New Version 4.0 of the 

Tritium Model UFOTRI lncluding User Guide, Report 

KfK-5194, Kernforschungszentrum Karlsruhe (1993) 



[3] Barry, P.J. Ed., Report of BIOMOVS II Warking Group on 
Special Radionuclides, in preparation, (1996) 

[4] COSYMA: A New Program Package for Accident 
Consequence Assessment. Joint report by 
Kernforschungszentrum Karlsruhe GmbH and National 
Radiologkai Protection Board, Commission of the 
European Communities, Report EUR-13028 EN (1991) 

(5] Raskob, W., Description of NORMTRI: a Computer 
Program for Assessing the Off-Site Consequences of 
Air-Borne Releases of Tritium du ring Normal Operation 
of Nuclear Facilities. Report KfK-5364, 
Kernforschungszentrum Karlsruhe (1994) 

[6] Raskob, W., Dose Assessment for Cadarache and 
Greifswald. Report FZKA-5753, Forschungszentrum 
Karlsruhe (1996) 

[7] Raskob, W. and Edlund, 0., Comparison of Site Specific 
Probabilistic Dose Assessments with Deterministic 
Generic DoseValues Compiled Within the ITER-EDA, in: 
Proc. of the 19th SOFT Conference, Lisbon, Portugal, 
16.9.96-20.09. 96, to be published in Fusion Technology 

[8] Zheleznyak, M., Heling, R., Raskob, W., Popov, A., 

Borodin, R., Gofman, D., Lyashenko, G., Marinets, A., 

Pokhil, A., Shepeleva, T., Tkalich, P., Modelling of 
Hydrologkai Pathways in RODOS. ln: Proceedings of 
the Conference on Radiologkai Consequences of the 
Chernobyl Accident, Minsk, Belarus, March 1996, 
Report EUR 16544 EN, pp. 1139-1148, (1996) 

J. Ehrhardt 
I. Hasemann 
D. Meyer 
W. Raskob 

--26--



Vacuum and Fuel Cycle 

Within task T 228 the copumping cryosorption pump concept 

has been selected fortheITER primary vacuum pumps, and in 

close collaboration with the NET as weil as the ITER Team the 

design of a prototypical pump has been elaborated to match 

all operating requirements where high vacuum is involved. 

An integrated development program is under way to test 

novel design principles and critical components, to follow up 

the construction of a model pump and to carry out for the 

performance testing at FZK. 

ln order to meet the limitations related to the permissible 

tritium inventory of the cryopump system it had to be 

demonstrated that the pumping and regeneration cycles for 

the cryopanels can be kept extremely short. This comprised 

the development of both fast heating and fast cooling 

methods. The tests could successfully be carried out in the 

available cryostats TITAN and HEUTEX after some 

modifications. ln order to demonstrate that the proposed 

panel design for the ITER cryopump is able to withstand the 

high number of regeneration cycles, temperature cycling 

endurance tests are under way. Furthermore, requirements 

concerning advanced ITER operation modes and conditions 

(e.g. He-plasma) required further measurements especially 

for the "quilted panel" type in order to support the current 

baseline design and to provide a thorough understanding of 

the underlying mechanisms. 

The supplementing task 234A is devoted to the objective of 

ascertaining the pump-out of the cryopumps during 

regeneration in the available short time frame by means of 

tritium-compatible, i.e. oil-free, forepump trains. The 

previously determined data set was used both for a 

calculation of the number of forepump trains necessary for 

ITER and for a Variation in the number and size of forepump 

combinations. ln addition experimental data were obtained 

on a novel, magnetically suspended turbo-hybrid pump. This 

pump shows a much better pumping speed especially in the 

low pressure range and may thus provide the starting-point 

for further forepump train optimization. 

ln the Fuel Cycle area a decision on an ITER reference design 

for plasma exhaust processing has been postponed by the 

ITER Team until the end of the EDA in favour of further 

parallel research and design work on competing fuel 

recycling processes in the respective tritium laboratories of 

the EU, JA and US Horne Teams, while the centerpiece of the 

process as demonstrated by the technical fad!ity CAPR!CE has 
been retained as the basis for ITER cost estimates. The full 

recycling process CAPER as developed by FZK is being 

demonstrated on a technical scale after modification of 

CAPRICE in order to verify an overall decontamination factor 

of at least 2•101. Major accomplishments were achieved in 

the final decontamination ("polishing") step which is based 

on isotopic swamping in a counter current mode and 

extraction by permeation. Design work for an ITER Tritium 

Plant based on the CAPER process and including all safety 

features is weil und er way. Supporting experimental activities 
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were continued in the area of permeator endurance and 

tritium storage. 

The PETRA permeator loop was operated with isotopic 

mixtures of hydrogen, and poisoning effects after the 

addition of tritiated hydrocarbons were studied. Concerning 

tritium storage the main effort was transferred to a fast 

releasing bed, and significant progress was achieved when 

heat was directly applied to the getter material via 

radiofrequency heating. For the ageing studies in AL TEX the 

analytical device for a quantitative detection of the decay 

product He-3 has been installed. 

H.D. Röhrig 



G 18 TI 22 (T 228) Cryopump Development 

1. Prototype Pump Concept 

1.1 lntroduction 

The primary vacuum pumps to be developed for ITER, shall 

accomplish torus pumping and maintenanee of pressures 

speeified du ring the various modes of reactor operation. The 

single pumps are included in the primary vaeuum pump 

system eonsisting of sixteen identieal bateh regenerating 

cryosorption pumps, each located in one of the divertor duets 

of the machine. 

Having studied various alternatives [1, 2] the eopumping 

eryosorption eoneept was seleeted as ,point design" for the 

prototype pump. The pump eoneept proposed embodies a 

number of novel design principles to meet the ITER 

requirements and an integrated development programme is 

und er way in order to test eritical eomponents and to design, 

build and test a prototype pump. 

1.2 Requirements 

The primary vaeuum pump has to meet the following 

operating requirements: Initial evacuation to high vaeuum, 

following eross-over from the torus roughing pumps, 

pumping during bake out, pumping during eonditioning, 

pumping during plasma burn and dwell periods and pumping 

during leak testing. The mass flows, pressures and 

composition of the exhaust gas vary considerably in the 

operation modes required [3]. The requirements for the 

plasma burn mode are presented in Table 1. 

Table 1: Parameters for pump design 

Totalgas throughput I Pam3/s 1 200 

He throughput 1Pam%1 2 

Gas composition IMole%1 1.0 He, 1.0 H2, 90 DT, 
•o ~ H, D, T 1.0 CQ+ 4, 5.0 Ar or Ne or 

N2 or Kr. 

0.250+20, 1.75Air, CO, 
co2 

Divertor pressure 1Pa1 0.1~p~10 

Net pumping speed lm3/sl adjustable between less 
than 2% and 100% of 
maximum in less than 5 -
10 s 

Gas temperature at IKI 475 during burn mode 
pump inlet 

Maximum 191 100 
permissible Tritium 
inventory 

To minimise conductanee lass between the divertor and the 

pump, the pumps are installed in the divertor duets at 

minimum distanee from the torus. At this point, magnetic 

fields of 1 T are expected. The temperatures of the divertor 

duct walls inerease to 450 K due to nuclear heating. The 
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tritium fraetion in the exhaust gas does not allow any use of 

hydrocarbon-containing lubrieants, insulating and bonding 

materials. 

1.3 Prototype Pump Design 

The pump eoneept selected is based on an intermittently 

working eryopump (s. Fig. 1) [4]. The gastobe pumped flows 

through the valve port into the eylindrieal pumping ehamber 

of 1500 mm diameter and 1500 length. The gas molecules 

first meet with the baffle rings, the shape of which is similar 

tothat of eonical spring washers. These baffles are kept at 80 

K using GHe. Here, condensation of the high-boiling 

impurities of the exhaust gas mixture takes plaee. The 5 K 

cryopanels are eompletely surrounded by 80 K shields and 

batfies which form an optically tight enclosure with regard to 

the thermal radiation of the outer shell of the pump, the 

valve dise and shaft and the valve port. The plane shields are 

made of double walled stainless steel panels cooled by a 

foreed flow of 80 K gaseaus helium. Helium, the hydrogen 

isotopes and the low-boiling impurities pass this baffle 

structure into the 5 K pumping area. This eonsists of 20 

double walled panels arranged to form a cylindrical array of 1 

m length and 1126 and 1410 mm inner and outer diameter, 

respectively. Each panel is reetangular in shape with 200 x 

1000 mm in dimension and inclined at 45°to the pump radius. 

The panels are cooled by a forced flow of supereritical helium 

(SCHe) supplied from a circular manifold. Pairs of panels are 

eonnected in series and the SC He flow is returned by way of a 

second circular manifold. The panels are coated with 

activated charcoal on one or both sides. 

The divertor pressure varies between 10-1 and 10 Pa. 

Nevertheless, the pump is designed for operation in the 

moleeular flow regime whieh exists at pressures lower than 

1Q·1 Pa at the pump inlet, to avoid high heat conduction 

whieh would occur in the gas under transition or viseous flow 

conditions. The throttling valve at the pump inlet also 

eontrols the throughput of the pump and is used to close the 

pump inlet du ring regeneration. 

The valve stroke is 500 mm in order to aehieve a lateral 

passage area of 2 times the front inlet area of 1 m diameter. 

To provide the neeessary turn-down ratio in throughput, a 

small auxiliary valve may be incorporated in parallel to the 

main valve. 

Fora full valve opening the pumping speeds at the 1 m inlet 

port are 76 m3fs for DT and 42.5 m3fs for helium in the 

moleeular flow regime. As the pressure inereases above 1 0·2 

Pa, the flow eonditions enter the transition regime, becoming 

fully viseous when the pressure reaches 1 Pa. For the 

maximum required throughput of 200 Pam3fs (0 oq and 12 

pumps in the pumping mode, the lowest possible total 

pumping pressure at the pump inlet was estimated to be 

1.5·10-1 Pa. 
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Fig. 1: ITER cryopump concept 

1.4 Pumping Performance 

For ITER operation, 16 pumps are planned to be used with 12 

of them being in the pumping mode at any time. The 

remaining 4 pumps are regenerated by mechanical 

forepumps arranged outside the reactor cryostat. The 

pumping times are limited by the permissible tritium 

inventory of 100 g in the pumping system. The cryopumps are 

run in the cyclic mode, i.e. the pump that has reached its 

maximum permissible tritium inventory is valved off from the 

torus and regenerated. For the maximum permissible tritium 

inventory of 100 g pumping tim es of 750 s and regeneration 

tim es of 250 s are obtained. 

1.5 Next Step towards the Prototype Pump 

Prior to the construction of a prototypepump with 1600 mm 

length and 1500 mm diameter the concept is being tested on 

a reduced scale. For the model pump a 1:2 scale has been 

chosen for the surface of the cryosorption material. The linear 

dimensions of the cryopump have been reduced by the factor 

V2. Theinlet valve is tested at full scale. 

To test this model pump the TIMO-facility (!est facility for 

!TER model purnp) ls being büilt at FZK in \-Vhich the crycgenk 
requirements can be satisfied during steady-state pumping, 

during partial regeneration between 5 K and 90 K, and 

during total regeneration between 5 K and 300 K. The flow 

scheme is shown in Fig. 2. The maximum 4.5 K cooling power 

is needed for the fast cooling down of the model pump 

panels forming a mass of 60 kg stainless steel from 90 K to 5 K 

after regeneration within less than 60s. The cryogenic system 

is based on a 600 W He liquefier plant which supplies a 

control cryostat. The control cryostat serves both to set the 

supercritical He-state (SCHe) and as a buffer tank for the 

remaining LHe from the He liquefier during steady state 

pumping. ln the control cryostat cold blowers for SCHe are 

installed which allow mass flow rates of 50 g/s. With this 

available SCHe supply system acceptance tests of the model 

pump will be performed. 

To achieve the required cooling down times of < 60 s and 

temperature gradients of < 0.7 K along the cryopanel the 

presently available 850 I control cryostat is being upgraded. 

For the tests under ITER-relevant conditions a 3000 I control 

cryostat is planned including cold blowers delivering 250 g/s 

SCHeflow. 

For cooling the lauver baffle and the radiation shield a closed 

GHe-loop kept at 15 bar and thermostat controlled at 80 K by 

an LN-bath is used. A He gas flow rate of 50 g/s at room 

temperature is available for fast heating from 5 K to 90 K. 

The modelpump will be installed in a pressure vessel ot 4400 

mm length and 1800 mm diameter whose wall can be heated 

up to 200 •c, to simulate wall conditioning in ITER. 

The model pump, the test vessel and the 80 K GHe-cooling 

system are presently manufactured by industrial companies. 

2. Component Tests 

2.1 Introduttion 

ln componentteststhe pumping behaviour, fast regeneration 

methods, tritium compatibility and thermal shocks are 

studied. The results obtained serve as a basis for the final 

pump design. 
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EXISTJNG HARD'JARE-

1. model pump 2. lest vessel 3. cold valve box 
4. LINDE refrigerator (ITP) 
7. pressure buffer tank 

5. 3000 I control cryostat 6. 250 g s·1 cold circulator 
8., 9., 13., 14., 15. Superinsulated cryogenic transfer lines 

10. ITP helium storage system 
16. process gas dosing 

11. 80 K- system 12. ITP LN2-storage 
17. test vessel instrumentation 18. test vessel heating device 

19. modelpump instrument. 20. mechanical vacuum pump 21. terminal box, control system 
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2.2 Fast Regeneration Strategies 

Contrary to the conventional cryopump performance, which 

is determined by the sorbent saturation capacity, the 

operation of the ITER cryopumps is limited to a gas Ioad less 

than saturation in order to meet the condition of Jow tritium 

inventory (maximum allowable tritium inventory of 100 g in 

the whole cryopump system). This concept keeps the available 

cycle tim es very short, necessitating a I arge number of cycles. 

Ta cope with that, it is necessary to minimise by design 

measures the time needed for heating and cooling of the 

cryopanels within each regeneration phase. According to the 

pumping performance concept outlined above, only 120 s are 

left for fast heating and cooling. An experimental 

programme has been launched for detailed investigation and 

development of novel techniques. 

2.2.1 Development of Fast Heating Methods at the TITAN 

Test Facility 

At TITAN, the applicability of various fast heating methods of 

cryopanels has been investigated. The needed temperature 

rise is from LHe temperature to about 90 K. A screening study 

has been performed to check the potentials of various 

techniques. Within this procedure, various contactless 

methods, such as 

• bare wire heating at a certain distance close to the 

panel su rface, 

glow discharge heating, 

microwave heating and 

inductive heating 

had to be rejected, because they turned out not to be feasible 

[5). The final test programme comprised infrared heating as 

representative contactless technology and two direct heating 

methods, namely, 

111 

forced flow of warm helium gas at elevated pressures 

inside the cooling channels of the panel and 

controlled electric heating, realized by attaching 

resistive heating elements (cables, o.d. 1.5 mm) on each 

side of the test panel, evenly distributed over the panel 

surface. 

The experiments have been performed in the upgraded test 

facility [6), see Fig. 3. The test panel is installed in the centre 

of the cylindrical vacuum vessel of 0.7 m diameter and 2.2 m 

height.lt can be baked upto 200 •c bytrace heating. 

The cryopump consists of two pumping stages. The first one is 

a LN 2 pool-cooled 106" chevron baffle. The baffle is screwed 

to the bottom of a cylindrical annular LN 2 recipient and thus 

kept at 80 K. Towards the top, the LN 2 volume is covered by a 

copper plate. The second stage is the LHe forced-flow cooled 

panel itself. 
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The test objects with the length of 500 mm and the width of 

350 mm were manufactured in quilted design, using SS plates. 

Two similar panels were used, both following the same 

geometry, consisting of seven flow channels (Fig. 4). Prior to 

Fig. 4: TITANtestpanel in quilted design. 

Referencepositions for the location of 

temperature sensors are indicated 

installation in TITAN, each panel was coated with activated 

carbon (mean particle diameter 1 mm mesh size) on both 

sides, according to the coating technique, which had been 

developed by FZK for use in ITER [7]. The panels were 

equipped with seven Fe-Rh temperature sensors at the 

surface. The temperature sensors are positioned in a way that 

both the panel edges, which are expected to have the 

greatest time lag, and the situation directly at the flow 
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channels can be monitored. Allsensors were shielded against 

thermal radiation using three layers of aluminium foil. 

The first panel was used for the tests with IR radiation and 

forced warm He gas flow. The second panel, equipped with 

COAX electric heaters, was used for some reproducibility tests 

with GHe flow and all electric heating tests. The design was 

somewhat refined, incorporating experience gained from the 

first panel. For example, the panel was subjected to 

electrolytic copper coating (about 0.4 mm thickness) to 

ensure a homogeneaus temperature profile. The central 

measuring position at the panei surface (denoted i44, see Fig. 

4) was additionally equipped with a very fast responding 

silicon diode to be able to evaluate the influence ofthermal 

responsetime of the sensors. 

The test configuration for the individual methods was already 

described in last year's report. 

Panels in quilted design shall be used as basic modules to 

achieve the total pumping area for ITER [8]. However, the 

detailed design study for the ITER vacuum system has 

meanwhile shown that a smaller number of channels per 

panelwill be more feasible. 

2.2.2 Test Results 

2.2.2.1 Infrared Radiation (IR) 

The required heating times could not be reached. This is 

possibly due to the fact that the absorption behaviour of solid 

deuterium is not sufficient at the wavelength of the IR 

transmitter. For a detailed evaluation more information on 

the absorption properties of frozen gas would be needed [9, 

1 0]. Apart from that, the measurement results show a strong 

angle dependency of the thermal infrared radiation, causing 

a time lag of 10 min between the central position (144, see 

Fig. 4) and the edge position (147) to reach 90 K for an IR 

heater temperature of 400 •c. The thermal inertia of the IR 

heaters turned out to be too high. The fact that the energy 

could not be transported fast enough to the panel is typical 

for contactless heating methods. 

2.2.2.2 Warm Gas Heating (GHe) 

The warm gas was supplied via high-pressure bottles at 

ambient temperature. The heating tests were performed 

with a parametric variation of the GHe flow rate, covering 

laminar, turbulent and thermodynamically controlled (very 

high throughputs) flow regime. The flow rate was adjusted at 

elevated pressures up to 1.5 MPa. The TITAN panel yielded 

distinctive temperature differences across the panel surface 

during heating (e.g. a time lag of about 15 s between 

positions 146 and 147 to reach 90 K; conf. Fig. 4). This can be 

explained by a serious maldistribution problern of the total 

flow due to the large number of channels supplied by one 

unsymmetrically positioned feeder. This effect is emphasized 

by the rapid increase in volume caused by the evaporation of 

residual LHe in the panel. The delaying influence increases 

with increasing distance from the feeder position. However, 



this situation is not representative for ITER, as the panels used 

there will consist of less channels and the operation will be 

done with SC He. 

Forthis reason, we base our comparison of the TITAN results 

on that channel, which is the least affected by this situation, 

the one directly above the inlet, characterised by the two 

positions 141 (panel edge) and 143 (middle of channel). Fig. 5 
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presents the results for heating times to reach 90 K as a 

function of the GHe flow related to the panel surface area. 

Also included are results for heating up the loaded TITAN 

panel (gas Ioad scaled down to one typical ITER pumping 

cycle). The thermal gas release during the heating process 

causes a very steep pressure increase (from 0.1 Pa to some kPa 

in 2 s) and induces additional heat transfer from the LN 2 
shielding to the panel which supports the heating and the 

temperature homogeneity. lt becomes very obvious that the 

results taken at intermediate and high energy Input fit very 

weil. The experimental results are compared with calculated 

data based on a lumped system analysis model [6). Fig. 5 also 

gives results, which have been measured at the HELlTEX 

facility using a quilted panel with 3 flow channels (length of 

1000 mm, width of 150 mm). 

For turbulent flow conditions through the channels, heating 

tim es of less than 60s were achieved. The GHe forced flow is a 

suitable method for establishing fast heating of cryopanels. 

However, as the heating process is not controlled primarily, 

difficulties are expected, if defined temperatures shall be 

reached and no overshooting can be tolerated. To minimise 

the temperature inhomogeneities, it is recommended to use 

panels \I'Vith less flovv channels. 

2.2.2.3 Electric Heating 

The second direct heating method investigated was surface 

bulk heating with eiectric heating elements. As for the GHe 

forced flow method, tests were carried out using both bare 

and loaded panels. The six COAX heaters were combined in 

three pairs, each of which was controlled within one heating 

loop using a thermocouple as controlling sensor. Prior to the 

test performance, an optimum controlling strategy was 

developed, which ensured the establishment of a rapid 
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temperature increase up to 90 K and almost instantaneous 

constancy at this temperature Ievei without any 

ove rsh ooti ng. 

Our measurements revealed that the temperature 

distribution across the panel surface is much more 

homogeneaus than for GHe heating. Consequently, it is 

justified to characterise the panel temperature by the central 

position 144. ln Fig. 6, the measured heating times are given 

10 

8 
"' E 
~ 
~ 6 
lii 
~ 
Cl. 4 

Cii 
<.i 
Q) 
0. 2 "' 

0 
0 10 20 30 40 

heatlng time [s) 

Fig. 6: Summarized results for electric heating 

tagether with calculated results for different surface area 

related electric power inputs. Heating times of less than 30 s 

are reached without difficulty. 

A major advantage of the electric heating technique is the 

excellent controllability. The temperature homogenizing 

effect of heating loaded panels is even more significant than 

for GHe heating. This is due to the fact that the heater is 

directly immersed into the charcoal (measured time lag of 4 s 

between positions 146 and 147 to reach 90 K, compared to 7 s 

for the unloaded panel). 

2.2.2.4 Condusions and Outlook 

The experiments could demonstrate that fast heating and 

fast cooling within the regeneration process of ITER 

cryopumps is feasible. Two different methods were 

developed, which will ensure fast heating in less than 40 s at 

an acceptable expenditure of energy. Thus, it is possible to 

admit more than 60 s for the cooling process, which has 

higher energetic needs. 

E!ectric heating appears tobe most suited for !TER as it a!!ows 

for precise temperature control and uniform tempera-ture 

distribution. A final decision must also consider safety and 

economic aspects. The estimated heat input for a full size ITER 

cryopump (8 m2 pumping surface) is the enthalpy related to 

about 70 g/s GHe mass flow or about 40 kW electric power. 

As far as the temperature measurement strategy is 

concerned, we found out that fast responding silicon diodes 

are very weil suited for the monitaring of dynamic fast 

processes. They have a thermal responsetime of some tens of 

ms, compared to some s for the Fe-Rh sensors. The thermal 



contact situation is excellent due to their small size and the 

flat reetangular disk geometry (3x1.9x2.7 mm). Moreover, 

they are heatable up to 475 K, which is sufficient for usual 

vacuum bake-out processes. According to our experience, the 

choice of the most appropriate temperature measurement 

strategy is a very demanding question and needs a Iot of 

practice. With the panel used for the electric heating tests we 

could compare a Si diode and Fe-Rh sensors and measured a 

time lag in the magnitude of up to 25 s. 

The strong dependence of the experimental heating tim es on 

the pressure, i.e. the influence of molecular gas conductivity 

encouraged us to investigate the possibility of starting the 

heating process by gas puffing. ln order to demonstrate that 

the proposed panel design is going to withstand the very 

!arge number of regeneration cycles, endurance testing of 

the cryopanel undertemperature cycling is und er way. 

2.3 Pumping Characteristics of Cryosorption Panels 

2.3. 1 Objective 

ln early 96 the various operation modes foreseen for liER 

have been fixed quantitatively [3]. New operation modes 

have been included, such as various shot conditions 

(hydrogen-, deuterium-, helium-shot). Consequently, the 

range of gas compositions to be pumped has been enlarged 

distinctively. Apart from that, the panel geometry has been 

fixed to quilted design [8]. Therefore, it was considered 

necessary to conduct pumping tests in order to obtain 

representative and reliable data for the new conditions and 

to support the current baseline design. The comparison with 

former pumping tests performed using the circular panel P12 

(with the same sorbent material) [11, 12], which was 

positioned horizontally in the TITAN facility, will yield 

important Information about the influence of panel 

geometry. 

2.3.2 Test Programme and Results 

As reliable Iiterature Information is scarce, a systematic test 

programmewas developed, comprising pure gas species and 

mixtures. According to the new requirements, mixtures with 

high contents of noble gases (Ne, Ar, He) and/or nitrogen 

have tobe investigated. The main constituent can be protium 

or deuterium. Quantitative pumping data are obtained by 

measurement of the pumping speed as a function of gas Ioad 

and pumping pressure. The test series has already started and 

vvill extend üntil mid 97. 

Until now, procured pure gases and two pre-defined gas 

mixtures have been investigated. The results obtained so far 

demamtrate that for the gases investigated the pumping 

characteristics will not be a limiting factor; the ITER require­

ment for a pumping speed of about 1 l/(s·cm2) at a specific 

gas Ioad of 2 (mbar·l)/cm2 and a pressure of 2.5·10-3 mbar is 

weil achieved including a considerable safety margin. The 

saturation capacitywill not be reached, except for the pure 
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helium-shot operation. But even in this case the ITER 

requirements are achieved. 

The pure helium pumping results at approx. 6 Kat the panel 

surface are shown in Flg. 7. The new measurements were 
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Fig. 7: Pumping characteristics for pure helium 

performed at two different dosage programs. ln the slow 

one, the dosage is varied from very low (1 SCCM) to maximum 

(1000 SCCM); in the fast one, the gas Ioad is mainly built up by 

one fixed ITER relevant throughput (scale down to TITAN 

yields 530 SCCM). The agreement is satisfactory. The own 

results are compared with former results having been 

obtained with Panel P12. The agreement is within the 

expected range; the differences are due to the different 

geometrical situation, as discussed above. 

The test programme is not only thought to provide the 

necessary Information about pumping characteristics for 

special mixtures, but also to give a thorough understanding 

of the underlying adhesion mechanism for cryosorption 

processes. This is essential for further optimisation of the 

pumping process with respect to pumping time and 

operating temperature. 

!n preparation of the tests, we evaluated measurements of 

the equilibrium pressures for protium and deuterium at zero 

flow condition as a function of temperature and gas Ioad. 

The results for protium pumping with four circular panels, 

coated with different types of charcoal (thick and thin layers, 

[11]) are presented in Fig. 8. lt becomes obvious that the 

equilibrium pressures are significantly smaller than the 

sublimation pressures, which indicates that adsorption is the 

ruling mechanism. 
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Fig. 8: Equilibrium points for protium pumping 

The evaluation of the deuterium data revealed that 
deuterium is predominantly pumped by sublimation which 
causes higher equilibrium gas Ioads and a very fast thermal 
gas release within the regeneration phase of the cryopump. 

Our results also show that the required pump ultimate 
pressure after partial regeneration of 10-s mbar can be 
achieved for all gas species, including protium. 

The valid adhesion mechanism determines the overall 
pumping behaviour. For adsorption, the dependence on 
temperature is quite weak over a broad temperature range 
(see Fig. B) and the kinetics are slow (desorption times in the 
magnitude of tens of s), whereas a condensation mechanism 
is defined by the sublimation curve and very fast kinetics (less 
than 1 s). A steric influence has to be considered as weil, 
because condensation happens at the surface, but adsorption 
is additionally influenced by the migration of the adhering 
particles into the charcoal pores. For the ITER gas mixtures, 
both mechanisms play a role at the same time. Thus, the 
growing of frozen gas layers on the surface may very much 
disturb the adsorption process and worsen the whole 
pumping performance. lt is the objective of the present test 
campaign to gain more information about this kind of 
interaction. 

ln order to be able to investigate these phenomena in detail 
and very much to the point, a versatile gas mixing facility has 
been developed and constructed. This facility shall ensure the 
quick and reliable production of individual gas mixtures. The 
facility follows an easy principle. The wanted mixture 
composition can be adjusted gravimetrically and checked via 
monitaring of the partial pressures. First measurements 
during the set of operation of the facility yielded very 
promising results. All further investigations into pumping 

characteristics will be based on mixtures produced in our own 
facility. 
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T 234 A Oii-Free Mechanical Pump 
Development 

Mechanical Forepumps 

The overall subtask goal is to select experimentally the best 
applicable oil-free pump types available and to specify the 
mechanical vacuum pump station for ITER. The most de­
manding objective of the mechanical pumps is the pump-out 
of the primary cryopumps du ring regeneration in about 60s. 

The FORTE facility has been constructed to test the possible 
candidates for the ITER vacuum system. Individual pumps 
(scroll and bellows oil-free forepumps) and trains of pumps 
connected in series have been investigated. lt was shown 
experimentally that the compression ratio for light gases, 
especially protium, has improved substantially with the 
pumps operated in series in comparison to individual pumps 
[1, 2]. For this reason, a forepump train consisting of three 
positive displacement oil-free scroll pumps (type 1300 m3fh 
+ type 600 m3/h + type 60 m3/h, supplied by NORMETEX, 
France) was chosen as the reference roughing unit for a scale­
up to ITER. The pump characteristic is given in Fig. 1; for the 
calculation we used the results fortheITER relevant mixture 
M7. 

Starting from the mass balance between the volume V, which 
has tobe pumped down in a required time range t by a pump 
unit with given pumping speed S, the following equation can 
be derived for the needed number of pump units n: 

For integrating, the functional dependency of the pumping 
speed on the pressure has to be considered. The volume 
comprises the cryopump volume (2.7 m3) and the total 
volume of the duct and piping system between the divertor 
port and the place where the backing pumps are located. As 
this number is still unknown, we used 5 m3 as approximate 
estimation. The starting pressure results from the gas Ioad, 
which accumulates during pumping operation of the 
cryopumps and also depends on the duct and piping volume. 
According to the numbers discussed above, we obtain about 
16 mbar starting pressure. The eross-over end pressure p2 is 
specified tobe 1 o-1 mbar. 

Starting from these assumptions, we calculate a theoretical 
number of necessary forepump trains of n= 3.6. For further 
optimisation, we are in the process of extensive re-evaluation 
of the measurement results to extract the general pump 
characteristics as a function of throughput and variable 
suction and back pressures. This will enable us to theoretically 
design pump trains with more than one pump of the same 

type and thus to compose the optimum forepump traln 
configuration. 

As illustrated in Fig. 1, a minimum pumping speed is reached 
for pressures of less than 10-2 mbar. To check the potentials of 
lowering this operating suction pressure to the UHV range, a 
turbo-hybrid pump with a magnet-suspended rotor has been 
added. The resulting pumping characteristic is shown in Fig. 2 
for the ITER relevant exhaust gas mixture M7 and the pure 
gases N2, H2, 0 2 and He. 
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Fig. 1: Pumping speed ofthe combined NORMETEX 1300+ 600+60 pumps for various gases at 1200 mbar back pressure 
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N 32 TI 06 (T 299/T 332 b) 
Plasma Exhaust Processing Technology 

1. Performance Tests of Palladium/Silver Permeators 

with Tritium at the Tritium Labaratory Karlsruhe 

Permeators are crucial components of the plasma exhaust 

clean-up system of a fusion reactor. A battery of permeators 

has been proposed at the front-end of the fuel clean up 

system to effectively recuperate unspent fuel from the 

exhaust gas. Permeators are also main components of 

impurity processing loops such as the CAPRICE facility, in 

operation at the Tritium Labaratory Karlruhe (TLK). While 

much experience has been gained on the performance of 

permeators under a tritium environment, tests were mostly 

carried out with protium, deuterium and helium as the only 

other additional gas phase constituents. Endurance tests 

under conditions that closely simulate the singularities of the 

fuel clean-up process of a fusion reactor are thus still needed. 

At the TLK permeation studies with protium, deuterium, and 

deuterium tritide were carried out in a closed loop (PETRA 

facility) housed in a glove box of approx. 6 m3. The PETRA 

permeator has a permeation area of 0.12 m2 and is operated 

in/out (feed gas injection to the inside of the permeation 

tubes and pumping of the permeated hydrogen isotopes at 

the tubes outside) at a temperature of about 360 •c. The 

facility PETRA is equipped with a Normetex scroll pump type 

PV12/Siemens oil-free double containment metal bellows 

pump combination to pump the permeate and a Siemens 

meta! bellows double containmentpump to pump the bleed 

gas. Polytritiated deutero methane was synthesized by 

passing OT containing 3 % C04 through a Ni catalyst bed 

heated to 300 •c. Radiogas chromatography was used for gas 

analysis. The parameters varied included the permeate 

pressure; the feed and bleed flow rate; and the feed gas 

composition, i.e. helium, Q2, and CQ4 (Q = H, 0, T). 

When hydrogen isotopes are fed into a permeator at 

progressively increasing flow rates while pumping the 

permeated gas, a sharp gas flow break-through at the bleed 

exhaust is observed after the maximum possible permeation 

has been attained. At feed flows above that, the bleed gas 

pressure is equal to or higher than that of the permeate gas 

and essentially no gas flow takes place. Once the saturation 

permeation is exceeded, a bleed gas flow sets in, that is 

always equal to the incremental feed gas flow rate. 

To measure the achievable decontamination factors and to 

evaluate the magnitude of isotope effects bleed gas flow 

break-through curves as a function of the feed gas flow of 

protium, deuterium, and deuterium tritide were determined 

with the PETRA permeator. ln these experiments the feed gas 

pressures of hydrogen and deuterium were held constant at 

900 mbar and those of deuterium tritide at values of 820, 830 

and 850 mbar (900 mbar were not achievable because of 

limited availability of OT). A plot of the pumping supported 

max. achievable permeate flow rate against the difference 
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between the square root of the feed pressure and the square 

root of the permeate pressure is depicted in Fig. 1 
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Fig. 1: Max. permeate flow rate of f = H2, 1111 = 0 2, and 

o; = OT as function of the difference of the square 

root of the feed pressure and of the permeate 

pressure 

for the permeation of H2, 0 2, and OT at constant permeate 

pressures of 200, 300, and 400 mbar. The straight lines 

covering a broad range of feed and permeate pressures 

demonstrate that the Vp-law is obeyed at least within the 

examined permeate pressure ranges. 

The observed isotope effects were I arger than estimated from 

a simple ,square root of the atomic weight ratios" approach. 

The break-through (BT) ratios of hydrogen with respect to 

deuterium and deuterium tritide were estimated to be 

BT(H2)/BT(OT) = 2.08, 2.07, and 2.03, and BT(H2)/BT(02) = 
1.76, 1.71, and 1.66 at 400 mbar, 300 mbar, and 200 mbar, 

respectively. lt is seen that the H2/02 and H2/0T break­

through ratios are practically constant over the investigated 

feed/permeate pressures. Under the assumption that the 

employed gases are pure, the isotope effects, i.e. H2/0 2 = 
(1.72 ± 0.03) and H2/0T = (2.06 ± 0.03), are dominated by 

the different specific permeation rates of the various 

hydrogen isotopes and, to a much lesser extent, by the 

prevailing gas dynamics. 

To investigate the effect of methane and polytritiated 

methane (COxTy) on the palladium/silver permeator, the 

permeator was first conditioned by repeated treatment with 

Iabaratory air at the operation temperature and then a 

deuterium tritide permeation break-through curve was 

determined at a constant permeate pressure of 200 mbar. The 

deuterium tritide used contained either 3 % helium or 3 % 
helium and 3 % polytritiated methane (27 mbar) as 

impurities. The deuterium tritide/impurity mixture was then 

circulated through the permeator kept at 360 •c and new 

break-through curves were periodically determined for 

periods of time totaling 144 hours. lt was found that under 

theseexperimental conditions a low tritiated methanepartial 

pressure in OT carrier gas has practically no influence on the 

break-through curves. From the results it is concluded that 

polytritiated methane and for that matter methane do not 
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cause poisoning of Pd/Ag membranes when diluted in a 

hydrogen isotope carrier gas. 

After completion of the COxTy/OT runs, the permeator was 

again fully reactivated and a series of break-through curves 

with deuterium at constant permeate pressures of 200, 300 

and 400 mbar were determined. The deuterium was then 

pumped off and the palladium/silver exposed to deuterated 

methane diluted in helium. Following a certain period of 

recirculation deuterium was again added and a new set of 

break-through curves determined, This time a slow, 

progressive poisoning of the permeator observable at the 

three investigated permeate pressures became apparent. The 

break-through feed flow rate (l!min) was found to decrease 

with a rate of 0.05 % per hour of exposure to pure 

deuterated methane. 

Runs in which the permeator held at 360 oc was exposed to a 

gas mixture consisting of 0.8 mbar deuterium tritide, 5.2 mbar 

polytritiated deutero methanes, and 0.5 mbar polytritiated 

deutero ethanes (all species containing approx. 50 % tritium 

and 50 % deuterium) diluted in 253 mbar helium a rapid and 

very marked decrease in permeability for deuterium tritide 

was noticed. The feed flow at which break-through took 

place was reduced to 7 % of its original value in 144 hours 

and the isotope effect almost completely vanished (see Fig. 2). 

Typical for the occurance of surface reactions the square root 
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Break-through curves of H2 and 0 2 through a 

conditioned and through a poisoned permeator 

after exposure to COxTy at 360 oc. The symbols 

denote: • = H2, 200mbar permeate pressure, 0 

hours exposure, II. = 0 2, 200mbar permeate 

pressure, 0 hours exposure, o = H2, 200mbar 

permeate pressure, 144 hours exposure, and 1111 = 
D2, 2ü0 rnbar perrneate pressüre, 144 hüüi5 

exposure 

pressure dependency was no Ionger found to hold after this 

exposure time. 

Furthertests to examine whether radiation-induced reactions 

influence the rate of palladium/silver poisoning were 

performed with polytritiated methane in an analogaus way 

to that described above. As in previous runs, the series was 

started with several OT break-through curves through the 

reactivated palladium/silver permeator of the PETRA 

8 

experiment at constant permeate pressures of 200, 300, and 

400 mbar. The test gas was a nearly equimolar 0/T mixture. 

After each breakthrough curve determination the deuterium 

tritide was again gettered on the ZrCo bed and the 

permeator once more exposed to polytritiated methane 

alone. Subsequently deuterium tritide was again released 

from the bed into the primary system and a new set of break­

through curves determined. This procedure, i.e. exposure of 

the permeator to tritiated methanes and evaluation of the 

poisoning via break-through curves was carried out until an 

integral exposure time of 288 hours was reached. The data 

show that, after an initial induction period, poisoning 

progressively sets in until the permeator becomes practically 

impermeable to hydrogen isotopes. The rate of poisoning by 

polytritiated methanewas found to be much faster than that 

by deuteromethane. Poisoning by hydrocarbons can be 

reversed by a chemical treatment. To completely reestablish 

the original permeation properties of the permeator it is 

necessary to expose the permeator repeatedly to Iabaratory 
air at 350 oc. 

The permeator of the PETRA experiment has now been 

discontinuously in operation with mainly deuterium tritide 

and to a lessser extent with protium and deuterium for now 

more than one and a half years without contingencies or loss 

of integrity. Ouring most of this period the temperature of 

the permeator was held at approx, 360 oc. From the results 

obtained to date, it can be concluded that permeators are 

components suitable for use in the ITER Tritium Plant . 

U. Berndt 

S. Grünhagen 

K. Günther 

R.-0. Penzhorn 

E. Kirste 

J. Wendel 

2. Catalytic Cracking Process 

The technical facility CAPRICE (Catalytic f.u!lfi_sation 

_g_xperiment) was industrially designed and fabricated to 

demonstrate and to optimize the catalytic clean-up process 

concept, deve!oped at the Research Center Kar!sruhe for thP 

processing of torus exhaust gases specified for ITER. Ouring 

the initial tritium campaign of Caprice the facility was 

regularly operated for more than one year with up to 90% of 

tritium in deuterium and a relevant spectrum of plasma 

exhaust impurities. The main objectives were to measure the 

achievable integral and partial decontamination factors and 

to determine the tritium inventories in the various process 

components. 

The first step of CAPRICE is based on continuous impurity 

separation by a main palladium /silver permeator at a target 



throughput of about 10 molelh of DT and about 1 molelh of 

tritiated and non-tritiated impurities. ln a second, batch type 

step the impurities and remaining molecular hydrogen 

isotopes are processed by catalytic hydrocarbon cracking 

reactions and the water gas shift reaction in combination 

with another palladium I silver permeator. 

The tritium inventories in the two different catalyst beds of 

the impurity processing loop of CAPRICE were determined by 

a technique based on mass balance and radio gas 

chromatography. ln each test the catalysts were exposed to a 

weil defined amount of gas with known tritium 

concentration. The gas phase and the catalyst immediately 

became equilibrated and the tritium hold-up of the catalyst 

beds were calculated after the overall tritium content in the 

gas phase was again measured. The quantities of tritium 

reversibly adsorbed in the catalysts were found to be 

dependent mainly on the operation temperature, the 

concentration ratio of tritium to total hydrogen isotopes and 

the maisture content of the gas. Under design operating 

conditions and 50 % of tritium in deuterium the inventory 

was measured to be 0.12 g per kg of nickel catalyst and 1.6 g 

per kg of water gas shift catalyst. The overall tritium 

inventory of an ITER sized catalytic torus exhaust clean-up 

system would thern be less than 15 g. 

Tests of the main palladium I silver permeator used to 

separate the impurities from molecular hydrogen isotopes 

have shown, that the target throughput was achieved even at 

the highest tritium concentration and in the presence of 

moisture. However, after almost one year of short-term, but 

frequent operation with gases like tritiated methane, 

tritiated water and carbon oxides mixed with tritium, the 

apparent permeability progressively decreased. ln Fig. 3 the 

feed and bleed flow rates of a mixture of deuterium with 

moist helium are compared with the flow rates for deuterium 

I tritium, also mixed with moist helium, nearly 2 years later. 

I 

I 
.' 

I 

I 

! 
I 

l 
I ,. 

,. 
, 

I 

~ 0+1--~~---rl--------4---------+-------~ 

Fig. 3: 

10 15 20 
Feed Flow Rate )mol/h] 

Reduction in apparent permeability due to Iang­

term operation with tritiated impurities 

The substantial reduction of the throughput was attributed 

to regular exposure of the palladium I silver membrane to 

mixtures of tritium with carbon oxides at elevated partial 

pressures. Regeneration of the permeator by heat treatment 
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under air atmosphere completely restored the original 

permeability. 

Since permeators are common to any fuel processing concept 

considered for ITER, regular regeneration of permeators will 

have tobe foreseen within the ITER tritium plant. 

The performance of the impurity processing loop of Caprice 

was quantified. Concentration profiles for total tritium, 

tritiated methane, tritiated water and carbon oxides were 

measured with the nicke I cracking catalyst, the water gas shift 

catalyst and the impurity processing loop permeator on and 

offline. Typical results are depicted in Fig. 4. 
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Fig. 4: Concentration profiles and tritium activity with 

different components ofthe impurity processing 

loop on and offline 

With the water gas shift catalyst and the permeator on line 

water is converted with carbon monoxide to carbon dioxide 

and hydrogen I tritium, the latter being removed by the 

permeator. Therefore the total tritium concentration in the 

loop, followed with an in line ion chamber, drops accordingly, 

but remains high due to the presence of tritiated methane. 

An immediate decrease of the overall tritium concentration is 

observed as soon as both the catalysts and the permeator are 

on line. Because of substantial memory effects of the in line 

ion chamber, the final true tritium concentration in the gas 

phase can only be measured with a 'clean' ion camber. 

The feed gas composition of the impurity processing loop of 

Caprice never needed to be adjusted, Due to simple side 

reactions within the heterogeneously catalyzed system the 

gasphasewas all the time detritiated. 

ln a number of runs the overall tritium decontamination 

factors (DF's) of the impurity processing loop as weil as the 

partial DF's for tritiated water and tritiated methane were 

determined at different tritium Ieveis employing gases with a 

variety of compositions. Tritium concentrations were 

measured at the beginning and after 20 min of gas processing 

and the concentration ratios calculated. Some 

decontamination factors measured with different methods 
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employing DT (50% T) mixed with water, tritiated methane 

and carbon oxides are summarized in Table 1. While for 

example for methane DF's of higher than 40.000 were 

determined, the overall DF was found to be about 5.300 or 

6.000, depending on the method employed. 

Table 1: Overall and partial DF's as measured with the 

Caprice impurity processing loop 

C!ean Ion 
Radio Gas 

Meisture 
Chromate-

Chamber 
graphy 

Meter 

Overall DF 5.300 6.000 not 

applicable 

DF forWater not not > 1.000 

applicable applicable 

DF for not > 40.000 not 

Methane applicable applicable 

Not only the CAPRICE process, but also the overall technical 

system was shown to perform satisfactorily. The safety 

concept and the interlocks worked as designed and the 

pressures and temperatures were all the time kept within the 

operation margins. 

CAPRICE was mostly on hot standby during the night and on 

weekends. The frequent supply and return of tritium from 

and to the infrastructure of the Iabaratory was via double 

walled tubing. The maximum overall tritium in.ventory was 

7g. 

Non of the major components failed during the current test 

program. The only problern encountered was the necessity to 

replace the carbon brushes of the motor of a Metal Bellows 

601 pump; it required removal of a glove box window for 

repair. 

The steady state concentration of tritium in the CAPRICE 

glove boxes were normally below 1 Bq I m3. This could be 

achieved by using vacuum jackets for all heated components 

like catalytic reactors or permeators. Depending upon the 

temperature of the heated unit and the partial pressure of 

tritiated hydrogen fairly high permeation rates into the 

interspace were occasionally observed. This demanded 

regular evacuation of the jackets into the impurity processing 

loop to maintain thermal insulation and to avoid excessively 

high temperatures of the outer mantle of the component. 

The tritium from other sources, e.g. sampling for radio gas 

chromatography, was not transferred to the waste treatment 

system of the Tritium Laboratory, but fed into a CAPRICE 

buffer vessel and recovered with the impurity processing 

loop. Thereby the amount of tritium discharged to waste 

could be kept to an absolute minimum. 

The results of the initial tritium campaigns and data from 

tritium experiments with a permeator I catalyst combination 

(PERMCAT) for isotopic: swamping are used to develop CAPER, 

an advanced torus exhaust clean-up process. CAPER will be a 

completely continuous, three step process comprising a front 

end permeator battery, a once through impurity processing 

loop and a Permcat for final clean-up. The overall 

decontamination factor of the process, given by the product 

of the DF's of the three consecutive steps, is determined tobe 

at least 2•107, thus meeting ITER specifications for clean-up of 

plasma exhaust gases. 

M. Glugla 

K. Günther 

T.L. Le 

W. Leifeld 

R.-0. Penzhorn 

K.H. Sirnon 

D. Taylor (guest scientist) 



TEP 3 Tritium Storage 

A tritium storage bed with the capability forafast release of 

hydrogen isotopes is needed particularly in the fuel supply 

section of a fusion reactor. Another potential application of a 

fast releasing bed is seen in the area of hydrogen isotope 

dosage. Basically, with a fast releasing bed the use of tritium 

in gaseaus form can be minimized or even avoided. ln 

principle, shortening of the release time of tritium from a 

storage bed can be associated with less tritium permeation 

Iosses through the outer Containment wall and smaller 

inventories of free mo!ecu!ar tritium handled in a tritium 
facility. 

Conventional uranium tritide storage beds require more than 

an hour of heating to attain the temperature, at which a 

tritium dissociation pressure of approx. 1 bar is established, 

i.e. 450 °C. Hydrogen can be extracted faster and at lower 

temperatures from a uranium hydride bed when the released 

gas is pumped while the bed is heated. Fig. 1 shows release 

data obtained with a uranium storage bed containing 200 g 

of uranium. lt is seen that in about one hour all the hydrogen 

immobilized in the bed can be pumped off with a 15 m3/h 

Normetex scroll pump/two stageSiemenspump combination 

(achievable vacuum less than 1 mbar), when the temperature 

of the bed is held at a constant temperature of 300 °(, At 

lowertemperatures considerably longertimes are required. 

Experimentally it was shown that the period of time required 

to extract hydrogen from a uranium storage bed can be 

reduced considerably if the bed is first preheated up to a 

temperature of about 300 °C, at which the uranium tritide 

dissociation pressure is still low, e.g. < 1 mbar, and 
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subesequently heated rapidly up to 450 °(, Under these 

conditions the time required to pump-oft the gas with the 

pump combination mentioned above is of only half an hour. 

lf ZrCo is used instead of uranium as the getter material, the 

preheating temperature of the bed should not exceed 150 °( 

if the dissociation pressure is to remain below 1 mbar. The 

time required to heat the bed preheated to 150 °( up to the 

temperature at which a dissociation pressure of 1 bar is 

attained, i.e. 350 °(, was found to be of the same order of 

magnitude as for uranium. From these results it is apparent, 

that from the point of view of heating rate, there is no 

advantage in replacing uranium by zirconium/cobalt. The 

minimum heating time to reach a dissociation pressure of 1 

bar, i.e. ~ hour, with either preheated uranium or 

zirconium/cobalt, is taken as reference case for improvements 
ot the release rates. 

With the purpese of accelerating the releaserate of gettered 

hydrogen isotopes from a tritium getter material a different 

heating concept was explored. lnstead of conventional 

heating with an electrical resistance radio frequency heating 

of the getter material placed inside of a ceramic vessel was 

chosen. The ceramic vessel used is provided with an ultra high 

vacuum-tight meta I flange. The ceramic vessel is connected to 

a four Iiter SS vessel provided with a pressure sensor. For 

evacuation purposes a turbo molecular pump is available. 

With radio frequency heating the outer wall of the ceramic 

vessel remains at comparatively low temperatures because it 

is only heated by the radiation heat emitted by the metal 

core. Since the permeation rate of tritium through ceramies is 

150 200 250 300 

Time (min) 

Fig. 1: Release rate of hydrogen from a uranium bed installed in the Storage System of the Tritium Labaratory Karlsruhe. The 

bed was preheated to constanttemperatures in the range 220- 300 °( (indicated in the Figure) and pumped with a 
Normetex scroll pump/two stageSiemensmeta I bellows pump combination 



very slow even at elevated temperatures, tritium Iosses from 

this device into a glove box are expected tobe very minor. 

Firstscreening runs were performed with titanium powder as 

hydrogen getter. Since attempts to couple the titanium 

powder to the radio frequency source were unsuccessful, the 

getter material was placed inside of a thin platinum vessel. 

Under these conditions temperatures of more than 1000 •c 
could easily be attained in a very short time. Titanium was 

abandoned, however, after these preliminary experiments, 

because of the very high temperature, i.e. > 700 •c, that was 

necessary to release the bulk of the gettered gas. 

Furthermore, while platinum could be heated very quickly to 

high temperatures, heat transport from the platinum to the 

metallic powder was not fast enough. ln addition, darnage to 

the ceramic containment by the I arge generated temperature 

gradients was feared. 

The next getter material tested was ZrCo. ln these runs a 

previously activated sample of the intermetallic compound 

powder was placed in the platinum containment inside of the 

ceramic vessel. 0.0133 mal of hydrogen were then introduced 

into the 4 I vessel and this gas expanded into the ceramic 

vessel. As expected hydrogen was quantitatively gettered by 

ZrCo down to a pressure of < 0.1 mbar in a few minutes. 

When the radio frequency power necessary to reach 550 •c 
was instantly applied (without preheating), 91 % of the 

gettered gas was released in approx. 6-7 minutes. The 

necessary power value was obtained from previous 

calibration tests. Gettering/release cycles ofthis kind could be 

repeated several times with good reproducibility. Heat 

transport was influenced by the prevailing gas pressure. ln 

view that the release was achieved without pumping of the 

gas, it is possible to conclude that heating by radio frequency 

may constitute a significant progress. ln future experiments 

the transport of heat within the platinum vessel shall be 

improved to further aceeierate the hydrogen release rate. 

A first conceptual design of a storage bed based an the 

release of hydrogen isotopes by a radio frequency heating 

technique has been developed tagether with industry. ln a 

next step it is planned to build a smaller version of this bed to 

further optimize the technique. 

ln preparation of experiments with tritium, the quadrupole 

mass spectrometer of the AL TEX facility has been calibrated 

with isotopes of neon and with He-3/He-4 mixtures. About 15 

ppm of He-3 (the decay product of tritium) in He-4 could still 

be detected vvith the mass spectrometer. Present!y the 

dissociation pressure of ZrCo hydride at room temperature 

and temperatures slightly above that is being measured with 

a Vicovac gauge. This gauge has a magnetically suspended 

rotating ball, whose deceleration in a viscous medium is used 

to determine the pressure of a gas. 
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G 16 TI 82 (T 218) Shielding Neutranies 
Experiments 

The experimental Validation of the nudear performance of 
the ITER shielding system is one of the tasks in the 
Engineering Design Activities. A mock-up at the Frascati 
Neutron Generator simulates the inboard shield, including 
first wall, blanket, vacuum vessel and toroidal field coils. 
Nuclear responses of the assembly are determined in a joint 
effort of European and Russian groups [1]. 

The assembly is shown in Fig. 1. lt consists of a combination of 
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Fig. 1: Experimentalarrangement of the bulk shield 
assembly 

slabs made from the water equivalent material PERSPEX (2 cm 
thickness each) and 55316 (about 5 cm thickness each) and has 
a front area of 100 x 100 cm2

• The total thickness of the 
assembly is 94.26 cm including a 1 cm thick Cu layer in front. 
Behind this assembly a block of Cu and SS316 plates is 
arranged simulating the coils for the toroidal magnetic field. 
The rear part of the assembly is surrounded with a polythene 
shield covering also the last 30 cm of the PERSPEX/SS316 block 
in order to reduce room-return background. 

The investigation started with measurements of spectral 
neutron and photon fluxes by the group of TU Dresden 
because the fluxes are the basic weighing functions for the 
other integral quantities to be determined (such as reaction 
rates, activation, heating). Measurements were carried out at 
two positions in the centre of the mock-up corresponding tö 
the backsides of the shielding blanket and of the vacuum 
vessel, respectively. 

Gas-filled proton recoil proportional counters and a stilbene 
scintillation spectrometer were applied for the neutron 
spectra measurements between about 30 keV and 3 MeV. A 
NE213 scintillation spectrometer was used for simultaneaus 
measurement of the neutron flux spectrum between about 1 
MeV and 15 MeV and of the photon flux spectrum for E > 0.2 
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MeV [2]. The results are presented on an absolute scale as 
fluences per one source neutron. 

The experimental results were analysed by means of Monte 
Carlo transport calculations with the MCNP-4A code [3] and 
nuclear data from advanced versions of the European Fusion 
File EFF-2 [4], the Japanese Fusion File JENDL-FF [5] and the 
ITER reference nuclear data library FENDL-1 [6]. The MCNP 
calculations were performed taking into account the precise 
geometry of the mock-up and its mechanical support, the 
neutron generator with target and drift tube as weil as the 
experimental hall with concrete walls [7]. 

The comparison of measured and calculated neutron fluence 
spectra for the two positions A and B is shown in Fig. 2. The 
experimental spectra are corrected for material and size of 
the different detectors by MCNP/FENDL calculations and 
represent the spectral fluences in an SS316 sphere with a 
radius of 2 cm in correspondence with the calculations. All 
results are normalised to one source neutron. lntegrated valu­
es of the neutron fluence are given in Table 1. The 
calculation-to-experiment ratlos C/E show that the 
experimentsareweil described by the calculations in position 
A where the discrepancies are within a 10% Iimit for all data 
libraries. The best agreement is obtained with EFF-2 data. 
Also in position B EFF-2 data describe the experiment within a 
15 % range with the exception of the lowest energy Interval 
where the discrepancy increases to 25 %. For the energy 
range 5 ... 10 MeV the spectra are overestimated in all 
calculations, in the other ranges they are underestimated. 
Measured and calculated photon fluences are presented in 
Fig. 3, their integral values for E > 0.4 MeV are shown in 
Tab. 2. The calculated integral fluences using EFF-2 and 
FENDL-1 data agree weil with the experiment in pos. A 
whereas they underestimate the experiments by 5 ... 10 % in 
pos. B. 

Literature: 
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shield experiment for ITER at the Frascati Neutron 
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Fusion Technology, Lisbon, 1996, in print. 

[2] H. Freiesleben, W. Hansen, D. Richter, K. Seidel, S. Un­
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Table 1: lntegrated neutron fluence per cm2 and per source neutron for different neutron energy rang es and calculation-to­

experiment ratios 

EI MeV 0.1 ... 1 1 ... 5 5 ... 10 > 10 

Pos.A Experiment (2. 76 ± 0.28)E-06 (1 .43±0.08)E-06 (2.47±0.13)E-07 (5.42± 0.14)E-07 

Calc(EFF-2) (2. 54± 0.04)E-06 (1.38± 0.03)E-06 (2.66±0.12)E-07 (5.05±0.23)E-07 

Calc(FENDL-1) (2.39 ±0.03)E-06 (1.28± 0.02)E-06 (2.56±0.09)E-07 (4.88± 0.18)E-07 

Calc(JENDL-FF) (2.51 ±0.03)E-06 (1.29±0.02)E-06 (2.62 ± 0.12)E-07 (5.05±0.22)E-07 

--====-----=- =======----- --=====-=-----==------------ ------------ ------------
C(EFF-2)/E 0.92±0.09 0.97±0.05 1.08±0.07 0.93±0.05 

C(FENDL-1 )/E 0.86±0.09 0.90±0.05 1.04±0.07 0.90±0.04 

C(JENDL-FF)/E 0.91 ±0.09 0.91 ±0.05 1.06±0.07 0.93±0.05 

Pos.B Experiment (8. 78 ± 0.89)E-09 (2.37±0.13)E-09 (2.69±0.14)E-10 (5. 79 ± 0.15)E-1 0 

Calc(EFF-2) (6. 59± 0. 11 )E-09 (2.03 ± 0.06)E-09 (2.83±0.22)E-10 (4.90±0.35)E-1 0 

Calc(FENDL-1) (6.00±0.0B)E-09 (1.81 ±0.04)E-09 (2.93±0.15)E-10 (4.56±0.25)E-10 

Calc(JENDL-FF) (6.09 ± 0.09)E-09 (1.86± 0.05)E-09 (2.69 ± 0.15)E-10 (4.94±0.33)E-10 

------------ ------------ -------------------------- ------------ ------------
C(EFF-2)/E 0.75±0.08 0.86±0.05 1.05±0.10 0.85±0.06 

C(FENDL-1 )/E 0.68±0.07 0.76±0.04 1.09±0.08 0.79±0.05 

C(JENDL-FF)/E 0.69±0.07 0.78±0.05 1.00±0.08 0.85±0.06 
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Fig. 3: Measurement and calculated photon fluences per one source neutron at position A (left hand side) and position B 

(rig ht hand side) 



Table 2: lntegrated photon fluence for E > 0.4 MeVper cm2 

and per source neutron and calculation-to­

experiment ratios 

E > 0.4MeV 

Pos.A Experiment (7.47±0. 19)E-06 

Calc(EFF-2) (7.83 ±0. 17)E-06 

Calc(FENDL·1) (7.63±0.15)E·06 

Calc(JENDL-FF) (8.31 ±0.20)E-06 

---------- ------------ -------------
C(EFF-2)/E 1.05±0.04 

C(FENDL-1)/E 1.02±0.03 

C(JE NDL-FF)/E 1.11±0.04 

Pos.B Experiment (1 .07± 0.03)E-08 

Calc(EFF-2) (1 .02±0.04)E-08 

Calc(FENDL-1) (9. 55 ±0.28)E-09 

Calc(JENDL-FF) (1 .07 ± 0.04)E-08 

---------- ------------ ------------
C(EFF-2)/E 0.95±0.05 

C(FENDL-1)/E 0.89±0.04 

C(JENDL-FF)/E 1 .00±0.05 
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G 16 TD 21 (D 203) ITER Breeding Blanket 
Development and Design 

lntroduction 

At the end of the BPP of ITER it is intended to exchange the 

shield blanket modules against a breeding blanket with the 

objective to generate in the plant a significant fraction of the 

tritium needed during the EPP. The breeding blanket consists 

of modules of the same size and shape as the shielding 

modules. The dimensions of the modules are about 1800 mm 

(poloidal), 800 mm (toroidal), and 300 mm (radial). According 

to the present design the breeding blanket will use Li 2Zr03 

pebbles as breeder material arranged in poloidal/toroidal 

layers of 10 mm thickness. The breeder pebble beds are 

canned by a thin SS sheath and enclosed by Be blocks and 

cooling plates. 

Heat Transfer Cerrelations 

One of the FZK contributons to the ITER breeding blanket 

development was the provision of correlations for the 

thermal analysis, in particular the Li 2Zr03 pebble bed with 

pebble diameters of 1.2 and 0.165 mm, respectively {binary 

bed). The effective thermal conductivity of the binary bed 

was determined according to the extended Schlünder 

formula, which includes as primary parameters the equivalent 

particle diameter, the thermal conductivity of the ceramic 

material and of the helium in the pores of the bed, and the 

void fraction. ln the temperature range from 300 to 900 oc 
the thermal conductivities of the binary pebble bed 

calculated according to this model are between 1 and 1.35 

W/mK {see Fig. 1). 
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Fig. 1: 

Temperoture [°C] 

Thermal conductivity and interface heat transfer 

coefficients of a binary Li2Zr03 pebble bed 

{1.2/0.165 mm pebble diameter) 

The bed to wall heattransfer coefficients were determined by 

combining the Schlünder correlation with experimental 

results available for a homogeneaus Li2Zr03 pebble bed. At 

first, the Schlünder modelwas applied to the homogeneaus 

bed. The pebble surface roughness was used to adjust the 

calculated results to the measurements. Then, the same 
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assumptions were applied to the binary bed using an 

estimated surface covering degree of 90 %. The resulting 

heat transfer coefficients {surface roughness 25 IJ) are in the 

range of 2200 to 3100 Wfm2 K, and are likewise represented 

in Fig. 1. 

The calculated values of the thermal conductivity as weil as of 

the heat transfer coefficients are significantly above those for 

the homogeneaus bed with a pebble diameter of 1.2 mm. 

Thermal Calculations 

To verify the correlations suggested in the previous section 

and to investigate the sensitivity of the temperature 

distribution to the gap size between the Be blocks and the SS 

surfaces, thermal calculations have been carried out for the 

primary walland the neighbouring breeder zone using the FE 

codes ABAQUS and FIDAP. The geometrical data and the 

internal heat generation rates have been chosen according to 

the present JCT outboard blanket design. 

For the gap between the Be blocks a size of 10 and 200 IJm 

was assumed. For the heat transfer coefficient, the thermal 

conductivity of heliumwas used. 

Consideration of the calculated temperature distribution led 

to the following conclusions: 

The temperature distribution is strongly affected by 

the gaps between the Be blocks and the SS structures. 

Assuming a gap size of 200 1-1m Ieads toBe and ceramic 

temperatures which are 280 to 300 K high er than in the 

case of good contact. 

ln the case of a good thermal contact between the Be 

blocks and the SS structures {10 1-1m gap), the calculated 

temperature distributions are in reasonable agreement 

with the JCT results. 

The temperature of the stiffening ribs at the inner 

surface of the FW is affected significantly by the 

thermal resistance between the Be blocks and the SS 

plates. For the 10 1-1m gap, the maximum rib 

temperature is 440 °C, whereas for the 200 IJm gap, the 

temperature attains 510 oc. 

Studies of Alternative Designs 

Besides the uncertaincies of the temperature distribution 

resulting from the possible gap between the Be blocks and 

the SS plates, the large poloidal extension of the ceramic 

pebble bed of the present breeder module design is of 

concern because it may cause thermal ratcheting effects. This 

gave rise to the search for alternatives. One of the studied 

solutions is a concept similar to the HCPB blanket {see B 1.1.1 

and 1.2.1). This concept is characterized by a radial/toroidal 

arrangement of breeder and multiplier pebble beds and the 

separating cooling plates {see Fig. 2). Such a concept has the 

following advantages: 



primary wall 

Be pebble bed 2 

"""~:....,..>-f-7>+--r'+-7"'-f--;,...,~ c ooling pla I e 
/ 

~ Be pebble bed 1 

~~~~~~~~ SS clad 

Li2 Zr 03 pebble bed 

Fig. 2: Perspective view and toroidal structure of an ITER 
breeding blanket module with radially/toroidally 
layered configuration 

The Be pebble bed can be filled from the backside i.e. 
the filling height is small. Ratcheting problems are not 
tobe expected. 

The cooling plates can be welded to the module box, 
i.e. they serve atthe sametime as stiffeners. 

Other featüres of the present breeder blanket design can be 

retained. 

The Be pebble bed 1 with a thickness of about 10 mm assures 
the breeder temperature needed for adequate tritium 
release. The thickness of the Be pebble bed 2 (about 40 mm) 
can be adjusted to obtain an optimum breeding ratio. 

To verify that the concept Ieads to reasonable temperatures 
in the Be and breeder material, preliminary one-dimensional 
thermal calculations have been carried out using the FE code 
ABAQUS. ln these calculations the poloidal temperature 
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distributionwas determined at the plasma-side and the back­
side of the breeder zone 

The minimum and maximum temperatures are as follows: 

temperature ["Cl 
plasma-

back-side 
side 

max. multiplier (Be pebbles) 450 300 

min. ceramic (Li 2Zr03 pebbles) 525 365 

max. ceramic (Li 2Zr03 pebbles) 855 465 

Literature: 

K. Schleisiek et al.: FZK Contribution to ITER Task 0203 Stage 
1: Breeding Blanket Development and Design. FZK Interna! 
Report IRS-Nr. 1/96 (1996). 

K. Gabel 
H. Gerhardt 
S. Gordeev 
P. Norajitra 
K. Schleisiek 
I. Schmuck 



Studies for ITER I NET 

lntroduction: 

By granting study contracts to FZK, the ITER Horne Team 

draws upon special expertise available in the laboratory. ln 

cantrast to the technology tasks which extend over a Ionger 

period of time and consist in most cases of experimental 

work, study contracts are agreed on short notice and are of 

limited duration. Most of the contracts support the ITER 

design. 

J.E. Vetter 
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ERB 5000 CT 95 0064 NET (NET /95-384) 
ITER Magnetsand TFMC Stress Analysis 

The stress analysis for the conceptual design of the Toroidal 

Field Model Coil (TFMC) test configuration has been 

continued. 

ln addition to the simple shell-beam model reported in (1], a 

more detailed shell-solid global model (Fig. 1) was established 

to get a better stress and displacement resolution for the 

advanced design (Nov. 95). This model aims at a rather 

detailed simulation of the intercoil structure (ICS). The models 

for the TFMC and the LCT-coil are less detailed and intend to 

give the adequate stiffness behavior needed for the analysis 

of the ICS. in addition, this global model allows for a 

determination of the required boundary conditions for the 

detailed analysis of the LCT- and the model coil, being 

performed by our partners [2]. 

pad 

LCT 
coil 

Fig. 1: 

ICS 

Geometry of the global model with intercoil 

structure and the two coils 
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The analysis with the new global model revealed some highly 

stressed parts of the ICS. Some details of the results are shown 

in Fig. 2. The side wedges, which have to overtake the high 

attracting forces of the coils, are nonuniformly distributed, 

leading to a rather high stress peak at one edge. ln addition, 

locally high stresses occur at the horizontal plates and at the 

supporting pads ofthe ICS. 

ln order to reduce these high stresses, some modifications 

have been proposed (Fig. 3). To lower the mean stress and to 

get more uniformly distributed stresses the wedges have 

been elongated and their position has been better adapted 

to the Ioad distribution of the coil. The elongation of the pads 

horizontal plate 

Fig. 2: ICS- v.Mises stresses (values in MPa) 

Fig. 3: ICS with horizontal plates, Ionger wedges and 

continous supports (pads) 

over the whole ICS width avoids stress concentrations at the 

pads and, as a side effect, reduces the LCT coil displacements. 

Some reinforcement of the horizontal plates (not visible in 

Fig. 3) was done at the cost of some reductions in the tie 

bands of the LCT. 

The engineering design will now be performed by an 

industrial consortium (AGAN). During this period we will still 

be in charge of some additional analyses concerning critical 



structural parts. However, our main activities will then 
concentrate on the stress analysis for the ITER coils. 

Literature: 

[1) 'Nuclear Fusion Project Annual Report of the 
Association Forschungszentrum Karlsruhe/EURATOM', 
October 1994 · September 1995, FZKA 5688, EUR 
16749EN 
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[2] EU Horne Team 'ITER TF Model Coil • Finite Element 
Analysis of the Conceptual Design of the TFMC Test 
Configuration', June 1996 

Staff: 

B. Dolensky 
R. Meyer 
5. Raff 



ERB 5004 CT 960050 (NET/96-405) 
(Subtask of ITER Task MD9 for 1996) 
Transient Voltage Behaviour for the ITER TF Coil 

The aim of the contract is the investigation of the ITER 

toroidal field coil according to its behaviour under transient 

voltages like they can occur during the operation of 

counteracting current switches for removal of the stored 

energy after a quench. 

lt was experimentally found and theoretically confirmed by a 

network model in the test of the POLO coil that overvoltages 

can appear inside the winding during the switching process. 

Since the shear disk pancake design represents a different 

type of winding (Fig. 1) the effect of surges had to be 
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Fig. 1: Cross-section of the straight part of the 0-shaped 

ITER TF Coil 

investigated in order to get design criteria for the insulation 

coordination. 

Considering the shear plate design and the size of the ITER TF 

coils it has to be expected that the coils have natural 

frequencies of oscillation below 5 kHz which would probably 

have consequences for the switchgear design. lt was 

therefore proposed to develop a detailed network model of 

the ITER TF coil in order to determine its transient properties. 

The object of this work is to identify the allowable voltage 

rise rate of the switching system, to act as specification to the 

power supply designers. A network modelwas elaborated by 

calculating the internal capacitances and the inductance 

matrix of the winding (Fig. 2) [1]. ln oder to reduce the 

computational effort involved with the network model, only 

four turns of the TF coil were modelled with separate 

inductances. All other turns were modelled in combining two 

turns in replacing them by one single inductance in the 

network model. The result is an electrical network model with 

98 self inductances being coupled by 9506 mutual 

inductances. The mutual inductances in the network model of 
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the TF coil are considered by 4753 (Mik = Mki) magnetic 

coupling factors k 

M;k 
(k=--) 

~ 
ln taking advantage of magnetic symmetries in the winding 

not all of the self and mutual inductances had to be 

calculated numerically. The calculated values for the self 

!nductance of single windlngs of the TF coil vary from 48.98 

IJHto 55.841JH forsingleturns and from 181.11JHto 208.91JH 

for combined turns. The corresponding magnetic coupling 

factors k have values between 0.32 and 0.84. These values 

Iead to a total inductance of the network model of 0.94 H. 

The winding, ground, and plate-to-plate capacitances (see 

Fig. 2) were calculated analytically from the construction 

drawings. Values ranging from 74.6 nF to 168 nF were 

calculated for the winding capacitances. Accordingly the 

plate-to-plate Capatitances have values between 360 nF and 

373 nF and the ground capacitances of shear plate 1 and 7 

have a capacity of 102 nF, whereas all other plate to ground 

capaeitles have only about 32 nF. 

The high voltage tests performed with the POLO coil showed 

that the superconducting filaments in the cable do not show 

an influence on internal overvoltage oscillations at the 

beginning of a high voltage pulse. This can be explained by 

the natural time constants of superconducting strands which 

are typically higher than the period of internal high voltage 

oscillations. 

Therefore, only the copper, bronze, chrome, and lncoloy 

portions of the TF cable were considered in calculating the 

values for the serial ohrnie resistances which represent the 
damping (caused by eddy current losses) in the network 

model at the beginning of the pulse. These resistances 

account for both, the skin and proximity effects. Since the TF 

conductor has a complicated compound structure, a 

simplified electromagnetic finite element model has been 

used to getan approximate solution for the skin effect in this 

tpye of cable at room and cryogenic temperature. The model 

has the same dimensions and cross-sectional portions of 

copper, bronze, chrome, and lncoloy as the original TF 

conductor. 

The Finite Element Method (FEM) calculations performed for 

the first to fourth eigenfrequency of the network with the 

simplified model of the TF conductor resulted in the 

following ratlos for the resistance rise due to the skin effect: 

The values of the ohrnie resistances in the network model can 

be derived by superposing these values to the resistance rise 

values being caused by the proximity effect. A numeritat 

investigation of the proximity effect by means of a different 

FEM modelwas executed in order to find out which influence 

the eddy current barriers in the TF conductor cross-section 

have. 
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Frequency/Hz 1740 4000 7600 11000 49000 

R(f) I R(O Hz) 59 200 583 1080 7425 

Du ring the pulse, part of the current propagates capacitively 

through the winding respectively the network rnodel. 

Therefore, and also because of the cornplex cornpound 

structure of the TF cable, the values for the ohrnie darnping 

being caused by the skin and proxirnity etfects are only 

approxirnate values. But in earlier investigations it could be 

shown that the ohrnie darnping caused by the skin and 

proxirnity effects does not influence the calculated transient 

voltage oscillations inside a winding as long as only the order 

of rnagnitude of the darnping values is correct. 

ln order to find the optirnurn grounding conditions for the TF 

coil, its transient behaviour will be calculated for the 

following grounding conditions of the shear plates (see Fig. 

3): 

Case 1: Floating shear plates. 

Case 2: The shear plates are tied to the potential of the 

high field joints in Fig. 2 by a current lirniting resistance 

R (R = 1 0). 

Case 3: The shear plates are directly tied to the 

potential of the high field joints in Fig. 2. 

Upper 
joints 

Shear 
plate 

Voltage 
source 

Lower ~ u1 
joints 

u2 U3 

Case 1 Case 2 Case 3 Case 4 

I Mn 

Fig. 3: lnvestigated grounding conditions of the shear 

plates 

• Case 4: Grounded shear plates. 

For investigating the transient behaviour of the winding 

under different grounding conditions five surges were 

applied across the winding terrninals (risetirne: 500 IJS, 250 IJS, 

100 IJS, 50 IJS, 20 IJS). 

Copncitics bctwccn shcor plntcs 

rÄ/-r 

u4 u5 u6 u7 

Resistance 

Self 
inductance 

Fig. 2: Electrical network rnodel of the TF coil 



Firstsimulations performed with the model described above, 

under the assumption that the shear plates are floating Iead 

to the following results: 

• Oscillations and overvoltages inside the winding of the 

TF coil must be expected at surges with a risetime 

below 300 IJS. The magnitude of the transient electrical 

stresses increases with shorter risetimes and reaches 

values of more than twice the nominal electrical stress 

in most locations of the winding for a surge with a 

risetime of 20 IJS. 

e Although the insulation system of the TF coil seems to 

have large safety margins, the generation of fast rising 

surges and surges with oscillating components should 

be avoided by the power supply designers. 

e The amplitudes of the transient electrical stresses 

might be lower at a different grounding condition of 

the shear plates (see Fig. 3). 

This will be investigated in future simulations which will also 

include a parametrical study of the behaviour of the TF coil 

assuming higher damping values (although this assumption 

does not seem to be justified). A survey of internal electrical 

stresses at the optimum grounding conditions for the TF coil 

will be presented in the final report. 

Literature: 

[1] A.M. Miri, J. Gruber; Erstellung eines detaillierten 

Netzwerkmodells der ITER TF-Spule zur Untersuchung 

ihres transienten Verhaltens zur lsolationskoordina­

tion, Forschungsbericht Institut fOr Elektroenergiesy­

steme und Hochspannungstechnik Universität Karls­

ruhe Juni 1996. 

C. Sihler (till31.8.96) 

A. Ulbricht 
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ERB 5004 CT 960053 (NET/96-408) 
Characterization of Jacket Material 

This report covers the efforts with respect to materials 

characterization of an industrial manufactured jacket 

material, designed for the use as a conduit for the ITER CS­

model coil. Candidate materials for the jacketing were 316LN 

(Valinox) and a newly developed y'-prime precipitation 

hardened Ni-base alloy by lnco. Company, lncoloy 908. The 

jacket with overall sizes of SOxSO mm2 and a central bare of a 

37.5 mm diameterwas manufactured by hot tube extrusion 

process. 14 samples of ca. 400 mm length consisting of both 

materials including orbital welds were provided to FZK by 

Ansaldo company, Genova at the end of 1995. Sampies of ca. 

70 mm length were cut for the 200 hl6so•c heat treatment 

process, thus simulating the later aging process for the 

superconducting A 15 phase formation. The stress I oxygen 

partial pressure I temperature sensitivity of the lncoloy 908 

material demanded a careful heat treatment process 

performed at vacuum under clean conditions. For these 

reason a standard oxygen potential measuring probe (EMF­

cell) was used to monitor continuously at the reaction site. 

The high sensitivity of the used probe allowed to determine 

oxygen partial pressures in the range of 10·30 bar. Tensile and 

fracture tests were performed at 295 K and at 7 K in as 

received andin aged condition, respectively. 

Material and specimens 

A small quantity of the material 316LN in as received 

condition was chemically analized to verify the vendor's 

analysis. Special attention was paid on carbon content which 

was in past taken as the major responsible element of the 

embrittlement process ( grain boundary sensitization) during 

the long aging process. The chemical analysiswas performed 

by a commercial certificated chemical laboratory. Table 1 

gives the results of the chemical analysis of the 316LN 

material and Table 2 shows the chemistry of the material 

lncoloy 908. 

For tensiie tests several round bar specimens of the length 65 

mm, 30 mm reduced length of 4 mm diameter were machined 

out of the corner position of the jacket section. To 

characterize the centrally located thinnest wall position (ca. 4 

mm thickness) specimens having test section diameters of 3.5 

mm were also machined. For fracture toughness 

measurements a majorproblern in this case was the small wall 

thickness which allowed only a machining of small ASTM 

proportional ( 45 x 43 x 4) mm compact tension (CT) 

specimens. 

Besides, several round bars of 6 mm diameter were machined 

with a severe notch araund the girth by the EDM (g_lectro­

Qischarge _Method) technique to determine the toughness 

with a newly deveioped method. The net diameter of these 

specimens were 1-2 mm with a notch tip radius araund 0.1 

mm (Fig. 1). These samples were used to assess the jacket 

EDM-Notch slit::;t.2 lt 0: 6- 5-4 nm1 

i~=~J- -~ [==~~-:;,..€) M6,M5, M4 

I·__. ------~ 

Fig. 1: RB-specimens (round bar) 

materials toughness by using the J-Rice relation (Same 

Further Results of J-lntegral Analysis and Estimates, J . R. Rice 

et al, ASTM STP 536, 1973, pp. 231-245) for the 

circumferentially notched round bars. Especially, this 

technique has been developed under the viewpoint to 

determine the toughness Ievei of 2 mm thick specimens 

machined out from aged tubes used for the jacketing of ITER 

TF-superconducting cable. 

Tensile and fracture tests 

The results of the cryogenic tensile tests (Table 3) show that 

both candidate materials fulfill the yield strength 

requirements of > 1000 MPa. 

The above given results confirm that the jackets corner was 

heavily cold worked as compared to the mid position where 

Table 1: Chemical composition of Valinox in wt% 

c Si Mn Ni Cr Mo N V Co w Cu Fe 

0.015 0.25 1.66 11.9 17.2 2.44 0.18 0.04 0.11 0.03 0.35 bal. 

Table 2: Chemical composition of lncoloy 908 in wt% 

c Al Mn Ni Cr Co N Ti Nb Fe 

0.001 0.93 0.041 49 3.98 < 0.1 0.002 1.74 2.94 bal. 
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Table 3: Tensile properties ofthe two candidate materials at 

7 K after 200 h heattreatment (vacuum, 650°C) 

Yield Ulti- Elonga-
strength mid mate tion 

Material position/ tensile 
corner stength 

position 
MPa MPa % 

Valinox 1167/1226 1673 -40 

lncoloy 908 1141/1216 1706 -22 

the wall thickness is the smallest. Besides, the materiallncoloy 

exhibits nearly a factor of two smaller elongation at fracture. 

The determination of the fracture toughness, however, 

caused problems owing to the small sample dimensions. The 

ASTM standards E 813-81 and the revised version of -88 were 

initially the only applicable test method, whereas the limiting 

size criterion of the used compact tension specimens were at 

the border of the allowable thickness size ( 8>3.5 mm). 

Therefore, with the elasto plastic J-test technique the 

ditficulty arose owing to the limited specimen thicknesses of 

B = 3.8-4.0 mm. Forthis reason several bench mark tests were 

necessary with similar materials having different specimen 

sizes. 

ln addition to the standard J-tests, round bars ( 6-4 mm dia.) 

having an EDM-notch around the girth were uniaxial (tensile) 

loaded to obtain the fracture energy by using the Ioad 

displacement curve. This newly developed test method 

allowed to give a fair empirical correlation between a variety 

of different aged and non aged materials. This type of 

specimens have the advantage contrary to the small size CT 

specimens of behaving fully plane straln under loading. The 

application of the J-integral solution for circumferentially 

cracked round bars resulted a ca. 0-20% (depending on 

toughness and yield Ievei) higher J-values for aged and non 

aged materials as compared to the known critical J-data. The 

possible increase of the J-values by this test method can be 

attributed to the absence of the bending component during 

the uniaxialloading ofthe round bar specimen. 

The circumferentially notched round bars require, therefore, 

a higher input energy as compared tc the CT specimens 

where the bending of the CT in mode I facilitates the crack 

extension. 

Fig. 2 and Fig. 3 show the J-test results obtained so far using 4 

mm thick CT specimens machined from the aged original 

provided jacket sections of both materials lncoloy 908 and 

Valinox. in addition, in Fig. 1, results of aged plate and bar 

materials from different batches arealso given. ln this figure 

sig nificant differences owing to the type of production can be 

seen. The validity criteria of the ASTM standard E 813 also 

Iimit the reliability of the obtained J-results considering the 
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Fig. 2: Resistance curves ofthe aged lncoloy 908 obtained 

with 4 mm and 6 mm thick ASTM proportional CT 

specimens at 7 K and in LHe by using E 813-81 

standard. The square and round points refer to 4 

mm thick specimens. The given r-values are the 

correlation coefficients of the 1st order regression 

analysis of the evaluated points. 
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Fig. 3: Resistance curves of the aged 316LN, Valinox 

obtained with 4 mm thick ASTM proportional CT 

specimens at 7 K by using E 813-81 standard. The 

round points refer to J-data of the first 

loading/unloading ofthe specimen in its virgin 

state. 

obtained crack front profile. Besides, the critical values of J­

tests depend on the used standards E 813-81 or 88. This is one 

of the reasons for the data uncertainity. However, taking the 

lowest possible critical values of J, the aged jacket materials ( 

excluding the 89 NET batch) exhibit a critical J-value 

approximately of 140 N/mm for both materials lncoloy 908 

and Valinox. 

The calculated Je values of the Fig. 2 are according to the 

standard E 813-81. The use ofthe revised standard 88 resulted 



in Je values with negligible differenee to the above evaluated 

values. However, the eritieal J value in ease of -88 standard 

obtained by the interseetion of the logarithmie regression 

line and the 0.2 mm offset shift delivers significantly high 

eritical JIC values as eompared to standard 81. The linear 

regression line and the interseetion of this with the 0-offset 

blunting line aeeording to the 81 standard result so far in 

critical J-values which are reasonable. Especially, the MIT 

(provided by Plasma Fusion Center, MIT, Cambridge, USA) 

plate material tested in the past in various Iabs yield a eritieal 

value around -220 N/mm. ln Fig. 2 the interseetion of the 

regression line with the blunting line give also a value of ca. 

220 N/mm ( bold diamond plots). This means in this eontext, 

the 88 standard in ease of small size specimens owing to the 

high plastic eonstraints during the loading simulates a non 

existing high toughness behaviour for the material under 

test. Besides, the 0.2 mm offset line of the 88 standard has no 

fundamental physieal meaning. Therefore, the assessment of 

the J. test results obtained with these small size CT specimens 

(Fig. 4) were performed bythe standard E 813-81. 

Fig. 4: Used 4 mm CT-specimens (compact tenstion). aF 

refers to the fatigue eraek growth extension prior 

the physieal craek ap extension. aF·start is the 

differenee betweeen the Ioad line and noteh 

position 

The obtained J-test results for the Valinox showalso a similar 

toughness Ievei of this material at 7 K. Only the first 

loading/unloading test of the virgin CT specimen results in a 

comparable smaller Je value. This phenomenon will be further 

investigated in near future. The cireumferentially notehed 

round bar specimens of these aged materials yielded also 

similar J. values for both lneoloy 908 and Valinox. These 

eonfirm that both materials have toughnesses covering the 

design requirements. ln addition, the fatigue eraek growth 

rate measurements of the aged jaeket materials will be the 

main subject of the next task. 

A. Nyilas 

H. P. Raber 

T. Rusli ( sinee June 1996) 
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Gyrotron and Window Development 

lntroduction: 

Gyrotrons are generators of mm-wavelength power suited to 

heat plasmas confined by strong magnetic fields. Additional 

functions of plasma shaping and control are envisaged. 

Frequencies of todays applications are 70 to 120 GHz, ITER 

plans for 140 to 170 GHz, whereas the Wendelstein project 

intends to use 140 GHz systems. Development of gyrotron 

tubes with continuous wave power outputs of - 1 MW are 

underway in industry. 

The FZK programme aims at major improvements on the 

classical gyrotron, it is intended to 

e increase to outputpower 

e to achieve frequencytunability 

o to increase the overall efficiency. 

Progress of these activities is described. 

The transmission of MW power from a vacuum sealed 

gyrotron into a waveguide and, from the waveguide, into the 

plasma containing vacuum chamber of a tokamak or 

stellarator, has been looked upon as a feasibility issue. Only 

recently advanced materials, sophisticated mode 

optimization and improved cooling concepts have paved the 

way to successfully transmitting up to 2 MW of 170 GHz cw 

power through such windows. Under several alternatives 

proposed for ITER and Wendelstein solutions are followed by 

FZK that allow for flexible experimental conditions and for 

easy operation. 

J.E. Vetter 
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Gyrotron Development 
(includes ITER Tasks T 24 and T 245/6) 

1. lntroduction 

The FZK Electron Cyclotron Wave (ECW) source development 

is based on the conventional cylindrical cavity gyrotron [1 ,2] 

and the novel coaxial cavity gyrotron [3,4]. The cylindrical 

cavity gyrotron for 1 MW, CW operation seems feasible at the 

W7-X frequency of 140 GHz, whereas this type of gyrotron 

works close to its performance Iimits at the higher frequency 

of 170 GHz foreseen for ITER. These performance Iimits are 

imposed by mode competition and ohrnie wall loading. 

Coaxial cavity gyrotrons designed for operation at 

frequencies of 140 GHz and 165 GHz with an rf-output power 

of 1.5 MW are under investigation at FZK. The recent 

experimental results Iet expect that this advanced 

development line could result in a tube weil capable of 

operating at 1.5 to 2 MW, 170 GHz, CW. 

lmportant development goals of a cylindrical cavity W7-X 

gyrotron, such as the depressed collector technology, the 

advanced built-in quasi-optical converter and the window 

concept are also prerequirements for the coaxial cavity 

gyrotron development, and therefore in these areas the 

development of a cylindrical cavity gyrotron will be able to 

provide an important input for the development of a 2 MW, 

170 GHz, CW coaxial gyrotron for ITER. 

2. Coaxial Gyrotron at 140 GHz (TE28,16-mode) 

A 4.5 MW (90 kV, 50 A) inverse magnetron injection electron 

gun for a 1.5 MW, 140 GHz coaxial gyrotron was designed, 

manufactured and successfully tested earlier [5]. ln a first 

step, operated at short pulses (~ 0.5 ms) the coaxial gyrotron 

had an axial waveguide output for mode purity studies. ln a 

second step a tube design relevant for CW operation with a 

radial rf outputwill be investigated. Especially because of the 

present power Iimit of rf output windows the mm-wave 

power will be split into two beams and coupled out radially 

through two windows. ln addition, a single stage depressed 

collector will be used in order to enhance the total efficiency 

and to reduce the power on the collector surface. 

The first coaxial gyrotron had an axial waveguide output (Fig. 

1a) with a fused silica window of 100 mm diameter and a 

thickness of 4.61 mm corresponding to 9"Ael2 of the TE 28 ,16 

mode at 140 GHz. The electron beam collector with the same 

diameter is a part of the output \Navegu!de. The estimated 

electron beam power density at the collector surface is as 

high as 50 kW/cm 2 thus limiting the maximum allowable 

pulse length to about 0.5 ms at the design beam parameters. 

The schematic Iayout of both coaxial gyrotron versions is 

shown in Fig. 1. 

The TE28 ,16 mode was found to work stable in a wide 

parameter range. This proofs the suppression of possible 

competing modes by a tapered and corrugated inner rod [6]. 

A maximum rf outputpower of 1.2 MW with an efficiency of 
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27.2% has been measured [7] in the TE28,16 mode in single 

mode operation at Ub = 86 kV, lb = 50 A and 8cav = 5.63 T. 

The measured frequency of 139.96 GHz is close to the 

calculated value. The internal Iosses in the cavity, the output 

taper and window are estimated to be 5.5%. 

Fig. 2 shows as an example the measured and the calculated rf 

outputpower versus the beam voltage for a magnetic field of 

8cav = 5.62 T and a beam current between 50 A and 52 A. The 

calculations have been performed with a multi mode code 

using the operating parameters and the geometry of the 

cavity without any fitting and with an assumed velocity 

spread of 6 %. As expected from the numerical calculations 

the azimuthal neighbours TE 29,16 at 142.02 GHz and TE 27,16 at 

137.86 GHz, which are the remaining competitors, are 

limiting the stability region of the working mode in the Ub-

8cav parameter space. The experimentally observed regions 

with single and multi-mode oscillation are indicated at the 

top of Fig. 2. At a given magnetic field, the TE 29, 16 mode 

oscillates at a valtage below and the TE 27 ,16 above the 

oscillating range of the TE 28,16 mode. Single mode oscillation 

of the TE28,16 mode is found within several kV of Ub. The 

regions of oscillations of the 3 measured modes agree weil 

with the numerical predictions. Only the transition region is 

wider in the experiment than expected. According to 

calculations the rf power should rise up to Ub = 87 kV while 

the measured values reach a maximum around 84 kV and 

above about 86 kV the TE 27 ,16 mode is oscillating. ln the 

region between Ub = 84 to 86 kV there is a small amount of 

the TE 27,16 mode present simultaneously with the TE 28,16 

mode. This gives an explanation for the reduced efficiency 

and outputpower in that region. However, this multimoding 

is not predicted by the numerical calculations. The 

discrepancy is thought to be caused mainly by window 

reflections which support the competing TE27 , 16 mode, since 

the rf window is optimized for 140 GHz and has a reflectivity 

of 10% at the frequency of the competitor. Another reason 

for the loss of single mode stability at high er voltages is a 4% 

overshooting of the accelerating voltage (up to 3 - 4 kV) 

during a pulse. At the peak of the valtage the competing 

mode starts oscillations, and after the voltage dropped again 

these oscillations may remain. Both of these problems will 

disappear in the tube with radial output. 

The possibility of step tuning has been proven over a range 

from 115.6 GHz to 164.2 GHz using the same experimental 

configuration (Fig. 3). Frequency tuning was performed by 

changing the magnetic field with constant magnetic 

compression. Output po\t·vers aroünd 1 ~v1'l.J and effidendes 

above 25% have been achieved near frequencies where the 

window reflection is minimal (122 GHz, 140 GHz and 

158 GHz). With high window reflections the gun could not be 

operated at the desired voltage because of beam instabilities, 

probably due to leakage of reflected and converted rf power 

towards the gun. However, these reflections will vanish in the 

tube with radial output. lt is therefore expected that in the 

radial version any of the possible oscillating modes shown in 

Fig. 3 will have an output power and efficiency similar to 

modes at frequencies without window reflections. Tab. 1 

gives some examples for excited modes. At frequencies above 
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Fig. 1: Schematic Iayout of the coaxial cavity gyrotrons: (a) with axial rf-output, (b) with a dual-beam radial rf-output with 

two output windows 
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3. Coaxial Gyrotron at 165 GHz (TE 31 ,17 Mode) 

A coaxial cavity gyrotron operating in the TE31 ,17 mode at 165 

GHz has also been tested [B,9]. The selection of the operating 

frequency and mode are based on limitations imposed by the 



Table 1: Oscillating modes of the step tuning experiments 

at low window reflections 

PoutiMW f /GHz mode Bcav!T 'loutl% 

0.9 123.03 TE2s,14 4.84 24.9 

0.71 132.49 TE21,1s 5.31 17.6 

1.17 139.98 TE2s,16 5.63 27.2 

1.16 158.93 TE32,18 6.43 26.2 

0.83 160.94 TE33,18 6.50 19.4 

maximum magnetic field of the existing superconducting 

magnet at FZK and the use ofthe inverse magnetron injection 

gun (IMIG) of the 140 GHz, TE28,16 coaxial gyrotron, and a 

possibility of transforming the cavity mode to a whispering 

gallery mode appropriate for the dual-beam quasi-optical 

output coupler and the two output windows, which are 

foreseen for the lateral output version of the tube. For 

performing the experiments, the cavity of the 140 GHz­

TE28,16 coaxial gyrotron of FZK has been replaced by a new 

coaxial cavity with tapered and corrugated inner conductor 

designed to oscillate at 165 GHz in the TE31 ,17 mode. The rf 
output window has also been replaced by a new boron 

nitride single-disk edge-cooled window with minimum 

reflections at the operating frequency. The rest of the tube 

(IMIG, beam tunnel, collector, etc.) remained unchanged. The 

tube with axial output has been tested [10] and delivered a 

maximum power of 1.2 MW in the designed TE 31 ,17 mode 

with 26.7 % efficiency at 164.98 GHz. Maximum efficiency of 

28.8% was achieved at 0.9 MW output power. As in the case 

of the 140 GHz coaxial gyrotron the design operating point 

with an outputpower of 1.36 MW and an efficiency of 36.7% 

is not accessible in the axial output version of the tube 

because of enhanced mode competition due to window 

reflection and beam instabilities developed at high beam 

current and high electron velocity ratio. Power at higher 

frequencies was also detected: 1.02 MW at 167.14 GHz in the 

TE32,17 mode with 26.8% efficiency, 0.63 MW at 169.46 GHz 

in the TE33,17 mode with 18.0 % efficiency, and 0.35 MW at 

171.80 GHz intheTE34,17 modewith 13.3% efficiency. 

4. Quasi-Optical Mode Converter for Coaxial Gyrotrons 

Due to power limitations of gyrotron rf windows, the mm­

wave output power of a 2 MW coaxial cavity gyrotron must 

be split into two linearly polarized wave beams and coupled 

out radially through two 1 MW windows. Beam splitting can 

be performed either by a quasi-optical 3 dB splitter (e.g. 

special phase correcting mirror or a diffraction grating), or by 

a dual-beam launeher of a quasi optical (q.o.) mode 

converter. 

The advantage of the second solution is that an improved 

dimple-type launcher, generating two output beams, is much 

shorter than a single-beam launcher. lf one employs, as in 
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conventional cylindrical cavity gyrotrons, a q.o. mode 

converter for the operating volume mode of the cavity, the 

dimensions of the mirror system are excessively !arge for a 

dual beam output since the azimuthal spread angle of the 

radiation is quite !arge, e.g. <1> = 2 arccos(m/Xmp) "' 143° for 

the TE 28,16 mode (Fig. 4b). 

---.... ... 

(b) 

(a) 

Fig. 4: Azimuthai angle of radiation (a) for the TE76,2 
mode forseen for use in the double-beam q.o. 

mode converter and (b) for the TE 28,16 cavity with 

single-beam q.o. mode converter. The caustic 

radius R, = (m/Xmp)· R0 =29.6 mm and 10.9 mm 

for the TE76,2 and TE 28,16 mode, respectively. 

This is not the case for a high-order whispering gallery mode 

(WGM) of the type TEm,2 since here the caustic of the mode is 

close to the waveguide wall, e.g. <1> = 2 arccos(miXmp) "' 59• 

for the TE76,2 mode (Fig. 4a) so that a double-cut q.o. launeher 

can generate two diametrically opposed narrowly-directed 

output wave beams. 

The actual design of a q.o. mode converter compatible with 

the constraints of a coaxial gyrotron dual beam output 

concept for operation with two outputs employs the two-step 

mode conversion schemes 

TE >R ,~ (X~n = 87.36) ~ TE.,.1", (Xmn = 87.38) ~ TEMoo at 140 GH;••• ..... r .. ··- r (1) 

TE_31 ,17 (Xmp = 94.62) ~ TE+ 83,2 (Xmp = 94.69) ~ TEMoo at 165 
GHz (2) 

which both generate two narrowly directed (6o• at the 

launcher) output wave beams [11,12]. 

The conversion of the co-rotating cavity mode to its 

degenerate counter-rotating WGM is achieved in a rippled­

wall waveguide mode converter. The q.o. WGM to TEM00 
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mode converters employ improved dual-beam dimple-type 
launchers with Am 1 = 2 and Am 2= 6 perturbations for 
longitudinal and azimuthal bunching, respectively. High 
conversion efficiencies are expected (94 % and 92 %, 
respectively). 

Fig. 5 shows the unrolled theoretical intensity contour map of 
an advanced double beam launeher for the TE76,2 mode at 
140GHz. 

diameter: 68.3 mm 

length: 300 mm 

Fig. 5: Theoretical intensity contour map (unrolled) of a 
dimple-type double beam launeher for the TE+ 76,2 

mode at 140 GHz 

5. Conventional Cylindrical Cavity Gyrotron 

The development of conventional cylindrical cavity gyrotrons 
at FZK concentrates on four important items of high-power 
gyrotrons for various ECW applications on ITER: improved 
q.o. mode converters, high efficiency by energy recoveryvia a 
single-stage depressed collector (SDC), frequency tunability 
and multi-pass-band or broadband high-power mm-wave 
windows for the gyrotron and the plasma torus. An improved 
1 MW, 140 GHz, TE 22,6-gyrotron with q.o. mode converter, 
depressed collector and Brewster angle window is under 
construction. 

A 0.5 MW, 118 GHz, TE 22,6 gyrotron (210 s pulse length) with 
cryogenically-edge-cooled single disk sapphire window has 
been developed and tested in collaboration with CEA 
Cadarache, CRPP Lausanne and Thomson Tubes Electroniques 
[13]. Up to now, 0.5 ~l!W pu!ses w!th a. duration of 5 s have 
been ach ieved at an effici ency of 30 %. 
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High Power ECW Windows 
(indudes ITER Tasks T 25, T 245/6 and D 321) 

1. Introduttion 

High unit power, in excess of 1 MW, and high-efficiency 

gyrotrons significantly lower the cost of Electron Cydotron 

Wave {ECW) systems by reducing the size of the auxiliary 

support equipment (power supplies, cooling system, number 

of sc magnets, ... ). CW operation is required for some of the 

anticipated ITER applications: 3 s for start-up, 100 s for 

heating to ignition and 100-1000 s for current drive. ln order 

for the ECW system to perform these functions a window has 

to be developed to serve as both the tritium Containment 

barrier on the torus and as the output window on the tube. 

The former application is technically more demanding as a 

torus window must also serve as a high pressure barrier du­

ring off-normal events {5 bar overpressure capability), should 

not use FC-cooling liquid, must not degrade unacceptably 

under modest neutron and y Irradiation {and X-rays), and, in 

the case of cryo-cooling, must be prevented by a cold trap 

from cryo-pumping. 

Starting from the previously examined concept [1,2] of a 

liquid nitrogen edge cooled sapphire single-disk window, at 

FZK, a number of alternative concepts have been considered 

in additional field studies related to the coolant {LNe, 27K; 

H20, 293 K), window material {diamond, silicon) and the 

window geometry {circular, elliptical, rectangular), by which 

concepts the potential could be enhanced of achieving 1 MW 

transmission power. Furthermore, the frequency {140 GHz, 

170 GHz) and the power profile {Gaussian, flat, annular) have 

been taken into account as sub-parameters. 

2. Sapphire Window with Edge Cooling by Liquid Neon 

The FZK LNe window design is based on a single circular 

sapphire disk of 110 to 140 mm diameter and 1.74 mm 

thickness {6 ~/2) in a short cylindrical waveguide structure of 

about 60 to 90 mm diameter [3]. The microwave energy ab­

sorbed in the window disk is removed by nucleate boiling of 

liquid neon at atmospheric pressure {27. 15 K) in a rim areund 

the edge of the disk {"bath" cooling). Using the measured 

power absorption factor oftanö = 1.48. 10.11 {f/GHz). {T/K)• 

for Ti-doped sapphire and a relatively low value 

{A 1500 W/mK) for the thermal conductivity, the maximum 

calculated CW power transmission for a Gaussian/HE1 1-

power distribution is 2.8 MW, 2.3 MW and 1.8 MW at 

i4ü GHz, i70 GHz and 220 GHz, iespectively. At 1 ~-~VV, 170 

GHz, CW the power absorbed by the window disk is 67 Wand 

the maximum and minimum temperatures would be T max = 

34 K and Tmln = 29 K {for a diameter of 90 mm), respectively. 

Computations and design studies on realistic window 

assernblies have been done. Special care has to be taken in 

order to minimize the static liquid neon consumption. The 

dosed-cyde neon refrigeration system "Philips Cryogenerator 

PH 110" {refrigeration capacity: 150 W) available at FZK could 

be used for first experimental tests on such a liquid neon 
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cooled single-disk sapphire window at 118 GHz, 0.5 MW, 210 s 

using the European TTE gyrotron at CEA Cadarache. 

3. Medium Aspect Ratio Elongated Sapphire Window 

with Edge Cooling by liquid Nitrogen 

A liquid nitrogen edge cooled single disk sapphire window 

for 1 MW, 170 GHz, CW operation has been investigated [3]. 

Detailed calculations and design studies on the temperature 

and thermomechanical behavior for a realistic window 

assembly employing a racetrack or elliptical geometry and a 

flexible brazing colar have been performed using the finite 

element code ABAQUS supported by the pre-processor code 

FEMGEN for preparation of the discretization mesh. The use 

of elliptical windows with a flattened elliptical beam with an 

aspect ratio of 8: 1 {window aperture a = 252 mm x b = 32 

mm, disk thickness d = 1.74 mm) or of a ring-shaped elliptical 

beam with an aspect ratio of 3:1 {window aperture 156 mm x 

52 mm, disk thickness d = 1.74 mm) allows for a power 

transmission capability of 1 MW at 170 GHz without thermal 

runaway. The absorbed power at 1 MW beam power is 340 W 

and 285 W, respectively. Calculations on stress distribution 

and overpressure capabilities have shown that all stresses are 

weil below the admissible Iimit {at 5 bar pressure difference) 

since the measured bending tensile strength of HEMEX 

sapphire is areund 500 MPa and the compressive strength is 

approximately 2800 MPa. 

4. large Aspett Ratio Reetangular Torus Window System 

with Edge Cooling by Water 

As an alternative to the distributed window concept under 

development by the US Horne Team, the EU Horne Team 

considers a high-aspect-ratio reetangular waveguide window 

inclined at the Brewster angle [3]. This broadband concept 

will use water edge cooling of a single disk made out of Au­

doped silicon or PECVD {flasma .E,nhanced Chemical Vapor 

Qeposition) diamond. The window assembly consists {Fig.1) of 

an open-ended corrugated circular HE 11 waveguide, radiating 

into a dog-leg configuration consisting of a defocusing and a 

focusing reflector which generate the highly elongated HE 11 
mode of a corrugated reetangular {200 mm x 12 mm) 

waveguide that houses the Brewster window. The reflectors 

are contained in an evacuated box. Behind the window, the 

back conversion to the circular HE 11 waveguide is achieved by 

applying the reflectors in the inversed sequence. ln the final 

design the total Iosses of the assembly {7 .3 %) can be reduced 

to approximately 3 % by using periodically rippled wall mode 

converters to generate the 90% HE 11 /10% HE12 {in phase) 

mode mixture for optimum coupling to the free-space 

Gaussian mode. Finite element calculations on the 

temperature and stress distributions at 170 GHz and ßp=S 

bar show that Au-doped silicon {tanö "' 1/f) and PECVD 

diamond {tanö "" 1/Vf) are possible candidates. Diamond is 

preferable since there is no danger of enhanced Iosses due to 

thermal excitation of charge carriers at temperatures higher 

than 350 K. 

ln any case, a conventional circular, water cooled diamond 

window would have a much simpler mechanical structure 
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Fig. 1: Large aspect ratioreetangular Brewster angle window 

compared to the present large-aspect ratio reetangular 

window. Additionally, there would be much lower losses. 

5. Design and Specifications oftheITER Window Block 

The window block consists of the window assembly together 

with a maintenance and an isolation valve. We are 

considering two major options that can easily carry 1 MW CW 

power at 170 GHz: (1) Edge-cooled twin PECVD-diamond 

window (water, 293 K) and (2) edge-cooled single-disk cryo­

sapphire-window (LNe, 30 K). 

5.1 Twin-PECVD-Diamond Window (Gaussian Power 

Distribution) 

no problems of trapped power between the two window 

disks. 

ln collaboration with EU industry we are preparing first 

metallization and brazing/bonding tests on cheap (grey) 

diamond samples with about 25-30 mm diameter. 

5.2 Cryo-Sapphire-Window (Gaussian Power Distribution) 

This much more complicated torus window option (see 2.) is 

kept as a back-up solution. 

Literature: 

[1] P. Norajitra, H.E. Häfner, M. Thumm, Proc. 20th lnt. 

Through the use of a double window, window failures can be Conf. Infrared and Millimeter Waves, Lake Buena Vista 

easily detected (as on the JET LH system). A very low vacuum (Orlando), USA, 1995,475-476. 

pressure ("' 10-9 Torr) can be achieved within the interspace 

between the two window disks. Since the total volume is 

small, vacuum pumping can be done with only one Vac-lon 

pump. Any failure of either window is detectable as a 

pressure rise on the ion pump even in the case in which a 

lower grade vacuum ("' 10-5 Torr) is present on the opposing 

surfaces. Bandwidth calculations show, that the disk distance 

should be e.g. 52.9 mm = 30 'II. The rf-power absorption in 

[2] H.E. Häfner, P. Norajitra, K. Müller, Thumm, M., Proc. 

18th SOFT, Karlsruhe, 1994, Fus. Tech. Vol. 1, 505-508. 

[3] M. Thumm, 0. Braz, H.E. Häfner, R. Heidinger, A. 

Möbius, P. Norajitra, G. Soudee, FZKA Report 5808, 

Karlsruhe, 1996. 

the window is approximately 100 W. With a heat transfer Staff: 

coefficient of 12 kW/m 2 K to the cooling water (flow velocity 

= 3m/s) the central window temperature will not be higher 

than approximately 330 K. The design of the window 

assembly is under way. 

During the last months we performed additional cold 

measurements on PECVD diamond (diameter = 40 mm, 

thickness = 1.03 mm, 145 GHz). Loss tangent and permittivity 

proved to be constant in the temperature range 200-360 K: 

tano= 2.10-5, c, = 5.665 ± 0.005. Since the thermal 

expansion of diamond is negligible, we have also constant 

reflection features of the diamond disks, so that there will be 

o. Braz 

H.E. Häfner(to 31.12.95) 

R. Heidinger 

A. Hofmann 

N. Milnch 

P. Norajitra (to 31.12.95) 
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long-Term Technology Programme 

The long-term technology programme addresses those fields 

which are part of the development of fusion power reactors 

including DEMO, but which are not covered by the R&D 

accompanying the ITER-EDA. 

These fields are: 

Blankets 

Materials 

Neutron Source (IFMIF) 

Nuclear Data Base 

Safety and Environment (SEAL) 

None of these is entirely independent from ITER: test 

modules of the DEMO-blanket will be built, which the 

structural material developed in the long-term programme, 

and tested in ITER. The development of the material requires 

a high-energy intense neutron source, such as the 

International Fusion Materials Irradiation Facility (IFMIF). The 

safety and environmental issues of power reactors are closely 

connected to similar issues for ITER. 

Nuclear Data Base is new as an area, but the work proposed is 

a continuation of old activities which in the past were 

included in other fields. 
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Blanket Development Programme 

lntroduction: 

Within the European Fusion Technology Programme 

originally four different blanket concepts have been 

developed forthe future demonstration reactor DEMO: 

A water-cooled Pb-17Li liquid metal (WCL) concept, a 

selfcooled Pb-17Li liquid metal-cooled concept with helium­

cooled first wall (the dual coolant (DC) concept), a helium­

cooled solid breeder-in-tube (BIT) concept, and a helium­

cooled solid breeder-out-of-tube (BOT) concept. 

The blanket development programme was started in 1989 

and carried out mainly by CEA ENEA and FZK, with smaller 

contributions from JRC lspra, SCK Mol and ECN Petten. The 

work was coordinated by the Blanket Coordination Group 
(BCG). 

A key milestone in the blanket programme during 1995 was 

the selection of the two most promising concepts for 

inclusion in the future European Long-Term Programme. A 

decision on the blanket concepts to be selected was taken by 

the FTSC-P at the meeting on 24 November 1995. Of the four 

concepts which had been under development in the 

Associations, the following two concepts were selected: 

A.) 

B.) 

a water-cooled Iithium-Iead blanket concept (WCLL) 

(based on the form er WCL concept), and 

a helium-cooled pebble bed blanket concept (HCPB) 

(based on the form er BOT concept). 

During the FTSC-P meeting in November 1995 it was also 

decided to form a new Blanket Management Committee 

(BMC) to manage the future European Blanket Programme 

(EBP) with the task of developing the breeder blankets for 

DEMO and the corresponding modulestobe tested in ITER. 

ln preparing the subtasks for the new blanket programme, 

the BCG was requested by the FTSC-P to concentrate in 1996 

on basic issues and not to pre-empt decisions of the BMC for 

1997/98. Consequently the programme described in this 

report covers only the transition period 1996. Milestones 

were set in October 1996. They enable the BMC to conduct a 

revision of the programme and to generate, by the end of 

1996, a detailed integrated programme addressing both 

blanket and structural materials related taks for 1997 and 

1998. 
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A 1-3 Analysis and modelling 

A 1-4 Reliability/availability analysis 

WP-A-2: Fabrication, Assembly and Development Studies of 

the Blanket Segment 

A2-1 Segment-box and headers 

A2-2 Doublewall tubes fabrication and testing 

A2-3 Nuclear qualification for licensing of 

components and fabrication procedures 

WP·A-3: Pb-i7Li Physico-Chemistry Experiments 

A3-1 Purification from corrosion products, 

impurities, and activation products 

A3-2 Products redeposition within the blanket 

system 

A3-3 On-line monitaring and stabilisation of the 

Li-content 

WP-A-4: MHD 

A4-1 Evaluation of MHD effects 

A4-2 MHD-related experiments 

WP-A-5: Tritium Control including Permeation Barriers 

A5-1 Pb-17Li-side and water-side 

permeation barrier development 

A5-2 In-pile testing of permeation barriers 

AS-3 Out-of-pile testing of permeation barriers 

WP-A-6: Tritium Extraction 

A6-1 Experimentsandevaluation of T-extraction 

from Pb-17Li 

A6-2 Experimentsand evaluation of T-extraction 

from water 

WP-A-7: Safety related Activities for DEMO and ITER Test 

Module 

A7-1 Blanket system safety-assessment 

A7-2 Definition of safety-related devices 

A7-3 Water-Pb/17Li Interaction · Large-leak 

experiments 

A7-4 Water-Pb/17Li Interaction · Small-leak 

experiments 

A-5 Water-Pb/17Li Interaction- Reaction 

The R&D programme 1996 for both concepts was divided into products behaviour experiments 

work packages (WP) with tasks and subtasks. These work 

packages and tasks are: 

Concept A: Water-cooled Lithium-Lead Blanket (WCLL) 

WP-A-1: Design and Analysis 

A 1-1 Demo blanket segments and system 

A 1-2 ITER test module and external circuits 

W-A-8: ITER Test Module System and Testing 

A8-1 Small-size test-object system out-of-pile 

A8-2 External circuit components testing 

A8-3 Pb-17Li-circuit Instrumentation and minor 

components development 



Concept B: Helium-Cooled Pebble Bed Blanket (HCPB) 

WP·B-1: Design and Analysis 

B1·1 Design optimisation and modifications of 
present design incl. firstwallbox 

81·2 ITER test module and external circuits 
B1-3 Analysesand modelling 
B1·4 Reliability/availability analyses 

WP-8-2: Fabrication, Assembly and Development Studies of 
the Blanket Segment 

B2·1 Fabrication, assembly and development 
studies of segmentbox and blanket cooling 
plates 

WP-B-3: Ceramit Breeder Pebbles 

B3-1 Pebble characterization and optimization of 
industrial production 

83-2 Reactor irradiation 

WP-B-4: Beryllium Pebble Development 

84-1 Characterization and optimization of 
mechanical properties 

B4-2 Behaviour under irradiation 

WP-8-5: Tritium Control including Permeation Barriers 

85-1 Calculations oftritium permeation Iosses 
from purge system and first wall 

85-2 Permeation tests in martensitic structural 
material and lncoloy 800 as a function of 
temperatures and H20/H2 ratio 

BS-3 Permeation barriers and compatibility with 
ceramic breeder pebbles 

WP-8-6: Tritium Extraction 

B6-1 Ancillary loops incl. helium pruification plant 
and tritium purge flow system 

WP-B-7: Safety related Activities for DEMO and ITER Test 
Module 

B7·1 Safety studies 

WP-B-8: ITER Test Module System and Testing 

B8·1 Out-of-pile tests in HEBLO and HEFUS-3 
88-2 In-pile tests of small submodules in BR2 or 

HFR 
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Most of the FZK work was concentrated on concept 8. The 
FZK contributions to concept A refer to the work packages 
WP·A·1, A-3, A-4 and A·S. 

A. Fiege 



WPA1 

A 1.1.1 

Design and Analysis 

Design and Fabric:ation Alternatives 
for the Blanket Box 

The following manufacturing techniques developed by FZK 

for the HCPB blanket (and previously also for the Dual 

Coolant blanket) have been considered with respect to their 

applicabilityto the DEMO-WCLL blanket box: 

111 Diffusionbonding of plates 

111 Bending of thick plates with internal cooling channels 

111 Electron beam (EB) welding of FW plates or box sections 

as double weid with intermediate leak detection gap in 

a single step. 

Three proposals have been elaborated for the manufacturing 

of the FW plates with cooling tubes which are partly mixed 

applications of CEA and FZK techniques. The main advantage 

of these proposals isthat deep hole drilling of the FW plates 

and brazing ofthe FW cooling tubes could be avoided. 

The two-dimensional bending of the thick plates to obtain 

the box structure of the outboard blanket segment is a 

difficult fabrication step. An alternative design solution is the 

manufacturing of straight FW sections including the side 

walls. Several proposals have been elaborated for the design 

of the EB welds between the sections which take into account 

the variable thickness of the WCLL blanket box side wall. 

Additionally, the routing of the poloidal cooling tubes in the 

breeder zone of the DEMO outboard blanket segment was 

investigated with the help of three-dimensional CAD 

modelling. A solution was found which is free of collisions 

between the tube, the box, and the stiffeners. At some 

locations the distances between the tubes and the FW are 

!arger than anticipated so far. This necessitates additonal 

thermal analyses. 

S. Gordeev 

T. Heider 

K. Schleisiek 
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A 1.4.1 Availability Analysis and Data Base 

The availability or unavailability (equal to 1 minus availability) 

of the Pb-17Li system of the WCLL-DEMO blanket was 

analysed. A measure for the unavailability is the probability 

for the system to be unavailable on demand. This occurrence 

is termed the top event. lt is assumed that a single failure in 

the system Ieads to the top event. The data base for the 

analysis are the component failure rates used in the blanket 

selection exercise. The system considered consists of 4 circuits, 

each serving 12 outboard and 8 inboard segments (with their 

associated divertor segments). Each circuit in turn consists of 

the externalloop with piping, recirculating pump, valves, and 

burst discs. Also included in the analysis are the extraction 

columns and part of the purge gas circuit as the link between 

the Pb-17Li system and the tritium recovery system. The latter 

has not been considered, since it is at a premature state. 

Problems are not expected here, if similar maintenance and 

repair strategies can be applied as for the tritium recovery 

system of the HCPB blanket for which a high availability was 

obtained. 

The analysis yields an unavailability of the whole Pb-17Li 

system of 0.27, corresponding to an availability of 73 %. This 

result is determined by more than 82 % by the rupture discs, 

for which a failure rate (rupture or leakage) of 1.9 x 10-4/h 

was used. Relatively small contributions come from the active 

components of the main circuit, i.e., valves with 8.3 % and 

pumps with 6.2 %. The passive components like pipes, bends, 

and collectors contribute by only 1.36 %. The contribution of 

the purge gas components is almost negligible. 

The study has shown that the unavailability of the Pb-17Li 

system affects strongly the overall availability of the whole 

blanket system. Therefore, design alternatives should be 

investigated. ln order to explore the potential for 

improvements, a modified Pb-17Li system was analysed 

consisting of 5 liquid metal circuits (instead of 4) in a 4 out of 

5 logic. The unavailability would then be reduced from 0.27 

to about 0.006, giving a high availability of the Pb-17Li system 

of 99.4 %. 

H. Schnauder 
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WPA3 

A 3.1.1 

Pb-17Li Physico-Chemistry 
Experiments 

Radiologicallmportant lmpurities and 
Nuclides 

During operation of a Pb-17Li blanket a number of 

radioactive nuclides are formed. Most important because of 

their volatility and toxicity are Po-210, Hg-203 and Tl-202. 

Because polonium is formed from bismuth, also this element 

has tobe considered. 

The investigations of the behavior of Hg and Tl have started. 

A thermodynamical consideration showed a very high 

volatility of mercury from Li-Pb mixtures. The compound Li Hg 

is not stable at higher temperatures. Radioactive Hg-203 will 

be used in the experiments. lt is produced by irradiating a 

mixture of Iead with 0.1 % Hg in the TRIGA reactor of DKFZ. 

For thallium a first test in a thermal gradient capsule was 

performed. Tl was found completely in the liquid phase, 

contrary to the behavior of Bi, Fig. 1. 

Fig. 1: 
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To minimize the Po-210 content bismuth has tobe removed 

to concentrations below 8 appm [1]. Solubility functions for Bi 

were published before [2). A diffusion type cold trap with a 

solid phasewas successfully tested in thermal convection loop 

No.8. After adding Bi in form of li3Bi the concentration in the 

eutectic mixture decreased with time, Fig. 2. Bi was deposited 

in the solid phase of the cold trap, as shown for a capsule in 

Fig. 1. The final concentration was in the requested range. 

Also excess Li was deposited there. This effect was observed 

before in loop TRITEX, where a freeze valve acted as cold trap 

with a solid phase_ 

lt can be concluded that Po-21 0 will cause no problems in a 

fusion reactor. The volatility of Po-210 is low [3] and Bi can be 

removed with a simple cold trap. Because such 'cold traps' are 

in each loop system, e.g in form of a freeze valve, no special 

device is required. 
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Fig. 2: Removal of Bi in thermal convection loop No. 8 
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A 3.1.2 Behavior and Removal of Corrosion 
Products 

Corrosion products in a liquid metal system form particles. 

The deposition of these particles in narrow gaps causes the 

risk of blocking. Therefore corrosion products have to be 

removed from the liquid meta I. For the study of the behavior 

of corrosion products and the possibility of removal, loop 

TRITEX is used [1]. lt is a pumped loop with about 80 kg Pb-

17Li circulating, fabricated from ferritic steel 4922. The loop 

surface of 1 m2 is the source of corrosion products. TRITEX 

has operated so far in 6 experimental phases with a main loop 

temperatur of 45o•c for 8000 hours. A total of 150 grams 

corrosion products are produced. 

Differentkinds of cold traps and magnetic trapswerde tested 

in TRITEX. So far no enrichment of corrosion products were 

found in these traps [2]. However the electro magnetic pump 

acted as an effective magnetic trap, 25% of the particles were 

deposited there after phase 5. More than 60% of the particles 

were deposited in crusts at the covergas interface. Because of 

the density difference, particles float to liquid metal-covergas 

interfaces. 

For experimental phase 7, a magnetic trap similar to the EMP, 

as weil as a special particle deposition device were installed. 

The loop has started in october 1996. lt will run for 4 month. 

Than it will be dismanteled and analyzed. 

Literature: 

[1] H. Feuerstein et.al., J.of Nuci.Mater. 155-157 {1988) 520 

[2] KFK-5288 (1993), p.119 
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A 3.3.1 Li Behavior and Adjustment 

The Li concentration in a blanket has to be kept constant at 

the eutectic concentration of 15.8 at.%. During operation 

Iithium may be lost by burnup, oxidation or segregation 

effects [1]. A reduced Li concentration gives lower tritium 

breeding rates and increases the melting point of the 

mii<ture. lf the system containes a diffusion type cold trap, 

Iead may deposit in the solid phase at the eutectic 

temperature. On the other hand an excess of Li above the 

eutectic composition causes the deposition of the compound 

LiPb in the cold trap. Fig. 1 shows this in a thermal gradient 

capsule I 1]. 
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Fig. 1: Distribution of Li in thermal gradient capsules 

These effects were observed also in loops. TRITEX was even 

blocked by the formation of Li Pb at a cold spot at the end of 

experimental phase 6. The initial concentration was near 17 

at.% Li, the final one the eutectic concentration of 15.8 at. %, 

excess Li was deposited. 

As shown before [2] Li-adjustment is possible by adding Li Pb, 

Li3Pb or Iead. From observations in loops it might be possible 

to have a kind of self-adjustment. A diffusion type cold trap 

with a solid phase should be sufficient for this. Thermal 

convection loop No. 9 is designed especially to study this 

possibility. The experiment is planned for early next year. 

Literature: 

[1] H. Feuerstein et.al., Liquid Meta! Systems, Plenum Press 

1995,357 

[2] H. Feuerstein et.al., Fusion Technology 1994, 1257 
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WPA4 MHD 

A4.1.1 I 4.2.1 
Theoretical and Experimentallnvestigations on 
Natural Convection in WCLL under MHD 
Conditions 

Experimentallnvestigations 

Heat transfer improvement by natural convection in a 

horizontal flat box with an aspect ratio 2cm x 20cm x 40cm 

heated from below and cooled on the top wali wiil be 

conducted at the beginning of 1997. This test section can also 

be used by slight modification in a vertical turned position 

within the solenoid magnet of the MEKKA Iabaratory (see 

attached schematic Fig. 1). These experiments with the 

Fig. 1: Schematic view of the experiment in MEKKA to 

study heattransfer by natural convection and 

MHD-conditions 

modified test facility could be started mid of 1997. 

Design and fabrication of the test section: 

The design of the whole test apparatus has been finished. Fig. 

2 shows a cross section of the test facility and gives an 

overview about the technical specifications: 

There are five thermocouples in each copper plate to measure 

the temperatüre gradient over the liquid metal layer. Their 

positions are as close as possible to the liquid - containment 

Interface to enable the measurement of time dependent 

signals. The average temperatures at the upper and the lower 

fluid · wall Interface will be determined by averaging in time 

and between the five positions. 

The manufactoring of the test section has been almost 

completed. Unfortunately severe problems arised of welding 

the copper plates with the other components of the 

apparatus made of stainless steel. Copper can not be welded 

directly with stainless steel. Therefore, it was welded with a 
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frame made of nickel and this nickel frame was afterwards 

welded with the stainless steel parts. ln the meantime we 

succeded to tighten the leaks in the welding seems. 

Theoretical Studies: 

Modelling work to investlgate heat transfer lmprovement by 

natural convection and the corresponding suppression of 

convection by MHD-effects areund er way. . 

Du ring these investigations the influence of the height of the 

magnetic field (expressed by the Hartmann-number) and of 

the electrical conductivity will be studied. 

Two-dimensional (:ZD) formulation of the problern 

ln three-dimensional (3D) magnetohydrodynamic flows the 

energy of vortices whose axes are inclined to the direction of 

the magnetic field is immediately removed by Joule· s 

dissipation and the vortices will be strongly damped. Vortices 

whose axes are aligned with the direction of the magnetic 

field are not affected by the field as long as fluid is of infinit 

extend in the direction of the magnetic field. So if the 
magnetic field is strong enough a 2D pattern of convective 

rolls aligned with the direction of the magnetic field will 

evolve. 

lf the fluid is of finite extend in the direction of the magnetic 

field, electric currents induced bythe fluid motion can close in 
the viscous Hartmann layers and in the electrlcally conducting 

Hartmann walls. Thus, the fluid motion is damped by an 
additional Lorentz force. lntegrating along magnetic field 

lines, taking lnto account symmetry conditions and the thin 

wall condition, this 3D currents can be taken into account and 

the problern can be described by 20 equations (B is parallel to 
the x-axis): 

Results: 

Fig. 3 shows the Nusselt number describing the heat transfer 
from a vertical heated wall to a parallel cooled wall as a 

function of the damping parameter t. The parameter t 

characterizes the damping of the convection cells by the 

magnetic field. Fig. 4 demonstrates how the convective flow 

pattern between the parallel walls changes for different t· 

regimes. 

HeatTransfer lmprovement in MHD Flow 

Magnetohydrodynamic (MHD) flows even at high magnetic 

fields typical for fusion reactor applications reveal features 

which improves significantly the heat transfer from the highly 

heat loaded plasma facing first wall. One of these features is 

the so-called two-dimensional (2D) turbulence. This kind of 

turbulence, appearing inherently in inflection point velocity 

proflies exceeding a certain parameter constellation does not 

Iead to a measurable increase of pressure drop in contrary to 
ordinary hydrodynamic flows. However, 2D-turbulence Ieads 

to an improved heat transfer behaviour even without 

additional turbulence promoters compared to the laminar 
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Thennocouples 

Fig. 2: The test facility WUEMAG 

flow assumptions used in previous design ealculations. both 

theoretical and experimental investigations of the heat 

transfer of a MHD flow in a reetangular electrieally 

eondueting ehannel at fusion relevant parameters have been 

condueted. Besides, that reetangular ducts appear quite often 

in teehnology this design has been ehosen, beeause a MHD 

flow in an eleetrically eondueting duct exhibits an M-shaped 
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At high magnetic fields for hydraulie Reynolds numbers 

Re larger than 6000 the heat transfer is strongly 

improved due to the formation of 20 vortices. These 
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Fig. 3: Nusselt-number as a funetion of the damping parameter t 
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II 

vortices are not damped by 8 and persist quite long 

downstream. The experiments demonstrated that the 

onset of turbulence and the 20-turbulent flow is not 

accompanied by additional pressure losses. 

The improved heat transfer shows a lateral 

distribution. For reactor typical Re numbers the heat 

transfer improvement in the midplane expressed by 

the Nusselt number Nu is 3 tim es !arger than in laminar 

flow. 

ln a second experimental campaign the additional 

improvement of the heat transfer characteristics has been 

investigated by means of inserting electromagnetic obstacles 

(Turbulence Promotions (TP)) on the ducts surface. 

• The insertion of electromagnetic obstacles Ieads to a 

further improvement of the heat transfer, which is 

significantly higher than the additional pressure drop 

caused by the prcmoters. The additional pressure drop 
due to the turbulence promoters is about 30 %. Here, 

also the laminar-turbulent transition is not expressed 

by an increase of the dimensionless pressure drop. 

The Fig. 5 shows how the velocity distribution can be 

controlled by means of turbulence promotors in order to 

enhance the heat transfer from the wall. The resulting 

dimensionless temperature distribution for the controlled 

flow (TP) compared to the uncontrolled is shown in Fig. 6. 
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WP A 5 Tritium Control including Permeation 
Barriers 

A 5.1.1 Coating and Tritium Barrier 
Development 

ln the water-cooled Iithium-lead blanket concept, Pb-17Li 

serves only as a breeder and a neutron multiplier. A low flow 

rate of the Pb-17Li and a low tritium solubility result in a 

significant tritium partial pressure in the liquid metal. The 

tritium permeation from the melt through the structural 

material MANET into the cooling water has to be strictly 

minimised for safety and economic reasons. Therefore, the 

necessity of a tritium permeation barrier is fundamental for 

this blanket concept. One possible technique of reducing the 

diffusion rate of tritium is the coating of MANET with a 

material with a low tritium permeation rate. The positive 

influence of aluminide and/or alumina coatings on the 

permeation rate is weil established [1-2). Hence, the 

development of Al-based coatings on MANET seems to be 

very promising for the reduction of the tritium permeation 

rate. 

The hot dip aluminising is an encouraging technique for the 

formation of aluminide coatings on MANET [3). ln FZK, a new 

pilot facility was developed for the coating of samples with a 

length up to 250 mm. The samples can be pre-heated prior to 

aluminising in a reducing Ar-5% H2 atmosphere. 

The steel sheets were pre-heated above the Al melt at 760 •c 
for 5 min and then hot dipped for Immersion times between 5 

and 900 s. Following aluminising, the specimens were cooled 

down slowlyto room temperature under Ar-5% H2• 

Afterhot dipping, all specimens were uniformly covered with 

Al. Only the 5 s and 10 s-samples showed some small 

unwetted spots. After aluminising, solidified Al remained on 

the MANET surface. The metallographic cross sections 

showed, that the scale on the aluminised steel consisted of 

two different layers. Fig. 1 shows a cross section of a sample 

Fig. 1: Cross section of specimen, hot dipped in Al at 

750 •c for 120 s 
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hot dipped for 120 s. By EDX analysis it could be shown, that 

the main part of the scale, which was adjacent to the MANET 

matrix, corresponded to the (Fe,CrhAI 5 phase. Point analysis 

of the outer area revealed a phase with a composition similar 

to (Fe,Cr)AI3• 

The scale grovvth rate law has been determined from a graph 

of scale thickness versus Immersion time (Fig. 2). Assuming the 

rate follows a function 

s" = kt, 

where S is the scale thickness, k the reaction constant, t the 

dipping time and n the rate law exponent, a value of 2.75 for 

n could be calculated. This was an indication that a 

subparaballe rate was valid. 
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Fig. 2: Scale thickness versus Immersion time for 

specimens, hot dipped in Al at 750 •c 

1000 

Todetermine the grovvth direction of the intermetallic phases 

on MANET in an initially pure Al melt, a method described in 

[4) was used. For each specimen the thicknesses before hot 

dipping (d0) and after Immersion including (d 1) respectively 

excluding (d 2) the formed intermetallic phases, were 

measured. By using the equations (d 1-d0)/2 and (d0-d 2)/2 it 

could be shown that the scales grew into the steel by inward 

diffusion of Al. The total thickness (steel plus intermetallic 

phase) has slightly decreased after aluminising. 

Vickers microhardness (HV 0.05) of the intermetallic phases 

and the steel matrix was measured. The hardness of the 

MANET (250 - 280 HV 0.05) remained unchanged after hot 

dipping, compared to the final heat treatment. The 

microhardness obtained for the (Fe,CrhAI5 phase was 

between 1000 and 1200 HV 0.05. Oue to the small thickness of 

the (Fe,Cr)AI3 phase, no hardness measurements were 

possible. 

A comparison of microstructures and formation of 

intermetallic phases on MANET, F82-H and an unalloyed steel 

revealed, that the thickness of the (Fe,CrhAI 5 phase 

depended on the Cr content and was lower for F82-H than for 

MANET. X-ray analysis showed that the transformation of 

(Fe,Cr)2AI5 phase into FeAI-solid solution seemed to be 



--80--

slightly preferred for F82-H, because of thinner intermetallic 

scale thickness. The homogenity of the scales was strongly 

influenced by the post-heat treatment. F82-H steel showed a 

reduced porosity in near surface regions, compared to 

MANET. 
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Neutron Irradiations of lnsulating Al20 3 Coatings 

To investigate the so-called Radiation lnduced Electrical 

Degradation (RIED) effect as a function of the n-dose, 

performance of a n-irradiation test using polycrystalline Al 20 3 

at HFR-Petten was proposed. After performance and 

evaluation of the preceding gamma Irradiation tests, which 

were reported last year, the design of the n-irradiation 

capsules and the Irradiation rig was completed. Two 

Irradiation capsules have been manufactured and electrically 

examined [5]. 

Fig. 3 shows the principal experimental setup for the 

measurement of the electrical resistances between the Iead 

wires of the triaxial cables and the electrodes of the 

Irradiation probe. All measurements were done as current­

voltage-measurements, the valtage was permanently 40 V. By 

changing the connections between the 1-, U- and common­

wires on the one hand and between the wires of the triaxial 

cables on the other hand and by omitting parts of the 

common Connections or not it was possible to measure all 

interesting resistances. Resistances were measured as a 

function of the capsule temperature between room 

temperature and 600 °(, 

With two exceptions the measured resistances were at room 

temperature higher than 100 Mn. As expected at capsules 

temperatures higher than 400 oc all measured resistances 

were lower than at room temperature. Between 400 °( and 

guard eleclrode 
current (gcl 
ground (gr) 

volloge electrode (vel 
"guord electrode" 
vollage (gv) 

Fig. 1: Experimental setup forthe measurement of cables 

and probe electrodes electrical resistances 

500 °( the most interesting combinations had resistances 

higher than 10 Gn. These values have to be compared with 

the equivalent values caused by gas Ionisation (0,83 Mn) and 

by radiation induced conductivity ( RIC, 2,5 Mn). The result is, 

that the accuracy and sensitivity of measurement is 

determined by RIC and gas Ionisation. The maximum 

admissible RIED effect causes a reduction of the resistance to 

250 n. This is orders of magnitude below the resistances 

caused by the other effects. This comparision shows that 

blanket relevant changes of the electrical resistance due to 

the RIED effect can reliably be detected in the HFR 

experiment. 

As a result of the blanket selecting execise it was decided to 

stop all works concerning the dual coolant blanket concept. 

Therefore the n-irradiation will not be performed. 
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A 5.3.2 lnfluence of the Magnetic Field on the 
Self-healing of Tritium Permeation 
Barriers in Flowing Pb-17Li 

The self-healing of coatings for tritium impediment between 

Pb-17Li and the structural material is an important issue for 

the WCLL. The magnetic field might influence significantly 

the diffusion of oxygen due to the specific MHD features 

(laminarized MHD flow, velocity distribution). Furthermore, a 

significant influence of electrochemical mechanisms might 

exist due to the electric potential gradients and very high 

local electric currents. 

Tritium permeation experiments in a set-up with liquid metal 

circulation and a high magnetic field would be very costly. A 

much simpler experiment is proposed which uses the 

similarity of the self-healing mechanisms of defected Al 20 3 

coatings needed for tritium permeation reduction and that 

for the reduction of electric currents entering the structural 

material. Although the quantitative extrapolation of the 

results to tritium permeation conditions is difficult, it is 

believed that the experiments are a valuable step to improve 

our understanding of fundamental MHD effects on tritium 

permeation. 

Two differenttypes of containers are used: 

Pump electrode = aluminized probe: Here, the container 

(inner diameter 55 mm, height 100 mm) contains a cylindrical 

outer electrode made of an inoxidizable metal (V, Nb) and 

the inner cylindrical electrode consisting of a MANET cylinder 

aluminized at the surface. The electrodes are connected to a 

power supply which keeps the electric current constant. The 

radial electric currents within the liquid metal result in a 

circumferential velocity. 

The diffusion of oxygen atoms from the Pb-17Li bulk to the 

Al-rich surface of the MANET gives rise to the formation of an 

oxide layer which causes an additional electric resistance 

which is directly measured. At the end of the experiments the 

probe surface will be analyzed in order to correlate the time 

dependent electrical resistance with the kinetics of the oxide 

layer formation. 

Separate probes: Here, an Al 20 3 container with an annular 

flow duct is used where inoxidizable pump electrodes provide 

the volume flow and the self-healing effect is investigated 

with separate probes. 

This system is specially suited for investigating the healing of 

defects in Al20 3 coatings on MANET probes. 

Characteristic probes consist of metal sheets covered with an 

Al 20 3 layer, each of them provided with a defined line defect 

in the vertical direction (simulating a crack in the Al20 3 layer). 

Parallel to the experiments, theoretical investigations will be 

performed to describe the velocity and electric current 

distribution and to model the kinetics of self-healing. 

Fig. 1 shows the experimental set-up for the first type of 

experiments. The components have been fabricated and are 

presently mounted. An important feature in these 

experiments with a liquid metal interface and a gas 

atmosphere above is the avoidance of a liquid metal film by 

condensation at the ceramic Iid by appropriate heating. ln 

first operational experiments this effect will be investigated. 

Fig: 1 Test section with Di = 55 mm: 1) Al 20 3 pot; 

2) Al20 3 1id; 3)+ 4) electrically heated flanges; 

5), 6)+8) outer electrode; 7) inner electrode; 

9)+ 10) connection to vacuum and gas system; 

11) connection to power supply 

J. Reimann 

E. Eggert 
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A 7.1.1 

Safety related Activities for DEMO and 
ITER Test Module 

Safety Studies for DEMO Blanket and 
ITER Test Module 

The afterheat removal capability by natural convection of the 

pressurised water in the first wall (FW) cooling system after 

occurrence of a loss of flow accident (LOFA) was investigated 

[1, 2]. Seven cases und er different boundary conditions were 

analysed. Special attention was directed towards the FW 

cooling channels located in the lower part of the blanket 

which have an unfavourable geometry with respect to 

natural convection. The calculations were performed with the 

thermal-hydraulic computer code RELAPS/MOD3.1. 

The following conclusions have been drawn from the study. 

Generally, afterheat removal from the FW of the WCLL 

blanket concept by natural convection of the FW cooling 

water in case of a LOFA is assured by the present design. ln 

particular, no stagnant steam plenum in the lower blanket 

part evolves during the LOFA. The natural convection flow in 

the main loop is accompanied by an internal circulation in the 

segment box channel system with flow reversal in the upper 

part. Attention has to be directed towards the transition 

region from normal to reverse flow, since the highest void 

fractions and structure temperatures occur in this blanket 

region during the LOFA. Even in the hypothetical case 

without plasma shutdown the natural circulation flow is 

sufficient to provide for heat removal from the blanket to the 

heat sink, disregarding the thermo-mechanical implications 

connected with the elevated structural temperature Ievei. 

Literature: 

[1] K. Gabel, FZK internal report,April1996. 

[2] K. Gabel, K. Kleefeldt: Analysis of loss of flow 

transients in the first wall cooling system of the water· 

cooled Pb-17Li blanket concept for the European 

DEMO fusion reactor, 19th Symposium on Fusion 

Technology, September 16·20, 1996, Lisbon, Portugal. 

K. Gabel 

K. Kleefeldt 

··82·· 



WPB 1 

B 1.1.1 

Design and Analysis 

Design Optimization/ Adaptation to 
Updated DEMO Conditions 

As a result of the DEMO blanket selection exercise carried out 

in 1994/95 it was decided to continue the development of a 

Helium Cooled Pebble Bed (HCPB) breeder blanket as one of 

the two DEMO blanket concepts to be pursued in the frame 

of the European Blanket Development Programme. 

Reference concept of the HCPB blanket is the BOT solid 

breeder blanket concept developed at FZK. 

Because of the priority of the development of the HCPB test 

module for ITER, the design of the HCPB·DEMO blanketwas 

continued with reduced effort. Work was concentrated on 

the optimization of the design with the objective to reduce 

the stresses and to improve the fabricability. Several design 

concept were developed for the rear part of the blanket box 

where the primary stresses are maximum in the case of a 

coolant system leak inside the box. The possibility of replacing 

the massive coolant header with drilled helium channels by a 

welded box structure was studied. A choice between the 

different variants can only be made when stress calculations 

have been carried out. 

Besides the design work, investigations of special effects and 

the development and qualification of tools was continued. A 

FE analysis of the deformation behaviour of Be spheres was 

carried out using the ABACUS code. The results were 

compared with tests carried out in the FZK Hot Cells where Be 

spheres of 2 mm diameter were compressed between two 

plates up to deformations of 100 IJm or 5 %. The forces 

measured at the maximum deformation varied between 200 

and 400 N. The reason for this scatter is the heterogeneaus 

structure of the spheres. ln the FE analysis an elastic­

idealplastic model was used with a yield strength of 200 and 

400 MPa, respectively. The results with the higher yield 

strength areweil within the scatter band of the experimental 

data, whereas the results with the yield strength of 200 MPa 

represent the lower Iimit. The calculated force/deformation 

characteristics are independent on whether the Be spheres 

are pressed against each other or against a steel plate. 

Because of the low Poisson number of Be, the lateral 

expansion oftheBe spheres is negligible. 

Considering the high cyclic thermal fluxes and the high 

pressures inside the cooling channels of the First Wall it 

seemed necessary to !nvest!gate the possibility of thermal 

ratcheting in this structure. ln the early phase of the blanket 

design, however, it is neither feasible nor appropriate to 

make detailed numerical analyses. Therefore a simplified 

method was developed, which will yield a first qualitative 

result. ln this charge the wall between the cooling channels 

and the plasma is considered as a beam with both ends fixed. 

Now it is possible to reduce the whole problern to a one­

dimensional case. A closed form solution is achieved, resulting 

in a Bree-like diagram, which makes it possible to predict the 

behaviour of the structure simply by assuming the thermal 

and mechanical loadings in each loading-cycle. The analytical 
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solution yields that underthe assumed service conditions with 

the proposed loadings, geometry and material no thermal 

ratcheting will occur in the plasma facing wall. Finite-Element 

calculations show, that the assumptions of a perfectly plastic 

material and an one-dimensional state of stress yield 

conservative results with respect to the net displacements and 

to the number of cycles to achieve a shakedown state. 

However, only the localloadings- the pressure in the cooling 

channels and the heat flux in the plasma facing wall - are 

considered. Loads caused by events outside the normal service 

conditions, like plasma disruptions, have been neglected so 

far. These may cause larger plastic deformations than those, 

which occur during the normal service and have to be 

computed separately. 

The main tool used for the thermo-hydraulic analysis of the 

blankets is the FE code FIDAP. Work has focused on refining 

the representation of blanket boundary conditions in the FE 

model. ln particular, the periodicity in the poloidal heat flux 

that is inherent in the layer geometry of the breeding blanket 

has been implemented. Also, the linking of FW and BZ 

channels through temperature conditions has improved 

modelling. 

ln parallel to the qualification of FIDAP, the development of a 

second thermohydraulic code has been started which is based 

on the computer code MAGS developed forthermal analyses 

of superconducting magnets. Several blanket-relevant 

modules have been provided which allow the calculation of 

local heat transfer coefficients and pressure losses, and the 

treatment of complex flow schemes with Separations, 

conjunctions, and parallel channels with alternating flow 

directions [1]. 

Fig. 1 shows the result of an application to a first wall cooled 

by two helium systems in two passes with four cooling 

channels each. The temperature distribution clearly reflects 

the alternating flow directions. 

.! 
I Temp. 

mox. Temp.: 765 K 
min. Temp.: 738 K 

Fig. 1: Temperature distribution atthe plasma-facing 

surface of a blanket box cooled by two 

independant helium systems 
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B 1.2.1 

General 

Design, Layout and Integration of ITER 
Test Module and Interna! Circuits 

The Helium-Cooled Pebble Bed (HCPB) Blanket is one of the 

two European DEMO blanket concepts proposed for testlng 

in ITER. lt uses a martensitic steel (present investigations: 

MANET II) as structural material. The testing includes the 

demonstration of a breeding capability that would Iead to 

tritium self-sufficiency in a reactor and the extraction of high­

grade heat suitable for electricity generation. To accomplish 

these goals, the ITER horizontal portswill be used to provide 

a relevant fusion plasma and the appropriate nuclear 

environment. 

The purpose of the tests is to validate the design principles 

and the operational feasibility for the demonstration blanket 

system. This includes the basic support functions like tritium 

extraction, helium cooling and heat transport, and helium 

purification. ln addition, the basic properties and operating 

characteristics of the system's materials will be validated. To 

assess these qualities and characteristics, the test blanket 

systems are to be exposed directly to the ITER plasma for 

relatively long, continuous operation periods. The European 

and the Japanese have collaborated in their approach for 

testing their helium-cooled solid breeder test modules. 

During the ITER BasicPerformance Phase (BPP) the European 

HCPB Blanket Test Module (BTM) shall occupy half of the test 

port allocated to the helium-cooled blankets, the other half 

being occupied by the Japanese helium-cooled ceramic 

breeder blanket module. The tritium subsystems·for the two 

BTMs will be separate and placed in the pit immediately 

adjacent to the test port. The helium coolant loops (heat 

transfer, heat transport and helium purification) will also be 

separate and will be placed outside the pit, probably in the 

tritium building. To facilitate handfing operations, the two 

BTM's tagether with their shield shall be bolted to a water 

cooled frame. 

Design of the Test Module 

The arrangement of the Blanket Test Modules Inside the 

horizontal port of ITER is shown in Fig.1. The BTMs are 

provided with a mating flange mounting system (support 

frame and shield) araund the perimeter to transmit the 

internalloads totheITER shielding system. The support frame 

is bolted to the ITER back plate; the shield with the BTMs 

attached to it is bolted to the süpport fiäme. The lov.;er 

position Inside the frame is occupied by the European HCPB­

BTM, while the upper position is reserved for the Japanese 

helium-cooled BTM (not present in the figure). 

Both support frame and shield are massive steel structures 

cooled by water at a temperature of about 150°C. They must 

contribute to the fulfilment of ITER requirements (neutron 

shielding, electrical resistance, temperature differences, etc.) 

when integrated into the system. 
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Fig. 1: Arrangement of HCPB elanketTest Module in a 

horizontaiiTER test port (dimensions in mm) 

The ITER port dimensions and the presence of the 205mm­

thick support frame determine the physical size of the BTMs. 

Assuming a gap of 20 mm between the frame and the BTMs 

it yields a maximum BTM size of 1045 high and 1010 mm 

wide. 

The HCPB-BTM for ITER exhibits the same basic design 

features as the European HCPB DEMO blanket, which is based 

on the use of separate ceramic breeder and beryllium pebble 

beds placed between radial toroidal cooling plates. lt 

represents a poloidal portion of the HCPB DEMO blanket (see 

Fig. 2). As in the DEMO the radial toroidal plates and the first 

wall are. cooled by helium at 8 MPa flowing first in the first 

wall and then in the cooling plates. For safety reasons the 

helium flows in two completely separated loops. The coolant 

is flowing alternately in opposite directions in the first wall 

and in the adjacent cooling plates. ln this way the BTM 

temperature d!stribution is more uniform, ln the reference 

module (BTM-1) design there are alternately 11 mm thick 

ceramic breeder pebble layers and 45 mm thick beryllium 

pebble layers between the cooling plates. The tritium purge 

gas is helium at about 0.1 MPa flowing in radial direction 

from the first wall to the back of the module. The plasma side 

of the first wall is protected by a 5 mm beryllium layer and 

recessed from the shield blanket contour by a minimum of 

50 mm. At the upper and lower ends the BTM is closed by 

covers capable to sustain a pressure of 8 MPa. During normal 

operation the space in the BTM (other than in the cooling 

plates and in the FW) is at the purge gas pressure of 0.1 MPa. 
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HORIZONTAL CROSS SECTION 

VERTICAL CROSS SECTION 

"" 

Fig. 2: Vertical and horizontal cross sections ofthe HCPB blanket moduletobe tested in ITER (preliminary) 

However, in case of a leak from a cooling plate, it can be 

pressurized up to 8 MPa. Thus the blanket box, and the 

helium purge system have been designed to sustain the full 

pressure of 8 MPa. This is a double barrier against helium 

leakage from the cooling plates and would allow, in case of 

need, to wait for the next planned period for the exchange 

andrepair ofthe module. 

The second version of the test module with a modified flow 

scheme in the FW and an increased thickness of the ceramic 

pebble bed (BTM-11) allows a significant increase of the 

helium outlet temperature and of the maximum ceramic bed 

temperature at about the same FW temperature. BTM-11 will 

be tested in ITER after the BTM-1 during BPP. Calculations 

have also been performed for a third test module (BTM-111) to 

be tested during the EPP. These calculations have been 

performed to size the ancillary loops for the HCPB-BTM, so 

that the same ancillary loops could be used during the EPP 
period as weil. 

Neutronic Analysis 

The nuclear design analysis for the HCPB blanket test module 

has been performed on the basis of a 9• ITER torus sector 

model equipped with a horizontal outboard blanket port 

containing the water-cooled steelsupport frame and two test 

modules of the HCPB-type (Fig. 3). Three-dimensional Monte 

Carlo transport calculations were performed with the MCNP­

code and nuclear cross-sections from the FENDL-1 data library 

to obtain the nuclear heating and the tritium production in 

the lower test blanket module and to assess its shielding 

I 

Fig. 3: Vertical cross-section of the MCNP torus-sector 

model 

performance with regard to the radiation Ioads on the TF-coil 

and the vacuum vessel adjacent to the test blanket port. 

There is a strong albedo effect oftheITER shielding (BTM-1, -II 

during BPP) and breeding blankets (BTM-111 during EPP) on 

the nuclear performance of the HCPB test blanket modules. 

The local tritium breeding ratios are 0.99, 1.01, and 1.19 for 

BTM-1, -II and BTM-111, respectively. The total nuclear power 



production in the HCPB test blanket module amounts to 1.52 

MW for both BTM-1 and -11, and 1.84 MW for BTM-111 

corresponding to energy multiplication factors of 1.24 for the 

BPP and 1.50 for the EPP. The power generated in the steel 

frame is 2.2 MW forthe BPP and 3.2 MW forthe EPP. 

The shielding efficiency was assessed by calculating the 

radiation Ioads to the vacuum vessel and the TF-coil adjacent 

to the test blanket port. The required radiation Iimits can be 

safely met assuming 3 FPY operation at a fusion power of 

1500 MW. This is mainly the result of optimising the test 

blanket module and the steel frame configuration in the 

blanket port for a maximum shielding efficiency by reducing 

void gaps and designing the steel frame as efficient radiation 

shield. The accumulated helium production in the SS-316 

front plate of the vacuum vessel amounts to about 0.39 appm 

which satisfies the joint reweldability criterion within a safety 

factor 2. 

Thermai-Mechanical Analysis 

Table 1 shows the results of the 2D steady-state temperature 

calculations performed with the FE computer code ABAQUS 

in comparison with corresponding DEMOvalues [1]. ln case of 

the module BTM-1, with DEMO blanket geometry, the 

maximum FW temperature approaches that of the DEMO 

blanket. However, the temperatures in the breeding zone are 

considerably lower than in DEMO. This is due to the fact that 

the neutron Ioad, and thus the power densities, are smaller 

than in the DEMO, while the maximum heat flux on the first 

wall is the same. The BTM-11 is proposed to obtain higher, and 

thus more DEMO relevant, temperatures in the breeding 

zone. ln this case, however, the flow scheme is slightly 

different from that in the DEMO. Namely the coolant helium 

flows in series through two FW coolant channels before 

entering the blanket region, rather than in one pass as in the 

DEMO blanket. Furthermore the thickness of the ceramic 

pebble layers has been increased from 11 to 14 mm. 

Two and three-dimensional stress calculations have also been 

performed with the FE computer code ABAQUS. The results of 

the two-dimensional stress calculation for the first-wall 

region are shown in Table 2 (BTM -I and II) and Table 3 (BTM-

111). The admissible stresses according to ASME and RCC-MC 

are likewise included. The comparison of the results in both 

tables shows that all calculated stresses are below the 

admissible Iimits. 

in the 3D ABAQUS caicuiations a füll iadial/tüioidal section cf 

the BTM with a poloidal height of 48 mm including two FW 

channels and two cooling plates was investigated. ln a 

preliminary analysis rather high stresses were obtained for 

the side wall of the box between the breeder zone and the 

helium manifold in the case of full helium pressure in the 

whole blanket box. For this reason two radiallpoloidal 

stiffening ribs were introduced which connect the manifold 

with the cooling plates. With this modification the stress in 

the side wall of the box is reduced to 210 MPa. The stress in 

the stiffening ribs amounts to 233 MPa. Both values are below 

--87--

the admissible stress which is - because of the lower local 

temperatures- above 300 MPa. 

Stress analysis of the plasma facing beryllium coating shows 

that use of solid beryllium coating would result in the failure 

of the coating due to fatigue. Thermal stresses can be 

significantly reduced by cutting a square mesh of slots in the 

beryllium layer (castellation), thus avoiding beryllium failure. 

Additionally, three-dimensional thermal calculations have 

been carried out with the FE code FIDAP to determine the 

temperature distribution in the BTM-1 during operational 

transients. ln these calculations a section of the blanket box 

with three FW cooling channels and the neightbouring 

breeding zone with two cooling plates and two cooling 

channels each was analysed. The length of the model 

corresponds to the length ofthe FW cooling channels, i.e. the 

FW and the side walls of the box. The alternating flow 

directions of the two helium systems were taken into account. 

The Input data correspond to the steady-state temperature 

calculations, with the exception that for the surface heat flux 

a value of 0.5 MW/m2 was assumed for the whole plasma­

facing surface of the box. Two cases were consldered with a 

constant helium inlettemperature of 250°C: 

a) The cyclic operation of ITER with the following power 

history (for surface heat flux and internal heat 

sources): Linear power ramp-up within 50s; full power 

burn time 1000 s; linear power ramp-down within 100 

s; pulse repetitiontime 2200 s. 

b) An instantaneous power excursion (surface flux and 

internal heat sources) to 120 % of nominal with a 

duration of 10 s. 

The results of the FIDAP calculations can be summarized as 

follows: 

• The specified power cycling times are sufficient to 

reach steady state conditions: e.g. 110 s after 

establishing full power, the breeder material has 

reached 590 °(, that is 90 % of the temperature rise 

und er steady-state conditions (see Fig. 4). 

The time constant of the plasma-facing side of the box 

is much shorter: The 90% temperature rise is attained 

25 s after reaching the full power Ievei. 

e The maxlmum temperature ramp rate of the breeder 

material in 4.5 K/s du ring ramp-up, and 3.0 K/s during 

ramp-down. 

Elettromagnetic Analysis 

The mechanical design of the test blanket subsystem 

components (blanket test modules, support frame and shield) 

is strongly influenced by the magnitude of electromagnetic 

Ioads due to plasma disruptions. As these components are 
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Table 1: Results ofthe thermal-hydraulic calculations for the three BTMs* 

BPP EPP DEMO 

BTM-1 BTM-11 BTM-111 Blanket 

Li6·enrichment 75% 75% 75% 25% 

Total Power [MW] 1.9 1.9 2.3 2500 

Total helium mass flow [kg/sec) 3.7 2.1 3.7 2400 

Heliumpressure [MPa) 8 8 8 8 

Heliumpressure drop in BTM [MPa) 0.19 0.22 0.19 0.24 

Helium inlet/outlettemp. [0 C) 250/350 250/420 250/370 250/450 

Max. power density [MW /m3) in 

structural material 10 10 15 25 
beryllium pebble bed 5 5 5 15 
ceramic pebble bed 19 19 30 37 

Maximum temperatures [°C) 

structural material 507 506 522 520 

beryllium pebble bed 410 464 423 637 
ceramic pebble bed 622 777 779 907 

* based on prehmmary nuclear calculations 

Table 2: Results of the first-wallstress calculation for BTM-1 and BTM-11 (Basic Performance Phase) 

a) Maximum von Mises primary stresses [MPa): occurs at the corners of the plasma side of the FW cooling channels 

(T = 400°C): 

Admissible Iimit by ASME 

p = B MPa 1.2 p = 9.6 MPa (Ciass 1) and RCC-MC 

(Ciass A) for 1000 hours* 

Normaloperation (pressure only in 56 67 300 

cooling channels) 

Leakage from cooling plates (pressure 131 157 300 

in the whole blanket box) 

b) Maximum von Mises primary plus secondary stresses [MPa): occurs at the FW interface between FW and plasma 

facing beryllium layer (T = 507 °C): 

I .ll.rlmiccihl Ii ithv A<;MI= . . _,,,, ...... _.e .. m.w -J. ·-·~·-

p = 8 MPa 1.2 p = 9.6 MPa (Ciass 1) and RCC-MC 

(Ciass A) for 1000 hours* 

Normaloperation (pressure only in 360 363 463 

cooling channels) 

Leakage from cooling plates (pressure 407 421 463 

in the whole blanket box) 

* During the BasicPerformance Phase the operation of one BTM will be less than 1000 full power hours. 
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Table 3: Results of the first-wall stress calculation for BTM-111 (Extended Performance Phase) 

a) Maximum von Mises primary stresses [MPa): occurs at the corners of the plasma side of the FW cooling channels 

(T = 413 °C): 

Admissible Iimit by ASME 

p = 8 MPa 1.2 p = 9.6 MPa (Ciass 1) and RCC-MC 

(Ciass A) 

Normaloperation (pressure only in 56 67 290* 

cooling channels) for 3600 hours 

Leakage from cooling plates (pressure 131 157 292* 
in the whole blanket box) for 1000 hours 

b) Maximum von Mises primary plus secondary stresses [MPa): occurs at the FW Interface between FW and plasma 

facing beryllium layer (T = 522 °C): 

Admissible Iimit by ASME 

p = 8 MPa 1.2 p = 9.6 MPa (Ciass 1) and RCC-MC 
(Ciass A) 

Normaloperation (pressure only in 365 368 403* 

cooling channels) for 3600 hours 

Leakage from cooling plates (pressure 410 424 427* 

in the whole blanket box) for 1000 hours 

* lf operation foreseen for the whole EPP (3 MWa/m2 "" 20000 h), the f1rst wall should operate at a lower temperature 

(higher helium cooling mass flow) 

** Within 1000 full power hours operation is very likely possible to change the leaking module du ring a planned plasma 

shut-down. 
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Fig. 4: BI anket tempeiatüres during cyding operation 
(normal operation) 

supported by the ITER back plate, their electromagnetic Ioads 

affect also the design of this ITER component. 

A preliminary electromagnetic analysis for a centered 

disruption has already been performed (see also section B 

1.3.1-2). The resultant forces and torques acting on the BTM 

at end of disruption (t= 10 ms) are summarized in Table 4. 

The values are given for the HCPB-BTM, the Japanese BTM 

(placed in the upper position inside the support frame) and 

for the total subsystem. The resultant torques are calculated 

at the geometric center of the corresponding component. 

The total torque is calculated at the back plate location. 

Helium Cooling Subsystem 

The cooling subsystem (see Fig. 5) includes the primary helium 

heat removal loops with all components, and the pressure 

control subsystem. The secondary water loop subsystem with 

the ultimate heat sink is part of the ITER cooling system 

providing water flow at low temperature. A further interface 

to the cooling subsystem are the connections to the helium 

purification subsystem, taking a bypass flow of about 0.1 % 
of the main mass flow rate. Two separate primary heat 

removal loops of 2 x 50 % heat capacity are foreseen for 

redundancy purposes in accordance with the DEMO blanket 

design. The cooling subsystem will be housed in the tritium 

building, next to the helium purification subsystem at a floor 

Ievei about 20m above the test module, requiring a space of 
about 700m3. 

The thermal-hydraulic design parameters are as flollows: The 

maximum heat tobe removed from the test module amounts 

to 2.3 MW. Nominal primary helium coolant conditions are 

250 •c and 350 oc (later on 250 •c and 450 •q at module inlet 

and outlet, respectively, and 8 MPa of pressure. The total flow 

rate in both primary helium loops is 3.7 kg/s. The secondary 



cooling water has a temperature of 35/60 •c at the heat 

exchanger inlet/outlet, a pressure of 0.5 to 1.0 MPa, and a 

maximum mass flow rate of 22 kg/s. 

Main components in each loop are the heat exchanger, 

circulator, electrical heater, dust filter, and pipework. The 

total helium mass inventory in one loop amounts to 22 kg and 

the overall pressure loss is about 0.27 MPa, most of which 

occurring in the test module proper. The heat exchanger is 

assumed to be a straight tube bundle heat exchanger, or 

alternatively consisting of U-tubes, with high pressure helium 

flowing inside the tubes. The design specification for the 

circulator is as follows: temperature 300 •c, pressure 9.6 MPa, 
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mass flow rate 1.9 kg/s at a pumping head of 0.28 MPa at 80 

% of maximum speed and at 250 •c inlet temperature, speed 

variation max/min of at least 4. The heater with an electrical 

power of 100 kW which is installed in a bypass to the heat 

exchanger is needed for baking the test module first wall at 

200 •c and for heating the whole cooling subsystem. A filter 

unit is installed in the hotleg of the main loop, accumulating 

residual dust and particles from fabrication, and erosion 

particles down to a size of typically 10-6 m. For the main 

pipewerk an outer diameter of 168.3 mm and a wall thickness 

of 10 mm have been chosen for the part external to the 

cryostat. Inside the cryostat smaller pipes are foreseen (114.3 

mm outer diameter, 8 mm wall thickness) to Iimit the pipe 

Table 4: Forcesand torques resulting from electromagnetic analysis 

HCPB BTM 

x-coordinate (*) [m] 11.768 

y-coordinate (*) [m] 0.000 

z-coordinate ("') [m] 0.823 

Force x [MN] -0.035 

Force y [MN] 0.200 

Force z [MN] 0.693 

Torque x [MNm] 2.007 

Torque y [MNm] -0.104 

Torque z [MNm] -0.961 

(*) According to the torus Coordinate System 
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Fig. 5: Helium Cooling Subsystem Flow Diagram 



penetrations to 130 mm. This results in flow velocities 

between 15 and 41 m/s. 
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The total pipe length sums up to 120m per loop. The number 

of valves in the main loops has been kept at a minimum to 

avoid inadvertent closure which would mean loss of heat sink. 

All of the piping and components in the primary cooling 

subsystemwill be constructed of austenitic steel. 

The pressure control subsystem is needed for evacuation, 

helium supply, pressure control, and overpressure protection. 

The components are conventional and of relatively small size, 

except for the storage and dump tanks. 

The following preliminary control scheme is proposed for 

pulsed operation where the principal objective is to keep the 

test module inlet temperature at 250 °C: The secondary 

cooling water inlet temperature is kept at 35 °C, the circulator 

is operated at rated speed, the electrical heaters are turned 

off, and flow partition through the heat exchanger and 

heater bypass is controlled as to maintain the inlet 

temperature close to 250 °C. Du ring Ionger shutdown periods 

afterheat removal is achieved at reduced circulator speed, or 

by natural convection. 

OtherWork 

The activities related to manufacturing, helium purification, 

tritium extraction, safety, and reliability are reported under 

Subtask Nos. B 1.4.1, B 2.1.1, B 6.1.1,and B 7.1.1. 
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B 1.3.1 Electromagnetic Effects with a 
Ferromagnetic Structural Material 

1. Effect of the presence of ferromagnetic 

structural material on the DEMO Helium Cooled 

Pebble Bed Blanket du ring plasma disruptions 

(L.V. Boccaccini, P. Ruatto) 

Martensitic steels, like MANET and F82H, have been proposed 

as structural material for the DEMOfusion reactor in view of 

their better swelling behaviour under high neutron 

Irradiation. Such steels show a non-linear ferromagnetic 

behaviour so that distribution and magnitude of the 

magnetic flux are significantly modified outside and Inside 

the plasma facing components. When a plasma disruption 

occurs, as eddy currents are induced in the conducting 

structures, electromagnetic forces rise which can be greater 

and differently distributed than those for the case with non­

magnetic structural material. 

in order to assess the capabillty of the structure to withstand 

the mechanical effects of a major plasma disruption a 

computer code named AENEAS that allows 

electromagnetic analyses in presence of non-linear 

ferromagnetic materials has been developed at the Karlsruhe 

Research Center {FZK). By means of AENEAS the 

electromagnetic behaviour of the DEMO Helium Cooled 

Pebble Bed {HCPB) Blanket [1] during a centered reference 

plasma disruption has been investigated and on the basis of 

the calculated electromagnetic Ioad distribution a static and 

dynamic stress analysis have been performed. 

in the following the basic formulation of AENEAS is described 

and the results of the calculations are discussed pointing up 

the importance of considering the ferromagnetic properties 

of the structural material. 

1.1 Problem formulation 

The transient eddy current problern for a conducting body n 

with a ferromagnetic subdomain nM is described in AENEAS 

extending an integral formulation for non-magnetic 

materials [2] to take into account the contribution of 

magnetization density M to the magnetic vector potential A 

( )J( ) J.to J I ßJ(r',t)d , '1 r r t +- ----- t = 
' 4n nlr-r'l ßt 

P,J.(,. t\ "- • "]\'"-' ,, 1 (J, 1) 
-~-V$(rt)-..:.!!. J v •• ,.,,,xV'-1-dt'' ' 

a t ' 4n a t Ir- r'l 
nM 

where I] is the electrical resistivity tensor, J current density, Ae 

the magnetic vector potential of external fields, <1> the scalar 

electric potential and the apices distinguish the source points 

from the field ones. Solenoidality conditions for J are also 
considered. 
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As the new unknown M is introduced, the relation between 

M and magnetic field strength H in nM is considered to solve 

the 

problem: 

M(r,t) = x<IH(r,t)i)H(r,t) (2.2) 

where H is calculated by the Biot-Savart law and the scalar 

magnetic susceptibility x is a function of the module of H. 

An iterative procedure is applied to the finite element 

approximation of {1.1) and {1.2) to determine the time 

evolution of J and M. in particular, J is approximated by using 

edge elements, while zero-order elements are used forM: it 

means, M is taken uniform in the interior of an element and 

zero outside. 

The contributions of J and M to force and torque acting on n 

can be computed by 

F = f J(r, t) xB(r, t)dt 

n 

C= Jrx(J(r,t)xB(r,t))h 

n 

F= J(vxM(r,t))x B(r,t) dt+ 

n 

+ J(M(r, t) x n) x B(r, t) dS 

i)(l 

C= Jrx[(VxM(r,t))x B(r,t)}h + 

n 

+ fr x [(M(r,t) x n) x B(r,t)]dS 

i)(l 

(2.3) 

(2.4) 

(2.5) 

(2.6) 

where B is the total magnetic flux density and the magnetic 

material is described in terms of volume and surface 

Amperian currents JM=VxM and KM=Mxn. Due to the 

assumption made forM, only currents Kare present. Further 

details on the mathematical and numerical formulation of 

the code are in [3]. 

1.2 Electromagnetic analysis 

The finite element model used for the calculation consists of a 

complete outboard blanket segment and vacuum vessel 

segment (Fig. 1.1). lt includes 1084 8-node brick elements (972 

of which belang to the ferromagnetic structure) giving 1239 

degrees of freedom for J and 2916 for M. Magnetit 

Interaction with the other 47 outboard segments is taken into 

account. Each blanket segment is considered electrically 

insulated from the other segments and components of the 

reactor. The electrical resistivity of the different parts of the 

model has been calculated considering temperature 

distribution and possible anisotropy due to the presence of 

cooling channels in the structure. The effect of the saddle 

loop is considered too. The vacuum vessel · with non· 



vacuum vessel 

outboard blanket 
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Fig. 1.1: Finiteelementmodel of the DEMO reactor 

magnetic SS 316 as structural material- has a resistance of 20 

~n. 

The plasma model consists of a filamentary conductor; a 

current of 19.8 MA decreases linearly to zero in 20 ms. The 

external toroidal magnetic field is considered to vary inversely 

to the torus radius with a value of 6 Tesla at a radius of 6.3 m. 

A poloidal magnetic field configuration of equilibrium has 

been also included in the calculation. The ferromagnetic 

properties of MANET are taken into account by a 

magnetization curve [4] as shown in Fig. 1.2. MANET is fully 
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Fig. 1.2: Magnetization curve of MANET 
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saturated for low applied magnetic fields with a saturation 

magnetization of 1.64 Tesla. 

The results ofthe electromagnetic analysis can 

be summarized as follows: 

• As the structure is fully saturated bythe strong toroidal 

magnetic field, M is directed almost entirely toroidally 

causing a thickening of the toroidal component of B 

(Fig. 1.3), whereas the influence of M on the poloidal 

magnetic flux density (T) 
7 
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Fig. 1.3: Toroidal component of the magnetic flux density B 

as function of the torus radius 

111 

111 

component of B is slight. The magnitude increases in 

connection with the toroidally continuous MANET 

structures. 

A direct consequence of the first point is that the 

varying poloidal magnetic field of the plasma caused 

by a disruption "sees" the same situation as the 

structure would be non-magnetic. That means, 

behaviour and distribution of the eddy currents 

induced in the structure are approximately the same 

with or without ferromagnetic structural material. 

ln comparison to the non-magnetic case the 

electromagnetic forces (1.3) (and torques (1.4)) caused 

by interaction between J and B increase only their 

magnitude due to the contribution of M to the toroidal 

component of B, whereas their direction remains 

practically unchanged. ln the most stressed part of the 

outboard segment box, like the side walls, the increase 

is about 11%. Resultants of forces and torques for 

upper and lower half of the structure are shown in Fig. 

1.4 for a non-magnetic structure (left) and a structure 

of MANET (center): both cases show a large torque 

acting on X-axis and a torsion in Z-direction. For the 

ferromagnetic the values are higher. 

Additional forces (1.5) (and torques (1.6)) are present in 

the structure caused by direct interaction between M 

and B. As shown in Fig.1.4 the resultant of such forces 

and torques stretches the structure. This contribution, 

which is present only in ferromagnetic structures, 
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Fig. 1.4: Resultant forces (1.3) Fand torques (1.4) C are 

shown for a non-magnetic structure (left) and a 

structure of MANET (centre). Resultants of 

additional forces (1.5) and torques (1.6) acting on 

the magnetized structure areshownon the right. 

The resultants for the two halves of the structure 

are calculated on the geometrical centre of the 

equatorial horizontalsection 

produces a completely different electromagnetic Ioad 

for the DEMO outboard blanket segment with MANET 

in comparison to a non-magnetic one. 

Finally, a stress analysis [1) has been performed for the 

outboard blanket segment on the basis of the calculated 

electromagnetic Ioad distribution. The resulting Stresses have 

been compared with the allowable stresses according to 

ASME norms (Section 111, "Design Conditions"); in Fig. 1.5 are 

shown the surfaces (in per cent) of the segment where the 

primary stresses lie between different intervals determined 

by fractions of the maximum allowed stress. Values are 

reported for a non-magnetic structure and a structure with 

MANET. Even if the stress of the structure is increased due to 

the presence of ferromagnetic material, it can be concluded 

that the outboard segment of the DEMO HCPB Blanket can 

withstand the mechanical stress caused by a major plasma 

disruption. 
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Fig. 1.5: Comparison ofthe calculated stresses with 

allowable Iimits according to ASME norms. The 

results are given for a structure with MANET (FERR) 

and a non-magnetic structure (NOTFE) 

1.4 Conclusions 

AENEAS is a new computer code 

electromagnetic analyses in presence 

ferromagnetic materials. 

developed for 

of non-linear 

The code has been applied to study the electromagnetic 

behaviour of the DEMO HCPB Blanket during a major plasma 

disruption. The results show that the electromagnetic Ioad of 

the structure increases and is differently distributed due to 

the presence of ferromagnetic structural material. A stress 

analysis of the outboard blanket segment shows that the 

structure can withstand the mechanical effects of a plasma 

disruption; the calculated stresses are lower than the 

allowable Iimits according to ASME norms. 
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2. Electromagnetic Forces in the Test Module for 

ITER (LV. Boccaccini, P. Ruatto) 

The mechanical design of the Test Blanket Subsystem 

components (BianketTest Module, Support Frame and Shield) 

is strongly influenced by the magnitude of electromagnetic 

Ioads due to plasma disruptions. As these components are 



supported by the ITER back plate, their electromagnetic Ioads 

affect also the design of this ITER component. 

ln this section a preliminary electromagnetic analysis in case 

of a centered disruption is presented.The magnetic forces 

acting on the Test Blanket Subsystem components have been 

calculated. 

2.1 Analysis Method 

Eddy currents and electromagnetic forces have been 

calculated by means of the 30 Finite Elements Code AENEAS 

[1], which allows electromagnetic calculations in presence of 

nonlinear ferromagnetic materials. 

2.2 Materials 

The electrical and magnetic properties of the materialstaken 

into account in the electromagnetic calculatlon are listed in 

Table 2.1. ln particular the martensitic steel MANET is a 

Tab 2.1: Electrical and magnetic properties 

electrical resistivity [!Jrlm) 
magnetic 

permeability 
100°C 200°C 300°C 400°C 

MANET 0.657 0.732 0.806 0.881 [2) 

316LN 0.915 0.884 0.949 1.002 vacuum (1J 0 ) 

ferromagnetic magnetic material. The magnetic properties of 

MANET have been measured at the RWTH Aachen [2]. For 

316LN steel the vacuum permeability is assumed in the 

calculation. 

2.3 Model Description 

Fig. 2.1 show the geometrical model on the basis of which the 

electromagnetic calculation has been performed. The HCPB 

BI anket Test Module (BTM) is placed in the lower half of the 

frame. The upper half is reserved for the Japanese BTM. ln 

default of a detailed description of the Japanese BTM, the 

upper position is supposed to be occupied by another HCPB· 

BTM. 

Fig. 2.2 shows the electromagnetic FEM model used in the 

calculation. 1/20 of the ITER reactor has been modeiied. 

Vacuum vessel, back plate, PF-coils and Test Module System 

are taken into account in the model. The electrical resistivity 

of the vacuum vessel has been chosen in order to achieve a 

toroidal resistance of 13.21Jr2. The back plate is assumed tobe 

electrically insulated from the vacuum vessel. lts electrical 

resistivity results in a toroidal resistance of 7.4 !Jrl. This value 

takes into account the contribution of the shield blankets 

supported by the black plate and electrically connected to it. 
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1. Test Module 
2. Shield 
3. Support Frame 
4. Back Plate 
5. Vacuum Vessel 
6. Shield Blanket 

Fig. 2.1: Vertical cross section of the Support Frame with 

the European HCPB-BTM 

Fig. 2.2: Electromagnetic FE model of ITER with Test 

Modules 

The model of the Test Blanket Subsystem is shown in detail in 

Fig. 2.3. The Support Frame is electrically connected to the 

back plate with a toothed-flange. The shields are both 



Fig. 2.3: Electromagnetic FE model of ITER: detail of the 

Test Modules 

electrically connected to the Frame by means of a flange 

bolted to the back side of the Frame. The structural material 

of the Support Frame and Shield is 316LN steel at an average 

temperature of 15o•c. The Test Modules are electrically 

insulated from the other components of the Test Module 

Subsystem. The structural material MANET has been 

considered at an average temperature of 35o•c. 

ln Table 2.2 the most important parameters of the FEM model 

are summarized. The calculation has been performed with a 

relatively small amount of degrees of freedom (d.o.f.) 2482 ( 

964 for the description of the current and 1464 of the 

magnetization, i.e. vector). A relatively rough mesh has been 

used for vessel and back plate; a finer mesh has been used for 

the test port region. 

For the centered disruptlon a filamentary model derived from 

the plasma equllibrium is used. The plasma current center has 

a radius of 8.2 m and a height above the equatorial plane of 

1.47 m. The plasma current of 21 MA decays to Zero linearly in 

10 ms. The poloidal field coil currents are considered at end­

of-burn (E08). The Pf-coil dimensions and current values are 

summarized in Table 2.3. 

A toroidal field of 5.7 Tat a radius of 8.1 m is also included. 

2.4 Analysis Results 

The resultant forces and torques acting on the BTM at end of 

disruption (t= 10 ms) are summarized in Table 2.4. The values 

are given for the Lower BTM, the Upper BTM, the Support 

Frame (together with the Shield) and for the total Subsystem. 

The resultant torques are calculated at the geometric center 
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Table 2.2: Mesh parameters 

Element current magnetic 
Component Node No. 

No. d.o.f. d.o.f. 

lowerBTM 511 268 301 732 

UpperBTM 511 268 301 732 

V esse I 414 176 172 ... 

Back plate, 503 230 239 ... 
Frameand 

Shield 

PF-coils 120 20 10 ... 

Total 2059 962 1023 1464 

of the corresponding component. The total torque is 

calculated at the back plate location. 

The results represent a basis for the structural analysis of the 

connection between BTM and Shield, and between the whole 

Test Blanket Subsystem and the ITER back plate. Nevertheless, 

in view of a complete structural analysis oftheITER back plate 

for Ioad conditions caused by the presence of the Test Blanket 

Subsystem, a more accurate analysis of the force distribution 

acting directly on the back plate has to be performed. These 

forces are due to the distortion of the eddy current patterns 

on the back plate. 

2.5 Conclusions 

A preliminary electromagnetic calculation has been 

performed to evaluate the magnetic forces acting on the 

various components of the Test BI anket Subsystem. 

The analysis has been performed with the three-dimensional 

code AENEAS, which allows calculations of eddy currents and 

magnetic forces in presence of ferromagnetic materials. 

Literature: 

(1] P. Ruatto, FZKA 5683, Forschungszentrum Karlsruhe 

(1996). 

(2] K.A. Hempel, W. Salz, personal communication, RWTH 

Aachen, (1995) 

3. Integration of a dynamic plasma model 

The dynamic model of the plasma was accomplished and 

integrated in the 3d eddy current code CARIDDI • now called 

CARIDDI-P. Thus the important coupling effects between the 



electrically conducting structural boundary, the plasma 

current and the plasma motion can be taken into account. 

The plasma model is based on reduced magneto­

hydrodynamic (MHO) equations, which are appropriate for 

the dense fusion plasma. Assuming toroidal symmetry of the 

plasma current the plasma itself can be represented in a 20 

radial-poloidal symmetry plane. The balance of internally 

produced ohrnie heat and edge radiation during the 

disruption allows to treat the plasma isothermal. 

The MHO description consists of a electromagnetic and a 

fluiddynamic part. For the electromagnetic part a FEM 

formulation of the plasma was chosen to simplify the 

coupling with the 30 electromagnetics of the solid structures. 

For the fluidmechanic part a Volume Of Fluid (VOF) method 

on a spatially fixed grid is applied. The plasma is assumed to 

keep its shape during vertical displacement until it contacts 

the structure. Oue to the wall contact the associated part of 

the plasma, the scape-off layer, is cooled down immediately. 

The trigger for the simulation of the plasma disruption in 

CARIOOI-P are small perturbations of the temperature, 

resistivity profile, respectively, or small deflections or Initial 

veloeitles disturbing the MHO equilibrium. 

With CARIOOI-P two types of calculations were conducted 

with the general Intention to verify the complex code. 

3.1 Computations with spatially fixed plasma 

Some first simple calculations were conducted to control the 

formulation of the mutual inductivity. They dealt with 

current loops fixed in space. This simplification allowed to 

compare the CARIOOI-P results with analytical solutions of the 

loop currents. The results were nearly identical. 
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An analysis on the influence of the first wall toroidal electrical 

resistance was conducted. lt turned out that an intermediate 

resistivity of the first wall yields the best compromise 

concerning the loading of the blankets and the first wall 

du ring the plasma disruption [1). 

3.2 Computations with plasma motion 

Most of the plasma disruptions observed are linked to a 

vertical displacement event (VOE). CARIOOI-P is now capable 

of reproducing this motion with its various contributions to 

the electromagnetics and structural dynamics. 

lt should be emphasized that the plasma behavior actually is 

determined by the electromagnetic properties of the 

surrounding structure. That means a fixed prescribed plasma 

behavior as used in the conventional eddy curent codeswill 

not be compatible with varying the design of the components 

adjacent to the plasma. 

So the extension of CARIOOI with the dynamic plasma turned 

out to be very important. Especially it will be needed for 

analyses of design parameters which will change the 

electromagnetic properties of the vessel or in-vessel 

components of tokamaks. 

To verify the fluiddynamic part of the plasma model the bot 

#1500 of the ASOEX experiment [2) was computed. The 

results of CARIDDI-P reproduced the observed plasma 

behavior to a satisfying degree. So here no advantage arises 

from applying very specialized plasma physics codes, like TSC. 

ln contrary, these codes do not have the ability to model the 

complicated 30 structural boundary as CARIOOI does. 

At last a realistic model of ITER consisting of high order FEM 

elements was developed. lt includes the mutual mechanical 

support originated in the toroidal continuity of the back wall 

Table 2.3: PF-coils 

eoil R(mm) Z(mm) DR(mm) DZ(mm) eurrent (MAt) 

es Module 1 2038,0 0,0 224,0 12071,0 -37,55 

es Module 2 2263,5 0,0 205,0 12071,0 -40,33 

es Module 3 2531,1 0,0 308,0 12071,0 -61,20 

PF-2 5868,0 9981.0 1553,0 1528,0 -5,76 

PF-3 12892,0 7389,0 657,0 1186,0 -7,05 

PF-4 15364,0 -2090,0 587,0 2222,0 -13,15 

PF-5 13198,0 -7943,0 1236,0 1743,0 -4,55 

PF-6 9703,0 -9583,0 1035,0 1385,0 4,47 

PF-7 5859,0 -9981,0 1553,0 1528,0 8,68 

PF-8 15177,0 3691,0 273,0 556,0 0,00 
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Table 2.4: Resultant forces and torques 

lowerBTM Upper BTM 
Frameand 

Total Shield 

x-coordinate (*) [m] 11.768 

y-coordinate (*) [m] 0.000 

z-coordinate (*) [m] 0.823 

Force x [MN] -0.035 

Force y [MN] 0.200 

Force z [MN] 0.693 

Torque x [MNm] 2.007 

Torque y [MNm] -0.104 

Torque z [MNm] -0.961 

(*) According to the torus Coordinate System 

and vacuum vessel. The possible contact of the back wall and 
the vessel is taken into account with the help of gap 
elements. Figures 3.2a and 3.2b show remarkable differences 
in the maximum loading as a result of a CARIDDI-P calculation 
(a) and as a result of a conventional analysis with a prescribed 
plasma behavior (b). Both computations start from the same 
initial conditions. 
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Fig. 3.2a: Maximum von-Mises stresses and deformation in 
ITER at t=40 ms calculated with the dynamic 
plasma of CARIDDI-P 

11.768 12.291 11.658 

0.000 0.000 0.000 

1.887 1.355 1.355 

0.029 -1.975 -1.981 

-0.085 0.229 0.344 

-0.201 1.108 1.600 

2.010 -0.243 3.927 

0.377 -0.409 -1.085 

1.164 -1.742 -1.869 

Fig. 3.2b: Maximum von-Mises stresses and deformation in 
ITER att=30 ms calculated with a prescribed 
piasma behavior 
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B 1.3.2 Calculation of the Combined Stresses 
in the Blanket and Test Module 

For the Helium Cooled Pebble Bed Blanket (HCPB) a finite 
elements (FEM) structural analysis has been performed in 
ordertobe able to account for the radiation-induced stresses 
in the blanket structure. The analysis refers to steady-state 
operating conditions of the outboard blanket segment, since 
Ioads arising du ring an accidentalsituation have been not yet 
considered. 

Radiation induced Ioads arise mainly due to both beryllium 
and Li4Si04 swelling. These dimensional changes, caused by 
both helium production and neutron damage, can result in 
!arge mechanical stresses on the blanket structural material, 
especially at the reactor End-of-Life. 

According to the temperature distribution from ref. [1], the 
beryllium swelling as a function of temperature and neutron 
fluence has been evaluated with the code ANFIBE [2). 

However, since experimental evidence has shown that the 
temperature of the beryllium pebbles varies quite 
considerably during the Irradiation [3), more realistic 
calculations of the beryllium swelling have been performed. 
A special computerprogram has been developed to solve the 
heat conduction differential equation, accounting for the 
variations of temperature caused by beryllium volume 
swelling and relative thermal expansion pebble 
bed/containing wall. 

The maximum beryllium temperature decreases from 637 °C 
at the blanket Beginning-of-Life (BOL) to 501 oc at the 
blanket End-of-Life (EOL) and the EOL temperature 
distribution in beryllium is smoother than the BOL one. As a 
consequence of the decreased EOL beryllium pebble bed 
temperature, also the EOL swelling distribution will be 
smoother and the peak beryllium swelling decreases to 8.3% 

(Fig. 1). 

The pressure exerted on the blanket cooling plates as a 
consequence of the beryllium swelling has been calculated 
using an elasto-plastic modeland it it shown, as a function of 
the radial distance, in Fig. 2. 

As first approximation it has been assumed that, due to the 
presence of the Iithium orthosilicate pebble beds, the cooling 
plates do not bend under the effect of the radiation induced 
beryllium Ioads. Under this assumption the stress analysis 
performed with the FEM code ABAQUS Ieads to a maximum 
von Mises equivalent stress of 118 MPa in the front part of the 
blanket module near the first wall, where the maximum 
swelling occurs (Fig. 3). The resulting maximum stress is far 
below the tolerable Iimit imposed bythe ASME norms. 

Fig 1.: EOL swelling distribution in the beryllium pebble 
bed 
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Fig. 2: Pressure due to beryllium swelling at the blanket 
EOL 
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B 1.4.1 Reliability Assessment including 
Andllary Systems 

The availability/unavailability had been investigated for the 

European DEMO blanket concepts, comprising the blanket 

proper [1] and the associated cooling systems [2] in the frame 

of the blanket selection exercise. ln recent studies similar 

assessments were made for ancillary subsystems pertaining to 

the HCPB DEMO blanket, i.e., for the tritium recovery system 

and the helium purification system. Also a first availability 

analysiswas performed fortheITER blankettest module. 

ln all studies the fault tree methodology was applied. lt 

comprises the definition of the system, break-down of the 

system into components (e.g., pipes, pumps, valves, heat 

exchangers, etc.) and subcomponents (e.g., welds of different 

types, bends, tube sections, etc.), defining the top event and 

designing the related fault tree, assigning failure rates to 

components and subcomponents, estimating repair or 

replacement times for components, and finally computing 

the unavailability, that is the probability of occurrence of the 

top event. The top event is defined as the case that the system 

und er consideration is unavailable (in thesensethat the plant 

must be shut down) on demand. The most critical points in 

the analysis are the failure rates and mean time to 

repair/replacement. Here the data base established during 

the blanket selection exercise has been adopted where 

applicable. The systems investigated, the basic assumptions, 

and the results are summarised below. 

Tritium Recovery System (TRS) of the HCPB DEMO Blanket 

The system Iayout is based on the work performed in Task B 

6.1.1. The main components are the blanket segments (here 

the blanket internals related to the purge gas system), and 

the purge gas circuits with heat exchangers, filter, vaporiser, 

adsorber, compressor, tubes, and valves. Also the adjoined 

Q20 and Q2 loops (Q=H, D, T) with their components have 

been taken into account. 

As to the repair/replacement times of failed components in 

the external circuits, a mean time to repair/replacement of 3-

6 hours was assumed. This is considered reasonable because 

the components are small and are located outside the 

cryostat. Any failure Inside the blanket segments has been 

neglected for several reasons: The nominal purge gas 

pressure is low (0.1 MPa), the purge gas distribution pipes are 

perforated so that small cracks, entailing some redistrlbution 

of the flow, could be tolerated, and finally the circuits are 

designed to temporarily operate at full coolant pressure 

(8 MPa) in case of an internalleak from the primary side. 

An overall unavailability of 0.002 has been obtained for the 

TRS by fault tree analysis. This is small compared to typical 

values of 0.1 - 0.2 calculated earlier for the blanket system. lt 

could even be further improved by providing redundancy for 

selected components. For instance, redundant loops for the 

Q2 and Q20 subsystems would lower the unavailability to 

about 3 x 10-4. This would leave margin for uncertainties in 

the assumed failure rates. 

Coolant Purification System (CPS) of the HCPB DEMO Blanket 

The fault tree analysis is based on the system Iayout and flow 

diagram described in the last annual report. lt is essentially a 

series of oxidiser, several coolers, filter, water separator, 

adsorber, and compressor. The coolers are arranged as 

recuperative heat exchangers to regain the energy from the 

cool-down process from 720 K to 80 K. Ancillaries to the CPS 

arenot yet elaborated and have been ignored. 

To get an idea of the size of the coolers for failure rate 

estimation, a first Iayout has been performed resulting in a 

typical coolant tube bundle diameter of 0.7 m at bundle 

lengths of between 0.5 and 2.7 m. ln Table 1 are listed the 

components and the resulting component unavailability. The 

latter is approx. the product of the number of components, 

component failure rate and mean time to repair/replacement 

(MTTR). Again, a short MTTR of 10 hours was assumed, for 

valves MTTR = 5 h was chosen. 

The total unavailability of the system adds up to 4.6 x 10-4 

(here approx. equal to the sum of the last column in Table 1). 

The main contributors are the compressor and the numerous 

valves. Of some relative importance are also the filters, 

whereas the heat exchangers and coolers contribute with 

only 1 % to the total unavailability. lt is obvious that 

underestimation of failure rates or MTTR of the main 

contributors Impact directly the total unavailability. 

Table 1: Components of the CPS and their unavailability 

Component Quantity Unavailability 

Oxidiser 1 7.1 X 10-6 

Heat exchanger 1 1 1.0x 10-6 

Filter 2 5.4 X 10-5 

Heat exchanger 2 1 1.0 X 10-6 

Water separator 1 1.0x 10-6 

Helium pre-cooler 1 1.0 X 10-6 

Helium cooler 2 2.0x 10-6 

Adsorber+ 2 filters, 2x2 1.42 X 1Q-5 

cooler 

Compressor 1 2.2 X 10-4 

Tubes 500m 5.0 X 10-7 

Bends 100 5.0 X 10-6 

Valves 30 1.5 X 10-4 
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HCPB Blanket Test Module (BTM) for ITER 

The basis for the unavailability analysis is the HCPB-BTM 
design as described under Task B 1.2.1. The principal 
configuration consisting of blanket box, cooling plates, 
pebble beds, and manifolds is the same as for DEMO. Hence, 
identical subcomponents, i.e., electron beam welds, diffusion 
welds, butt welds, pipes, and bends appear and the same 
failure effects can occur in the BTM proper. These are (a) 
helium leakage into the vacuum vessel, (b) cooling 
disturbance, (c) purge gas flow disturbance, and (d) loss of 
structural integrity. The cooling circuits and the interface to 
the vacuum vessel were not yet considered. A mean time to 
repair/replacement for the BTM of 8 weeks has been 
assumed. 

Fault tree analysis yielded a small overall unavailability of the 
BTM of 0.006. The paths leading to the failure effects (a) to 
(d) above contribute as displayed in Table 2. The most 
probable occurrence is the helium leakage into the vacuum 
vessel, contributing with 93 %, followed by the cooling 
disturbance with 4 %. The other two paths (c) and (d) are in 
the 1 % range. Table 2 shows also the occurrence rates per 
year for the different failure paths. Accordingly, the top 
event, i.e., the unavailability of the BTM (without any 
ancillaries) on demand, is expected to occur at a frequency of 
0.004 per year. 

Table 2: Results ofthe BTM reliability analysis 

Occurence Unavailability 
Failure Effect 

rate (1/y) absolute % 

Helium Leakage 3.7 X 10-3 5.8x10-4 93 

into VV 

Cooling 1.6 X 1Q·4 2.5 x 1 o-s 4 
disturbance 

Purge gas flow 2.6 X 10-5 2.6 X 10-5 1 

disturbance 

Loss of structural 6.1x1o-s 6.1 X 10-5 2 
integrity 

Total 4.0 X 10·3 4.0 X 10·3 100 
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WPB2 Fabrication, Assembly and 
Development Studies of Blanket 
Segments 

B 2.1.1 Fabrication, Assembly and 
Development Studies of Segment Box 
and Cooling Plates 

lntroduction 

The design of the European Helium-Cooled Pebble Bed 

(HCP8) blanket (see subtask 8 1.1.1 and 8 1.2.1) makes it 

necessary to investigate, develop and qualify fabrication and 

inspection techniques which enable the manufacturing and 

assembly of the DEMO blanket segmentsandin particular the 

blanket test module to be tested in ITER. The work of the past 

year was concentrated on the following four fabrication 

steps: 

• 

• 

• 

Diffusion bonding of the FW sections and the cooling 

plates, both with milled grooves to produce plates with 

integrated cooling channels 

Bending of the dlffusion bonded first wall (FW) plates 

to obtain a section of the U-shaped segment box. 

Electron beam welding between the FW sections to 

build up the FW box of one complete blanket segment. 

Welding of the cooling plates to the FW at the Inside of 

the segment box. 

The results of these investigations are described in the 

following [1]: 

Diffusion Bonding of Plates with Interna! Cooling Channels 

The diffusion bonding tests made on cooling plates of 

MANET 2 · consisting of a structural plate with thin webs and 

a cover plate (Fig. 1, Version A) • have shown that the joining 

zone, despite the high degree of deformation, is not 

sufficiently deformed with this non-symmetric buildup of the 

welded joint [2]. 

Version B 
- - 1Q2____ -

~~ cor~ 
J ~ 

--P-1-- --JL _ _g I 

Fig: 1: Diffusion bonded Cooling Plates 

Symmetrie parting of the structure (Fig. 1, Version B) is more 

expensive in terms of manufacture but it seems to offer more 

advantages with respect to the safe optimization of the 

welded joint avoiding the risk of web buckling. This design 

was investigated in another test series, again conducted 

jointly with the Institut fOr Kerntechnik und 

Energiewandlung, Stuttgart. The post-test examinations 

yielded good welding results. The microsections of all 

specimens exhibit the flawless pattern of the joining zone. 

The bendingtest showed full bending without rupture, with 

strength values corresponding to those of the parent 

material [3j. 

Bending of First Wall Plates with Interna I Cooling Channels 

To obtain the U-shape of the blanket box diffusion bonded 

FW plates with internal cooling channels have to be bent with 

angles of about 96" for the inboard and 86" for the outboard 

blanket segments. To investigate and qualify this fabrication 

step plates with FW geometry and four internal cooling 

channels (Fig. 2) have been bent in cooperation with the 
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Fig. 2: Specimens for the bending tests 

_j_ 

/ 

------r 

01 
0, 
t")• 

I 

q-: I 

__ j_j 

Institut fOr Kerntechnik und Energiewandlung and the 

Forschungsgesellschaft fOr Umformtechnik, both in Stuttgart 

[4]. The bending tests have been carried out at room 

temperature with a bending radius of 75 mm. 

During the first test without filling material in the cooling 

c:hannels a c:rac:k arose in the elongated plane because the 

bending radius did not follow the radius of the bending 

punch so that the real bending radiuswas much smaller than 

intended (approximately 25 mm). 

To avoid thls effect two counter-measures have been 

initiated: a) bending of the specimen together with a 

sandwich plate, a second steel plate, which presses the 

specimen against the bending punch, b) use of a filling 

material in the cooling channels to obtain a plate behaviour 

comparable with the solid plate. Accordingly, the next two 

bending tests with diffusion welded specimens have been 
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carried out using a sandwich plate. Additionally, one of the 

plates has been filled with a tin-bismuth-eutectic alloy. 

Both bending tests have been successfull, i.e. no surface 

cracks could be detected, and the bending radius was 

approximately 75 mm as intended. The deformation of the 

two central channels was relatively small; the channel height 

with and without filling material was reduced by 8.3% and 

10.5%, respectively (Fig. 3). 

Fig. 3: Channel geometry after bending without filling 

material 

To ascertain specific bending parameters like the location of 

the neutral plane, the maximum and local stress, and the 

geometry variation during bending, the tests have been 

accompanied by FEM calculations. According to these 

calculations maximum elongation of approximately 50% is 

bearable. 

in a next step a plate only with filling material and without a 

sandwich plate will be bent using a bending radius of 75 mm. 

Afterwards alltestswill be repeated with a bending radius of 

50 mm to explore the bending Iimits of the material. 

US lnspection of Electron 8eam Welded Double Welds 

in cooperation with the Siemens Company the investigations 

were continued on qualification of an ultrasonic (US) 

inspection method on electron beam (EB) welded double 

welds with inspection gap of a first wall specimen made from 

MANET 2. Test flaws differing in size, in the form of slots 

simuiating crack~like defects and drHied hüles simülating 
Volumetrie defects, were machined in the welded specimen 

according to Fig. 4. 

The US measurement runs yielded good detectability down to 

0. 5 mm test flaw depth in case of the slots on the weid surface 

and 1 mm on the side of the inspection gap (inner side of the 

weid); for the holes the detectability was good up to 1 mm 

diameter on the inner side. Fig. 5 shows by way of example 

one of the ultrasonic scans of the slot reflectors. A conclusion 

Fig. 4: Location of the test flaws in the EB specimen: 

left: slots, right: drilled holes. 
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with respect to the sizing of flaws is possible with !Imitations 

only [5]. 

Therefore, it is proposed to analyse in more detail the sizing 

capability by application of a specifically developed 

US detector which will allow better detectability and 

subsequent probabilistic analysis of the weid [6] taking into 

account the results of the ultrasonic inspections. 

Welding of Cooling Plates to the FW Box 

The cooling plates separating the Li4Si04 and the Be pebble 

beds (Fig. 1) have tobe welded to the bent FW-box. This weid 

has been investigated with the objective to avoid preheating 

during welding, to reduce the heat affected zone, and to 

minimize distortions. Prior to testing, two studies have been 

carried out to investigate the feasibility of this joint, to make 

propesals fcr the we!d seam design, the welding processes, 

weid seam testing methods, repair concepts and to review the 

state of the art of these aspects [7], then to discuss the 

advantages and disadvatages of the proposals with the 

objective to elaborate an experimental program [8]. For the 

weid seam design the most favourable proposal is shown in 

Fig. 6. 

By the use of the channel between the two welds the weid 

thickness has been reduced to a value of 2 mm each. This 

Ieads to a small heat affected zone and hence, a reduction of 

stresses in the structure. Another advantage of the 2 mm wall 
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6 TIG-Welding 

Fig. 6: Weid seam between FW and cooling plates and 
first result of a metallographic examination 

thickness is that the welds can be carried out without 
preheating. TIG- and laser-beam welding can be used for 
these joints, and the inspection can be made by US, eddy 
current, leak detection or visual methods. 

ln a current testprogram the TIG-welding process, the US and 
the eddy current testing methods are being applied with very 
encouraging results, i. e. no cracks have been observed in the 
welds and the dlstortions are very small. After this test series 
it is planned to weid one complete cooling plate (without 
cooling channels) into a U-shaped plate. 
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WPB3 

B 3.1.1 

Ceramic Breeder Pebbles 

Li4Si04 Pebbles Characterization and 
Optimization of Large Scale 
Production 

The European Helium Cooled Pebble Bed (HCPB) blanket is 

based on the use of slightly overstoichiometric Iithium 

orthosilicate (Li4Si04+ 2.2wt% Si02) pebbles (1]. The pebbles 

are fabricated by the firm Schott Glaswerke by melting and 

spraying with a gas jet. The chosen pebble diameter range is 

0.25-0.63 mm. 

To improve the mechanical properties of the pebbles a small 

amount of Te02 has been added to the orthosilicate. The 

Te02 increases the surface tension of the molten phase, 

results in pebbles with smaller cristals and reduces drastically 

the presence of cracks and the gap thickness at the grain 

boundaries, thus improving considerably the mechanical and 

thermomechanical properties of the pebbles. Annealing at 

1030°C, required by the pebbles without Te02, which would 

have been expensive in an industrial production, is not 

necessary anymore. 

The effect of adding Te02 on the radioactivity after 

irradiation in the blanket is small. Also the effect of the 

foreseen amount of Te02 on the blanket tritium breeding 

ratio is negligible. 

Results of crush tests on single pebbles and ofthermal cycle 

tests on pebble beds are presented [2]. Tritium release 

behaviour during annealing of irradiated pebbles without 

and with Te0 2 is discussed in section B3.2.1. 

Mechanical strength of single pebbles 

The mechanical strength is examined by continuously 

increasing the Ioad imposed by a piston to a single pebble 

until it breaks. The pebble is placed on a glass plate to avoid 

plastic deformation of the supporting surface, so that the 

Hertz's equations can be applied. By means of these 

equations the breaking stress, i.e. the tensile stress at the 

border of the contact surface between pebble and support 

plate can be calculated. The breaking tests were performed 

for many pebbles of the same type and correlated by means 

of the two-parameter model of the Weibull statistics [3]. 

Fig. 1 shows the derivative of the pebble breaking probability 

with respect to the breaking stress versus the breaking stress 

für pebbles vvith and \r'Vithcut Te02. Before the tests. the 
optimum thermal annealing for each of the materials was 

applied (1030°( for 5 minutes for the pebbles without Te02 

and a treatment at considerably lower tempera-tures for the 

pebbles with Te02). The improvement in the mechanical 

stability due to the Te02 is evident from the figure. 
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Fig. 1: Pebble crush tests. Derivative of pebble breaking 

probability with respect to the breaking stress 

versus the breaking stress. 

Thermal cyding tests on pebble beds 

The beds were contained in a straight horizontal tube (20 mm 

0, 110 mm length), the principle and technical details are 

described elsewhere (4]. 

Two types of tests were performed. The objective of the first 

type is to determine the thermal shock resistance of the 

pebbles by applying very fast temperature transients. ln this 

case the beds are not densified to avoid stresses caused by the 

relative dimensional variations between pebble bed and 

container during the temperature transients. Fig. 2 shows 
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Fig. 2: Comparison of the curves dT/dt versus Tat R = rcr; 

rcr = radius beyond which the pebbles are broken. 

that both kind of pebbles (without and with Te02) can sustain 

very high thermal shocks (more than 60 °C/s), the pebbles 

with Te02 being slightly better. 

A second type ofthermal cycle testwas performed in view of 

irradiation tests of HCPB test modules in ITER. Contrary to the 

DEMO, frequent temperature cycles in the blanket are 

foreseen in ITER due to the limited length of the plasma 

pulses (s; 1000 sec). Calculations show that the maximum 
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temperature gradient is 3"C/sec. On the other hand, however, 

because the blanket tests modules would be subjected to a 

few thousands thermal cycles in ITER, even these relatively 

small temperature gradients could Iead to failures of pebbles, 

especially due to the stresses caused by the different thermal 

expansions of the pebble bed and of the containing walls. 

Thus the tests were performed with beds with the maximum 

packing factor. This was obtained by thoroughly vibrating the 

pebble bed. A temperature rate of change of S"C/sec was 

obtained by cooling the pebble bed container with uniformly 

distributed air jets. Fig. 3 shows the increase of the pressure 
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Fig. 3: Pressuredrop of helium flowing through the 

pebble bed versus thermal cycle number (for the 

meaning of the curve numbers, see Table 1). 

drop of the helium flowing through the pebble bed versus 

the number of cycles. The tests were performed up to 500 

cycles, as the pressure-drop Variations indicate that beyond 

this value the pressure increase is negligible. 

Table 1 shows the maximum pressure drop variations and the 

amount of broken particles for the various types of tested 

pebbles. The amounts of broken particles and the differences 

between pebble types are quite small. Preliminary tests, 

where the pebble bed was, after the test, filled with epoxy 

resin and then cut, showed that the broken particles were 

evenly distributed in the bed, rather than being at the bed 

walls as in the thermal shock tests [4). 

To summarize, the mechanical and the thermal cycling tests 

indicate that the addition of Te02 to the overstoichiometric 

Li 4Si04 improves considerably the mechnical stability of the 

pebbles. The mechnlcal stability as weil as tritium releasewill 

be checked in the EXOTIC-8 experimenttobe started fall1996 

in the HFR reactor at Petten. 

Literature: 

[1) M. Dalle Donne et al., KfK 5429, Nov. 1994. 

[2) M. Dalle Donne et al., "Development work for Iithium 

orthosilicate pebbles ", SOFT-19 Lisbon, 1996. 

Table 1: Results ofthermal cycling tests with ramp = 5 "C/s 

Test Te Broken ll.pf. 

addition 
Enrichm. Anneal. 

(%) 
ll.pi 

Nr. 
[hPa] 

1 No Natural No 3.5 71.0 

2 No Natural Yes 1.8 51.5 

3 Yes Natural No 2.8 61.2 

4 Yes Natural Yes 2.1 27.7 

5 Yes 50% Lj6 No 3.9 40.1 

6 Yes 50% Li 6 Yes 2.6 31.0 

[3] W. Weibull, J. Applied Mech, 18 (1951). 

[4] M. Dalle Donne et al., in Proc. 18th SOFT, Karlsruhe 

1994, Elsevier Science, B.V,. p. 1229 . 
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B 3.2.1 Irradiation of Li4Si04 + Te02 pebbles 

Slightly overstoichiometric Iithium orthosilicate (Li4Si04 + 2.2 

wt% Si02) pebbles with diameters between 0.25 and 0.63 mm 

are used as breeder material in the European Helium Cooled 

Pebble Bed (HCPB) blanket. Recent tests demonstrated that 

an addition of a small amount of Te02 increases the 

mechanical stability of the pebbles [1] (see section 83.1.1 ). To 

get a first idea on the tritium release characteristics annealing 

tests were performed with the reference (OSi, 7.5% Li6) and 

the new pebbles (OSi (Te), two charges: 7.5 and 50% Li6), 

The pebbles (0.25 · 0.63 mm diameter) were dried (at 

different temperatures between 300 and 1030 •q, loaded 

under He atmosphere into dried quartz glass ampoules and 

irradiated in the HFR reactor at Petten to a tritium activity of 

about 4 x 1 os Bq/g. The Irradiation temperature was specified 

to be s 150 •c. The tritium releasewas studied by out-of-pile 

annealing (purge gas He + 0.1 % H2, temperature ramp 5 

•ctmin to 850 •c). 

The release behaviour depends on the drying temperature. 

The behaviour of well-dried (:2 900 •c) samples is considered 

to be blanket - representative and is shown in Fig. 1 for OSi 
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Fig. 1: Camparisan oftritium release for reference OSi 

and OSi (Te) pebbles. 

and OSi (Te, 50 % Li6), The release rate as function of 

temperature during the 5 •ctmin ramp is plotted. The release 

maximum is achieved for the OSi (Te) sample at lower 

temperature than for the reference OSi pebbles. Therefore it 

is expected that the inpiie tritium reiease behaviour of the 

new OSi (Te) pebbles is better than that of the reference OSi 

pebbles, which have been carefully tested in EXOTIC-6 [2]. 

The new pebbles OSi (Te, 50 % Li6) will be tested in the next 

European inpile experiment EXOTIC-8. 

Literature: 

[1] M. Dalle Donne et al., "Development work for Iithium 

orthosilicate pebbles", SOFT-19, Lisbon, September 

1996. 

[2] H. Kwast et al., J. Nucl. Mater. 212-215 (1994) 1010. 

E. Damm 

M. Dalle Donne 

R. Huber 

D. Knebel 

F. Scaffidi-Argentina 

H. Werle 

H. Ziegler 



·-110--

WPB4 

B 4.1.1 

Beryllium Pebble Development 

Characterization and Optimization of 
2 mm and 0.1-0.2 mm Beryllium 
Pebbles 

For the Helium Cooled Pebble Bed (HCPB) Blanket, which is 

one of the two reference concepts developed within the 

European Fusion Technology Programme, the neutron 

multiplier consists of a mixed bed of about 2 mm and 0.1-

0.2 mm diameter beryllium pebbles [1]. The main structure of 

the pebble bed is given by the !arger pebbles with a packing 

factor of 63%. ln the space between them are placed the 

smaller beryllium pebbles with a packing factor of 18%. 

Both kinds of pebbles are fabricated by melting, however for 

the larger ones a relatively inexpensive intermediate product 

of the beryllium fabrication raute (Brush-Wellmann 

Company) has been chosen [2]. The present paper deals with 

the metallographic and mechanical tests performed for the 

bigger pebbles. Beryllium has no structural function in the 

blanket, however, microstructural and mechanical 

parameters are important, as they might influence the 

behavior of beryllium under neutron Irradiation. Because of 

the poorly defined production conditions, the bigger pebbles 

are characterized by a quite large scatter in the 

microstructural and mechanical data. Therefore, a relatively 

large number of pebbles have been analyzed from both the 

metallographic and the mechanical point of view to get 

statistically representative data. 

Metallographieanalysis 

For the metallographic analyses, 20 pebbles with a mean 

diameter of 2.1 mm and 20 pebbles with a mean diameter of 

1.6 mm were selected. The pebbles show a relatively large 

number of Indentations on their external surface. This is 

probably due to the fact that during the fabrication process 

very hot (or still partially malten) beryllium pebbles come in 

contact with cold and already solidified ones. With optical 

microscopy, a quite strong variation of coarse pores was 

observed. Some pebbles show big voids which seemed to be 

generated during the cooling phase of the fabrication 

process. Relatively often a coarse porosity with a pore size of 

0.1-0.2 mm has been observed. lt appears tobe heaped up in 

"nests" and might have arisen from interconnected shrink 

holes. On the other hand, most of the pebbles reveal a very 

small micro-porosity usually oriented along the crystal axis 

showing a very fine dendritic or cellular structure. ln general, 

it has been observed that the porosity of small pebbles is 

always smaller than that of the bigger ones, which clearly 

confirms that coarse porosity is generated during the cooling 

phase of the fabrication process. Furthermore, a large 

number of pebbles presents, near the external surface, a 

dense region the depth of which usually reaches 0.2-0.3 mm. 

A typical porosity distribution in a beryllium pebble is shown 

in Fig. 1. 

The metallographic structure of both smaller and bigger 

pebbles shows the presence of large grains, in some of the 

.• r~.: . 
. . ~ ' .• "",. . ~ . . . ... 

Fig. 1: Porosity distribution in a beryllium pebble 

smaller pebbles as large as the pebble diameter as is clearly 

indicated in Fig. 2. 

Fig. 2: Grain size distribution in the beryllium pebbles 

(polaized light) 

Insoluble impurities have been usually observed on the grain 

boundaries, while iron and chrome are almost exclusively 

present in solid solution in the beryllium-matrix. The external 

surface of the large Be pebbles is usually covered by a 211m 

thick 5102 layer and/or a fluorine layer (probably BeF2) the 

thickness of which is generally lower than 21Jm. Two 

extraneous phases are present in almost all the analyzed 

pebbles as shown in Fig. 3. Mostly a round bright phase 

looking like an eutectic stored in the beryllium matrix and 
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Fig. 3: Extraneous phases in the beryllium matrix 

occasionally a dark square phase which appears as a primary 

precipitated phase has been observed. The dominant 

precipitated phases are Be 13Mg, Be 13(Mg, Zr, U), Mg 2Si and 

AI203 [3]. 

Mechanical behavior 

The mechanical behavior of a significant number of pebbles 

with the !arger diameter has been investigated by submitting 

them to compressive Ioads up to 1600 N at room 

temperature. The plastic deformations of the pebbles have 

been measured and correlated with the app!ied Ioads as 

shown in Fig. 4. 
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Fig. 4: Deformation of the Be-pebbles for various applied 

mechanicalloads 

As for the microstructure, relatively !arge variations have 

been observed in the mechanical response of the pebbles. 

However, probably due to the very small amount of BeO 

impurities (02 <0.2 wt%), all the pebbles showed a high 

ductility at room temperature. Pebbles loaded up to 400 N 

show diameter reductions up to 13% but, in spite of evident 

large plastic deformations, no fracturing or crack formation 

was registered as clearly shown in Fig. 5. 

Fig. 5: Be-pebble after loading at 400 N 

On the other hand, pebbles loaded with 800 N (diameter 

deformation up to 25%) or more, reveal cracks on their 

"meridian" planes as shown in Fig. 6. 

Conclusions 

A significant !arge number of beryllium pebbles with a mean 

diameter of 1.6 mm and 2.1 mm made by Brush-Wellman as 

an intermediate product in the beryllium production raute 

has been analyzed from both the metallographic and the 

mechanical point of view. Because of the poorly defined 

production conditions, the pebbles are characterized by a 

!arge scatter in the microstructural and mechanical data. 

A quite streng Variation of coarse pores has been observed. 

Same pebbles show big voids which seem to be generated 

du ring the cooling phase of the fabrication process. On the 

other hand, most of the pebbles show a very small micro-
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Fig. 6: Be-pebble after loading at 800 N 

porosity usually oriented along the crystal axis. The 

metallographic structure of both smaller and bigger pebbles 

show the presence of !arge grains, in some of the smaller 

pebbles as !arge as the pebble diameter. 

The mechanical behavior of pebbles with the !arger diameter 

has been investigated by submitting them to compressive 

Ioads up to 1600 N at room temperature. After the 

compressive tests the pebbles have been analyzed by means 

of optical microscopy. Similar as for the microstructure, !arge 

variations have been observed in the mechanical response of 

the pebbles. However, probably due to the very small amount 

of BeO impurities, all the pebbles show a high ductility at 

room temperature: with evident !arge plastic deformations 

no fracturing of the pebbles was registered for diameter 

reductions upto 13%. 
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Chemical Analysis on Unirradiated Beryllium Pebbles 

Beryllium is fabricated by dressing of the raw beryl resulting 

in Be hydroxides which react with gaseous HF to BeF2 and H20 

by a modified Kroll process. The meta! is reduced by Mg 

according to the reaction BeF2+ Mg = Be+ MgF2 between 

1300 and 1400°C. Both phases are immiscible and liquid at 

these temperatures. Slow cooling of the lighter phase results 

in Be spheres in the 2 mm diameter range on the liquid MgF2 

surface. This solid material is an intermediate product of the 

beryllium processing. 

The spheres were used for the irradiation experiments 

CORELLI-2, Be/Pe irradiation and EXOTIC-7. Unirradiated 

samples were investigated by X-ray microanalysis. The 

instrumentwas equipped with a synthetic mulilayer crystal of 

the lattice spacing 2 d = 20 nm to analyse the electron beam 

induced, extremely soft characteristic BeKa radiation of the 

wavelength ~= 11.4 nm by diffraction of a wavelength 

dipersive X-ray spectrometer. The total impurity 

concentration is 0. 7%. Precipitates of the impurities less than 

10 IJm in diameter were observed predominantly in the grain 

boundaries of the Be grains. The main precipitates are 

Be 13Mg, Be13{Mg, Zr, U), Mg 2Si and Al 20 3• Fe and Cr are 

nearly exclusively dissolved in the Be matrix. The Be surface is 

coated by a 2 IJm thick discontinuous Si02 layer and partly by 

a less than 2 IJm thick fluoride layer. The analysis reveals 

further the maximum solubilities in Be at its melting point 

Tm= 1289°C: 0.010 at. % Si, 0.008 at. % Fe, 0.002 at. % Cr. 

Furtheranalysis on unirradiated 2 mm diameterBe pebbles of 

the heat Be MS1-EMC-171 with 0.4% total impurities results 

in the following precipitates in the Be matrix: MgBe 13, Mg 2Si 

and a two-phase Al-Mg alloy. The main impurities are Mg, Al 

and Si. The phase Mg2Si is the primary precipitate 

(Tm= 1 085°C) in this ternary sub-system. The residual Al-Mg 

melt contains nearly no Si and solidifies between 460 and 

437°C. The Be pebbles contain some cavities, their surfaces are 

covered with Fe-Cr phases. A supposed phase AIFeBe4 was not 

observed. 

A heat treatment did not change significantly the number 

density and composition of the precipitates in both Be heats. 

Staff: 
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B 4.2.1 Evaluation of Beryllium Irradiation 
Experiments and lmprovements of 
ANFIBE 

1. Evaluation of the "Beryllium Irradiation Experiment" 

in HFR/Petten 

Forthe Helium Cooled Pebble Bed (HCPB) Blanket [1]. which is 

one of the two reference concepts studied within the 

European Fusion Technology Programme, the neutron 

multiplier consists of a mixed bed of about 2 mm and 

0.1-0.2 mm diameter beryllium pebbles (packing factor 63% 

and 18% respectively) to achieve a high bed density 

( == 1.5 g/cm3). 

ln the fast neutron field of a fusion reactor tritium is 

produced in beryllium which, due to the relatively slow 

tritium release at normal blanket temperatures is 

accumulated but may be released during an uncontrolled 

temperature increase. Therefore, for safety considerations a 

good knowledge of tritium inventory and release kinetics is 

important. 

ln this paper the results of the first tritium annealing studies 

with the two types of beryllium pebbles are presented and 

compared with previously investigated beryllium samples and 

with predictions by the ANFIBE code [2]. 

Sampiesand Irradiation conditions 

Both types of pebbles are fabricated by Brush-Wellman. The 

!arge pebbles are an intermediate product, which results after 

separation of molten beryllium and MgF2. The small pebbles 

are produced from molten beryllium either by the rotating 

electrode method (REP) or by spraying with an inert gas. The 

main characteristics are summarized in Tab. 1. 

Table 1: Main characteristics of the pebbles [3] 

Diameter Closed ßeO Othcr 
Type 

(mm) porosity (wt%) impurities 
(%) (wt%) 

Large Fe 0.18 

pebbles 1.5-2.3 0.57 0.3 Mg0.12 
others < 0. I 

Small 
pebbles 0.08-0.18 0.86 0.08 Each < 0.1 
(REP) 

The small pebbles are characterized by a smooth surface and 

no open porosity, whilst the large pebbles by dimples on the 

surface and some open (big and small) porosity [4]. 

Mixtures of large and small pebbles were dried by purging 

them with helium at 650 •c for 3 hours and filled into steel 

capsules. 

The capsules were evacuated, then filled with 1.1 bar helium 

and closed by welding, The capsules were irradiated from 

April to August 1994 over four reactor cycles in the 

HFR-Petten reactor (Irradiation "Beryllium") at a temperature 

of about 420 •c (capsules 2 and 3) and 510 •c (capsules 5 to 8) 

to a fast neutron fluence (E > 1 MeV) of about 1 .0•1021 cm-2 

(capsules 2 and 3) and 1.2•1021 cm-2 (capsules 5 to 8) (5], After 

Irradiation the samples were handled under inert atmosphere 

before annealing. 

Tritiumrelease annealing tests 

For the tritium release annealing tests the two types of 

pebbles were first separated by sieving. Release kinetics and 

total amount of released tritium were determined by 

annealing the pebbles with 5 •ctmin up to 850 •c, keeping 

constant this temperature · for about 3 hours and purging 

them with 50 SCCM He+0.1 vol% H2. 

A series of tests showed that the release characteristics of 

each type of pebbles is reproducible and essentially the same 

for all the capsules. ln Fig. 1 representative release curves for 
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Fig. 1: Tritium release kinetics for large beryllium pebbles 

(top), pieces from crushed large pebbles (middle) 

and for small pebbles (bottom). 
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large pebbles, pieces (<ll < 0.7 mm) from crushed large 
pebbles and for small pebbles (all from capsule 2) are shown. 

Useful parameters to characterize tritium release kinetics are 
the fractional release (release R/production P), the 
temperature T max corresponding to the maximum release 
rate (during the 5 •ctmin temperature ramp) and the factor 
DF by which the release rate decreases (at 850 •c within 3 
hours). För the pebbles investigated in the frame of the 
present work and for previously lnvestigated beryllllum 
samples these parameters are given in Tab. 2. 

From Fig. 1 and the data of Tab. 2 the following condusions 
concerning tritium release kinetics can be drawn: 

e Release from 0.7 mm diameter pieces from the large 
pebbles is faster than that from the whole pebbles 
("partide size" effect). A further decrease of the 
partide size to s0.5 mm diameter indicated no further 
release lmprovement. 

• 

• 

Release from the small pebbles is faster than that from 
0. 7 mm diameter pieces from the I arge pebbles. 

Release from previously investigated Brush-Wellman 
samples (B-26, 5200-HIP) [6-8] is comparable with that 
from the large pebbles. Therefore, it can be assumed 
that the experimentally determined tritium residente 
times of beryllium B-26 [7] apply also to the large 
pebbles. 

Release from "old" beryllium (Kawecki Berylco) 
irradiated with moderate fluences is slow. However, if 
it is irradiated with high neutron fluences, the release 
is pretty fast, probably due to the formation of 
porosities caused by the migration of helium bubbles 
[7]. 

Camparisan af experimental data with ANFIBE predictians 

ln order to better understand the physical mechanisms 
governing tritium release behavlour, the performed 
annealing experiments have been simulated with the ANFIBE 
code [2]. The different tritium release kinetics between small 
and large beryllium pebbles is essentially due to the different 
helium release kinetics. during the annealing tests. 
Calculations indicate in fact that, for both small and large 
pebbles, most of tritium produced during In-pile Irradiation is 
trapped into relatively small intragranular helium bubbles (r 
"" 7 nm). During the annealing at high temperature these 
bubbles move into the lattice and tend to coalesce, thus 
forming bigger bubbles the radius of which will reach about 
20 nm. Because the bubble diffusion coefficient decreases 
strongly with the bubble radius (OC 1fr4) the integral 
migration distance 

X (t) J 6Db (r) t 

covered by a growing bubble will attain rapidly an asymptotic 
value which is determined by the distance migrated during 
the early bubble lifetime. 

Therefore, tritium trapped in helium bubbles will reach the 
sample free surfaces much easier in the case of small pebbles 
than in the case of larger ones. This "partide size" effect 
explains why tritium release from larger pebbles is slower 
that that from smaller ones. The calculated fractional release 
for the large beryllium pebbles, for the pieces from crushed 
large pebbles and for the small pebbles is 32%, 60% and 95% 
respectively, which is in good agreement with the 
experimental data reported in Tab. 2. 

Conclusions 

Tritium release kinetics of a variety of beryllium samples was 
studied and was found to be pretty similar. A common 

Table 2: Tritiumrelease characteristics of various beryllium samples 

Irradiation Material <!> [cm'2] p [ßq/g] R [ßq/g] RIP [%] Tmax ["CJ DF 
(E>l MeV) 

Large pebbles 1.0•!021 2.1•109 8.Qej0K 40 > 850 10 
"Beryllium" Large pebbles(pieces) 1.0•1 021 2.1•109 1.4•1 09 70 800 so 
Capsule 2 Small pebbles 1.0•1021 2.1•109 2.0•1 09 100 400, 800 5•102 

Brush-Wellman, B-26 
"7.0•1020 "'1.0•109 8.0•108 20 SIBELIUS [6,7] Be0<300 ppm "'80 > 850 

pellets <ll8x2 mm 

Brush-Wellman 
Mol F-BSBEI [8] S200-HIP 1.6•1021 4.0•1 09 2.0•109 so 600 20 

Beü= 0.9 wt% > 850 
pieces <!> "' 2 mm 

Kawecki Berylco 8.0•1021 4.0•10 10 4.0•109 10 > 850 5 
Mol BR2 core [7] vacuum hot pressed 2.8•1 022 1.5•1011 1.4•1 011 90 840 103 

Beü < 2 wt% 3.9•1 022 2.2•10 11 2.2•10 11 95 "'800 104 

pieces <!> "' 2 mm 
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feature of all samples du ring annealing with 5 •ctmin up to 
850 •c is that the maximum release rate is achieved at 

temperatures high er than 800 •c. Nevertheless, the following 
differences exist: 

• The release for 0.7 mm diameter pieces from the large 

pebbles is faster than that from the whole pebbles 
("particle size" effect). 

• The release for small pebbles is faster than that from 
0.7 mm diameter pieces from the large pebbles. 

• The release for previously investigated Brush-Wellman 
beryllium (B-26, S200-HIP) is comparable with that for 
the large pebbles. 

The release for "old" beryllium (Kawecki Berylco) 

irradiated with moderate fluences is slower than that 
for "modern" beryllium (Brush-Wellman). 
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2. Evaluation of the EXOiiC-7 Experiment in HFR/Petten 

Pore Formation in Be-Pebbles at High Li-Burnup 

ln the frame of the Irradiation Experiment EXOTIC 7 also 
mixed beds of Li 4Si04 Pebbles (d = 0.1 - 0.2 mm) and 
Beryllium pebbles (d = 0.1 - 0.2 und 2.0 mm) were irradiated. 
With a high Li6-enrichment of 50% the effect of a long term 
Irradiation on the behaviour of the material with Li-burnups 
of > 16% should be simulated. The Irradiation was conducted 
over 10 HFR-cycles (cycle 94.02- 94.11) over a total of 235.61 
full power days. (Tab. 1)[1]. 

The T-release was measured in- pile at HFR/Petten and out of 
pile in the hot cells at FZK. The results of these measurements 
are presented below. 

An important question for the assessment of the, HCPB 
blanket was and is the behaviour of both mentioned 
materials in form of pebbles during Irradiation. Results of 
examination of irradiated Li4Si04 cannot yet be given in 
conclusion as important examinations with the microprobe 
and x-rax diffractrometry aretobe done finally. The influence 
of Li-burnup on fracture strength of Li4Si04 [2] was already 
reported. ln the Li4Si04/beryllium mixed bed (capsule 28.2) a 
bracing due to Be-swelling by He-formation was found. By 
this difficulties during take out of the mixed bed originated 
at Petten Hot Cells (4]. 

The expected formation of pores in the Be matrix due to He­
deposition cannot be proved by metallography without a 
suitable treatment of the irradiated pebbles. 

For this reason the big beryllium pebbles from capsule 28.2 
were sorted out and annealed at 85o•c to provoque a 
coagulation of the He which is dissolved in the lattice. After 
the heat trea~ment some pebbies were cooled in liquid N2 

and broken in a speda! device. After this treatment pores 
could be found by investigation with the scanning electron 
microprobe (SEM). 

The pebbles were examined under 3 different conditions: a) 
not annealed + broken, b) annealed + broken, c) broken + 
subsequently annealed. 

Figs. 1 and 2 show the relevant SEM images.Only pebbles 
which were prepared by treatment b) show He bubbles. These 
pores can be found both inter- and intragranular. 
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Table 1: Irradiationhistory- capsule 28.2; T- production and Li- burnup [2] 

capsule: 28.2 
matenal: Li4Si04 pebbles weightof Li4Si04 1.843 [g] vol. of Li4Si04 0.796 [cm3J 

Be pebb. 0.1 sample volume 8.119 [cm3] density of Li4Si04 0.227 [g cm3] 
Be pebb. 2 vol.% of Li4Si04 9.81% (sample vol) 

supplier: FZK 

T prod. at cycle Start T prod. at cycle end 
cycle 

atoms/s mCi/min atoms/s mCi/min 

cycle 94.02 3.50E+14 1.022 3.40E+14 0.993 

cyc1 e 94.03 3.57E+14 1.043 3.42E+14 0.999 

cycle 94.04 347E+14 1.013 3.33E+14 0.973 

cycle 94.05 3.26E+14 0.952 3.13E+14 0.914 

cycle 94.06 3.09E+14 0.902 2.97E+ 14 0.867 

cycle 94.07 3.08E+ 14 0.900 2.97E+14 0.867 

cyc1e 94.08 308E+14 0.900 294E+14 0.859 

cycle 94.09 2.95E+14 0.862 2.63E+ 14 0.827 

cycle 94.10 2.71E+14 0.791 2.54E+14 0.'771 

cycle 94.11 2.58E+14 0.754 248E+14 0.724 

Fig. 1: Be pebble: not annealed + broken 

Besides this Be pebbles which were irradiated in the mixed 

bed show a streng pore formation on their surface due toT­

deposition by recoii from the Li - orthosiiicate (Fig. 2ai and 

2b) ). 
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Fig. 2: 

Fig. 2: 

Fig. 2: 

Be pebble: annealed + brokim 

a) surface of Be pebble: pores byT-recoil 

Be pebble: annealed + broken 

b) surface of Be pebble: pores by T-recoil 

Be pebble: annealed + broken 

c) pores in the Be matrix 
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Tritium Release from Be-Pebbles 

Tritium release from beryllium pebbles irradiated in the HFR 

Petten reactor during the EXOTIC-7 experiment [1] has been 

investigated by means of out-of-pile annealing tests. Tritium 

release and total released tritium were studied by purging 

with He+O. 1% H2 and heating with 5°C/min up to 850 oc and 

heaping this temperature ~or several hours. 

Release of all investigated Be samples (Be 2mm, Be 2mm 

broken, Be 0.1-0.2 mm) from the mixed beds of capsules 28.2 

and 26.2-1 is very similar (Figs. 1 and 2): in agreement with 
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previous studies [2] the release starts at about 500 oc and 

achieves a maximum at about 700 °C. The total release of the 
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large Be pebbles (Be 2mm) is slightly larger (=-6•1010 Bq/g) 

than that from Li 4Si04 from the same capsules, while that of 

the small Be pebbles (Be 0.1-0.2mm) is about a factor 30 

larger ( =- 1•10 12 Bq/g). Once tritium is produced/implanted 

in Be it diffuses at a significant rate to sites of lower free 

energy (i.e. He bubbles) and/or it chemically reacts with 

impurities for which it has a particular affinity (i.e. BeO) [3]. 

Release kinetics is, therefore expected to be dependent on 

the particular trapping mechanisms and, in particular, to be 

hindered both by structural sinks (physlcal trapping) and by 

beryllium oxide impurities (chemical trapping). The observed 

release at about 500 oc is probably due to tritium escaping 

from chemical traps, while the maximum release at about 700 

oc is due to tritium escaping from physical traps. The latter 

release should be accompanied by a contemporaneous 

release of He. 

According to previous studies [2] it is expected that, if Be is in 

direct contact with ceramies during Irradiations, a fraction of 

the 2.74 MeVtritons produced in the Li4Si04 is implanted in a 

surface layer of beryllium (depth =-401Jm). This Ieads to an 

additional inventory which is usually several tim es larger than 

the neutron-produced one. 

Tritium generation data in Be for both capsules 26.2-1 and 

28.2 are not yet available. However, with reference to 

calculations for the 0282.01 experiment [4] one can estimate 

a ratio He-production/T-production of a about 45. Being the 

He-production rate in Be for the HFR reactor about 3440 

appm per 1022 n/cm2 (En ~ 1 MeV) [5], the total He produced 

at the end of the EXOTIC-7 experiment (in both capsules 26.2· 

1 and 28.2) should be 450 appm. This Ieads to a specific 

tritium production in Be of 1.3•109 Bq/g in reasonable 

agreement wit a value of 2.0•109 Bq/g based on tritium 

production vs. fast fluence graph [6]. ln any case, the neutron­

generated tritium in Be is about a factor 50 lower than the 

released tritium from the !arger Be pebbles and a about a 

factor 700 lower than that from the smaller Be pebbles, 

assuming no release during the Irradiation. This high tritium 

inventory in both the large and small Be pebbles from 

capsules 26.2-1 and 28.2 can be only due to Implantation from 

ceramics. Furthermore, the total release from the small Be 

pebbles is about a factor 15 larger than that from the bigger 

ones. This is probably due to the fact that in the small Be 

pebbles the Implantation depth of tritium coming from 

ceramies ( =-401Jm) is of the same order of magnitude of the 

pebbles radius (=-50-100 IJm), which results in a higher 

implantantion efficiency than in the case of larger Be pepples. 
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WPB 5 Tritium Control including Permeation 
Barriers 

B 5.1.1 Calculation of Tritium Permeation 
~osses from Purge Gas System and 
First Wall 

ln the Helium Cooled Pebble Bed blanket for a DEMO reactor 

[1], the breeder and the neutron multiplier consist of separate 

beds of Li4Si04 and beryllium pebbles respectively. These beds 

are contained between steel plates cooled by high pressure 

helium. The tritium produced in both beds is carried away by 

helium at atmospheric pressure. The First Wall and the other 

parts of the blanket, made of martensitic steel MANET, are 

cooled by high pressure helium. 

The heat produced in the blanket is transmitted to the steam 

turbines by means of !arge heat exchangers. 

The main path by which tritium may get to the ambient is 

given by: 

• injection of tritium from the plasma into the First Wall 

and then through permeation to the helium main 

coolant system; 

• 

• 

permeation of tritium from the tritium purging system 

through the pebble bed containing walls to the helium 

main coolant system; 

tritium permeation from the helium main coolant 

system through the lncoloy 800 walls of the steam 

generators to the steam turbine cycle. 

Permeation through the First Wall 

The permeation is given by the tritium and deuterium ions 

impinging on the First Wall. A part of these ions recombines 

at the FW surface and returns to the plasma (recombination 

process), the other is implanted into the First Wall and 

diffuses to the surface of the FW helium coolant channels. 

Here it can recombine to form molecules, which end up in the 

main helium coolant system. The molecules can also dissociate 

at the surface to generate atoms again (dissociation process). 

A description of these chemical phenomena and a theoretical 

formulation of the surface recombination rate is given by 

Baskes ([2], Eq.24). The recombination rate constant includes 

factors depending on the materiai's physicai properties and a 

nondimensional parameter, the sticking factor, whose value 

is dependent on the state of oxidation of the surface. The 

more oxidized is the surface, the lower is the sticking factor's 

value, from 1 foraclean surface to 10-4+ 10-s for an oxidized 

one. The relation between the recombination coefficient and 

the dissociation one, which has a lesser impact on the 

permeation, is given by the formula Kd = Kr*Ks2 where Ks is 

the of the material's solubility ([3], Eq.2). The diffusion of the 

atoms through the material is also influenced by the Soret 

effect, that is the tendency of gas atoms to move under a 

gradient in temperature [4]. The properties relative to the 

retention of the diffusing atoms are also important in the 

tritium control issue. 

MANET First Wall (DEMO) 

At the time of the DEMO Reactor costruction the experience 

acquired by ITER operation should allow a sufficient 

knowledge of the plasm~ behaviour to avoid the presence of 

oxygen at the wall surface, which is the factor affecting the 

sticking factor, thus making possible to use a bare MANET 

First Wall. The experiments with deuterium ions performed at 

INEL [5] have shown that the impinging ions eject away the 

atoms of oxygen from the specimen surface, thus increasing 

the sticking factor. The experimental value for the 

recombination coefficient reported in [5] for HT-9, a ferritic 

steel very similar to MANET, has been assumed in the present 

calculations. The correction for the different temperatures in 

the present design was made by means of the Baskes 

equation and data about tritium solubility and diffusivity in 

MANET, measured by Forcey et al. [6]. The calculations were 

performed by means of the one-dimensional TMAP4 code 

(7].The effects of the presence of the FW cooling channels 

have been assessed by the analogy of the tritium diffusion 

and the thermal diffusion by the use of the ABAQUS code [8]. 

Tab. 1 shows the results concerning the tritium permeation in 

the case of two states of oxidation of the FW cooling channel 

surface. One can see how the two-dimensional geometry 

does not reduce the permeation noticeably (less than 6%). 

Table 1: Tritium permeation from the DEMO FW and 

inventory. lncident flux: 1.5 x 1020 (const.) 

FW permeating surface: 730m2 

Two-dim. One-dim. 
calculation calculation 

Sticking factor 10-4 1Q-5 1Q-4 1Q-5 

Permeation rate (g/d) 11.9 8.47 12.5 8.87 

Trapped inventory (g) 1.79 2.21 1.69 2.10 

Mobule inventory (g) 0.68 0.78 0.65 0.75 

.,._ ..... _. :-··- ......... " 1 ... \ '> A'> ., ag ., 34 ., 85 1 IUldllllvcn'-u•y \Y/ -· . I --

Beryllium-MANET First Wall 

An alternative is represented by a 5mm protective layer of 

beryllium. This is particular important for the assessment of 

the tritium permeation in the test moduletobe irradiated in 

ITER (pulsed operation incident flux = 1.x1020 ions/m2·s with 

1000 spulses and 1200 s plasma dwell time). 
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Surface modification of the beryllium by the plasma could 

strongly influence both the tritium permeation and the 

retention. Particularly important is the tendency of the 

surface to become pitted during ion Implantation. To model 

the effects of surface pitting on the reemission and 

permeation characteristics of implanted hydrogen isotopes a 

new application of the TMAP4 code has been developed. This 

modelling technique involves the creation of a fictitious 

volume between the disturbed surface layer where the 

pitting occurs and the relatively undisturbed beryllium matrix 

[9]. A pitting surface area of 10% of the total was assumed 

for the beryllium layer. Compared with the case of no pitting, 

the pits result in a reduction of permeation by more than a 

factor of three, and an increase in the time delay to 

breakthrough by a similar amount. 

Fig.1 shows the permeation rate as a function of time: there 

is appreciable permeation only after about 80 days and the 

95% of the asymptotic value (i.e. 8.9x10-3 g/d for 1.2 m2) is 

reached after about 130 days. 

OL-------~------~------~----~ 

0 81 
Thre( .. ) 

Fig. 1: Be (with pits)-MANET First Wall (ITER test module) 

The tritium inventory in the First Wall (1 ,85 grams for 1.2 m2) 

is almost completely retained in the beryllium. Other 

phenomena such as beryllium erosion and/ot the possible 

formation of a beryllium oxide on the plasma side require 

further work. 

Tungsten-MANET First Wall 

An alternative solution to the beryllium as coating material 

for the First Wall may be given by the tungsten. An estimate 

of the tritium permeation in the case of a 3 mm thick 

tungsten layer has been therefore performed with the 

TMAP4 code, The change in time of the permeation rate is 

substantially similar to that seen for the beryllium (Fig. 1) 

except for the fact that the time before noticeable 

permeation occurs is shorter (17 days) as weilasthat to reach 

the asymptote (115 days). The resulting permeation is very 

low (7.x1o-s g/d for 1.2 m2) and this is probably due to the 

relatively high recombination rate constant suggested by 

Anderl et al. [1 0] for the tungsten. 

Permeation from the Purge Flow System 

Another source of contamination of the helium main circuit is 

given by the permeation through the walls separating the 

ceramic breeder and the beryllium from the helium coolant. 

The performed calculations are based on the experimental 

data of Forcey et al. for hydrogen permeation through 

MANET [6] and the pessimistic assumption that all the tritium 

in the purge flow is 100% in the form HT (pH 2 = 100 Pa in the 

helium purge flow ). The Li4Si04 bed has been subdivided in 

eight radial sectors ([1], Fig. 2.5.1). Foreach sectot the local 

partial pressure PHT has been determined as weil as the 

corresponding local dilution, i.e. the ratio PHiPHT· The 

obtained results are reported in Tab. 2. 

Table 2: Permeation from the purge flow system (li4Si04 

pebble beds) 

lnboard Outboard Total 

Perm. surface (m2) 2665 6455 9120 

PHT at the pebble 0.58 1.20 ... 

bed outlet (Pa) 

PH 2/pHT ratio at the 196 94 ... 
pebble bed outlet 

T-permeation (g/d) 0.13 0.65 0.78 

H-permeation (g/d) 41.8 101.7 143.5 

Permeation through the Steam Generators 

The DEMO main helium coolant system characteristic values 

are the pressure (8 Mpa), the temperature (inlet= 250 °C, 

outlet=450 °C) and the coolant mass flow (1751 Kg/s 

outboard, 653 Kg/s inboard), [1]. 

Because of the presence of tritium and other impurities in the 

helium circuit, a helium purification system is unavoidable. 

The main adopted assumptions are hereafter briefly 

reviewed. 

1. 

2. 

The steam generators (helium/watet) have been 

divided in 40 sections, each with the relevant local 

temperatures and surface dimemiom; therefore 40 

different contributions to the final permeation have 

been calculated. 

ln the evaluation of the partial pressures of the 

hydrogen isotopes in the main coolant system due 

account has been taken by the fact that these isotopes 

are continuosly extracted by means of the helium 

purification system (0.1% of the of total helium mass 

flow) with an efficiency of 95%. 
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3, 

4. 

5. 

The swamping effect on the tritium permeation caused 

by the other two hydrogen isotopes has been 

accounted for by using the equation suggested by Bell 

and Redman for tritium permeation through lncoloy 
800 ((11], eq.2), 

The isotopic effect on the permeability has been also 

accounted for ((11], eq.B-9). 

A total water leakage of 4 Kg/d through the heat 

exchangers into the main helium system has been 

assumed. 

Tab.3 shows the final results. They have been obtained by 

using the Bell and Redman equation valid for lncoloy 800 

without any superficial oxide layer ([11], p.1580). According 

to Bell, with the temperatures proposed in the DEMO 

reference design (helium = 250-450 •c, tube wall= 160-360 

•c, H20 = 120-320 •q there will be on the water side a 

permeation reduction factor (PRF) of at least 10 as weil as on 

the helium side, if the oxygen potential in helium, provided 

for instance by a certain H2/H20 ratio, is capable of oxidizing 

chromium. This range is quite wide and the oxygen potential 

in the coolant helium can be easily produced with the help of 

the helium purification system. The oxide layer with PRF=10 

will be very thin and thus very stable against thermal 

transients. The combined PRF will be then 10+10=20 and 

will suffice to reduce the tritium permeation through the 

heat exchangers below 20 Ci/d in both cases considered in 

Tab.3. 

Conclusions 

The present calculations show that with the HCPB blanket it is 
possible to reduce the tritium permeation through the steam 

generators below an acceptable Ievei (20 Ci/d) without need 

of special coatings. This requires a sufficiently high oxygen 

potential in the main helium coolant system, which can be 

easily produced with the help of the helium purification 

system, to provide a thin and stable oxide layer on the helium 

side surface of the steam generators. Of course, these 

calculations must be validated with experiments which are 

presently foreseen by the European DEMO blanket 

programme. 

Furthermore it has been shown that the tritium permeation 

to the FW cooling channels of the HCPB blanket test module 

in ITER will be reached after a relative long time (80 days) 

with a beryllium coating or it is very small in case of a 

tungsten coating. 
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Table 3: Permeation through the steam generators (without PRF-20) 

FW permeation = 11.9 g/d FW permeation = 8.5 g/d 

lnboard Outboard Total lnboard Outboard Total 

Permeating surface area (m2) 11088 28970 40058 11088 28970 40058 

PH2 partial pressure (Pa) 3000 3000 --- 1500 1500 ---
PHT partial pressure (Pa) 0.58 0.51 --- 0.40 0.36 ---

PH20 partial pressure (Pa) 34.9 34.0 --- 34.9 34.0 ---

Tritium permeation (Ci/d) 121 282 403 119 282 401 
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Tritium permeation from the helium coolant through the 

steam generator must be restricted to very small values. An 

important measure to achieve this is the addition of H2 and 

H20 to the coolant which reduces permeation by 

e the build-up of permeation impeding oxide layers on 

the structural materials (blanket: MANET, heat 

exchanger: INCOLOY 800) or at least contributes to the 

healing of defects in these layers occuring during 

operation. (ln the latter case, these layers have to be 

produced before reactor operation). 

• the hydrogen swamping effect 

11 the conversion of gaseaus tritium into nonpermeable 

HTO. 

Experiments will be jointly performed with JRC-Ispra to 

investigate these separate effects. The experiments will be 

carried out at JRC-Ispra. An existing permeation test facility 

will be modified for the measurement of the different 

hydrogen species upstream and downstream of the test 

specimen. 

For 1996 permeation experiments using deuterium with 

circular MANET and INCOLOY probes are planned in order to 

investigate the pressure dependence of the permeation flux. 

Up to now results for MANET probes were obtained [1] using 

both bare probes having a natural oxide layer of about 5 nm 

and preoxidized probes with layer thicknesses of about 25 to 

30 nm. For the bare probes a diffusion limited permeation 

procces was observed down to the lowest investigated 

deuterium pressures an the upstream side (pmin "" 3 Pa). For 

the oxidized probes the permeation process was surface­

limited (linear pressure dependency); the permeation rates 

were reduced by about 3 orders of magnitude compared to 

bare probes. 

Literature: 
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WPB6 Tritium Extraction 

B 6.1.1 Design of Helium Purification and 
Tritium Purge Flow Systems induding 
Tritium Extraction 

1. Tasks of the Purification System 

The purification system is provided as a sub-system for the 

main coolant system of an ITER solid breeder blanket test 

module. The Interrelation between coolant system and 

purification system is shown in Figure 1. 

Filter 

Coolant System 

0.1% 

Heat 
Exchanger 

..___-f Purification 
System 

Fig. 1: Interrelation between coolant system and coolant 

purification system 

As indicated in the figure, 0.1% of the coolant gas stream is 

continuously sent through the purification system. lts main 

task is the extraction of tritium permeating into the coolant 

from the first wall and from the breeder zone; this is 

necessary to avoid a steady increase of the tritium concen­

tration in the coolant and to reduce the tritium permeation 

through the heat exchanger into the secondary coolant. 

Additional tasks are: 

• 

• 

to remove water that may be present as a consequence 

of leakages or failures in the heat exchanger, 

to extract other solid, liquid, or gaseous impurities, 

• to provide sufficient intermediate storage capacity to 

allüvv an opeiation time cf 6 days (one !TER rea.ctor 

campaign) without the need to unload or regenerate 

single components. 

Two Independent coolant systems are provided for the ITER 

blanket test module. Each of these systems is equipped with a 

purification system whose main design data are given in 

Table 1. 

2. 

Table 1: Main design data of the purification system 

Mass Flow Rate (kg He ls) 1.85*10"3 

Pressure (MPa) 8 

Amount of He Coolant (kg) 23 

Partial Pressures (Pa) 
p (H2) 62 
p (HT) 0.24 
p (H20+HTO) 35 
P (N2) 8 

Extraction Rates (molelday) 
H20 + HTOal 0.47 
N2 0.04 

Extraction Efficiency ~95% 

Temperature of the Coolant 
at the lnlet I Outlet of the 250 I 50 
Purification System (0 C) 

a) due to catalytic oxidation, Q 2 is extracted as Q 20 
(Q = H, D, T) 

System Description (Figure 2) 

The gas stream entering the coolant purification system 

downstream of the coolant loop circulation pump is first sent 

through a water separater to remove condensed water that 

may be present as a consequence of larger leakages than 

anticipated in Table 1. The gas is then warmed up to 450 oc by 

an electrical heater and transferred to an oxidizer unit 

containing a precious metal catalyst (Pd or Pt on alumina). An 

over-stoichiometric amount of oxygen is added to obtain a 

quantitative conversion of 0 2 to 0 20 (0 = H, D, T). The high 

temperature of the gas is favorable for the kinetics of the 

oxidation process. 

Now the gas temperature is reduced to room temperature by 

a water cooler. The remaining humidity is frozen out in a cold 

trap operated at -100°C. The amount of water extracted 

under the conditions described in Table 1 is 8.5 g/day. 

Finally, the gas is passed through a recuperator and then to a 

5A molecular sieve bed cooled with liquid nitrogen (LN 2) to 

adsorb gaseous impurities like N2; any hydrogen isotopes that 

have not been oxidized are also adsorbed. The inlet and the 

outlet side of the bed are equipped with mechanical filters to 

prevent a carry-over of particulate material during normal 

operation (downward flow) and regeneration (upward flow). 

The secend bed provides additional adsorption.capacity; it 

may be used when the first bed has not been unloaded or 

regenerated. 
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The pure helium is carried back through the recuperator, 

further warmed up by an electrical heater, and then returned 
into the main coolant loop upstream of the circulation pump. 

Thus, it should be possible to operate the purification system 

without an additional compressor or circulation pump. 

Nevertheless, a corresponding pump (No.S) will be available 

on demand. The total inventory in the main coolant remains 

below 0.1 mol Q2 and 0.05 mol Q20 under the conditions 

described in Table 1. lt will be sufficient, therefore, to 

continue the operation of the purification system for about 

12 hours after reactor shutdown to arrive at a reasonably low 

concentration of hydrogen isotopes in the coolant. 

Regeneration 

Some components must be regenerated before their 
retention capacity has been reached. The particulate filters 

will be transferred to the waste disposal system after 

exchange. 

The cold trap loaded with Iee is depressurized (via relief valve 

10) and warmed up to room temperature to liquefythe water 

which is then drained into a water container and sent to the 

Water Detritiation System. 

The adsorber beds are first depressurized like the cold trap 

(via relief valve 11). During a normal unloading operation 

they are warmed up to room temperature, and the desorbing 

impurities are sent to the Waste Gas System. A complete 

regeneration is achieved by heating to 300 •c and purging 

with clean helium. 

1 Wal er Sep~rator 
2 Eltclriul Huler 
3 (alalylic Oridiztr 
' Cooler 
5 Biower 
6 Cold Trap 
1 Ruuperator 

8a/b Lov TtMp. Adurber 
9 Elac lriul Hut er 

10/11 Rehef Valvn 
12 Rehel Tank 

in 

3. Analytical Tools 

The tritium extraction is controlled by continuous 

measurement of the tritium concentration at several points of 

the loop. Four ionization chambers are used forthis reason: 

No.1: At loop inlet upstream of the electrical heater 

(Information about tritium concentration in the 

coolant), 

No.2: Downstream of the cold trap (Information about 

satisfactory functioning of oxidizer and cold trap) 

No.3: At the loop outlet (under proper conditions, the 

reading should be the same as of No. 2), 

No.4: Downstream of valve 11 (to monitor the effluent 

gases). 

ln addition, the composition of the coolant gas is analyzed 

with the help of a gas chromatograph by taking gas samples 

at the loop inlet and outlet. 

out 

® 

® 

Evacualion 

waste Gn 
System 

Fig. 2: Principle of the coolant purification system 
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WPB7 

B 7.1.1 

Safety related Activities for DEMO and 
ITER Test Module 

Safety Studies for DEMO and ITER Test 
Module 

The safety studies focused on the analysis of the blanket and 

cooling systems transient behaviour during accidents for the 

HCPB DEMO blanket system and on the assessment of design 

basis accident seenarios relevant to the HCPB blanket test 

module (BTM) in the ITER environment. Documentation was 

prepared for the previous generat safety assessments of 

DEMO blankets [1, 2, 3, 4]. 

DEMO Blanket Systems Analysis 

To analyse the thermal-hydraulic behaviour of the HCPB 

blanket and cooling circuits during steady state and 

aceidentat conditions, a part of the outboard (OB) cooling 

system was modelled with the system analysis code 

RELAPS/MOD3.1. The model represents one cooling system 

of one OB blanket segment including blanket flow channels 

and structures, circulator, steam generator, pressure control 

system, primary side pipework, and part of secondary side. 

The RELAPS nodalization scheme is shown in Fig. 1. 

Fig. 1: 

13 
bypass 1 

I 
I 
I 
I 
I 

prlmary slde -!-.... secondary slde 
(hellum) : (water) 

I 

RELAPS nodalization of part of OB cooling system. 

Ta obtain Information from different areas of the blanket, 

the OB blanket segment was divided into four poloidal 

sections, namely, upper vertical extension (VE), upper section 

(US), middle section (MS), and lower section (LS), see Fig. 1. 

Section VE comprises the blanket section opposite to the 

inboard upper divertor, the latter three sections form the 

curved part of the OB blanket segment. The solid structures 

of first wall (FW) and breeding zone were modelled by 

reetangular RELAPS heat structures. The chosen modelling 

approach allows determination of steady state conditions and 

simulation of accidents concerning both cooling circuits of an 

OB blanket segment. 

An important result of the calculated steady state conditions 

is the necessity for orificing the mass flow rate in different 

blanket areas to fulfil the tentative target function of 

identical helium temperatures at the breeding zone outlets 

across the whole segment height. Strong orificing was 

especially necessary at the upper vertical extension, where 

the heat generation is very small. This gives rise to considering 

a different design for this blanket section, as compared with 

the other sections. 

Starting from steady state conditions, first transient 

calculations simulating a lass of flow accident (LOFA) in both 

cooling systems induced by a circulator trip with and without 

subsequent plasma shutdown were conducted. Without 

plasmashutdown the FW temperature in the middle section 

reaches 700 •c about 40 s after initiation of the LOFA. Failure 

of the FW in this temperature range is likely to occur. 

Assuming an intact FW beyond this Ievei. FW 

MANET/breeder/multiplier would reach their melting points 

approx. 120 s/12S s/190 s after start of the transient. For a 

LOFA with plasma shutdown and subsequent decay heat 

removal via natural circulation a redistribution of the flow 

inside the blanket was observed. For instance, the poloidal 

flow distribution 1 h after start of the LOFA shows a strong 

gradient of the mass flow rate from the lower section with 

the highest flow rate to the upper vertical extension with the 

lowest flow rate. Consequently, the poloidal temperature 

distribution for FW MANET shows a maximum in the upper 

section and a minimum in the lower section, the differential 

temperature being -300 •c. The described flow pattern was 

observed for a Ievei difference of S m between blanket and 

steam generator. Further calculations with varying 

parameters are planned. 

ITER Test Module Safety Assessment 

The aceidentat safety assessment has been addressed giving 

first an overview on the material mass inventories and on 

tritium inventories in the different subsystems, and on the 

energy sources which are the driving elements in any accident 

sequence. Enveloping events were identified to serve as 

design basis for the blanket test module (BTM). Thesedesign 

basis events were, to some extent, analysed with view to their 

short and lang term thermal-hydraulic evolution. Finally, the 

events were evaluated against a given set of safety 

requirements to demonstrate that the HCPB-BTM design 

camplies with ITER safety criteria. The results are summarised 

in this section. 

Concerning the materials and toxic inventories the safety 
relevant quantities are as follows: The test module includes 

2700 kg of structural material, 4SO kg of beryllium pebbles, 10 

kg of beryllium in a S mm thick first wall protection layer, and 

120 kg of breeder pebbles. The two cooling loops contain a 

steel mass of 1SOOO kg, constituting a relatively large heat 

capacity. The helium enclosed in the main loops amounts to 

43 kg. The tritium content in the BTM is in the 20 mg rangein 

the structural and breedermaterial each, and about 4 g in the 

beryllium multiplier at the end of the extended performance 

phase. The primary coolant contains up to 1 mg oftritium. 
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Typical energy sources in the HCPB-BTM system are displayed 

in Table 1. lt shows that the chemical energy potential of the 

beryllium multiplier is large compared to the other energies, 

although the probability for gross Be/water or Be/air reaction 

is low, especiallyforthe beryllium pebbles. 

Table 1: Energy sources in the HCPB test module 

Ene rgy Sou rce 
Energy 

(MJ) 

Plasma disruption 0.35 

Linearplasma shutdown with 1 s delay 

within 100s(normal) 97 

within 20 s (accelerated) 21 

within 20 s for surface heat flux 4.8 

and 0 s for internal heat (fast) 

Decay heat integrated over: 1 minute 1.5 

1 hour 69 

1 day 445 

1 month 4510 

Work potential of helium coolant (both loops) 63 

Chemical energy beryllium/water reaction 18000 

berylliumfair reaction 30000 

Postulated enveloping events were identified, representing 

the most demanding design requirements to the BTM, and a 

preliminary category with respect to the annual expected 

frequency of occurrence has been assigned to each event. The 

total of 12 events considered pertain to three families: (a) loss 

of coolant accidents with leaks in one or both loops at 

different locations, (b) loss of flow accidents with loss of 

forced convection flow in one or both loops, and (c) loss of 

heat sink events assuming complete failure of the secondary 

heat removal system for one or both primary loops. Two types 

of transient thermodynamic calculations have been carried 

out to determine (i) the 3D temperature distribution in a 

representative section of the BTM in the course of the events 

with the finite element code FIDAP, and (ii) the thermal­

hydraulic and heat transport mechanisms in the whole 

cooling system with the system code RELAPS. 

As example, Fig. 2 shows the temperature evolution at 

selected spots of the BTM in case of a loss of flow in both 

cooling loops due to ioss of pump powerforanormal plasma 

shutdown (1 s delay with subsequent ramp-down within 100 

s). The temperature in the hattest node of the first wall 

structure (curve MANET/Be) andin beryllium protection layer 

(curve Be-layer) reach peak values of 625 and 635 •c, 
respectively, that is about 100 •c above the steady state Ievei 

which is tolerable. No temperature overshoot is observed in 

the pebble beds. The mass flow rate decreases with a half-life 

time of 3 s, reaching natural circulation driven equilibrium at 

5.3% of nominal flow 60s after start of ramp-down. 

---------------------------------------------------

0 0L-~--1o~o--~-2o~o--~-3o~o--~~4~oo~~~oo~o~~-=eoo 
Time (s) 

Fig. 2: Typical temperature transients at hot spots of the 

BTM following loss of flow in both cooling loops 

The events have been assessed, to the extent analysed so far, 

against a set of 15 safety requirements established in the ITER 

design description document. The pertaining checking matrix 

indicates that to date, 9 out of 15 safety requirements are 

fulfilled by the proposed HCPB-BTM design. Several 

postulated events need to be further investigated with 

respect to the remaining requirements. Pending these results, 

no fundamental safety concerns are expected that could 

violate the ITER safety criteria. 
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B 8.1.1 

ITER Test Module System and Testing 

Tests in HEBLO and Preparation of a 
Submodule for HEFUS-3 
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ln 1995 the second HEBLO [1] experimentwas carried out by 

temperature transient tests on a mixed beryllium/ceramic 

pebble bed under additional mechanieal loading. The 

configuration of the test bed was based on the blanket 

concept with cooling coils in a mixed pebble bed. 

After a totai number of 1915 temperature cycles under 

different mechanical loadings (1] the experiment was 

terminated. After removal from the test loop the test section 

was cut apart at an industrial firm. Because of diffieulties in 

the disassembly of the pressure piston individual samples of 

pebbles could not be collected. The whole pebble bed was 

therefore fixed by casting resin. Metallurgie photographs 

were taken at a cut plane about 20 mm below the pressure 

piston (Fig. 1). No damage, fracture or deformation of the 

beryllium and Li 4Si04 pebbles were observed. 

A third HEBLO test section is presently in the design phase 

which, according to the HCPB concept for DEMO with cooling 

plates, contains separate beryllium and ceramic pebble beds. 

Figure 2 shows a small part of an outboard blanket segment 

chosen for the third HEBLO experiment. The whole test GAS 

section is illustrated in Figure 3; it contains the small HCPB 

test object made from MANET and is installed in a safety tank. 

The goal of the third HEBLO experiment is to examine the 

CASING AND HOLDING DEVICE 

BERYLLIUM 
PEBBLE BED 

HEATING 
WITH ELECTRICAL 
MINIATURE HEATERS 

FIRST WALL WITH 
HELIUM COOLING CHANNELS 

(DIFFUSION WELDED) 

thermal behaviour of the pebble beds and welding joints of 

the structure und er transient loadings. To adapt it to the new 

thermohydraulics test conditions, the HEBLO loop facility has 

Fig. 2: Small part of HCPB chosen forthe third HEBLO 

been modified and extended (2], especially in the 

temperature transient test loop. Besides modification of the 

pipe diameters in order to increase the helium flow, the gas 

experiment 

Fig. 1: Metallurgie photographs of the mixed Be/Li ceramic pebble bed of the second HEBLO experiment taken at a cross 

section belowthe pressure piston (2.7x, 20x, and 100 x, respectively) 
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Fig. 3: Third HEBLOtest section for HCPB 

flow has to be split up further. This requires additional Staff: 

heating sections, control circuits and measuring points. 

First thermohydraulics design work has been completed. The 

first Iayout and test of heating plates for simulation of the 

high inner heat sources showed weak points at the cold 

junctions of the heating wires. The redesigned specimens of 

the heating plates are now being tested and, if necessary, 

they will be modified and optimized to fit the real test 

conditions. 

To connect the test object (MANET) to the HEBLO facility 

(stainless steel) flange tests were carried out successfully with 

a MANET/stainless steel material pair under temperature 

cycles of 270/430 oc and at 80 bar helium pressure. After 

modification and extension, the HEBLO facility will again be 

put into service in order to test to the new equipment such as 

loop heaters, measurement systems, and control and safety 

circuits. 

Upon completion of the new test section and integration in 

HEBLO, it will probably start operation in 1997. 
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Long Term Materials Programme 

The Structural Materials Programme is devoted to the 

development of low activation ferritic/martensitic steels for 

DEMO and the provision of design-relevant present-day 

materials data for blanket modulestobe tested in ITER. 

FZK carries a major part of these activities. The agreed 

programme has been structured in Work Packages (WP) with 

a subdivision in tasks and subtasks. Within WP 1 the 

characterization of MANET with respect to its long-term 

behaviour (creep-rupture) metallurgical and mechanical 

properties of Japanese and European reduced activation 

steels are being determined, and the Irradiation behaviour is 

being measured both by post-irradiation examination andin­

beam fatigue testing. A smaller part of activities is devoted 

within WP4 to fracture-mechanics studies and weldability 

tests. 

Creep rupture tests with MANET-11, which can be treated as a 

reference material for further improvements to be attained 

with the reduced-activation alloys, showed that the strong 

deterioration of creep resistance that occurred with MANET-1 

after 10 000 h at sso•c, does no Ionger appear. For the 

Japanese steel F82H mod. a basic quality assurance and 

homogeneity test program has been carried through in the 

different participating European Laboratories with very good 

and congruent results. The discrepancy in the results on the 

Nb-content, a very critical element for Iang-term activation, 

has been resolved, and the very low values as specified by the 

supplier have been verified. 

The characterization of different OPTIFER heats has also 

advanced, and the critical role of Ta as an alloying element 

has been identified. 

As for the fatigue properties of the reduced activation alloys, 

F82H mod. has so far been investigated both in LCF and in 

thermal fatigue tests, and it has been found that this material 

shows a cyclically weaker behaviourthan MANET-11. 

The reactor irradiation and post-irradiation testing program 

(MANITU) devoted to the critical issue of radiation effects on 

fracture toughness, has yielded significant improvements for 

essentially all the new alloys with respect to shifts in USE and 

DBTI as compared to the MANET steels. The trend in neutron 

dose dependency as derived from previous measurements on 

MANET-1 could be fully verified. 

lnvestigations with the Dual Beam Facility were concentrated 

on a fundamental comparison of displacement darnage as 

simulated by light ions, with fusion neutrons. Whereas the 

elastic component is weil characterized by Rutherford 

scattering, the non-elastic component has, for the first time, 

been quantitatively described. lt could be shown that within a 

wide range of recoil energies there is good matehing 

between proton- and neutron-induced interactions, except 

for low energies where some overrating of the Frenkel pair 

production occurs. Thus, even if a-particles would be much 

more efficient for displacement production, high energy 

proton Irradiation gives a better simulation for First Wall 

fusion neutron induced darnage effects. 

a-irradiation was used for experimental studies of the Impact 

of He on the tensile properties of F82H mod. Hardening was 

found below 4oo•c which increased, the lower the 

temperature was; but the effect was not as pronounced as 

for MANET-1. Within WP4 FZK made two contributions, the 

first of which was related to a common understanding of 

cleavage or ductile fracture of ferritic steel depending on the 

temperature, and the deduction of data tobe incorporated in 

design codes. ln the experimental part of the work a tension 

testing device has been adapted for a special type of 

specimens that is required for the numeral analysis. ln the 

theoretical part a modified Weibull stress analysis to 

quantitatively describe brittle fracture is being implemented. 

The second contribution to WP4 is devoted to the 

quantification of diffusion welding for the joining of ferritic 

steel plates in the ITER test blanket design. Tensile, bending 

and Impact tests have been used for a basic evaluation of 

weldments and it has been found that a certain roughness is 

essential to ensure acceptable properties of the weldment. 

H.D. Röhrig 
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WP1 

1.1 

Martensitic Steels 

Metallurgkai and Mechanical 
Characterization MANET 

MANET II was the first big heat of the martensitic 10% Cr­
steels investigated and characterized by a number of 
European laboratories. The collected microstructural and 
mechanical data are the reference properties for further 
developments in martensitic steels, particularly with regard to 
the development program of the low activation alloys. This 
work on characterizing MANET II was completed by 
evaluation of the creep rupture tests and documented in a 
final report. Four heats and seven semifinished material 
dimensions were extensively examined in the temperature 
range from 450 • 700 •c for up to 20000 hours. Thus, 
experimental characteristic values on the creep resistance and 
creep behaviour of this martensitic 10.5%Cr steel are 
available to the designers. A very important result isthat by 
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strict observance of a positive NIAI-ratio in MANET II, the 
streng deterioration of creep resistance observed as ,S-slope" 
in the 1 % creep-stength {t1o;,) and time to rupture {t

1
) curves 

in MANET I is prevented; Fig. 1 [1]. 

Literature: 

(1] M. Schirra, S. Heger, A. Falkenstein: Das 
Zeitstandfestigkeits- und Kriechverhalten des 
martensitischen Stahles MANET-11, FZKA 5722, Oktober 
1996 
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Fig.1: Master curve for 1% creep-strain and rupture {Larson-Miller-Parameter) 
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1.2.1 Metallurgical and Mechanical 
Characterization 
F82H mod. 

The basic investigations of the steel F82H mod. {Heat 8741 ), a 

5 ton high-purity melt manufactured by NKK-Japan have 

been brought to an end. The associated European 

Laboratories performed a quality assurance and homogeneity 

test program on all distributed plates. The program included 

the evaluation of microstructural data and chemical analysis. 

Additional tensile tests were also performed, the whole test 

results are reported in [1]. Measurements of Vickers Hardness 

HV 30, grain size, contents of precipitates and inclusions 

reveal a homogeneaus structure more or less Independent of 

either plate dimension or rolling direction. These findings are 

confirmed by the test results of comparative tensile tests. Fig. 

1 gives the Ultimate Tensile Strength of F82H mod. in 

Ultimate Tensile Strength 
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Fig. 1: Ultimate Tensile Strengthof F82H mod. vs. 

tem pe ratu re 

comparison to MANET II, showing lower strength below, and 

equal strength above 500 •c. The ductility given in Fig. 2 is 
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Fig. 2: Total Elongation of F82H mod. vs. temperature 

comparable to MANET II, deviations between the different 

laboratoriesare due to the different specimen geometry. 

The heat treatment has been optimised in order to improve 

the creep, impact and tensile properties and special attention 

was given to the transformation behaviour [2,3,4]. First 

results obtained on tensile strength properties and notch 

impact toughness behaviour were described in the previous 

Annual Report 94/95. 

One aim of the homogeneity tests was also to determine the 

uniformity of the chemical composition. Whereas the 

comparison of the content of the main alloying elements {Cr, 

W, Mn, V and C) shows good agreement, the determination 

of the very low contents of impurity elementssuch asNband 

Mo, which are important for the longterm activation, made 

some trouble and some deviations occured due to the 

determination Iimits and uncertainties of the applied 

analytical methods, XRF {X·Ray Flourescence Analysis) and 

OES (Optical Ernmission Spectroscopy). Latest measurements 

at the Dual-8eam-Facility of FZK using nuclear activation 

analysis revealed that the contents of Nb and Mo are in the 

range of 2.5 ± 1 and 46 ± 17 wt-ppm. These results confirm 

the manufacturer's analysis of 1 and 30 ppm resp. is correct 

[1,5,6]. 

Further work on the stability during tempering was 

investigated in aging tests carried out in the temperature 

range from 450 to 800 •c for up to 2 000 hours duration. The 

resulting tempering master plot corresponds to the OPTIFER 

Ge variant. 

The creep rupture tests performed in the range of 

temperatures from 450 to 700 •c for 10000 hours yield a creep 

rupture master plot which is weil validated and represented 

in Fig. 3. First tests made on a second plate exhibit a slight 

tendency towards lower values for the times to rupture and 

creep strain Iimits. 

The martensitic structure of F82H mod. was investigated 

intensively with regard to thermal stability. As found in 

former investigations, the martensitic structure can change 

partly into the ferritic structure after higher temperatures 

exposure in the a-y-transformation range at about 875 •c. 
This phenomenon was found after the as-received condition 

of 1040 •c 38 min + 750 •c or after a second austenitization 

of 1040 •c and higher annealing temperatures. ln order to 

investigate this problern heat treatments were performed in 
20•-steps between 800 and 920 •c. The material was studied 

in etched metallographic cuts by light microscopical and 

scanning electron microscopical methods. 

The temperatures of the analysed samples are marked in the 

phasediagram of 0.1 %C steels {Fig. 4). The full circles indicate 

the relative content of the ferrite. Ferrite was found between 

the temperatures of Ac1b and AcH· {Fig.4b). The maximum 

ferrite contents of 17% was found after 880 •c. As can be 

seen, the a-y-region was found at a higher temperature 

range than shown in the Fe-Cr phase diagram of Pickering. 
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But, this divergence can be explained by the addition of 

further alloying elements. 

The Vickers hardness was measured in the F82H mod., too. 

The ferritewas very soft with 200 HV0.1• The martensite was 

relatively hard and the hardness of 450 HV0.1 is the value of 

quenched martensite. The EDX (~nergy Q.ispersive Ji·ray 

analysis) analysis of the Cr contents showed a small increase 

of about 0.5 • 1.0 wt.% in the martensite. ln transmission 

electron microscopy the structure-less ferrite and the 

quenched martensite with the additional M2X phase could be 

discriminated {Fig. 5). 

The experimental results can be explained in the following 

way: Du ring the heating of the steel F82H mod. up to the a-y­
transformation, some grains changed to the austenitic phase 

and can dissolve a high concentration of carbon. Most 

carbides, like M23C6 -type precipitates, are dissolved and the 

concentration of free carbon is increased. By a diffusion 

process the retained grains lose carbon, they are nearly 

carbon-free and form ferrite. During a fast cooling, the 

transformation is frozen and the ferrite is retained at RT. 

Partly, the material has the appearance of bainitic structure, 

too, but this phase could not be proved by dilatometric 

measurements. 

ln F82H mod. a part of the carbon is not bound by the strong 

carbide forming elementssuch as Ta or Ti, because very often 

large inclusions could be found in the composition of Al-Ta-

Ti-V-0. Probably, the elements were added too early to the 

melt and oxidised. 

A good mechanical behaviour of the irradiated material is 

finally important. Probably, the soft ferrite phase can 

influence positively the mechanical properties du ring or after 

irradiation. This will be further investigated. 

Literature: 

1. 

2. 

3. 

4. 

R. Lindau (Ed.): Homogeneity Tests of European 

Laboratories on Alloy F82H-mod.FZK-Report 5814, 

November 1996 

M. Schirra et. al.: Ergebnisse von Arbeiten zur 

Grundcharakterisierung des Stahles F82H mod. Charge 

9741. Interna! report 

M. Schirra, H. Finkler: Das Umwandlungsverhalten der 

hochwarmfesten martensitischen Stähle mit 8-14% er. 

FZKA 5607, Sept. 1995. 

L. Schäfer, M. Schirra, R. Lindau: Mechanical Properties 

of the Martensitic Steel F82H Mod., Heat 9741, 

Proceedings of SOFT 19, Sept. 16 • 20, 1996, Lisbon · 

Portugal, in press 

Fig. 5: TEM-micrograph of F82H mod. 
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1.2.2 Fatigue and Creep Properties of Base 
Material on LA Martensitic Steels F82H 
Mod 

1. Introduttion 

Structural components of a DEMO-blanket are subjected 
du ring service to alternating thermal and mechanical stresses 
as a consequence of the pulsed reactor operation. Of 
particular concern ls the fatigue endurance of martensite 
steels like MANET II and F82H mod under cyclic strains and 
stresses induced by these temperature changes. ln order to 
designsuch structures, operating under combined mechanical 
and thermal cycling, fatigue life has to be examined in 
isothermal fatigue tests for materials data generation and in 
thermal fatigue for verification of design codes. 

This report compares recently measured isothermal 
mechanical and thermal low-cycle fatigue data of the 
martensite low activation steel F82H mod with those of 
MANET II martensite steel. 

2. Experiments 

The F82H mod samples are tested in the temperedas received 
condition (Normalizing: 1040°C and tempering: 750°C), and 
the ferrite-martensite MANET II samples after the three·step 
reference annealing [1]. 

Cylindrical samples of MANET II and F82H mod, respectively­
solid in case of isothermal mechanical fatigue and hollow in 
case ofthermal fatigue- have been used for the experiments. 
Both materials have been tested in airund er isothermal, total 
strain control Iew cycle fatigue (LCF) and under thermal 
fatigue control (TCF), respectively. 

The LCF tests have been performed with computer-controlled 
MTS servohydraulic testing machines operating in strain 
controlled push-pull mode. Triangle wave forms are applied 
with constant strain rates of 3x1Q-3 1/s in case of LCF tests. 
More detailed Informations about the test procedure are 
received from an actual report [2]. 

For the LCF experiments, solid specimens of 77 mm length and 
of 8.8 mm diameter in the cylindrical gauge length of the 
specimen have been used. The axial extensometer is fixed by 
knives on both sides of the 21 mm gauge length to allow 
stable attachment. 

The TCF test rig consists of a stiff Ioad frame for mechanical 
clamping of the sample, which is directly heated by the 
digitally controlled ohrnie heating device. ·cylindrical 
specimens are used with the same outer dimensions as the 
above mentioned solid specimens, but with a wall thickness 
of 0.4 mm. Variablestrainrates are applied at TCF test mode, 
due to the constant heating rate of 5.8 K/s and variable 
temperature changes. 

With respect to 
complications of 

extensometry a TCF test includes 
strain measurement not normally 

encountered with isothermal LCF tests. Since both 
temperature and mechanical strain cycling are taking place, 
mechanical strain is available only after subtraction of the 
thermal strain from the measured total strain. 

3. Results 

A comparison of isothermal fatigue behavior between F82H 
mod and MANET II (plotted in Fig. 1) shows at temperatures 
of 450°( and 550°C with a total strain range of 1 % only a 
small reduction in number of cycles to failure, but with 
decreasing total strain range (0.6 %) the reduction in number 
of cycles to failure amounts to about 40 to 50 percent of those 
ofMANETII. 
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Fig. 1: Camparisen of isothermal fatigue behavior 
between F82H mod and MANET II 

The comparison of thermal fatigue behavior between F82H 
mod and MANET II with respect to total strain range vs. 
number of cycles to failure (Fig. 2) shows at temperature 
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changes of 200- 6oo•c with increasing total mechanical strain 
ranges a drastic reduction in number of cycles to failure 
(about one order of magnitude). 

The comparison of thermally fatigued samples of both 
materials with respect to plastic mechanical strain range 
results for F82H mod samples in much higher values than for 
MANET II. This is shown in Fig. 3. 

Ferrite-martensite steels 
cylindricaloample 

111 

Fig. 3: Comparison of plastic mechanical strain range of 
thermal fatigue behavior between F82H mod and 
MANETII 

The third comparison of thermally fatigued samples of both 
materials is made with respect to total stress range and results 
for F82H mod samples in much lower values than for MANET 
II. This is shown in Fig. 4. 

750 

~ 
1il 700 
~ 

~ 650 

'o .... 

<1 600 
0 

1 550 

"' "' ~ 500 (/) 

....; 
,0 
['"" 

450 
10' 

Fig. 4: 

F errite-martensite 
steels 
cylindricaloample 

• 
• 

0 
0 

!Thermal Fatiguels.SK/• 
(fempemture Contro~ AT=variable) 

F1!2Hmod: 

•• 
c 

c 

MANETII: 

<> 
0 

V 

• • 
II 

" 

200-650°C 
200-600°C 
200-550°C 
200-700°C 
200-650°C 
200-600°C 

"" 

103 104 10' 
Nwnber ofCycles to Failure, Nf[-] 

Comparison of total stress range ofthermal 
fatigue behavior between F82H mod and 
MANETII 

From these first results one can tentatively conclude that 
F82H mod shows a cyclically weaker behavior than MANET II, 

which however can still be described by a Manson-Coffin 
relationship. 

4. Thermal Fatigue Round Robin (TFRR) 

The thermal fatigue round robing has been organized among 
four European laboratories: ENEA, EPFL, JRC and FZK. Chaired 
by FZK, the following parameter field had been defined: 

• Thermal fatigue and thermomechanical fatigue tests 
will be performed in air atmospere. 

• 

• 

Heating and cooling rate is 5 K/s . 

Temperature range is defined to 2oo•c- 6oo•c, to reach 
total mechanical strains of about 0.4 % in case of 
thermal fatigue and convenient testing tim es. 

Mechanical clamping of the sample in case ofthermal 
fatigue should be performed at the low temperature 
(2oo•q of the cycle. 

Total mechanical strain value in out of phase 
thermomechanical fatigue experiments should also be 
choosen to 0.4%. 

Sampie manufacturing from F82H mod (28 mm plate), 
perpendicular to the rolling direction, will be finished for the 
four participants of TFRR - each with their specific sample 
shape- in Dec. 1996. 

Literature: 
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1.4.1 Metallurgical and Mechanical 
Characterization of OPTIFER Alloys 

Determinations of the physical and mechanical properties of 

the first OPTIFER alloys have been largely completed and 

some of them have been documented [1-5]. The current inves­

tigations are focused on the long-term tests. 

ln order to be able to study the stability of tempering in the 

reference state specimens were aged for 20 to 2 000 hours in 

the temperature range of 500 to 750 •c and the hardnesses 

were measured (Fig. 1 ). The hardness of the respective refer­

ence state (205-250 HV30 ) is largely maintained up to P = 

18.5 (550 •c; 20 000 hours) and gradually decreases beyond 

that value. Only the 1.6% Ta heat 666 features a substantial 

decrease in hardness from P = 19 on. The cause is secondary 

recrystallization accompanied by coarse grain formation. 

The status of creep rupture tests allows a comparative 

evaluation to be made of the various OPTIFER heats with 

reference to the creep rupture master plot (Fig.2). Also this 

representation makes evident that the 1.6% Ta heat displays 

a marked decrease in strength from P=24 on, as a result of 

recrystallization, and that the 1% W heat is more stable in its 

strength behaviour. 

The investigations of the second OPTIFER series have started. 

lt appears from the results of the hardness tests performed in 

the temperature range 850 - 1100 •c that the hardness 

behaviour corresponds to that of the heats of the first series 

(Fig.3a). The determination of grain sizes madeevident that a 

Ta content of 0.06 - 0.1% is necessary to obtain a fine grain. 

The example of the Ge heat 668 shows that a Ta content of 

0.018 causes coarse grain formation at an early stage (Fig.3b). 

These alloys are investigated in order to determine their 

transformation behaviour du ring AC1 b and AC1f, too, as 

described with steei FB2H mod.. ln the region of 

transformation the highest ferrite concentration was found: 
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1.4.2 Fatigue and Creep Properties of Base 
Material on LA Martensitic Steels 
OPTIFER 

1. Experimental 
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Since 23 mm thick and wide bars of OPTIFER IV are available 
now, preparation of cylindrical samples has been initiated, to 
run low cycle fatigue scoping tests under isothermal, total 
strain control and und er thermal control, respectively. 
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1.5.0 I 1.5.1 MANITU Irradiation Program 

1. Introduttion 

The problern of radiation-induced deterioration of fracture 

.toughness remains to be a key issue for the application of 

ferritic/martensitic steels as structural materials for fusion 

reactors. ln the previous investigation (SIENA program) it has 

been demonstrated that, after Irradiation in a materials 

testing reactor to a dose of 10 dpa or even less, at 

temperatures around 300 •c, the shift in Charpy Impact 

properties of 10-12 % er steels , as characterized by an 

increase of the ductile-to-brittle transition temperature 

(DBTT) and a decrease of the upper shelf energy (USE), can be 

unacceptably high. ln the context of these results there was, 

at that time, a vital interest to learn more aboutthe evolution 

of this degradation with fluence and about the possibility of 

even more darnage (or Iack of annealing effects) at lower 

Irradiation temperatures. 

With these objectives the MANITU Irradiation project was 

started with staged doses of 0.2, 0.8, and 2.4 dpa and 

temperatures between 250 and 450 •c as target values. 

During the planning of the experiment several new aspects 

came at right time, which enabled us to fill the available 

space in the rigs in addition to the MANET steels with 

specimens of different promising low-activation alloys and 

thus redirect the goals of the experimental program. 

Up to now all of the results from the 300 •c Irradiation are 

available and allow us to draw interesting conclusions with 

respect to the dose effect on Impact properties and the 

improvement attalned by the introduction of new alloys with 

reduced long-term activation. 

2. Experiments 

The heat treatments of the alloys have not in all cases been 

optimized to the utmost and may thus leave some room for 

further improvement. Table 1 gives the chemical composition 

of the steels with a ranking order of the alloying elements 

that facilitates the distinction of characteristic deviations and 

allows for numerous speculations about the influence of 

composition on the different Impact properties before and 
after Irradiation. 

Charpy specimens have been produced from the available 

materials according to the European standard for subsize 

specimens. All tests have been carried out with the same, 

Instrumented facility which is installed in the Hot Cells. 

The Irradiations of the MANITUprogrammeare all carried out 

in the HFR, Petten. The target values of the neutron doses 

was reached within about -2% and + 15% depending on the 

core position of the specimens. The Irradiation temperature 

of 300 •c was maintained within about ± 5 % by a proper 

balance between n,g-heating and compartment cooling with 

different He-Ne mixtures. A total number of 180 specimens 

for each dose Ievei (or at least 5 for each material and 

temperature) ensured a sufficient number of measurement 

Table 1: Chemical composition ofthe different alloys in 

wt.% 

10-11 % Cr- low activation alloys 
NiMoVNb steels 

MANETI MANETII OPTIFER Ia OPTIFER II F82H std. ORNL 

er 10.8 9.94 9.3 9.43 7.73 8.9 

w 0.965 0.005 2.06 2.01 

Ge 1.1 

N 0.02 0.023 0.015 0.016 0.0027 0.0215 

c 0.14 0.1 0.1 0.125 0.092 0.11 

Mn 0.76 0.79 0.5 0.5 0.083 0.44 

Ta 0.066 ca. 0.02 0.018 0.06 

p 0.005 <0.006 0.0047 0.004 0.003 0.015 

s 0.004 <0.007 0.005 0.002 0.003 0.008 

V 0.2 0.22 0.26 0.28 0.189 0.23 

B 0.0085 0.007 0.006 0.006 0.003 <0.001 

SI 0.37 0.14 0.06 0.038 0.09 0.21 

NI 0.92 0.66 0.005 0.005 0.032 <0.01 

Mo 0.77 0.59 0.005 0.005 0.0053 0.01 

Al 0.054 <0.02 0.008 0.008 0.01 0.017 

Co 0.01 <0.02 0.0024 0.012 

Cu 0.015 <0,01 0.035 0.007 0.0059 0.03 

Nb 0.16 0.14 0.009 0.009 0.0057 

Zr 0.059 0.034 <0.001 

Ce <0.001 <0.001 

Tl 0.007 0.007 0.0104 <0.01 

Fe balance balance balance balance balance balance 

points in order to connect and group them to curves with the 

Irradiation temperature as abscissa and the materials as 

parameter. 

3. Results 

Fig. 1 shows the USE as a function of Irradiation dose. The 

number of curves can be divided into two groups where the 

low activation alloys (LAA) generally maintain a high Impact 

energy in the whole dose range, whereas the MANET steels 

behave much poorer. 

lf we now Iook at the DBTT curves (Fig. 2) we find again that 

the MANET steels behave quite bad, whereas the LAA are 

significantly better. At an Irradiation dose of 2.4 dpa the 

difference in DBTT between MANET-1 and the ORNL steel is 

220 •c and it seems, if we extrapolate the DBTT curves to 

higher dose Ieveis, that the further embrittlement of the LAA 

is much smaller compared to the MANET steels. 

The dynamic yield stress measured at 100 •c is shown in Fig. 3. 

Up to the dose Ievei of 0.8 dpa all LAA are suffering less of 

Irradiation hardening compared to the MANET-11 steel. But 

above 0.8 dpa the ORNL and OPTIFER-11 steels show a bigger 

increase in dynamic yield strength compared to the other 

alloys. At 2.4 dpa the dynamic yield strength of the ORNL 

steel is even comparable to the MANET-11 steel. 
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Conclusions 

All LAA show a better embrittlement behaviour after 

neutron irradiation compared to the MANET steels. 

Especially in the higher dose range (>0.8 dpa) the 

difference becomes more and more significant. 

Among all examined materials the ORNL steel shows 

the very best embrittlement behaviour. Prior 

investigations have shown, that below irradiation 

temperatures of 400 •c the already minor deterioration 

in DBTI remains practically constant. 

All materials show irradiation hardening which 

increases with higher neutron doses. The ORNL and 

OPTIFER-11 steels show the biggest increase in dynamic 

yield stress compared to the other alloys. 

• Though the low neutron fluence of this irradiation 

experiment does not yet allow to draw general 

conclusions, it can be stated that all examined low 

activation materials provide clearly better impact 

properties than the corresponding MANET alloys. 

111 Further irradiation experiments have to verify these 

encouraging results with the low activation alloys at 

higher and especially morefusionrelevant dose Ieveis. 
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1.6.1 I 1.6.2 
Effects of Radiation Hardening and He in LAM I 
ln-Beam Fatigue 

Task 1.6: Mechanistit lnvestigations 

The Dual Beam Facility of FZK, where a-particles (s 104 MeV) 

and protons (S40 MeV) are focussed onto a target, was 

developed as a research tool for materials within the 

European Fusion Technology Program. This high energy dual 

beam technique allows the simulation of fusion neutrons by 

systematic variation of hydrogen, helium, and darnage 

production in thick metal and ceramic specimens as weil as 

the simulation of Tokamak relevant thermal and mechanical 

Ioads in proposed plasmafacing materials. ln the present 

program the mechanistic investigations include 

• a fundamental analysis of the displacement darnage 

under light ion Irradiation including a comparison with 

fusion neutrons, 

e investigations of the Impact of helium on tensile, 

charpy and microstructural properties, and 

11 investigations of the push-pull fatigue and fracture 

behaviour of postirradiated and in-situ irradiated 

specimens. 

ln the reporting period activities to the first two items are 

summarized. 

1. Comparison of Displacement Darnage of light Ions 

with Fusion Neutrons 

1.1 Introduttion 

ln this work the applicability of light ion simulation 

Irradiations with respect to the displacement darnage under 

fusion neutron Irradiation is investigated by theoretical and 

experimental activities. The production of primary knock-on 

atoms (PKA) and the displacement of lattice atoms (OPA) 

under proton and a-particle Irradiation is considered in pure 

iron. The main focus is put on the effect of the non-elastic 

processes which are characterized by nuclear reactions and 

taken into account quantitatively forthe first time. 

1.2 Elastic d isplacement darnage 

ln the energy range covered by the Dua.!-Beam facility the 

light projectiles Iead by high probability through Rutherford 

scattering to elastic displacements. This displacement process 

is weil known. For incident particles with energies from up to 

100 MeVon pure iron the elastically PKA-spectra shows, that 

the lowerthe projectile energy the higher is the probability 

of recoil production but the lower the maximumtransferable 

energy. 

1.3 Non-elastic d isplacement darnage 

Under Irradiation with high-energetic light ions nuclear 

reactions take place. These reactions Iead to energetic residue 

nuclides called non-elastic PKA. The proflies of the non-elastic 

PKA-spectra can be characterized by the excitation functions 

of the corresponding nuclear reactions and by the mean 

recoil ranges of the residual nuclides. Based on theoretical 

calculations with nuclear and range models and on 

experimental measurements, non-elastic PKA spectra are 

obtained for all open reaction channels. This effort Iead for 

the first time to a quantitative description of the light ion 

induced non-elastic displacement damage. For a-particle 

Irradiations with energies Ea = 10 MeV and Ea = 100 MeV 

the non-elastic PKA-date are plotted in Fig. 1. ln the case of 
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Fig. 1: Comparison of elastic and non-elastic PKA-spectra 

at a-particle energies of Ea = 10 and 100 MeV 

Ea = 10 MeV the elastically produced PKA are more than two 

orders of magnitude higher than the non-elastic PKA. With 

increasing projectile energy the non-elastic fraction becomes 

more pronounced. At Ea = 100 MeV the non-elastic fraction 

has increased while the elastic fraction has decreased. This 

means, that for PKA-energies high er than T = 1 MeV the non­

elastic fraction is predominant and gives a weil pronounced 

contribution to the total PKA-spectrum. 

1.4 Comparison of light Ionsandfusion neutrons 

The comparison of elastic and non-elastic darnage can be 

done on the basis of the PKA- and the OPA-level. However, 

the PKA-Ievel gives the more detailed insight in what kind of 

materialsdarnage is produced. 

1.4.1 PKA-spectra 

ln Fig. 2 a comparison of proton- and a-induced total PKA­

spectra with a fusion neutron induced PKA-spectrum is 

shown. ln general, comparing the top and bottom figure it is 
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Fig. 2: Camparisan of a-particle induced (top) and proton 

induced (bottom) PKA-spectra with a fusion 

neutron induced PKA-spectrum 

obvious, that the probability of recoil atom production with 

a-particles is at comparable projectile energies one to two 

orders of magnitude higher than with protons. lt is also 

obvious, that only for higher projectile energies the high 

energy recoil tail becomes more pronounced. The comparison 

between charged particle induced and neutron induced PKA­

spectra shows that within a wide range of recoil energies the 

proton- and neutron-induced PKA-spectra matches very weil, 

while the a-particles are characterized by a high er production 

probability and a larger recoil energy tail. However, at low 

energies the proton-induced recoil production probability is 

still significantly above the first wall fusion neutrons. lt is 

important to mention that only the shape and not the 

magnitude of the PKA-spectrum is important in comparing 

charged particle and neutron induced PKA-spectra. 

1.4.2 OPA-profiles 

For OPA calculations the NRT-model was used. The elastically 

and non-elastically OPA-values were calculated separately. ln 

Fig. 3 a comparison of the OPA-rates vs. penetration depth for 

protons, a-particles and fusion neutrons is plotted. lt is 

distinguished between the elastic and non-elastic fraction of 

the OPA-rates. The top figure is calculated for incident 104 

MeV a-particles on iron. The maximum energy refers to 0 IJm. 

With increasing depth the particle energy is degraded. The 

elastic OPA-rate shows, that with increasing depth the 

displacement efficiency increases, because of the lowered a­

energy. At the mean penetration depth the maximum 
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Fig .3: Comparison of the OPA-distribution in function of 

the penetration-depth in iron for protons 

(bottom), a-particles (top) and fusion neutrons. 

The charged particle OPA-ratesare normalized to 

11JA/cm2 particle flux density while the neutrons 

are normalized to 2.2 MW/m 2 wallload 

elastically produced damage occurs. On the other hand the 

non-elastic OPA-rateshows an almost constant Ievei until the 

particle energy becomes close to the nuclear reaction 

thresholds, where the non-elastic OPA-rate decreases very 

rapidly. At the highest examined a-energy the non­

elastic/total OPA-ratioturns out to be 0.47. This Ieads to an 

increase of the total OPA-rate of almost a factor of 2 at the 

high energy region. 

Oue to the large scattering length of fusion neutrons in iron 

the neutron induced OPA-production rate (bold dashed line 

in Fig. 3) can be treated as constant over the range of 2000 

IJm. The comparison of the neutrons and the a-particles 

shows that in the depth araund the stopping range of the a­

particles the OPA-rate exceeds the neutron-OPA-rate by 

almost a factor of 2 and in the range from 0- 750 1-1m it is in 

average lower by a factor of five. 

The bottom figure is calculated for incident 30 MeV protons 

on iron. The general behaviour is the same as the a-particles 

for elastic and non-elastic OPA. At the highest examined 

proton energy the non-elastic/total OPA-ratioturns out to be 

0.43. This Ieads to a increase of the total OPA-rate of almost a 

factor of 2 at the high energy region. The comparison shows, 

that in general the proton-induced OPA-ratesare significantly 

lower than the neutron induced ones. At the depth region of 

o - 750 1-1m it is lower by a factor of 25 while at the peak 

position it is lower by a factor of 6. The comparison between 
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proton- and a-induced OPA shows that the a-particles are 

much more efficient in producing displaced atoms than the 

protons. 

1.5 Conclusion 

The presented results show, that the investigation of non­

elastic displacement darnage under charged particle 

Irradiation is indispensable for a valuable characterization of 

light ion induced darnage parameters. Therefore, the main 

conclusion is that fusion neutron induced displacement 

darnage can be simulated much better by charged particles 

than thought in the past. The softness of the PKA-spectra at 

high PKA-energies will no Iongerbe a main point of criticism. 

2. Tensile Properties of Helium lmplanted F82H Mod 

ln plasmanear structural materials hydrogen isotopes and 

helium will be generated by inelastically scattered fusion 

neutrons. For the next generation of fusion reactors helium 

production rates of about 100 appm/y and hydrogen 

production rates of about 500 appm/y are expected in typical 

structural alloys. As ongoing controversial discussions in the 

present international Iiterature indicate, is the behavior of 

helium in some reduced activation materials a serious matter 

of concern. HFIR 

Irradiations on f/m steels often show a significant ductility 

reduction and a pronounced DBTT increase if the steels are 

doped with B or Ni additions to increase the helium content 

by non-elastically produced transmutations. However, due to 

the nature of these experiments it is hardly possible to 

distinguish between B/Ni segregation induced and helium 

bubble generated embrittlement. 

Helium Implantations at the FZK Dual Beam Facility are a 

suitable tool to get a very homogeneaus helium distribution 

in sufficiently thick specimens without the need to change 

the materials composition. This work describes changes in the 

tensile properties of F82H mod specimens implanted between 

50 and 420 oc with 500 appm helium at the high energy Dual 

beam facility of FZK. Although a fusion similar ratio of 

He/dpa was not used, these experiments provide suitable 

Information of the impact of helium on strength and ductility 

parameters within a wide temperature range. Sheet tensile 

specimens with a reduced gauge volume of 7 .Ox2.0x0.20 mm• 

were produced by spark erosion from foils following the 

reference heat treatment. The Irradiation conditions are 

iisted in Tabie i. Special ernphaslze was put on fairly low 

helium and darnage production rates. 

ln Figs 4-6 the tensile properties of a-particle irradiated 

tensile specimens are shown together with unirradiated 

control specimens. The Irradiation induced yield strength 

change (80 MPa at 250 °C decreases moderately with 

increasing temperature up to 350 °( and diminishes rapidly 

above about 400 °C, 

Irradiation induced hardening predominant at temperatures 

below 400 °C and small softening prevailing above about 450 

Table 1: Irradiation parameters at the Dual Beam Facility 

Temperature range 50.420 oc 

Helium production rate (2.5-3)x10-3 appm/s 

(1.4-1.8)x1 0-6 dpa/s 

Displacement darnage rate - 50 h 

Irradiation time 500 appm He 

lmplanted concentration 0.3 dpa 

Displacement darnage dose purified He-gas 

Specimen environment 

:5 
Ol 
c 50 
~ 

U5 
'0 
Q) 

>= 30 

F82H mod 

D. unirradiated 
J. 0.30 dpa, 500 appm He 

100,~~--_.------~--~--~~--~ 
200 400 600 800 0 

Irradiation and Test Tamperature [0 C] 

Fig. 4: Yield strength of F82H-mod specimens after He­

implantation 

oc is a common feature of martensitic/ferritic Cr-steels. By 

analyzing various strengthening contributions the authors 

have shown in the past that the dominant hardening 

contribution can be explained by dislocation loop formation 

or Irradiation enhanced precipitation. Helium only tends to 

stabilize these effects. However, if Figs. 4 and 5 are compared 

with earlier a-particle Irradiations on MANET tensile 

specimens under the same conditions, it turns out that the 

Irradiation induced hardening is much smaller in the F82H 

mod specimens. For helium implanted specimens the 

hardening ratio between F82H and MANET 1 is about 

0.55±0.09 within a wide temperature region. Microstructural 

examinations of the defect and helium bubble morphology 

are planned to investigate the different hardening 

efficiencies of both steels. 

While a significant ductility reduction has been observed at 

the lowest Irradiation temperature (Fig. 6) in F82H mod 

specimens, the uniform and total elongation are nearly 

unaffected by the helium Implantations at 250°C and above. 
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He-implantation 

lt is important to note that in contrast to MANET 1 specimens 

that showed a pronounced, dynamic strain aging related 

ductility drop from 3 to 0.3% after helium Implantation 

between 280 and 350 •e, no DSA was observed in 

unirradiated and helium implanted F82H mod specimens. At 

all temperatures investigated, the rupture mode always 

remains ductile and transcrystalline for the implanted 

specimens and unirradiated controls. 
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4.1.2 Fracture Mechanics Studies 

1. Introduttion 

Fracture appearance of ferritic steels in a wide temperature 

range is characterized by a ductile-to-brittle transition if the 

testing temperature decreases or strain rate increases. For 

neutron irradiated materials, this transition is shifted towards 

higher temperatures. The transition behaviour is usually 

characterized by Impact testing of Charpy-type specimens, a 

fast and long established experimental procedure. On the 

other hand, results of Impact testing are hardly to use for 

design calculations and difficult to transfer on other specimen 

geometries. During the last 10-20 years, big progress was 

made in understanding of mechanisms which trigger 

cleavage fracture in the low-temperature regime or ductile 

fracture in the high-temperature regime. Progress in 

computational power and numerical modelling enabled a 

new kind of approach on fracture which is based on the local 

mechanisms of material failure. This "Local Approach" is 

based on the physical description of fracture Initiation sites in 

an elasto-plastic stress field and, therefore, includes already 

the basic framewerk which is necessary to obtain 

transferability of fracture mechanics parameters between 

different geometries. Standardisation of the basic 

methodology is currently in progress and it is the aim of this 

task to apply the Local Approach methodology for a 

consistent framewerk of fracture mechanics material 

characterization which also meets requirements of design 

calculations. 

2. Methodology 

The Local Approach requires a numerical analysis of carefully 

designed experiments. Notched round bars are used to 

determine the so-called Weibull stress for brittle fracture. The 

Weibull stress at fracture is a stochastic variable and has tobe 

determined by statistical evaluation of the numerical elasto­

plastic analysis of experiments. Essentially, a numerical 

Integration of the stress field of the specimen has to be 

performed. Hence, accurate stress-strain data of the material 

is required for the numerical analysis. 

For ductile fracture, which is triggered by void formation and 

growth, material darnage has to be considered in the 

numerical analysis. Parameters of ductile fracture are 

determined front rnetallügraphic data and from e!asto=p!astic. 

analysis of experiments using constitutive modelling of void 

growth. 

ln the transition regime, competition of these two 

mechanisms takes place. Modelling of the transition 

behaviour is still incomplete, however, there are basic ideas of 

how to do this. 

3. Progress of Work 

Work on this task startedend of 1995. lt consists essentially of 

two parts: experimental work and numerical analysis. The 

first step in the experimental part, which was reached during 

the last year was the modification of a tension test device 

which was equipped with a temperature control device 

allowing tests at different temperature Ievels between -150°( 

and 100°C. Round unnotched bars are tested for the stress­

strain data at -150°(, -12o•c, -1 00°C and RT. For the numerical 

part, these data are required to select suitable notch 

geometries for the notched tensile tests which are used for 

the determination of the Weibull stress for brittle (cleavage) 

fracture. At the moment, a modified Weibull stress analysis is 

under implementation which allows constraint correction and 

unified description of cleavage data from different tests. This 

is an important tool for the prediction of geometry effects 

and hence transferability of data. 

J. Aktaa 

E. Diegele 

M. Klotz 

C. Petersen 

H. Riesch-Oppermann 

G. Rizzi 
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4.3.1 Weidability Tests (Diffusion Welding) 

lt had been tested in a series of experiments [1] which 

diffusion welding conditions (temperature, pressure, time, 

deformation of welding layer) are necessary to obtain good 

weldments. We have taken from the welded plates some 

Literature: 

[1] G. Haufler: Diffusionsschweißen von Probenplatten 

aus MANET 2 für gekühlte Blanketstrukturen 

(Abschlußbericht), KE Stuttgart, 1-TB-241/94 (1994). 

specimens for tensile, bending and impact bending tests, in Staff: 

order to evaluate the strength, ductility and toughness of the 

weldments. According to Figure 1 the mechanical properties 
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Fig. 1: Strength, ductility and toughness of diffusion 

welded MANET-11 steel in dependence ofthe depth 

of roughness ofthe joined surfaces. 

tested here are strongly dependent on the former depth of 

roughness of the joined surfaces. The weldments of not 

machined as received (rolled) plates reveal, dependent on the 

test method, a strength of 20 to 40 % of the base material. 

The ductility and the toughness of these weldments amounts 

to only 0-5% of the value of the base material, it means that 

only elastic deformation is possible. The machined surfaces 

with a depth of roughness of 2 15 iJm show a strength of 

about 80% of the base material, and ductility and toughness 

increases remarkably, too. But only a toughness of 2.5 iJm 

yields a ductility of about 50 % and a toughness of about 

30 % related to the base material. Maybe only these results 

and this roughness are acceptable. 

L. Schäfer 
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Neutron Source 

ERB 5000 CT 950013 NET (NET/94-366) 
Conceptual Design of the International Fusion 
Materials Irradiation Facility IFMIF (Phase 2) 

After a Conceptual Design Activity (CDA) study on an 

International Fusion Materials Irradiation Facility has been 

launched under the auspices of the IEA, specia-lists from 

Europe, Japan and the United States came together during 

two werkshops held in Karlsruhe [1,2] to define the concepts 

for the three major technical systems 

• Accelerator System 

Lithium Target System 

Test Ce II System 

During summer 1995 another subgroup, the Design 

Integration Group, has been established. The mission of IFMIF 

is to provide an accelerator based, Deuterium-Lithium (D-Li) 

source to produce neutrons with a suitable energy spectrum 

at sufficient intensity and irradiation volume to test samples 

of candidate materials to full lifetime of anticipated use in 

fusion energy reactors. IFMIF would also provide calibration 

and validation of data from fission reactor and other 

accelerator-based irradiation testing. 

The IFMIF concept is derived from requirements from the 

materials community for test volumes and neutron fluences 

needed to obtain useful irradiation data in a reasonably short 

operating time [3]. Studies indicate that a volume of about 

0.5 L is required in a region producing a flux equivalent to 2 

MW/m2 (0.9 x 1018 n/m2-s, uncollided flux) or greater. A 

fraction of this volume, about 0.1 L would be available at a 

flux equivalent to 5 MW/m2 for accelerated testing. The 

design concept consists of a deuteron accelerator producing 

particle energies in the range of 30 to 40 MeV. The deuterons 

interact with a flowing liquid Iithium target (D-Li) producing 

high energy neutrons with a peaked flux around 14 MeV. The 

resulting high energy neutronswill interatt with a set of test 

assernblies Iotated immediately behind the Li-Target. 

For the Test Ce II system 1 1 tasks were identified which can be 

grouped into the three major fields neutronics, test 

matrix/users and test teil engineering. While the users 

requirements could be mainly defined already du ring the first 

haif of the CDA phase, the second half of the CDA can be 

charatterized by a significant progressbothin the neutronics 

and in the design of the Test Facilities. Within the present two 

years CDA phase the international toordination for the 

,User's requirements" and the ,Test Facilities Systems" is 

organized by two FZK members. The final IFMIF CDA report 

will be published in December 1995. 

1. Neutronics 

Detailed neutron transport talculations are needed for 

designing the IFMIF material test teil with its loadings. This 

requires the development of an appropriate code and nuclear 

data file system that is underway at FZK The 

main computational tool for the neutron transport 

calculations is the continuous-energy Monte-Cario code 

MCNP that allows a very flexible description of the IFMIF 

target and cell system. The neutron cross-section evaluation 

and protessing effort as weil as the development of the 

neutron source model and supplementary codes is diretted to 

the goal to allow reliable MCNP transport caltulations for 

IFMIF. 

1.1 High Energy Neutron Cross-Section Evaluation 

A comprehensive nuclear data evaluation programme has 

been launthed in a CO-operation between 

Forschungszentrum Karlsruhe (FZK) and the Obninsk Institute 

of Nuclear Power Engineering (INPE) to provide high energy 

neutron cross-settion data needed for neutronic design 

analyses of IFMIF. Data evaluation is being performed for the 

neutron energy range above 20 MeV making use of modern 

reaction theory (1]. Below that energy, neutron cross-section 

data are being adopted from weil established data files like 

ENDF/B-VI and JENDL-3. 

Evaluated data files have been prepared for the nuclides 56fe, 
23Na, 39K, 52Cr, 51V, 12( and 28Si following the ENDF-6 format 

rules. As an example, Fig. 1 shows the evaluated neutron 

800,---------------------------------------~ 

Fig. 1: Evaluated 56fe neutron emission cross-sections 

emission tross-sections for 56fe. The data evaluation for 56fe 

includes gamma-produttion data and recoil spectra needed 

for the caltulation of the nuclear heating and the neutron 

induced radiation darnage in the test specimens. Work is 

undervvay tc ccmplete the data fi!es for the other nuclide 

evaluations in this respect. 

1.2 Cross-Section Processing for MCNP-Calculations 

The evaluated high energy tross-section data have been 

prepared in the ENDF-6 format to allow the processing with 

the NJOY-code. The ENDF-6 reattion type MT= 5 (neutron in, 

anything out) has been used to represent the multiple 

particle emission reattion tross-sections with their energy­

angle distributions and energy-dependent particle yields on 

ENDF-6 file MF = 6. This data representation is appropriate for 
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subsequent use with the MCNP Monte Carlo transport code 

requiring energy dependent particle yields. Using the ACER 

module of the NJOY processing code, an MCNP library has 

been prepared for the nuclides S6fe, 23Na, 39K, S2Cr, 51V, 12( 

and 2BSi with neutron cross-section data up to 50 MeV. For 

56fe, the MCNP data file already includes gamma-production 

data and recoil spectra in a preliminary version. Sub-sections 

for p, a, y and recoil nuclei have been integrated to MT= 5, 

MF = 6 forthat purpose. 

1.3 Monte Carlo Neutron Source Modeling 

For use with the MCNP transport code, a Li(d,n) reaction 

model has been developed that allows for sampling the 

angle- and energy-dependent emission of neutrons following 

compound nucleus and stripping reactions of the deuterons 

with the Iithium target nuclei [2]. The model assumes a linear 

combination of the two neutron production mechanisms. 

Thick target yield data measured by Sugimoto et al. for 32 

MeV deuterons incident on a Iithium target were used to 

adjust the share of the two components to the total yield. 

The sampling of the neutron source distribution is being 

performed in a source routine linked to the MCNP-code. The 

following beam and target characteristics can be specified 

and passed to the source routinevia the standard MCNP input 

file: number of beams and targets, beam current, deuteron 

energy, beam direction and orientation, beam spot centre 

location, target surface normal and target density. ln 

addition, the beam profile can be modified to allow a non­

uniform distribution in the transversal directions. For that, 

use is made of a linear combination of three functions in each 

direction based on Gaussian distributions (Fig. 2) 
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Fig. 2: Non-uniform beam profile for the MCNP neutron 

source routine 

1.4 MCNP-calculations for He- and NaK-cooled Test Cell 

Assernblies 

MCNP test calculations have been performed for the helium 

and the NaK-cooled high flux material test cell assernblies 

using the 56fe-, 23Na-, and 39K data. Fig. 3 shows the MCNP 

model of the NaK-cooled test cell. The main objective of these 

calculations was to test the evaluated high-energy cross­

section data along with the neutron source model for MCNP 

transport calculations of IFMIF. Fig. 4 shows a typical neutron 

spectrum in a lateral cell of the NaK-cooled test assembly as 

compared to the uncollided neutron spectrum in the same 

cell (voided case). 

Literature: 

[1] Yu. A. Korovin et al.: Evaluation and Test of High 

Energy Neutron Cross-Section Data for the IFMIF 

lntense Neutron Source, 19th Symposium on Fusion 

Technology, Lisbon, Portugal, September 16-20, 1996. 
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2. Test Facilities Engineering 

Significant progress could be achieved during the 2nd half of 

the CDA phase based on an integrated concept for the test 

module irradiation in the Test Ce II, the various related remote 

handling tools, and the post-irradiation examination in 

dedicated hat cells. Advanced design concepts are available. 

As shown in the FZK design (Fig. 5), the IFMIF Test Cell 

contains (i) two vertically oriented test assemblies, referred to 

as Vertical Test Assernblies (VTAs) 1 and 2, which support the 

test modules used for Iang-term irradiation of specimens in 

the high and medium flux regions, (ii) an array of tubes, 

referred to as Vertical Irradiation Tubes (VITs), used for 

inserting test capsules in the low and very low flux regions, 

(iii) a vacuum Iiner that encloses the test modules and also 

accommodates the Iithium target, (iv) a helium gas cooled 

heat shield surrounding the Iiner to protect the concrete 

neutron shielding from overheating, (v) the Test Cell 

Removable Cover, which can be lifted with an overhead crane 

to gain access to the entire Test Ce II, and (vi) a seal plate for 

providing a vacuum seal between the removable vertical test 

assernblies and the Removable Cover. 

The three Vertical Test Assernblies considered in the present 

design are sufficient for the four flux regimes. That is, test 

beds for instrumented and/or in situ experiments in metals 

and nonmetals can be provided meanwhile for any loading 
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regime from >20 dpa/y to 0.01 dpa/y .. ln the present 

reference design the high flux region consists of either NaK 

cooled test modules for low and medium irradiation 

temperatures or helium gas cooled test modules for high 

temperature applications with the strong option to replace 

the NaK cooled version after the feasibility of the helium 

concept has been shown experimentally mainly by thermal 

hydraulics tests. Major advantages of helium gas instead of 

NaK are flexibility with respect to irradiation temperatures as 

weil as safety and maintenance considerations (NaK has more 

than 10 times higher decay heat than Fe du ring the first day 

after irradiation). 

Either simultaneaus in-situ push-pull creep fatigue tests on 

three individual specimens or in-situ tritium release tests on 

breeder materials are foreseen in the medium flux region. 

Fig. 6 shows a birds view of the test module for in situ creep 

fatigue experiments. The approximate size of the in-situ test 

equipment is 100 mm high, 80 mm thick, and 400 mm wide. 

Three creep fatigue specimens may be tested independently 

at one time in this equipment. A total of 4 coolant pipes, 

three for the specimens and one for the hollow frame, as weil 

as 15 electrical wires for thermocouples and the Ioad­

dispiacement signals are required. Three actuators for 

loading the specimen and the piping for the actuators are 

also installed in the VTA module. 

Fig. 3: MCNP-model of NaK cooled high flux material test cell 
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Fig. 5: FZK design of the IFMIF Test Ce II 

During the reporting period, FZD has developed a variety of 
detailed designs for the high and medium flux VTAs, the 
related test modules and the specimen Instrumentation [6,7]. 
Major engineering efforts have been also undertaken to 
completely remote control any maintenance and 
assembling/disassembling activities in the Test Ce II, the Access 
Cell and the Service Cell during normal and off-normal 
operation scenarios. Once the specimens are retrieved from 
the capsules in the Test Module Handling Cell, they will be 
mechanically tested in the PIE Hot cells followed by 
microstructural investigations like SEM or TEM in the Glove 
Box Laboratory. 
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Fig. 6: Testmodule for in situ creep-fatigue experiments on three independent specimens 
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3. Target System 

The Conceptual Design Activity for the IFMIF Target System 

has been started in FZK in 1995 by establishing an \•Jcrking 

environment for the evaluation of the thermal hydraulic 

response of the Iithium target with incident deuteron beam. 

As computational tool the finite elementfluid flow analysis 

code FIDAP has been selected. 

Preliminary calculations [8] have revealed that: 

• as the flow is convection dominated it is particularly 

important to provide an accurate simulation of the 

velocity distribution 

hence it derives the significance of an accurate velocity 

profile atthe nozzle exit 

while the laminar model gives acceptable solution for 

the core flow, only a turbulence approach can 

satisfactorily describe the global Velocity and 

temperature field distributions, especially in the 

boundary regions. 

Therefore we extended our studies to incorporate both the 

hydraulic analysis of the flow in the nozzle and the thermal 

hydraulic simulation ofthe Iithium jet with free surface. 

The basic configuration studied is represented in Fig. 7. 

As target nozzle we assumed a 2-D symmetric Shima type 

reducer which has the advantage of an analytical shape 

description. The target itself is of a curved backwall type, as 

recommend in [9] The heat deposition is modeled through 

the stopping of a deuteron beam with the characteristics 

listed in Fig. 7. 
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Thermal Hydraulic Response of Li Target 
with lncident Deuteron Beam 

Simulation: 
e Finiteelementcode FIDAP 
• Turbulence model: k-e 
e Heat transfer model: turbulent Prandtl number 

Configuration: 
• 2-D Shima reducer model 
e Curved backwall target design 

Heat Source Calculation: 
Based on the heat deposition distribution of 
the following beam spatial profile 

• Vertical direction: flat top of 5 cm; 
Gaussian edges of 1 cm 

• Horizontal direction: flat with sharp edges 
• current density on flat top = 2.08 mA/cm2 
e averagepower deposition = 76 kW /cm2 
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Fig. 1: Set-up for the calculation of the thermal hydraulic response of Iithium target with incident deuteron beam 

Typical results for different initial flow conditions are given in 

Table 1. The reference calculation results correspond to the 
case B (U= 17.4 m/s@ Pt= 1.6). 

As expected, the laminar model predicts higher temperatures 

bothin the jet and atthe free surface (FS) and, consequently a 

narrewer boiling margin at the free surface. The heat transfer 

in the turbulent flow was described within the turbulent 

Prandtl number model. A value of Pt= 1.6 has been chosen in 

agreement with the global Reynolds number of the flow. The 

evaporation rate was calculated in the molecular beam 

approach. The use of Monte Carlo Direct Simulation method 
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Table 1: Laminarandstandard k-E turbulente model 

calculations for different flow initial conditions 

CASA CASB CASC 

max. velocity at nozzle inlet (m/s) 4.2 5 6 

max. jet Velocity (inlet) (m/s) 15 17.9 21.5 

average jet velocity (inlet) (m/s) 14.6 17.4 20.9 
inlettemperature (0C) 250 250 250 

jet max. temp. laminar 504.7 467 433 
(oC) P1= 1.6 420.8 391.1 367.7 

F.S. max. temp. laminar 309.4 300 291.7 
(OC) P1=1.6 301.3 292.8 285.6 

max. press. diff. across jet laminar 9238 13147 18986 
(Pa) P1=1.6 9110 12967 18733 

F.S. boiling margin ("C) laminar 33.6 43 51.3 

111 T b=343°C at P= 10-3 Pa P1=1.6 41.7 50.2 57.4 

111 Tb= 300°( at P = 10-4 Pa 

evaporationrate x 1010 laminar 6.89 4.38 2.96 
(Kg/s) P1=1.6 4.58 3.04 2.15 

for the mass and energy transfer in the reaction chamber is 

also considered. 

Boiling margins in the jet and at the FS have been calculated 

using the local pressure distribution (Fig. 8). 
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vaporization in general seems to be small for beam and jet 

parameters studied. However, for relatively low pressures in 

the vacuum chamber one can note that the boiling margin at 

the free surface is the limiting issue of the Iithium target 

design. 

The impact of the amount of vaporized Iithium, its deposition 

and its Interaction with incident deuteron beam need further 

analysis. The hydraulic analysis and optimization of target 

nozzle of different configurations is in progress. 
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Fig. 8: Distribution ofthe boiling point and boiling 

margin 

Due to centrifugal force inside the jet the pressure increases 

quasi-linearly until p==- 1.3 104 Pa. Two cases for the pressure 

in the vacuum chamber were considered: 

p= 10-3 Pa which correspond to a Iithium boiling point 

Tb=343°C and p=10-4 Pa with Tb=300°C. Surface 
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Nuclear Data Base 

Since 1959 the development of a nuclear data base is an 
integral part of the European Long-Term Programme. 

ln the framework of this programme, FZK contributes to the 
development and qualification of the European Fusion File 
(EFF), the European Activation File (EAF) and the 
International Fusion Evaluated Nuclear Data Library (FENDL). 

Validation of the FENDL-1 nuclear data library and 
development of an improved file version FENDL-2 

An international benchmark Validation task, co-ordinated by 
FZK, has been conducted to validate the Fusion Evaluated 
Nuclear Data Library FENDL-1 through data tests against 
integral 14-MeV neutron experiments [1,2]. The main 
objective of this task was to qualify the FENDL-1 working 
libraries for fusion applications and to elaborate 
recommendations for further data improvements. With 
regard to data quality, it was summarised that fusion nuclear 
data have reached a high confidence Ievei with the available 
FENDL-1 data library. With few exceptions this is true for the 
materials of highest importance for fusion reactor 
applications. As a result of the performed benchmark 
analyses, existing deficiencies and discrepancies have been 
identified that were recommended to be removed in the 
forthcoming FENDL-2 data file. 

ln an IAEA Advisory Group Meeting on the start of FENDL-2, a 
priority Iist was adopted of candidate evaluations considered 
for replacing current FENDL-1 evaluations [3]. The materials 
included are Be, V, Fe, W (first priority), C, 0, Al, Si, Zr (second 
priority) and D, N, Nb, Mo, Sn (third priority). As part of the 
selection procedure, the candidate evaluations from the data 
files JENDL-FF (Japan), ENDF/B-VI (USA), BROND (RF) and EFF-
2, -3 were benchmarked against available integral 
experiments and FENDL-1 test calculations. Basedon the data 
testing results and a careful review of the submitted cross­
section evaluations, the selection shown in Table 1 was 
adopted in an IAEA Consultants' Meeting on the FENDL-2 
selection [4]. 

Benchmark analyses for EFF-2.4 and EFF-3 data evaluations 

ln the framework of the EFF project, benchmark analyses are 
being performed as part of the quality assurance procedure 
for EFF-2 and -3 evaluations. 

ln 1996, the major effort was devoted to the benchmarking 
of the EFF-2 and -3 candidate evaluations for the FENDL-2 
data library: 9Be, 27 Al, 28Si, 51 V, 56Fe and the Mo-isotopes. A 

series of one- and three-dimensional benchmark calculations 
was performed for 14 MeVneutrontransmission experiments 
on beryllium, iron, aluminium, silicon and molybdenum 
assernblies in spherical shell and slab geometry. Three­
dimensional calculations were performed with the MCNP­
code using EFF-1 -2, JENDL-FF and FENDL-1 data. One­
dimensional calculations were performed with the ONEDANT 
transport code and multi-group data from the EFF-1, -2 and 

the FENDL-1 data files. Table 2 shows an overview of the 
performed benchmark analyses. A comprehensive 
documentation of the benchmark results is under 
preparation. 

Preparatory calculations for a breeder blanket mock-up 
experiment. 

A nuclear breeder blanket mock-up experiment is planned to 
be performed at the Frascati Neutron Generator (FNG) [5]. 
The objective of this experiment will be to validate the 
nuclear performance of the ITER breeding blanket with 
regard to its breeding and shielding performance and the 
nuclear heating. The ITER shielding blanket mock-up, being 
currently investigated at FNG, will have to be replaced by a 
suitable mock-up of the ITER breeding blanket. Three· 
dimensional MCNP-calculations were performed to define a 
suitable material configuration for the breeder blanket 
mock-up that is backed by a vacuum vessel and a toroidal 
field coil mock-up in the FNG experiment. ln the calculations 
for the breeder blanket mock-up, the ITER inboard breeder 
blanket has been modelled with regard to its radial build 
(two 1 cm thick breeder layers embedded between large 
beryllium blocks with a total blanket thickness of 25 cm). The 
lateral dimensions were varied from 100 cm x 100 cm to 40 cm 
x 40 cm and the Impact of different reflector materials on the 
nuclear responses in the central mock-up channel was 
analysed. The results indicate that the lateral dimensions of 
the breeder blanket mock-up can be reduced to 40 cm x 40 cm 
when it is surrounded by a suitable reflector like steel or 
aluminium (Fig. 1). 
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Nuclear Data Library - A Co-ordinated International 
Effort, 12th Topical Meeting on the Technology of 
Fusion Energy, Reno, NV, June 16-20,1996. 

(2] U. Fischer (Ed.), Integral Data Tests of the FENDL-1 
Nuclear Data Library for Fusion Applications, Summary 
Report of the International Warking Group on 
,Experimental and Calculational Benchmarks on Fusion 
Neutranies for FENDL Validation", FZKA-5785, 
INDC(GER)-41, August 1996. 

[3] A. B. Pashchenko, Summary Report of the IAEA 
Advisory Group Meeting on Campletion of FENDL-1 
and Start of FENDL-2, Dei Mar, CA, December 5-9. 1995, 
INDC(NDS)-352, March 1996. 

[4] A. B. Pashchenko, Summary Report of the IAEA 
Consultants' Meeting on Selection of Basic Evaluations 
for the FENDL-2 Library, Karlsruhe, June 24-28, 1996, 
INDC(NDS)-356, September 1996. 
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Table 1: Nuclear data evaluations selected for the FENDL-21ibrary 

1 ENDF/B-VI JENDL-FF 

1 ENDF/B-VI EFF-3 

1 ENDF/B-VI (W isotopes) JENDL-FF 

2 ENDF/B-VI JENDL-FF 

2 ENDF/B-VI JENDL-FF 

2 JENDL-3 EFF-3 

2 BROND-2 ("81Si) ENDF/B-VI 

2 BROND-2 (Zr isotopes) JENDL-FF 

3 BROND-2/ENDF/B-VI BROND-2 

3 BROND-2/ENDF/B-VI JENDL-FF 

3 JENDL-FF 

3 BROND-2 JENDL-FF 

3 JENDL-3 (Mo isotopes) JENDL-FF 

3 BROND-2 

[5) U. Fischer, Nuclear Mock-up Experiment for ITER 

Breeding Blanket, EFF-Doc-488, Fusion Data & 

Neutranies Monitaring Meeting (EFF/EAF-Projects), 

NEA Data Bank, Paris, July 2-4, 1996. 

U. Fischer 

E. Wiegner 

Y.Wu 

Activation Library 

Low activation materials are one of the critical issues in the 

design of reactor blanket and first wall. The activation 

performance of a materiai is predkted with codes and data 

libraries such as the European Activation System (EAS, [6) ). 

The objectives of the subtask are the experimental Validation 

of these tools and integral activation measurements with 

potential structural materials. 

The programme started in 1995 with investigations on the 

low activation steel MANET from FZ Karlsruhe and the ITER 

structural material SS316. Complementary to irradiations at 

FZ Karlsruhe with a cyclotron-based fast neutron source, the 

BROND-2 

contribution of TU Dresden consists in activation experiments 

with 14 MeV neutrons. 

The irradiations were carried out at the facility SNEG-13 

which is the most powerful existing 14 MeV neutron 

generator, in Sergiev Posad in collaboration with the Russian 

Research Centre "Kurchatov Institute" Moscow and the 

Coordination Centre "Atomsafety". 

14MeV neutron fluences of 1.36x 1014 cm-2and of 2.16x 1014 

cm-2 were simultaneously applied at two sample positions of 

4 deg and of 73 deg, respectively, with respect to the 

generator axis. The slightly different spectral distributions of 

the source neutrons at these positions were selected, because 

many of the fast neutron activation reactions have thresholds 

justaround 14 MeV. The neutron fluences were monitared by 

the Nb(n,2n)-reaction. 

The activities induced were measured with Ge-detectors at 

several cooling times. The count rates are sufficient to take 

gamma-spectra up to three years after the 

irradiation.Calculations of the sample activities were carried 

out with the code FISPACT [6] and data from the European 

Activation File (EAF-4.1 [7) and EAF-DEC-41). 

An example of the calculations is given in Fig. 1. lt shows the 

different dominating activities appearing with increasing 

cooling time. With the activities determined at two or three 
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Table 2: Benchmark analyses performed for EFF-2 and -3 evaluations 

FNS slab experiment TOF angular 
spectra 

neutron MCNP & EFF-2, JENDL­
FF, FENDL-1 

spherical shell Neutron leakage spectra MCNP & EFF-2, JENDL­
FF, FENDL-1 experiment 

ONEDANT & EFF-1, -2, 
FENDL-1 

spherical 
experiment 

shell Neutron leakage spectra MCNP & EFF-2, JENDL­
FF, FENDL-1 

slab transmission Neutron & gamma leakage 
experiment spectra 

slab transmission TOF angular neutron 
spectra 

"In-system" neutron spectra 

shell Neutron leakage spectra 

spectra 

ONEDANT & EFF-1, -2, 
FENDL-1 

MCNP & DL-
FF, FENDL-1 

MCNP & EFF-2, JENDL-
FF, FENDL-1 

MCNP & EFF-2, JENDL-
FF, FENDL-1 

MCNP & EFF-2, JENDL-
FF, FENDL-1 

MCNP & EFF-2, JENDL-
FF, FENDL-1 

Fig. 1: MCNP model ofthe breeder blanket mock-up assembly 
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Fig. 2: Calculated total activity of a 55316 sample vs cooling time and indication ofthe dominating partial activities 

years after irradiating the sample performance can be 

extrapolated toseveralten years. 

A comparison of experimental with calculated results is 

presented in Table 3. The ratios of calculated-to-experimental 

values (CIE) are good at this short cooling time. They are 

different for the source neutron spectra at 4 deg and at 73 

deg, respectively, although this was taken into account in the 

calculations. 

A detailed discussion of all activities measured over a period 

of about nine months is in progress. lt includes comparisons 

with the results obtained at the Karlsruhe cyclotron-based 

neutron source. 

Literature: 

[6] R. A. Forrest and J.-Ch. Sublet, Report UKAEA-FUS 287, 

Culham, 1995 

[7] J. Kopecky and D. Nierop, Report ECN-95-072, Petten, 

1995 

H. Freiesleben 

D, Richte 

K. Seidel 

S. Unholzer 

ln the framewerk of the European Activation File (EAF) task 

of the European Fusion Technology programme, the EAF data 

relevant to the steel types MANET-2 and F82H-mod have 

been tested ('benchmarked') experimentally. Sampies were 

activated in a 'white' neutron field of about 1.4x1011 /cm2Js 

produced on a thick beryllium target by a 19-MeV deuteron 

beam of the Karlsruhe Isochron-Zyklotron. This flux density is 

higher than what is available at any d + T neutron source 

existing in the European Union. The y activity of the samples 

was measured repeatedly afterdifferent cooling tim es using 

a 150 cm3 high-purity germanium detector with a personal­

computer based multichannel analyzer. The number of 

channels was 4096, covering an energy range of either 0 to 2 

orOto4MeV. 

The data are compared with 175-group calculations using the 

FISPACT-4.1/00 code and the EAF-4.1 (0) library. The d +Be 

neutron spectrum for use in the calculations was derived from 

an existing semiempirical spectrum valid for 54-MeV 

deuterons, which is the superposition of a measured spectrum 

for neutron energies above 12 MeV and a calculated 

evaporation neutron spectrum down to 1 MeV. This spectrum 

was scaled to the deuteron energy of 19 MeV using some 

simple physical assumptions. The resulting spectrum at the 

irradiation sample is shown in Fig. 3. lt has a broad maximum 

at about 9 MeV, where a typical fusion reactor spectrum (as 

also shown in Fig. 3) has a minimum. Below this energy, the 

d +Be source spectrum decreases steeply and is practically 

zero at thermal energy. lt is, therefore, very different from a 

d + T fusion spectrum (see below). This is considered an 

advantage because, together with similar experiments using 

d+T neutron sources, it should result in a broader data base 

for validating the evaluated activation cross sections. 

The chemical composition of MANET-2 was taken from the 

manufacturer's certificate for the production batch. ln case of 

F82H-mod, chemical analyses performed at Karlsruhe were 

used. 

The absolute d +Be neutron source strength at a given 

deuteron beam current is difficult to estimate. Therefore, the 

C/E results shown in Table 4 have been arbitrarily normalized 

to the value for Mn-54. A measurement of the source 

spectrum by activating selected pure foils has been 
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Table 3: Comparison of measured and calculated activities (A) and C/E values for a SS316 sample irradiated atthe 73 deg 

position, after a cooling time of 9h: 57min (as weil as C/E for the 4 deg position) 

Nudide Ey/keV 

Cr51 320.1 

Ni 57 1377.6 

Mo99 181.1 

Co 58 811.8 

Co 57 122.1 

Mn 54 834.8 

Nb96 460.0 

Nb92m 934.4 

Zr89 909.2 

Sum 
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106 '---" c e 
+-' 
::::s 
(J) 
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ly per dec:ay Aexp/s·1 

0.0983 3.51E+4 

0.7790 1.13E+4 

0.1219 6.22E+3 

0.9945 5.59E + 3 

0.8552 2.99E+3 

0.9998 1.12E+3 

0.2765 3.17E+2 

0.9900 1.89E+2 

0.9987 1.51E+2 

6.28E+4 

19-MeV-d + Be 

103 104 

Energy[eV] 

Fig. 3 

Acalc/s·1 C/E C/E (4 deg) 

3.48E+4 0.99 1.22 

1.31E+4 1.16 1.43 

7.56E+3 1.22 1.45 

5.95E+3 1.06 1.02 

2.85E+3 0.99 1.01 

1.38E+3 1.23 1.43 

2.83E+2 0.83 0.53 

1.58E+ 2 0.84 1.35 

1.55E+2 1.03 1.53 

6.62E+4 1.05 1.25 
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performed in collaboration with JAERI (Japan). lts evaluation 

is in progress. The resulting absolute spectral source strength 

will Iead to a more reliable and absolute determination ofthe 

C/E values. 

Table 1: Calculation/experiment ratlos C/E, normalized to 

Mn-54 

Nuclide T11z fa (C/E)norm 

% 

MANET-2, T, = 181 h 

Mn-54 312 d 24.7 1.00 

Cr-51 2Bd 39.3 0.76 

Mo-99m 66 h 5.7 0.76 

Nb-92m 10 h 3.2 0.86 

F82H-mod, T, = 87 h 

Mn-54 312 d 33.9 1.00 

Cr-51 28d 41.7 0.45 

Fe-59 45 d 0.04 0.60 

Co-57 272d 0.01 0.36 

Co-58 71 d 0.4 0.96 

Co-60 5.3 a <0.008 0.93 

Nb-92m 10d 0.01 1.92 

T11z: Halflife 

T,: Cooling time 

f8 : Fraction of sample activity at r, 

The conclusion from the present, preliminary results is that 

FISPACT/EAF reproduces the major medium-halflife 

radionuclides in the two steels reasonably, but that 

improvements to some minor activation cross sections may be 

required. The C/E are reasonable even in case of radionuclides 

resulting from sample constituents of very low concentration, 

such as Mo-99m and Nb-92m in MANET, which originate from 

the 0.6% Mo content,. or Nb-92m in F82H-mod, originating 

from an 800-ppm Nb content. This indicates that the 

experimental method is quite reliable independently of the 

relative intensity of the y ray lines. The rather lo'tv' Co-57 

activity, due to the SBNi(n,d) reaction, is an exception and will 

be verified further. 

U. von Möllendorff 

H. Giese 

H. Tsige-Tamirat 
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Safety and Environmental Assessment- long 
Term Programme 

SEAL is a follow-up to the SEAFP-Study, "Safety and 
Environmental Assessment of Fusion Power", which was 
completed in December 1994. 

SEAFP is a comprehensive European study on the subject 
matter and incorporates all relevant aspects of fusion power 
safety environmental impact for which data were available. 
However, some of the input data used in the study had tobe 
extrapolations or guesswork, or simply could not be precise 
enough, so that conclusions in the study were drawn with 
some reservations and need to be hardened. Therefore, some 
of the aspects of the study have to be elaborated in more 
detail. 

ln addition, it seemed to be desirable to apply to the blankets 
and materials which are the subject matter of the European 
Lang-Term Technology Programme, a "SEAFP-Type" analysis 
in order to see how they would perform, from the safety 
point of view, in apower reactor. 

Therefore, a Iang-term safety and environmental assessment 
programme (SEAL) was generated by the Commission. This 
programme is composed of 10 Tasks and encompasses 
amongst others 

e 

e 

the assessment of tritium retention by, and chemical 
reactions of, irradiated Beryllium; 

the analysis of multiple failure sequences; 

e the missing safety analysis of blankets and materials. 

FZK contributes to the Tasks: 

SEAL 1 

SEAL2 

SEAL6 

SEAL 1.3 

lnvestigation of irradiated Beryllium, 

Activation of Source Terms, and 

Blanket Safety Analysis. 

Modelling of Beryllium Behaviour Under 
Irradiation 

Solid breeder blankets of fusion reactors require beryllium as 
neutron multiplier to achieve adequate tritium breeding. ln 
the fast neutron field of the blanket, helium and tritium are 
produced in beryllium. Therefore, besides compatibility with 
other blanket materials, helium-induced swelling and tritium 
retention are of concern. 

To describe the irradiation behaviour of beryllium the 
computer code ANFIBE has been developed at the 
Forschungszentrum Karlsruhe[1). ln order to better 
understand the physical mechanisms governing tritium 
release behaviour in beryllium, as weil as to generate 

confidence in the results provided by the code ANFIBE and to 
assess its prediction capabilities, it was necessary to compare 
the calculated results with a !arge number of reliable 
experimental data as described in [1). 

ln the frame of the SEAL Programme, release kinetics of 
neutron-generated tritium of beryllium samples provided by 
SCK/CEN Mol [2,3) irradiated up to very high fast neutron 
fluences of 3.9·1022 cm-2 in the BR2 reactor and successively 
out-of-pile annealed at high temperature at the 
Forschungszentrum Karlsruhe (4] was investigated. 

ln the first case the behaviour of the sample 110A-9c.3 (fast 
fluence 0.8·1022 cm-2) was investigated. Thein-pileirradiation 
was followed by a temperature ramp with a slope of about 5 
•ctmin from room temperature up to 850 •c. As shown in Fig. 
1, the tritium release rate has a rapid increase du ring the 
temperature ramp and then it tends to slowly decrease as the 
annealing temperature remains constant. The comparison 
between calculated and experimental data shows in this case 
a good agreement. On the contrary, for the sample 
110A-9a.3, which was irradiated with a fast neutron fluence 
of 2.8·1022 cm-2 and successively out-of-pile annealed up to 
850 •c in the same way as the previous one, a sharp peak is 
observed in the experimental tritium release rate curve 
during the temperature ramp probably because of 
microcracks formation. Due to the higher neutron fluence, in 
fact, the beryllium specimens has become more brittle than in 
the previous case and consequently it easily cracked under 
thermal stresses. Since ANFIBE doesn't account yet for the 
effect of the microcracks, the code prediction cannot be, in 
this case, in good agreement with the experimental data as 
for sample 110A-9c.3. 

Pre and post calculations of other SCK/CEN irradiation 
experiments performed under the subtask 1.1 as weil as of 
the JRC experiments performed under the subtask 1.4 will be 
further performed depending on the availability of the 
experimental results. However, although at this stage not all 
the mechanisms governing the release of tritium in irradiated 
beryllium have been fully understood, comparison of the 
code predictions with experiments [1) indicate that, for the 
cases considered so far, the most important phenomena were 
accounted for by ANFIBE. 

Literature: 

[1) F. Scaffidi-Argentina, "Modellierung des Schwellens 
und der Tritium-Freisetzung von bestrahltem 
Beryllium", FZKA Report 5632, Karlsruhe, Oktober 
1995. 

[2) L. Sannen, "Characterization of lrradiated Beryllium", 
CEN Mol Report FT/Mol/92-01, July 1992. 

[3) L. Sannen, Ch. de Raedt, "The Effects of Neutron 
Irradiation on Beryllium", Proceedings of the SOFT-17 
Conference, Rome, 1992. 



Fig. 1: Comparison of calculated and measured tritiumreleaserate as a function of time for moderately irradiated beryllium 

(fast fluence 0.8 · 1022 cm-2, MOL sample 110A-9c.3) 

[4) F. Scaffidi-Argentina, H. Werle, "Tritium Release from 
Neutron lrradiated Beryllium: Kinetics, Long-Time 
Annealing and Effect of Crack Formation", Proceedings 
of the 2nd IEA International Workshop on Beryllium 
For Fusion, Jackson Lake Lodge, September 6-8, 1995, 

CONF-9509218. 

M. Dalle Donne 
F. Scaffidi-Argentina 

SEAL2.2 Activation and Source Terms 

Safety and environmental assessments of fusion power plants 
need asound and reliable data base of the activation product 
inventory accumulated in the reactor components during 
power operation. To this end, three-dimensional activation 
and afterheat calcülation;; have been performed in the 

framewerk of sub-task 2 for the SEAFP reference blanket 
model [1], a helium-cooled ceramic B.O.T. blanket with Li 20 

pebbles, 30 at% GLi-enrichment, beryllium multiplier and V­

STi alloy structure. 

Coupled activation and neutron transport calculations were 
performed with the FISPACT-code linked through an 
interface to the Monte Carlo transport code MCNP. A torus 
sector model of the SEAFP baseline reactor concept [2), 
developed previously by ENEA Frascati, formed the basls of 
the three-dimensional calculations (Fig. 1). Activation cross-

section data were taken from the European Activation File 
EAF-4. Activation characteristics have been determined for 
the poloidally arranged blanket segments, the manifolds and 

the divertor. 

Comprehensive numerical results of the activation 
calculations are given in the documentation report on SEAL 

sub-task 2 [3). 

Literature: 

(1] W.Dänner, G. Simbolotti: Final Report on Task M6, 
BI anket Design, SEAFP/R-M6 (95), March 1995. 

[2) J. Raeder, H. W. Bartels: Reference Blanket Model and 
Alternative Plant Model, SEAFP/R-2(94), August 1994. 

[3) U. Fischer, L. Petrizzi, H. Tsige-Tamirat: Three­
dimensional Activation Calculations for the SEAFP 
Reference Blanket Model, Forschungszentrum 

Karlsruhe, Draft Report, May 1996 

U.Fischer 
H.Tsige-Tamirat 
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Fig. 1: Vertical cross-section ofthe SEAFP reactor model 
as used in the three-dimensional activation 
calculations 

SEAL6.2 Blanket Safety Analysis -Input ofthe Duai­
Coolant Blanket and the Ceramit Breeder 
Blanket 

The task as a whole comprises studies, performed mainly by 
UKAEA, of the safety and einvironmental impact of the four 
DEMO blankets developed until 1995 within the European 
fusion programme. Und er this subtask the necessary input for 
the two blanket designs developed at Karlsruhe, the dual 
coolant concept and the helium-cooled pebble bed concept, 
was provided by means of documentation (References [1) and 
[2] from section B 7 .1.1) and recurring discussions of the 
results. 

K. Kleefeldt 
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Task 

No. 
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Title 

Plasma Facing Components and Plasma Engineering 

G 17TI25 (T 227) Tritium Permeation and lnventory 

Fabrication and Test of Water-Cooled, Small Size FW Mockups 

FZK Departments 

INR 

IMF II, IATF 

G 17TI25 (T 226 b) Plasma Disruption Simulation INR 

G55TI01 (T 26/T 246) Ceramies for Heating and Current Drive and Diagnostic Systems IMF I 

Superconducting Magnets 

MCOI 

N11TI1994-02-15FEO (MTOS1) 

MBAC 

M27 

M31 

N 11 TD 58 

CTA-EU-D 36 

(SEA 3) 

(SEP 2) 

Vacuum and Fuel Cycle 

G 1s n 22 (T 228) 

T234A 

ITER TF-Model Coil Development 

Preparation of ITERTF-Model Coil Test Facility 

High FieldOperation of Nb Ti at 1.8 K 

Critical Current vs. Strain Tests on EU Strandsand Subsize CICC · s 

with Stainless Steel and lncoloy Jackets 

Development of 60 kA Current Leads Using High Temperature 

Superconductors 

Reference Accident Sequences- Magnet Systems 

Environment Impact 

Cryopump Development 

Oii-Free Mechanical Pump Development 

N32TI06 (T 299/T 332 b) Plasma Exhaust Processing Technology 

TEP3 

Vessel in-Vessel 

G 16TI82 

G 16 TD 21 

(T 218) 

(D 203) 

Tritium Storage 

Shielding Neutranies Experiments 

ITER Breeding BI anket Development and Design 

Gyrotron and Window Development 

Gyrotron Development (includes ITER Tasks T 24 and T 245/6) 

High Power ECW Windows (includes ITER Tasks T 25, T 245/6 and D 321) 

Blanket Development Programme 

WP A 1 Design and Analysis 

A1.1.1 Design and Fabrication Alternatives forthe Blanket Box 

A1.4.1 Availability Analysis and Data Base 

ITP 

ITP, HPE, HVT 

ITP, HPE 

ITP 

ITP 

IRS 

INR 

HIT 

HIT 

HVT/TLK 

HVT/TLK 

TU Dresden, INR 

IRS, IMF 111 

iTP 

IMF I, IMF 111, ITP 

IRS 

IRS 



__ , 68--

WP A 3 Pb-17Li Physico-Chemistry Experiments 

WPA4MHD 

A3.1.1 Radiologicallmportant lmpurities and Nuclides 

A3.1.2 Behavior and Removal of Corrosion Products 

A3.3.1 Li Behavior and Adjustment 

A 4.1.1 /4.2.1 Theoretical and Experimentallnvestigations on Natural 

Convectionin WCLL under MHD Conditions 

WP A 5 Tritium Control including Permeation Barriers 

A 5.1.1 

A5.3.2 

Coating and Tritium Barrier Development 

lnfluence ofthe Magnetic Fieldon the Self-healing of Tritium 

Permeation Barriers in Flowing Pb-17Li 

WP A 7 Safety related Activities for DEMO and ITER Test ModuleiRS 

A 7 .1.1 Safety Studies for DEMO BI anket and ITER Test Module 

WP B 1 Design and Analysis 

HIT 

HIT 

HIT 

IATF 

IRS 

IATF 

IRS 

B 1.1.1 

B 1.2.1 

Design Optimization/Adaptation to Updated DEMO Conditions IMF 111, INR, IRS 

B 1.3.1 

B 1.3.2 

B 1.4.1 

Design, Layout and Integration of ITER Test Module and 

Interna I Circuits 

Electromagnetic Effects with a Ferromagnetic Structural 

Material 

Calculation of the Combined Stresses in the Blanket and Test 

Module 

Reliability Assessment including Ancillary Systems 

IMF 111, INR, IRS 

INR, IRS 

INR 

IRS 

WP B 2 Fabrication, Assembly and Development Studies of Blanket Segments 

B 2.1.1 

WP B 3 Ceramic Breeder Pebbles 

B 3.1.1 

B 3.2.1 

WP B 4 Beryllium Pebble Development 

B4.1.1 

B4.2.1 

Fabrication, Assembly and Development Studies of Segment 

Box and Cooling Plates 

Li4Si04 Pebbles Characterization and Optimization of Large 

Scale Production 

Irradiation of Li 4Si04 + Te02 pebbles 

Characterization and Optimization of 2 mm and 0.1-0.2 mm 

Beryllium Pebbles 

Evaluation of Beryllium Irradiation Experimentsand lmprovements 

IMF II, IMF 111, IRS 

INR 

INR, HVT/HZ 

IMF I, IMF 111, INR, HVT/HZ 

of ANFIBE IMF 111, INR, IVT/HZ 

WP B 5 Tritium Control including Permeation Barriers 

B 5.1.1 

B 5.2.1 

WP B 6 Tritium Extraction 

B 6.1.1 

Calculation ofTritium Permeation Losses from Purge Gas System 

and First Wall INR 

Permeation Tests in Martensitic Structural Material and 

INCOLOY 800 IATF 

Design of Helium Purification and Tritium Purge Flow Systems 

including Tritium Extraction HIT, HVT/TLK 

WP B 7 Safety related Activities for DEMO and ITER Test Module 

B 7.1.1 Safety Studies for DEMO and ITER Test Module IRS 



--169--

WP B SITER Test Module System and Testing 

B 8.1.1 Tests in HEBLO and Preparation of a Submodule for HEFUS-3 IMFIII,INR 

Long Term Materials Programme 

WP 1 Martensitic Steels 

1.1 Metallurgical and Mechanical Characterization MANET IMF I 

1.2.1 Metallurgical and Mechanical Characterization F82H mod. IMF I 

1.2.2 Fatigue and Creep Properties of Base Material9n LA Martensitic 

Steels F82H Mod IMF II 

1.4.1 Metallurgical and Mechanical Characterization of OPTIFER Alloys IMF I 

1.4.2 Fatigue and Creep Properties of Base Material on LA Martensitic 

Steels OPTIFER IMF II 

1.5.0/1.5.1 MANITU Irradiation Program IMF II, HVT/HZ 

1.6.1 I 1.6.2 Effects of Radiation Hardening and He in LAM /ln-Beam Fatigue IMF I 

WP 4 Materials Application and Technology 

4.1.2 Fracture Mechanics Studies IMFII 

4.3.1 Weidability Tests (Diffusion Welding) IMFII 

Neutron Source 

ERB 5000 CT 950013 NET (NET/94-366) 

Conceptual Design ofthe International Fusion Materials Irradiation Facility IFMIF (Phase 2) IMF I, INR, IRS 

Nudear Data Base TU Dresden, INR 

Safety and Environmental Assessment- Long Term Programme INR, IRS 



Appendix II: Table of ITER I NET Contracts 

Theme 

ITER Magnetsand TFMC Stress Analysis 

Transient Voltage Behaviour for the ITER TF Coil 

Characterization of Jacket Material 

Conceptual Design of the International Fusion Materials 

Irradiation Facility IFMIF (Phase 2) 
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Contract No. 

ERB 5000 CT 95 0064 NET 

ERB 5004 CT 960050 NET 

ERB 5004 CT 960053 NET 

ERB 5000 CT 950013 NET 

(NET/95-384) 

(NET/96-405) 

(NET/96-408) 

(NET/94-366) 
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Appendix 111: FZK Departments Contributing to the Fusion Project 

FZK Department 

InstituteforMaterials 

Research 

Institute for Neutron Physics 

and Reactor Engineering 

Institute for Applied Thermo-

and Fluiddynamic 

Institute for Reactor 

Safety 

Central Engineering 

Department 

Institute for Technical 

Physics 

Central Experimental 

Engineering Department 

-Hot Cells 

-Tritium Labaratory Karlsruhe 

Central Department for 

Real-time Data Processing 

and Electronics 

Contributing: 

Institute for Nuclear and 

Partide Physics, 

Technical University 

Dresden 

FZK Institut/Abteilung 

Institut für Material- und 

Festkörperforschung (IMF) 

Institut für Neutronenphysik 
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