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Bl Blanket Design Studies 

Two design concepts are studied by KfK: a helium-cooled 

ceramic blanket and a blanket with Pb-17Li eutectic as 

breedermaterial and coolant. The study includes small scale 

experiments and collaboration with industry for special 

feasibility problems. The studies are coordinated with efforts 

ofCEA and UKAEA in a common workinggroup. 

1. Helium-Cooled Ceramic Breeder Blanket (includes 
N6 Pebble Bed Studies) 

More detailed investigations on critical design issues were 
made for this blanket concept. 

To calculate the impact of electro-magnetic forces during 

disruptions the 3d code CARIDDI was implemented and 

improved at KfK and first calculations were performed. They 

indicate that the circumferential currents araund a segment 

generate quite !arge forces and bending moments and that 2d 

calculations may be totally misleading. To avoid an electrical 

contact oftoroidally bending segments insulating pads on the 

side walls are considered as an alternative to a fixing pin at 
the bottom part. 

Calculations with the computer code ABAQUS showed that 

the Stresses due to temperature differences between first wall 

(average temperature = 390°C) and the backplate (average 

temperature = 270°C) are relatively low (30 MPa von Mises). 

The primary stresses in the segment vessel due to blanket 

weight and a conservatively assumed maximum pressure 

inside the vessel of0.1 MPa amount to 90 MPa (von Mises). 

The impact of canister pressurisation as a consequence of a 

pressure tube rupture also was investigated by calculations 

and experiments /1/. Calculations show that for pressures up 

to 0.6 MPa the Stresses in the canister walls remain in the 

elastic region. If one allows plastic deformation the canisters 

can even withstand the pressure of 6 MPa, which is the 

maximum pressure which could occur in the canister due to 

the failure of a cooling tube. Recent experiments confirm the 

calculations and show that the canisters fail at 9 MPa. Of 

course excessive pressurisation of the helium put·ge flow 

system and 'plastic deformation of the canisters during an 

accident should be avoided, thus a pressure Iimitation 

system, for instance a hurst membrane acting at about 0.4-

0.5 MPa, should be provided. However, the calculations and 

experiments show that even a complete pressurisation of the 

canisters at the maximum pressure of 6 MPa does not 

produce a catastrophic failure ofthe blanket. 

Detailed neutranies and thermohydraulics analyses were 

performed for the modified blanket design as described in the 

last progress report (KfK 4276). Fig. 1 shows a radial-toroidal 

section of a canister edge with temperature values at certain 

points. From the temperature distribution in the whole 

blanket the tritium inventory was estimated. The estimate 
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Fig. 1 Radial-toroidal section ofthe outboard canister edge 

showing the results ofthe temperature calculations 

for the highest-rated canister in the HEATING5 code 

geometry representation. 

was based on the recent LISA2 results on the tritium 

residence time as a function of temperature. For a complete 

blanket of this kind a total tritium inventory of 250g was 

found. 

As already mentioned in the last but one progress report the 

behaviour of the pebble bed under thermal cyclic Ioad 

conditions was investigated by experiments. 

Fig. 2 shows the test apparatus: a small steel container filled 

with pebbles. The filling operation is performed at 6oo•c and 

the bed is vibrated until the bed packing factor reaches the 

statistical value of 62-63%, which is the design value for the 

blanket. The container is closed by a plug, having care that it 

is completly filled by the pebbles. Afterwards the container is 

subjected to temperature cycles. During the immersion ofthe 

container in a water bath the temperaturein the center ofthe 

bed is about 5oo•c higher than that of the steel container. 

This is a very severe test, as for the blanket operation the 
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Fig. 2 Test apparatus for pebble thermal cycling tests 
(dimensions in mm) 

maximum temperature difference between bed center and 

steel container for beryllium and pebble bed is about 170-

1800C. After this test of the pebbles as received, ab out 11% of 

the pebbles were found tobe broken. For pebbles which were 

annealed for two hours at 1000°C before the testonly 2% were 

broken and the resulting pieces were rather !arge. 

A comprehensive report on the KfK pebble bed canister 

blanket concept was written and is submitted for publication 

in Fusion Technology, special issue on NET /2/. 

L.Boccaccini 
E.Bojarsky 

M. Dalle Donne 

U. Fischer 
R. Krieg 

M. Küchle 

H. Reiser 
S. Schneider 

G. Schumacher 
E. Wehner 
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2. Liquid Metal-Cooled Blanket 

The development of a blanket concept where the eutectic 

Iithium-lead alloy Pb-17Li serves both as bt·eeder material 

and as coolant has been continued. One important feature of 

the present design is the arrangement of a beryllium layer in 

the front part of the blanket serving as neutron multiplier. 

Another novel feature is the use of Iaminated flow channel 

inserts in all poloidal ducts in order to reduce the MHD 

pressure drop. The work has been concentrated on three 

subjects: 

Three-dimensional neutronics calculation, 

Calculation ofthe temperature field in the firstwallund 

the multiplier region, 

Development of fabrication und testing procedures f'or 

f1ow channel inserts. 

The neutronic performance of the liquid meta! blanket has 

been studied in a complete three-dimensional analysis of one 

torus sector of7.5° in the double null divertor contiguration of 

NET. 

The main objective of the neutronics analysis has been the 
assessment ofthe global tritium breeding ratiound a detailed 

calculation ofthe spatial distribution ofthe power density. 

Due to the spatial restriction of the breeding blanket to the 

outboard side of the torus, the blanket coverage is onl~ 52 

percent. At the inboard side a simple helium-cooled steel 

reflector has been used in the neutronics analysis. 

Nevertheless, a global tritium breeding ratio <TBR) of 0.83 

can be achieved using 90% enriched Pb-17Li as breeding and 

coolant material. This is mainly due to the presence of 

beryllium in the front channel ensuring a high neutron 

multiplication. It has also been shown that the global TBR is 

at the same Ievel if liquid Iithium (natural or slightly 

enriched) is used as breeding and cooling material instead of 

Pb-17Li. 

The spatial power distribution has also been calculated by 

means of a three-dimensional Monte Carlo calculation. The 

front part of the radial power distribution is shown in Fig.3 
together with the geometry ofthe firstwalland the mulliplier 

region. 

There are graphite protection tiles arranged transferring 

heat to the corrugated steel wall by thermal radiation. Liquid 

meta! cools the region by tlowing in parallel through the first 
wall channels und through holes in the beryllium blocks. 

There is a surface heat flux of 40 W/cm~ und a volumetric heat 

generation caused by neutrons and y-radiation. The finite 
difference program RE LAX has been used to calculate the 3-

dimensional temperature profile in the front part of the 

blanket. It is assumed that the liquid meta! enters the 
parallel toroidal coolant channels with uniform temperature. 

The flow rate in the different cooling channels has been 

adjusted with the goal to minimize the maximum 
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Fig.3 Liquid metal-cooled blanket firstwalland multiplier 
region 

temperature at the liquid metallwall interface in order to 
Iimit corrosion problems. 

Coolant temperatures for the blanket segmentare 275°C at 

the inlet and 350°C at the outlet. About 2/3 of the total 

blanket power is generated in the first-wall and multiplier 

region, where the coolant flows in toroidal direction; in the 

poloidal channels the heat-up rate is only 25 K. This 

temperatUt·e rise does not shift the maximum interface 

temperature to the upper end ofthe blanket segment because 

it is outweighed by the !arger power density at the torus 

midplane compared to the one at the upper and lower end of 

the blanket. A temperature profile across the first wall and 

multiplier region at the torus midplane can be seen in Fig.3, 

which shows a maximum temperature at the liquid 

metallwall interface of 390°C and a maximum steel 

temperature of 520°C. Both values are in the allowable range 
for austenitic steel. 

To avoid prohibitively high MHD-pressure drop in the 

poloidal channels of a liquid metal-cooled blanket, the use of 

"flow channel inserts" (FCI) is provided. The FCI consists of a 

Iaminated wall with two thin meta! sheets separated from 

each other by a ceramic layer. The prefabricated Iaminated 

element is welded tagether at all edges to protect the ceramic 

from the liquid meta!. The welded Iaminated sheet is formed 

to fit loosely into the flow channel; a longitudinal slot 

provides pressure equalization. Valtage induced by the 

motion of liquid meta! perpendicular to the magnetic field 

then caused only an electric short circuit in the inner sheet of 

the Iaminated element. 

(i) steel sheet 

plasma sprayed cermet 

lncusil brazing foil 

s tee\ sheet 

Fig.4 Metallurgical cut through a FCI 

A program has been initiated to develop and test such flow 

channel inserts. The development of the fabrication 

procedures is carried out by MBB. The following fabrication 

process has been selected: 

plasma spraying of a stainless steel sheet with a mixture 

of A\203 + TiOz. 

possibly plasma spraying of a metallic layer on the 

ceramic (Ni} 

diffusion brazing of the second metallic sheet on the 

metallized or nonmetallized ceramic with or without a 

brazing foil (Cu or InCuAg or TiCuNi) under pressure 



weil below the liquidus temperature of the brazing 

material. With several pairings good diffusion brazing 

has been achieved. Fig. 4 shows a photograph of a 

metallurgical cut through a Iaminated element. 

K. Arheidt 

V. Casal 

U. Fischer 

C. Günther 

W.Hartmann 

S. Malang 

K. Rust 

3. Tritium Removal hy Cold Trapping in an 
IntermediateN aK-Loop 

Fora self-cooled Pb-17 Li blanket with an intermediate NaK 

loop (or a double-walled heat exchanger with NaK flowing in 

the gap>, the following tritium removal technique is 

investigated: The bred tritium permeates through the heat 

exchanger walls into the NaK and precipitates as tritide in a 

cold trap. For tritium recovery, the tritide is decomposed by 

heating up the cold trap and vacuum pumping. 

The WA WIK program ( = ~asserstoff-Abtrennung und 

~iedergewinnung in _Kaltfallen) has been started to 

investigate the questions related to the kinetics of 

precipitation and decomposition as a function of hydrogen 

concentration, temperatures and impurities. Tritium is 

simulated by hydrogen (protium). The test loop to investigate 

the precipitation is preRently designed including two 

experimental cold traps, a hydrogen injection device, and a 

concentration measurement system. Another test facility to 

decompose hydride has started operation. NaH powder was 

decomposed at various temperatures. The results agree weil 

with values from literature. To obtain more relevant specific 

surfaces of the NaH compared to NaH powder, a third test 

loop was built to producein a simple way NaH crystals. This 

facility will be used until the first facility will opet'ate. 

G. Eiseie 

H.John 

J. Reimann 

Publications 

1. E. Wehner, R. Krieg, B. Dolensky 

"Load carrying capacity of canister type b !anket 

elements for NET under accident conditions" SMIRT 
1987 

2. M. Dalle Donne et al. 

"Pebble Bed Canister: The Karlsruhe Ceramic Breeder 

Blanket Design for NET" submitted for publication in 

Fusion Technology 
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B2 Development of Computational Tools for 

Neutronics 

The KfK activities within the B2-frame comprise the 

evaluation and processing of relevant nuclear data, the 

development of new techniques, as well as the adoption and 

application of existing methods and codes for use in fusion 
neutronics. 

The efforts to develop a general transport code system for a 

rigorous treatment ofthe anisotropic neutron scattering have 

been continued. The establishment of the one-dimensional 

module in cylindrical geometry has been completed now. At 

present it is documented. The one-dimensional transport 

module ANTRA1 therefore is available now in plane, 

spherical and cylindrical geometry. Both homogeneous and 

inhomogeneous problems can be treated. There is also an 

option to choose between the rigorous treatment of the 

neutron scattering and the approximative one by applying 

the conventional Legendre expansion of the scattering 
kernel. 

The study on the multiplication of 14 MeVneutrons in Iead 

has been completed. The essential oftbis study is the analysis 

of the neutron multiplication using the new nuclear data 

evaluation of Iead contained on the European Fusion File 

EFF-1 and the newly developed transport programme 

ANTRAl. It is shown, however, that for Iead there is no 

significant difference in the total neutron multiplication 

when using different procedures and data. There is an 

improvement in sofaras the EFF-1 data in general produce 

the same spectral distribution ofthe leakage neutrons as it is 

observed in the experiments (see e.g. fig. 5), whereas the 

neutron spectra based on the ENDF/B-IV data are much too 
"soft". 

There is however still an underestimation of the 

experimentally observed total neutron multiplication by ca. 

10 %. Therefore a higher (n, 2n)- cross section at 14 MeV is 

suggested for Iead. This conclusion is in agreement with a 

very recent, yet unpublished Iead evaluation of H. Vonach 

ORK, Wien) recommending a (n, 2n) - cross section of 

2.2 ±0.06 bat 14 MeV. This value is 5% higher than the one 
currently contained in the nuclear data files (ENDF/B-IV,­
V, EFF-1). 

The Monte Carlo code MCNP is in routine use for fusion 

neutronics applications at KfK. The main subject of its 

application is the geometrical modeHing of a fusion reactor 

blanket in three dimensions in order to assess the global 

tritium breeding ratio, to treat spatial heterogeneities and to 

evaluate the spatial distribution of the power density /1/. By 
the use ofsophisticated variance reduction schemes it is even 

possible to treat deep penetration problems with MCNP. 

-5-

MCNP has been used to assess the efficiency of a shielding 

blanket of the NET-reactor (see task N2). Using the same 

geometrical model, it has been shown by means of MCNP 

calculations that the most relevant radiation dose on the 

electrical insulator of the superconducting magnet is 

underestimated by the ONETRAN multigroup calculation by 

a factor of2 (fig. 6). This discrepancy can mainly be attributed 

to the use of a single group constant set that is inadequate for 

this purpose (the main features are: there are very broad 

energy groups; so the group constants are very sensitive to 

the weighting function; the neutron spectrum, on the other 

band, varies strongly through the blanket; furthermore, no 

resonance shielding is taken into account). MCNP uses the 

continuous energy representation of the nuclear data and 

avoids these problems in this way. To achieve a low statistical 

error of course long computing times are needed; typically 

two hours CPU-time are needed for a one-dimensional 

shielding problem. 

The group constant generation programme NJOY is in use for 

the calculation of group constants from ENDF/B-formatted 

nuclear data files (EFF, JEF, ENDF/B) at KfK. The present 

status ofthe KfK Version ofNJOY has been documented in an 

internal report. The corrections and modifications performed 

at KfK so far started from the American version 6/83 ofNJOY 

and mainly concern the neutron interaction cross sections. An 

error in the calculation ofthe total photon KERMA factor also 

has been removed. 

At present the calculation of photon production cross sections 

by NJOY is being studied. The generation of a coupled 

neutron-photon library in the KfK standard group constant 

format GRUBA is being discussed. This would require the 

extension of the KfK group constant testing and formatting 

programmes (e.g. JOYFOR, MITRA) and of the GRUBA 

library itself to include photon production and photon 

interaction cross sections. 

Staff: 

I. Broeders 

U. Fischer 

B. Krieg 

H. Küsters 

A. Schwenk-Ferrero 

E. Stein 

E. Wiegner 

Publications: 

1. U. Fischer: Blanket ModeHing in a Tokamak Reactor, 

Int. AMSE Conf. "Modelling and Simulation", 

Karlsruhe, 20-22 July, 1987. 
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Fig.5 Leakage spectra ofa 14 MeVneutron source surrounded by a 22.5 cm thick sphericallead shell. 
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Fig.6 Radiationdose on the Epoxy insulator ofthe superconducting toroidal 

field magnet for different steel/water fractions of a shielding blanket of 

NET: Comparison between ONETRAN multigroup calculations and 

MCNP calculations using a continuous energy representation (a 
neutron wallload of 1.4 MW/m2 and an operationtime of 1 year is 
assumed). 



B6 Corrosion ofStructural Materials in Flowing Pb-17Li 

The PICOLO loop has been operated for 3700 hours with 

specimens of steell.4914 (X18 CrMoVNb 12 1 ), NET batch, 

at 55o•c test temperature and a flow velocity of V = 0.3 m/s 

in the test section. The Reynold's number in the test section 

is Re= 20950, the ßTofthe loop hasa valueof- 250 K. 

As is shown in the Table 1, the specimens lose weight and are 

reduced in their diameters. Metallographie examination 

shows that the material Iosses are not uniform (see Fig. 7). 

The unequa I attack ofthe steel by the liquid meta! Pb-17Li is 

also seen by scanning microscopy. Further examinations are 

under way. 

Spec. Position Exposure Change of Change of weight 

no. time diameter 

(h) (mm) (mg) (mg/cm2) 

1 1 1058 0.040 + 92.19* + 7.33 

3 3 2983 0.170 -1046.74 -83.29 

5 7 2983 0.185 -895.35 -71.25 

* value influenced by adhering Pb 

Table 1: Corrosion effects in the PICOLO loop at 55o•c 

Fig. 7. Micrograph (500:1) ofspecimen no. 3, corroded 

2983 hin flowing Pb-17Li at 55o•c 

The chemical analysis of the eutectic alloy shows that the 

composition is nearly unchanged during the first operation 

period. Compared to earlier analyses of material taken from 

the old loop, the contents of Cr and Ni are remarkably higher 
(see Table 2). 

Sampie Li-content Fe-content Cr-content Ni-content 

(wt·%) (pgig) (pgig) (pgig) 

Initial 0.75 ± 0.005 8.6± 1.6 I 2 

1058 h 0.74±0.005 0.8 ± 3.0 1 6.2 ± 0.6 

Table 2: Chemical composition ofPb-17Li 
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86.3 Fatigue ofStructural Material in Pb-17Li 

The low cycle fatigue behaviour of the martensitic steel 

1.4914 (X 18 CrMoVNb 12 1) will be tested at 55o•c in the 

liquid alloy Pb-17Li. First cold tests with this materials have 

been made. Reference tests are under way, the programme 

can be started in October 1987. 
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B 9 Tritium Extraction from Liquid Pb-17Li by the 
Use of Solid Getters 

Several methods were proposed to extract tritium from 
the liquid Pb-17Li blanket material. Task 9 will study 
the use of so! id getters. In static capsule 
experiments, compatibility tests were performed with 
five possible getter metals at temperatures up to 
600°C and run-times up to 2500 hours. 

All preparation was done in an argon atmosphere with 
less than 1 ppm oxygen. 50 to 60 grams of Pb-17Li were 
used in Mo-crucibles, the meta! sheets fixed by Mo­
stripes. Degassing and annealing of samples and 
capsules was done at 700°C at 10-5 mbar: 
Any contact between the samples and the Mo-crucible 
was avoided. 
Otherwise problems occurred because of reactions 
between the sample and molybdenum below the Pb-17Li 
surface. 

Up to 6 crucibles were heated tagether in one capsule. 
Fig. 8 shows the arrangement. The cover gas in the 
capsules was slowly flowing purified Ar-6.0. Below the 
radiation shields the temperature was constant in all 
parts of the capsule within ~ 2°C. 

Fig. 8: Arrangement of samples in a capsule 

After an experiment the capsules were opened in the 
glove box and the samples removed from the Pb-17Li. 
All the Pb-17Li was dissolved, using a special 
extraction technique with nearly the stoichiometric 
amounts on nitric acid. Dissolved materials were 
determined by ICP-AES analysis. Remaining Pb-17Li in 
the Mo-crucibles was dissolved in acetic acid/H2o2, 
the samples cleaned by an electrolytic and prepared 
for metallographic and microprobe investigations. 

- 8 -

The following gettermetals were studied: 
Y, U, Zr, Ti, Ti-alloy BETA 3 

Wetting problems with Pb-17Li determined the Iower 
temperature Iimit for the experiments. 

YTTRIUM, URANIUM 
Even below 400°C the samples were completely dissolved 
in liquid Pb-17Li within the week. 

ZIRCONIUM: 
Fig. 9 shows dissolution rates as a function of 
temperature. 600°C is a limiting temperature because 
the meta! becomes very brittle. Larger concentrations 
of Iead were found in the zirconium and are probably 
responsible for this effect. 
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Fig. 9: Dissolution rates of gettermetals in liquid 
Pb-17Li 

TITANIUM, ALLOY BETA 3: 
The dissolution rates are about three times lower 
compared to zirconium. The allow BETA 3 (12% Mo, 
6% Zr, 4.5% Sn) shows the same behavior as the pure 
meta! (Fig. 9). 
The limiting temperature will be at ~ 500°C. At higher 
temperatures crystals of an intermetallic compound 
grow on the sample surface, consisting of about 23% 
titanium + 77% Iead, with very small concentrations of 

1.5 
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other metals in case of the alloy also with some 
zirconium). Such crystals were also formed in pure 
Iead, as observed in an experiment at 550°C. As in the 
case of zirconium Iead was dissolved in titanium at 
higher temperatures and the meta! becomes brittle. 
Probably because of stabilizing effects of the 
molybdenum, Iead dissolution and embrittlement were 
smaller for the alloy. 

Discussion 

From the investigated getter metals Y and U cannot be 
used in liquid Pb-17Li at all. 
Limiting temperatures were found for Ti and Zr, but it 
is doubtful whether these metals can be used without a 
coating as getters for the tritium extraction. The 
corrosion rates are too high. Also strong 
embrittlement, probably caused by Iead dissolved in 
the meta!, may Iimit the temperature for the use. 
Furthermore an intermetallic compound on Ti surfaces 
was observed. 

Further investigations 

So far, mainly tests in static Pb-17Li were performed. 
Experiments with stirred liquid meta! are under way. 
The next static testswill be done with molybdenum­
coating getter materials. 
Metallographie and microprobe investigations have 
started. 
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811-16 Development ofCeramic Breeder Materials 

The KfK eontribution eoncentrates on the Li-Silicates andin­

cludes all the steps neeessary to aehieve a produet to be used 

in the helium-cooled blanket design. The development starts 

with fabrieation and charaeterization of pellets and pebbles. 

Physical, mechanical and chemical properties are measured 

before and after irradiation. The irradiation program makes 

use of several reactors within the European and the Beatrix 

Cooperation. Lithium-Orthosilicate has been pt'oven tobe the 

most promising candidate for the NET reference ceramic 
breeder material. 

1. Fabrication and C haracterization of Ce rarnie 
Breeder Materials (B 11, B 12) 

The preparation and fabrication of Iithium containing 

monosilicates, especially LizSi03 and Li4Si04, are under 

development to be used as breeder materials for fusion 

reactors within the European Fusion Program (Task Bll and 
812). Sampies of different breeder materials . LiAI02, 

Li2Si0.3, Li4Si04, Li~ZrO~, and Li20 prepared by the 

cooperating European groups · have been assembled for the 

international irradiation experiment ELIMA-2. Progress in 

fabricating Li4Si04 powders obtained from alcoholic 

suspensions has been made by fabricating a batch ofabout 75 

kg spray-dried powder und er industrial conditions. 

Assembling of 72 Irradiation Test Tubes for ELIMA-2 and 
DELICE-03 

The international irradiation experiments ELIMA-2 and 

DELICE-03 include 72 test pins with different samples of 

breeder materials to compare the irradiation behaviour 

under fast neutron and thermal neutron conditions (see 

Table 3). The different materials, delivered to KfK, were 

stored and handledunder dry inert gas ( helium) conditions in 
a glove-box, exclusively. All the materials, except the Li20, 

were dried und er helium at tempemtures of300 to 350 oc and 

then filled into the stainless steel tubes. The tubes were 

closed with end-plugs, whieh had boreholes, by means of 

vacuum electron welding, then refilled with pure helium, and 

the boreholes closed and welded with stainless steel pins. The 
test tubes now are ready to be mounted for the irradiation 
experiment. 

Charaeterization ofCermie Breeder Materials 

Comparative irradiation experiments for ceramie breeder 
materials have been proposed in a fastand a thermal neutron 

test bed. The objective is to find out if there are differenees in 

the materials behaviour as a consequenee of different darnage 
rates by fast neutron scattering and the Li-6 (n,o)T reaetion, 

respectively. 

Laboratoriss of Saelay/CEA, Springfields/UKAEA, 

MoVCEN, Casaccia/ENEA, and Karlsruhe/KfK participate 
in these experimentes, whieh will be performed in the HFR of 

"10" 

Number Shape of 
Co-operating Group Material 

ofPins Material 

LiA102 8+8 pellets SACLA YIFRANCE 

6+6 pellets CASACCIAIITALY 

Li4Si04 2+2 pellets KfK/GERMANY 

2+2 ceramic KfK/GERMANY 

pebbles 

2+2 melted KfK/GERMANY 

pebbles 

Li~Si0.1 2+2 pellets KfK/GERMANY 

6+6 pellets MOLIBEGLIUM 

Li~Zr0~1 4+4 pellets SPRINGFIELDS!U.K. 

Li~O 4+4 pellets SPRINGFIELDS!U.K. 

Table 3: Irradiation Test pins tor ELIMA-2 and 

DELICE-03 

Petten (ELIMA 2> and the OSIRIS t·eactor ofSaclay <DEUCE 
03), 

KfK has prepared Iithium metasilicate and Iithium 

orthosilieate samples for the two experiments. The samples 

eomprise pellets, sintered granules and malten spheres. The 

pre-irradiation analysis ofthe pellets has been finished. Some 

results are eompiled in Table 4. 

Li2Si0~ Li4Si04 

Mean diameter (rum) 4.51 4.97 

Geometrie density (g/em3) 2.35 2.09 

Hg porosimeter density (g/emtl) 2.37 2.15 

(%T.D.*> 93.7 90.0 

He pyenometer density (g/em~l) 2.51 2.38 

Total porosity **) (o/o) 6.3 10.0 

Open porosity 

Hg porosimetet· (o/o) 2.4 2.8 

He pycnometer (o/o) 5.6 9.7 

Effeetive channel 

diameters** (!ltn) < 0.4 <3 

Soundvelocity (km/s) 5.64 6.21 

Specifie surface area (m2/g) 0.67 1.54 

*) Pth = 2.39 g/em3 

**) aee. to Hg porosimetry 

Table 4: Geometrie and strueture data of Li2Si03 and 

Li4Si04 pellet speeimens of the ELIMA 2/DELICE 

03 experiment 

Both pellet samples are of high density, about 94 and 90 o/o 

T.D .. The amounts of open porosity which were determined 
using Hg porosimetry were at the same Ievel for the two pellet 

samples. But differenees were observed for the shape of the 

eumulative distdbutions ofthe open porosity ( Fig. 10 ). 
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Fig. 10: Cumulative open porosity vs. intrusion channel 

diumeter ofLi~Si0.1 und Li4Si04 pellet specimens of 
the ELIMA 2/DELICE 03 experiments 

The meusurements which were curried out with a He 

pycnometer demonstrated that considerable volume of open 

porosity existed below the measuring limit of the Hg 

porosimeter. The sound veloeitles of the samples lay within 

the range which has been found for other high-dense Iithium 

silicate sumples. The specific surface area determined by 

applying the BET theory to volumetric nitrogen gas 

adsorption proved to be higher by a factor of about 2 for the 

orthosilicate sample in comparison to the metasilicate 
sample. 

lndustrial Fabrication ofLi4Si04 Powder 

A batch of about 75 kg spray-dried Li4Si04 powder was 

fabricated from an alcoholic suspension under industriul 

conditions to confirm the luboratory preparution method and 

to improve scaling-up. The muin steps of the preparation 

technique already described in detuil are fabrication of the 

suspension, spray-drying of the suspension, und calcinution 

of the powder obtuined. The total amount of the suspension 

was fabricated in two batches of about 400 I at Fa. 

Roth/Karlsruhe. Two samples of the suspension, 5 1 each, 

were taken to the laboratory and the quality examined, 

showing no differences between the industrial and the 
Iabaratory preparation. The suspensionwas then transported 

to Fa. NIRO/Kopenhugen for spray-drying. Also this step 

shows no problems for a further industrial sculing-up. The 

calcination step will be carried-out in the next days ut F'u. 

BUSS !Pratteln wl1ere the powder can be calcinated in u 

!arger furnace uncier fluidizing conditions. The experience 
gained from these technological experiments shows that 

there ure no !arger problems for the production of Li4Si04 

powder by the suspension technique developed under 
laboratory conditions. 
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2. Measurement of Physical, Mechanical and 
Chemical Properties (B 13) 

Physical and Mechanical Properties 

A review of physical and mechanicul properties was 

presented ut the Petten Workshop on Progress in Ceramic 

Tritium Breeding Materials Development (,June 24 - 26, 
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Fig. 11: Compressive creep rate ofLi4Si04 in 100 hat 

900 °C and 10 MPa. 

1987 ). Particular importance was given to the resistance to 



thermal crack formation. It is predicted to be highest in 

LiA102 and lowest in Li4Si04, for the latter also in view of 

rather low values of compressive strength and thermal 

conductivity, which were newly measured. 

The Young's modulus of the Iithium silicates is 

comparatively low. The compressive strength ofthe different 

breeder materials appears rather unspecific, with a major 

dependence on the grain size, and does not suggest a definite 

ranking. 

Recent compressive creep tests on Li4Si04 resulted in creep 

rates much higher than those measured on Li2Si03 ( Fig. 11 ). 

Generally, ct·eep rates indicate rough temperature Iimits (at 

about 10·ß/h), below which the breeder materiale can be 

considered virtually rigid (and probably stable in 

microstructure). LiA102: 900 °C, Li2Si03: 800 oc, Li4Si04: 

700 °C, Li20: 600 oc. 
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Interaction with Water Vapour 

After having observed the formation of unidentified phases 

by long time annealing experiments with Li4Si04 in humid 

atmosphere, further attempts were made to explain the ques­

tionable reactions by thermal analyses. DSC runs were con­

ducted at different water vapour concentrations in flowing 

argon ( < 1, 500 and 10000 vpm H20>. Up to 800 oc no new 

effects were observed in addition to the welllmown peaks at 

608, 665 and 724 °C. Thesepeaks correspond to one crystallo­

graphic and two higher order transformations ofLi4Si04 and 

do not depend on the water vapour concentration. X-ray 

diffraction showed no other crystalline phases, and the 

weight changes were insignificant. 

LiA102 pellets were tested in order to simulate their storing 

and handling conditions. After 3 weeks at ambient tempera­

ture in air the weight increase was 3.6 %, X-ray diffraction 

showed no significant change· compared to the starting 

material, and transient heating in Ar ( < 1 vpm H20> up to 
800 oc resulted in a peak of the H20 release at 193 °C. 
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The Thermochemistry ofSolid Lithium Metasilicate 

Lithium ceramics, such as Iithium silicates, have been 

proposed as candidate materials for tritium breeding in 

fusion reactors. For their evaluation and selection knowledge 

of their high temperature properties is required. Therefore a 

thermochemical study of Li2Si03 with emphasis on the 

properties ofthe solid ceramic was initiated employing mass 

spectrometric analysis ofKnudsen effusates. 

The partial pressures of Iithium and · for the firsttime · those 

of oxygen were determined over Li2Si0,1 below its melting 

point (1474 Kl within a wide range of temperatures. In 

addition, one data point of gaseous Li20 was obtained at a 

temperature just below the melting point. From the 

experimental findings it is concluded that the thermal 

decomposition process ofsolid Li2Si03 can be described by the 

following equation: 

(!} 

Similar to the results obtained in the vaporization 

experiments with solid Li2Si03 , the Li and Üz partial 

pressures over the liquid were found tobe about two orders of 

magnitude higher than those of all other species. The 

experimental pufp02 partial pressure ratio has an average 

value of ""' 1.83 and is nearly independent of temperature. 

Also observed were the gaseous Iithium oxides LiO, LizO and 

Li:JÜ. A small fraction of the liquid vaporizes without 

decomposition. A least square treatmentwas applied to the 

data obtained with the solid and the liquid material to 

calculate the coefficients of the Arrhenius equations of the 

examined species. 

Equilibrium constants, Keq• obtained from partial pressures 

were used to calculate reaction enthalpies employing Gibbs 

free energy functions ll<G0 T · H0 zg8)tr from the JANAF 

thermochemical tables. The reaction enthalpy changes H0
zgs,r 

obtained for the various reactions are given in Table 5. The 

data show good thennodynamic consistency. The heat of 

fusion of Li2Si0~<cl was found to be 23.3 ± 10 kJ/mol, in 

satisfactory agreement with data from the Iiterature (28.03 

± 2.1 k,J/moll. The standard enthalpies of formation of LiO 

and Li~O were found tobe 

llWr.2g8 <LizÜl = <· 130.7 ± 10.5) kJ/mol 

llWr,298 <Liü) = (93.8 ± 3.6) kJ/mol 

The temperature dependence ofpLi
2
s;o

3 
yields an enthalpy of 

vaporization fot· 

(ll) 

of llWvnp,l695 = (455.65 ± 8.6) kJ/mol. 



No. reaction Cl.H 0
298,r 

kJ/mol 

solid Li2Si03 

I Li2Si03(c) = 2 Li(gJ+ 1/2 1007.96 ± 4.13 
0 2(g) + Si02(c) 

II Li2Si03(c) = Li20(g) + Si02(c) 540.36 

III Li20(g) = 2 Li(gJ+ 1/2 0 2(g) 453.00 

liquid Li2Si03 

IV Li2Si03(c) = 2 Li(g)+l/2 984.63 ± 5.54 

0 2(g)+ Si02* 

V Li2Si03(cl = Li20(gJ+Si02 531.56 ± 4.80 

VI Li20(gJ = 2 Li(g)+ 1/2 0 2(gJ 452.14 ± 1.46 

VII Li20(g) = Li<g)+ 1/2 0 2(g) 66.89 ± 3.59 

Table 5: Standard reaction enthalpies for various equilibria 

obtained from partial pressure measurements. 

Extrapolated data of the oxygen partial pressure obtained 

over the solid Iithium metasilicate were used in combination 
with the equilibrium 

(Ili) 

to calculate the ratio PHzoiPHz as a function of temperature 
under equilibrium conditions. Data of hydrogen were used 

instead of tritium because the isotope effects are small in 

comparison to the uncertainty of the estimate. The results, 
given by the expression 

1588 

T 
+ 0.979 

illustrate that in the temperature range 500 - 1300 K water 

will be the predominant chemical form of the released 

tritium. This conclusion is of course only valid under quasi­

equilibrium conditions and in the absence of structural 
materials with reducing properties. 
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3. Compatibility with Metallic Materials (B 14) 

Recent annealing experiments with Li2Si03 and Li4Si04 

concentrated on the compatibility with metallic beryllium, 

which is ofinterest as a neutron multiplier. Results of a first 

test series with Li2Si03 at 600, 750 and 900 ~C are presented 

in Fig. 12. No observable attack could be found at 600 •c. The 

deep localized attack at 750 •c is believed to be due to the 

occurrence of a liquid Iithium silicide phase in addition to the 

BeO reaction product on the Li2Si03 surface (see micrographs 

in Fig. 12). According to the Li-Si binary phase diagram, 

Iithium silicides areliquid at temperatures :<: 750 •c. 
100h 400h 1000h 

Be 

400 

300 

200 

100 

10 20 30 

Reaction time t 111 
, h 111 

Fig. 12: Chemical reaction between Be and Li2Si03. 

Further annealing tests, now including Li4Si04, have been 

conducted <but notyet evaluated) at 600,650 and 750 •c. 
In the annealing tests, contact is also made between Be and 

AISI 316 as the capsule material. The extent ofthe Be/316 re­

action seemed tobe admissible at 600 •c, but no more at 750 

•c (reaction layer thickness after 1000 h: about 25 11m at 600 

•c, and 150 11m at 750 •cJ. AES and ion microprobe analytical 

examination ofthe specimens showed a diffusionoftheBe in­

to the stainless steel und er the formation of Be Ni. The stain­

less steel matrixwas depleted in Ni within the reaction zone. 
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4. Irradiation Testing of Ce rarnie Breeder Materials 
(815 and 815.3) 

A number of Iithium ceramies are considered as candidates 

forasolid breeder blanket of a fusion reactor. KfK concentra­

tes on Iithium silicates. In assessing the potential perform­

ance of solid breeders, tdtium release rate and retention are 
important aspects. In addition to the in· pile tests (816), tri­

tium release is studied in out-of-pile annealing experiments. 

Differenttypes of meta- and orthosilicate samples, irradiated 

in the DIDO reactor at KFA Jülichand the meta- and orthosi­

licate pellets of the first in-pile test LISA-1 in the SILOE-re· 

actor have been annealed. The annealing temperature has 

been varied systematically and the influence ofpurge gas and 

samples has been tested. In agreement with previous results, 

release from orthosilicate was found to be faster than from 
metasilicate. Release from both, meta- and orthosilicate, was 

found to be insensitive to type, flow rate and pressure of 

purge gas. The experimental release has been compared to 

theoretical predictions assuming various processes (diffusion, 

trapping, recombination). This comparison and other eviden­

ce indicate that in our tests tritium release, especially from 

orthosilicate below 450 •c, is controlled by water chemistry. 

The measured release is generally slower than diffusion pre­

diction and can very weil be described by OH/OT recombina­

tion und desorption /1/. Future work will concentrate on redu­

cing the moisture in the samples and the purge gas. 

Annealing ofthe high-activity samples from the first irradia· 

tion in the OSIRIS reactor at Saclay, DELICE 01, has been 

started. A first step ofthe ceramography work in the KfK hot 

cells has been the optimization of the preparation technique. 

The transport of the samples from the second irradiation, 

DELICE 02, from Saclay to Karlsruhe is planned for October 
1987. 

In a comparative irradiation 815.3 it is planned to study the 

influence exerted by different neutron spectra on breedet· 

material samples furnished by five partner institutions <see 

table 6). With different spectra the contributions to darnage 

originating in fast neutron scattering and Li6(n,alT reaction 

are greatly varied. Although the total rate ofdamage expres· 
sed in dpa remains the same, the contributions of the n,a re­

action to darnage are high under the DELICE 03 thermal ir­

radiation conducted in the OSIRIS reactor whereas they are 
relatively low in a fast flux. On account of the temporary 

shutdown of the KNK II reactor, it is envisaged now to per· 

form the ELIMA 2 irradiation in HFR Petten under a cad­
mium screen. For both irradiations, DELICE 03 and ELIMA 

2, the sample materials have been provided by the partners 

and cladding was clone at KfK und er uniform conditions. Pre· 
paration of the irradiation rigs in Saclay and in Petten has 

advanced to a stage where they can be assembled by the end 

of the year and where irradiation can startinspring 1988. 
The irradiation time in OSIRIS willlast about 80 full power 

days and that in HFR 175 full power days. 
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Tritium Recovery from Ceramic Breeder Material 
(816) 

Tritium recovery from ceramic breedermaterial is important 

in assessing the potential performance of breeder blankets. 

The behaviour of Iithium silicates is studied by KfK in the 

LISA-series of in-pile tests performed in the SILOE reactor at 

CEN Grenoble. 

Because of the fast tritium release from orthosilicate ob­

served in the fit'st test LISA-1, the second test LISA-2 concen­

trated on this materials and, to meet the requirements of the 

KfK pebble bed design for a NET blanket, especially on high­

density <97% TDl spheres and low temperatures. Irradiation 

of LISA-2 started November 24 und was stopped December 2, 

1986 because of a leak in the reactor tank. The testwill be 

continued in the neighbouring MELUSINE reactor October 

1987. Some results have already been discussed in the last re­

port. A recent more detailed evaluation indicated that influx 

tritium release from the high-density orthosilicate samples is 

for temperatures above 500 •c consistent with the assumption 

that diffusion is one controlling process. At least one other 

process, probably related to residual moisture, is involved 

and gets dominantat lower temperatues /1/. The influence of 

residual moisture on tritium release from orthosilicate must 

be studied in detail and more effort is required to reduce and 

control the moisture in in-pile experiments. 
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ELIMA 2/HFR-Petten 

400to 450°C 

CEA,Saclay 2 LiA102 78% Pellets *) 

1 LiA102 62% Pellets 

1 LiA102 84% Pellets 

ENEA, 3 LiAI02 80 o/o Pellets 
Cassacia 

UKAEA, 2Li20 83% Pellets 
Springfield 79% Pellets 

2 Li2Zr03 80 % Pellets 

CEN,Mol 2 Li2Si03 82% Pellets 

1 Li2Si03 75% Pellets 

KfK 1 Li4Si04 98 o/o Sph. 
Karlsruhe 1 Li4Si04 85% Gran. 

1 Li4Si04 90% Pellets 

1 Li2Si03 90% Pellets 

Total 18 

*) % Theoretical Density 

Sph. = Molten Spheres 

Gran. = Sintered Granulate 

Sampie size 5 mm 0 x 40 mm length 

650to 700°C 

2 LiA102 78% Pellets 

1 LiAI02 62% Pellets 

1 LiAI02 84 o/o Pellets 

3 LiAI02 80% Pellets 

2Li20 82% Pellets 

2 Li2Zr03 80% Pellets 

1 Li2Si03 82% Pellets 

1 Li2Si03 75% Pellets 

1 Li2Zr03 80 o/o Pellets 

1 Li4Si04 98% Sph. 

1 Li4Si04 85% Gran. 

1 Li4Si04 90% Pellets 

1 Li2Si03 90% Pellets 

18 

DELI CE 03/0SIRIS-Saclay 

400to 450°C 650 to 700°C 

2 LiA102 78% Pellets 2 LiA102 78% Pellets 

1 LiAI02 62% Pellets 1 LiAI02 62% Pellets 

1 LiAI02 84% Pellets 1 LiAI02 84 %Pellets 

3 LiAI02 80% Pellets 3 LiA102 80% Pellets 

2 Li20 79% Pellets 2 Li20 82 o/o Pellets 

81% Pellets 

2 Li2Zr03 80% Pellets 2 Li2Zr03 80% Pellets 

2 Li2Si03 82% Pellets 1 Li2Si03 82% Pellets 

1 Li2Si03 75% Pellets 1 Li2Si03 75% Pellets 

1 Li2Zr03 80% Pellets 

1 Li4Si04 98%Sph. 1 Li4Si04 98 %Sph. 

1 Li4Si04 85 %Gran. 1 Li4Si04 85 %Gran. 

1 Li4Si04 90% Pellets 1 Li4Si04 90 o/o Pellets 

1 Li2Si03 90% Pellets 1 Li2Si03 90% Pellets 

18 18 

Table 6: Sampie Matrix of the Comparative Irradiation ELIMA 2/DELICE 03 815.3 

Total of 

samples 

16 

12 

8 

8 

10 

2 

4 

4 

4 

4 

72 



M1 The Large Coil Task 

The Large Coil Task is an experiment of the International 

Energy Agency with contributions offour nations. The goal of 

the experiment is to make the superconducting magnet 

technology available for Tokamaks. The European 

Community contributes to this expet'iment with one 

superconducting coil. The coil was designed, developed and 

constructed on behalf ofEuratom by KfK-Karlsruhe together 

with two German companies: Vacuumschmelze, Hanau 

(conductor) and Siemens AG, Erlangen (coil). The test 

program is running since January 1986 at Oak Ridge Nat. 

Lab., USA. The Euratom coil passed successfully all 

"Standard Tests" and entered in April 86 the series of the 

"Extended Tests". The whole test program was successfully 

completed in September with outstanding results for the 
Euratom LCTcoil. 

In the sel'ies of Extended Tests the coils should demonstrate 
their capabilities beyond the rated design values as a single 

coil and in a toroidal configuration. In a five coil array the 

coils were exposed to high out-of-plane forces. These tests 

demonstrated the pet'formance ofthe coils in a failure mode if 

one coil of the toroidal configuration is without current. 

As addition to the original testprogram a safety testprogram 

was approved by the Executive Committee in which some 

aspects of the safety of superconducting magnets could be 

experimentally explored. Relevant tests were proposed by 

KfK. Test procedures were worked out by the LCT staff on 

site which considered the existing instrumentation of the 

coils, the risks for the coils, the relevance for future magnet 

technology and the time needed to perform the task. As high 
pt'iority items were identified "hot spot'' measurements and 

the loss of flow for forced flow cooled coils. The Westinghouse 

coil was selected for "hot spot" and the Euratom coil for both 
types of investigations. 

In the single coil tests, the Euratom LCT reached 9 Tat 140% 
of the rated cunent (Fig. 13). This was the highest overload 

that could be achieved in the various tests. The coil was 

operated stably 18 minutes at this point without any 

indication of resistive voltages within an accurracy of ± 40 
J.!V. Current and field values agreed with those derived by 

short sample measurements ofthe single cable strands /1/. 

In a series of experiments helium slugs were injected in one 

cooling circuit of the outermost double pancake. The slugs 

were heated up weil controlled to the current sharing 

temperature at the location of the conductor inlet. At four 

current Ievels the "take-off' voltages were measured (Fig. 14 I 

for a series of heater shots with 4 s pulse duration each. 
Voltages down to several J.l V were measurable with a suitab le 

signal conditioning. Exact field calculations at the location of 

the inlet, measurement of the temperature profile of the 

helium and the measurement of the appearance of the 

resistive voltage were used to determine the current sharing 
temperature. In Fig. 15 a nearly straight line is drawn in aB-

. 16. 

LOAD LINES OF THE EURATOM LCT COIL (HIGHEST FIELD 
POINT) IN THE SINGLE COIL AND TOROIDAL TEST 

CONFIGURATION IN THE IFSMTF 

14 

llkAl 

ORNL-DWG 87-2835 FED 

(K) 

3.6 
3.7 

3.8 

3.9 
4.0 
4.1 
4.2 

9.00 15950 3. 72 3.80 
8.11 11742 3.81 4.55 
9.13 12996 3.82 3.87 
8.53 10955 3.83 4.35 
9.22 12129 3.85 3.90 

20 

Fig. 13: Load lines ofthe Euratom LCT-coil in its single 

and toroidal test configuration in the Int. Fus. 

Superc. Magn. Test Facility OFSMTF). 

"TAKE-OFF" VOLTAGES AT FOUR CURRENT LEVELS MEASURED AS A FUNCTION 
OF THE TEMPEAATURE OF THE INJECTED HELIUMSLUG FOA THREE CURRENTS 
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8000 A 

"Take-off' voltages for different current Ievels 

measured by the injection ofheated helium 

gaseous slugs. 

T,. diagram derived from short sample measurements. From 

Fig. 14 transition points for 0 J.!V and 10 J.!V were taken and 

linearly extrapolated up to 9 T. Taking into account all 

extrapolation and measuring accuracies the agreement with 

the expected value, the 9 T point obtained and the current 

sharing temperature measurements is fairly good. 

The coil was intentionally quenched three times during the 

current-sharing measurements. Based on the resistive 

voltage and the fact that the temperature was below 20 K 
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COMPARISON OF EXPECTED AND MEASURED 
CURRENT SHARING TEMPERATURES 
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COMPARISON OF MEASURED AND CALCULATED 
"HOT SPOT" TEMPERATURES BY THE EXPELLED 

HELIUM GAS vs CURRENT SQUARED 

ORNL-DWG 87-2664 FED 
80 r----------.--------~.---------, 

70 
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60 t:. STAGNANT HELIUM 

o FULL FLOW 10.7 g/s 

50 o REDUCED FLOW 9.2 g/s 

~ 40 
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Fig. 15: Comparison ofmeasured current-sharing Fig. 16: Measured and calculated hot spot temperatures for 

temperatures with those extrapolated from the the Euratom LCT conductor with f1owing and 

short-sample strand measurements. 

before the dump, the propagation velocitywas calculated.The 

propagation velocity increases more weakly than with !2, 

The temperature profile of the expelled gas was measured 

too. Analysis of the data showed that this temperature 

represents the hot spot temperature ofthe conductor. · 

The results are summarized in Fig. 16. The small f1ow rate 

contributes considerably to reduction of the hot spot 

temperature, which can be determined by measuring the 

temperature of the expelled gas. The measured and calcu­

lated values are in agreement within 5 K. 

Mechanical properties were investigated by using strain 

gauge rosettes on the coil case surface and displacement 

transducers, which measure the gap between the winding 

and the coil case. The equivalent stresses, especially at the 

test in the IFSMTF, are in fair agreement with finite element 
calculations. For the single coil at 100% and 140% rated 

current, the stresses increase by a factor of' 2 as expected 

(Fig. 17>. Similar to the TOSKA test, some deviations 

occurred in the straight section. Nonlinearities were not 
observed. 

The coil expet'ienced its highest central force of 54 MN in the 

toroidal configuration in the ALT A test (highest fieldl. The 

winding was compressed in such a way that gap between 

stagnant helium. 

COMPARISON OF THE EaUIVALENT STRESSES OF THE EURATOM LCT 

OR~L-OWG 87·2666 

@~@ 
LW--"'-+~"-----'"'"'- {~~fu~ ~1~) 

MEASUAEO CALCULATEO 

r' 
\.) IN IFSMTF, ST.IHjOAAO I TEST (FULL TORUS TEST) 

,/ 

0 
0 
0 

[] IN IFSMTF AT lOO% RATEOCVRRENT (Sitlßt..E COIL TEST) 

C .. ) IN IFSMTF AT 140.,. RATEO CURRENT (SINGLE COil TEST) 

(ALL VALUES IN MPa) REVISE0711167 

Fig. 17: Equivalent stresses measured on the coil case 

surface in comparison with predictions from the 

finite element calculations. 

winding and coil case reached 2.52 mm .. Finally in the last 

torus test the field was increased to 9.1 T at the reference 

point and 9.2 T maximum field in the smallest curvature. 

These values were obtained by the Euratom-LCT-coil with 

56% ofthe design mass flow rate of 150 g/s and 11 MN out-of-



plane force. Much higher out-of-plane force experienced the 

coil in the ALT B test series where one coil of the toroidal 

configuration was uncharged. The Euratom-LCT-coil 

experienced an out-of-plane force from both sides. When the 

Westinghouse coil was at zero current 23 MN overall out-of­

plane force acted on the coil front side. An out-of-plane force 

of 26.6 MN was obtained when the CH-coil was without 

current. This was the highest out-of-plane force in the test 

series at all which a coil was loaded with. The first evaluation 

showed that highest equivalent stresses were measured at 

locations as expected. This were 138 MPa in the first Ioad 

case and 165 MPa in the second one. Both values were lower 

than expected according to the calculations. In the frame of 

Safety Tests "hot spot" measurements on the Euratom coil 

were performed for a lower mass flow rate and a delayed 

dump according to the same evaluation procedure used in 

ALT C test (Fig. 16). The evaluation of the obtained results is 

being in progress. The loss of the forced flow cooling was 

investigated by valving off and on the mass flow in steps of 

increasing duration in time. This procedure was performed 

without current as weil as at two current Ievels (8030 A and 

11 400 Al. Temperature proflies were measured first for the 

mass flow rate valving off in one cooling circuit and then for 

the whole coil. No critical items were found for mass flow rate 

stoppage in one cooling circuit. All temperatures remain far 

below the current sharing temperature at this location 

(joints, current feedthrough). The most critical item for 

valving offthe total flow was the warming up of the stagnant 

helium in the supply piping. At the 8030 A current Ievel the 

valving off and on ofthe flow was practised up to 20 minutes 
without any problem. The helium slug injected had a tem­

perature which was every time below the current sharing 

temperature at this current Ievel. The interruption of the 

total mass flow through the coil was performed at the 11 400 

A Ievel in the following way. The coil was held 10 minutes at 

full current. Afterward it was ramped down to zero without 

any forced flow cooling. The coil stayed superconducting. No 

signs of a normal region were observed. In this experiment 
the coil was 1 hour without active cooling. It was successfully 

demonstrated that for the Euratom coil design the loss of the 

forced flow cooling is no critical item. 

The experimental operation of the Large Coil Task was 

successfully finished on September 3, 87. The facility is now 

being warmed up to room temperature. It was demonstrated 

that such a !arge system can be kept cold and operable over 

20 months. The system had enough redundancy that the most 

ofthe arising problems were handled and overcome. The EU­

coil demonstrated by its excellent performance that the 

applied technology has the maturity for systems like NET. 
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M3 Development of High Field Composite 

Gonductors 

Effect of Transverse Compressive Stresses on Jr of Nb3Sn 
Wires 

The effect of transverse compressive stresses on Nb3Sn wit·es 

has been studied for the first time in connection with their 

use in toroidal fusion coils. A new test rig was built where the 

sample is submitted to both, electrical current and transverse 

compression. The lower part ofthe rig with the dimensions of 

68 x 8 mm2 fits into the magnet gap and is shown in Fig. 18. 

The transverse force, Ft, which acts symmetrically on both 

flat sides of the conductor (0.85 mm) by a pair of pressure 

blocks, is oriented perpendicularly to the field, B, and the 

current, I. The actively compressed length of the sample 

amounts to 10 mm and is locnted in the midplane of the 

mngnet. The transverse compressive stress on the sample is 

calculated from the transverse force, Ft.• and the compressed 
cross section of the snmple, The Iutter amounts to 10 x 0.85 

mm2
• where 0.85 mm is the width of the sample. Ft was 

measured directly between the pressure blocks, replacing the 
sample by a quartz miniature force transducer nt low tem­

perature. Simultnneously the axial force, F "' was measured 
with a Ioad cell on the pull rod at the top of the test rig at 

room temperature (not shown in Fig. 18> and compared with 

Ft. The Iimits for F" and I for this test rig nre 1.2 kN and 200 
A, respectively. 

Frame 
8 thick 

Sampie 

Flexible Current 
Lead 

I I 
-68mm-. 

Pul! Rod 

SC Current 
Lead 

Counter Block 

Pressure Block 

Sampie Support 

Fig. 18: Lower part of test rig for applying transverse 

compression on a wire. 

The normalized critical current, IJ!cm•versus applied trans­
verse com pression, ot, for the flattened Nb.~Sn wire is 

illustrated in Fig. 2. IJ!cm exhibits a slight maximum at O'tm 

"19" 

0.5 

Fig.19: 
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Normnlized criticnl current l,flom• versus trnns­

verse compression, Ot, for n binary Nb~Sn wire nt 
13.5 T and 4.2 K. Complete reversibility is 

observed up to point 2 (Ot = 80 MPal. 

21 MPa and decreases drastically to 0.5 ut 100 MPn. In 

order to check the irreversible beha viour the pressure on the 
snmple was removed three times, at the points 1, 2 and 3 in 

Fig. 19. From point 1 and 2 Iflem recovers completely to point 
1' and 2', respectively, but after relensing from point 3 one 

observes nt 3' a 15% degradation of I". An irreversible 

characteristic of I,. thus occurs between point 2 and 3, nt a 

compressive stress ofot. irr > 80 MPa for this sample. 

The effect of transvet·se compressive stress appenrs to be 

much stronger than that of tensile axial stresses. As 
illlustrnted by [i'ig. 20., the degrndation of Jr. after transverse 

compression is even effective nt small stresses. At 50 MPn, it 
is ot' the order of 20%. The present results are of primnry im­

portance for the application of Nb3Sn wires in toroidal fusion 

magnets. In particular the conductor concept has tobe chosen 

in order to reduce peak transverse stresses. 

Experiments in the HOMER Test Facility 

In HOMER a background field ofup to 19 Tin a bore of- 2 cm 

can be obtained. This background field is applied to measure 
the superconducting properties ofvarious Nb~Sn conductors. 

Thus, the potential of obtaining field strengths far in excess of 

the limitofNbTi(- 11 Tlshall beexplored. 

In particulnr a (NbTa)3Sn conductor in the bronze route 

technique und a <NbTi)3Sn conductor in a Nb tube technique 

with internal tin diffusion were tested. Both conductors have 

very specific properties: The (NbTa>3Sn conductor has a 
smaller critical current density but a steeper resistive 
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Pig. 20: Normalized critical current lflcm• versus trans­

verse compression, Ott and axial tension, Da, for a 

binary Nb3Sn wire at 13.5 Tand 4.2 K. 

transition at the critical current value whereas the ( NbTD1Sn 

conductor has a high critical current density but a low 

resistive transition expressed in a n-value of about 20 

compared to 40 of the flrst conductor. With overall current 

densities in commercial available conductors between lx104 

Ncm2 and 1.5 x 104Ncm2 at 18 T and 4.2 K both conductors 

are useful for high field magnets. Specific requirements as 

copper content, resistivity ratio, n-value or mechanical 

properties may favom the one or other conductor 

conflguration. 

The influence of tensile stresses due to the Lorentz forces on 

the perfonnance of the above conductors was studied. Por 

this investigation the conductors were tested in single layer 

coils of 40, 80 und 150 mm diameter up to a field of 12.5 T. 

The high fleld test facility was modifled with a sacrifice in 

magnetic field to get a !arger bore diameter. The results 

showed that at a stress Ievel of 120-130 MPa training effects 

Iimit the performance ofthe conductors. 
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M4 Superconducting Poloidal Field Coil 

Development 

The aim of task M 4 is to develop and test a model coil Tore 

Supra and NETto simulate Ioad conditions. The model coil of 

3 m ~ is und er design to be operated in the KfK-Toska test 

facility in 1988. Both tasks M 4 and M 8 are joint effot·ts of 
KfKandCEA. 

Conductor Fabrication 

The industrial contract for the fabrication of the conductor 

has been placed to Vakuumschmelze, Hanau. Two different 

types of conductors are foreseen. Half of the length will have 

a CuNi strip wrapped around the subcables, the other half 

will have a glass/Kaptonlglass tape instead ofthe CuNi-strip 

lilled and covered with epoxy resin in order to glue the 

subeables to each other. The production length will be 2x25 m 

to assure the fabrication procedure and 4x145 m final 

production. Difficulties in the development and fabrication of 

the quarter section have caused an overall delay of the 
conductor fabrication of6 months. 

The cable production will start as soon as the outer steel 

section production has been successfully completed. So far the 

required lengths of the quarter sections have been produced 

with the exception of a final drawing step. This step still 

requires an additional adjustment ofthe last dra wing die. 

Stability Experiment 

A round cable out ofthe sample production with CuNi strips 

around the subcable has been successfully bent to the needed 

geometry. It will be inserted into a pulsed dipole magnet. A 

transport current will be induced by the transformer 

principle using a small superconducting solenoid (Fig. 21 ). 

The stability of the cable will be investigated at transpor·t 

currents up to 24 kA in pulsed dipole fields as soon as the 

connections of the conductor ends have been manufactured. 

2-Phase Flow Experiment 

A fourth test run was made. This test was done to gain 

experience with the operation of a LHe pump. Forafirsttest 

the Linde pump was succcessfully used. 

The test art'angement proved satisfactory. It will therefore be 

also applied for the model coil. 

The void measuring cell and the heating section made by 

CEA were successfully operated, too. Volume related against 

mass related vapor content were measured over a range of 

massflow between 1 and 5 g/s. In the same variation range of 

mass flow the temperature difference between wall and t1uid 

was determined in the heating section with a heat Ioad of up 

to 500 W/cm'2. The use of the pump showed a considerably 

reduced pressure drop during a heat pulse as compared to the 
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Fig. 21: Polo cable loop inside the stability test facility 

experiments with no pump. A pump will therefore be used 

during the model coil experiment. 

In agreement with CERN, we have started to build a pump, 

the type ofwhich is used successfully since several years and 

for which CERN has delivered the drawings to KfK. Despite 

the clear separation of gas and liquid in the tube the 

temperature difference between wall and fluid is very low 

along the circumference of the tube in all our load cases and 

needs therefore no specific consideration for the operation of 

the model coil. 

The two phase t1ow experiment has been successfully 

terminated. A good understanding of the two phase flow in 

the operation r·egime of the model coil and for thermalloads 

far above has been gained. 

Material Investigation 

In a joint effort of KfK and Alsthom shear tests of the coil 

insulation materials have been performed to compare pure 

glass/glass with glass/Kaptonlglass insulations at cryogenic 

temperature. In order to gain more insight into the reasons 

for the different Ievels of shear strength when using different 

types of test specimen finite element calculations have been 

performed in parallel. We now can clearly state, that only 



three point bending shear specimens can give a t·ealistic 

picture ofthe materialstrengthin our case. With that type of 

specimen, we reached more than 50 MPa shear strength at 

LHe-temperature as it was aimed at with the pure glass/glass 
insulation which we prefer. 

Measurements ofthe electrical insulation properties showed, 

that partial discharges start above the nominal voltage of 5.7 

kV, which is a very satisfactory result. Potential calculations 

of the various electrode geometries and optimisation of the 

high voltage components both for the model coil and for 

testing purposes is an ungoing activity together with the 

University ofKarlsruhe. 

Electrical Power Switch and Test Circuit 

The 23 kV/30 kA test circuit including all switches has been 

installed. Due to the requested high flexibility and safety of 
the circuit, the acceptance test is a very cumbersome and 

ungoing activity which still poses a Iot of problems to the 

supplier. 

Data Acquisition, Instrumentation and Test Procedure 

For instrumentation and signal conditioning ofthe model coil 

it must be distinguished between sensors at high voltage (23 

kV rated voltage) and at low voltage potential. The isolated 

amplifier and signal tt·ansmission lines must be suitably 

designed. According to the test procedure of the coil, three 

scanrates (micro-seconds, milliseconds, seconds) due to the 

signal rise time at the different operation modes will be 

required. For euch operation mode a fixed amount of 

transient channels is assigned. The operation modes include 

charge up and down, inverter mode 

safety discharge 

stability investigation, 10 Hz current pulsing, high 
voltage discharge into the short circuit ring (full and 
half coil discharge). 

Forthat rather complex scenario the data acquisition system 

has been designed. The programming of the scanning 
operations, the data storage and data manipulations, like 
graphic displays, live display, are started for the application 
on a VAX computer. The signal amplifiers and transmission 
!in es areund er development. 
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M8 Design and Construction of a Poloidal Field 

Coil for TORE Supra as NET-Prototype Coil 

The objective of the task is the development and test of an 

Equilibrium Field Coil (EF Coi!) with parameters relevant 

for NET. The reliable operation of a superconducting PF-coil 

shall be demonstrated in a real tokamak environment with 

the rapid field variations due to start up, plasma position 

control and disruptions. The development has to confirm the 

coil construction process proposed for NET on a fairly !arge 
scale 

For this purpose, the upper ring coil "Eh" of TORE SUPRA 

will be replaced by a superconducting coil "EHS". Design and 

construction will be based on the results of the already 

running task M 4. 

Design ofthe TORE SUPRA Coil "EHS" 

Design proposals have been worked out for 

the coil winding including the connection area with the 

LHe supply tubes, the pancake Connections und 

potential breaks. 

the cable tet·minations in a vertical dome ofthe vacuum 

vessel 

the vacuum vessel including Supports to the iron yoke 

und insulating sections to Iimit the eddy currents. 

Eddy current calculations have been carried out by the 

University ofGraz. 
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M9 Structural Materials Fatigue Characteri­

zation at 4 K 

J o ining of structural ma terials 

Best consumables for optimized weldments of the prefered 

steel types should be selected by weldment tests. All hot 

cracking tests with the delivered five different consumable 

welding wires were completed. Impacttests !ISO- V notch) 

carried out at 77 K with the weid meta! indicate a reasonable 

correlation between the impact values and hot cracking 

susceptibility. The evaluation ofthese test results is ongoing. 

Preliminary evaluations show that only three wires out of 

five are suited for further use.These wires of the three 

different vendors tagether with three different heats were the 

starting point for the production of 30 mm thick weid seams. 

Variation ofthe joint configuration showed a V-opening of60° 

as an optimum vaiue. Weldings with 45• openings gave poor 

results. Weid seams of 1000 mm length were produced with 

the already supplied three types of austenitic stainless steel 

plate material. The overail dimension of each welded plate 

was- 1000x500x30 mm:J with the buttweid in the midsection. 

The weldments were released by plasma jet cutting for 

further machining of different specimens such as tensile, 

fructure and fatigue specimen. 

Bulkmaterials characterization 

For the 4 K bulk materials characterization fracture tough­

ness and tensile specimens were already machined from the 

first eielivered plate material, type 1.4429. This plate 

material was also supplied to NBS (Boulder) for the Round 

Robin testing by different laboratories. 

Cryogenic test facility 

The flow cryostat with the integrated 50 kN Ioad frame was 

delivered. The cool down tests carried out with liquid helium 

showed a liquid helium consumption of- 20 Iiters per cool 

down to 4 K. At He ternperatures, an evaporationrate of3 1/h 

was found. First mechanical tests will be carried out af'ter 

delivery ofthe 25 kN servohydraulic unit. 
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M 12 Low Electrical Conductivity Structures 

Development 

Thick walled plate materials 

The development of a 40 mm thick glass fiber reinforced 

plastic material was started. Materials specification were E. 

glass fibers in form ofglass fabric with a suitable epoxy resin 

for low temperature application. This plate material is 

already delivered and machining of test specimens is 

ongoing. Tests will be carried out with respect to the flexural 

and shear properties. 

Advanced fiber reinforced materials 

Three hybrid materials with different glass/carbon fiber con­

tents were industrially manufactured. These plates were 4 

mm thick and were developed with the purpose of using the 

potentials of carbon fibers high modulus and the high 

straining capacity of the glass fibers. The matrix used was 

manufacturer related for a specified use at low temperatures. 

The carbon ply was placed in all three cases in mid section 

and the thicknesses were varied between 2 mm and 0.5 mm. 

These plates are now delivered and the machining of test 

specimens was started. Specimens will be prepared for 

t1exural and shear testings at 77 K and 4 K. Tests will be 

carried out in the next future. 

Staff: 

S. Fischer 

H.P. Raber 

A. Nyilas 

-25-



MAT 1.6 Development and Qualification of Type 1.4914 

Base meta! Properties 

After the procurement ofthe NET-heat (Nr. 53645) ofType 

1.4914, the composition of which is given in Table 7, 

semifinished rods and plates with dimensions requested by 

the different EC laboratories have been manufactured. Most 

of the EC Iabs and industrial partners associated with the 

research programs on Type 1.4914 material ha ve in the 

meantime been supplied with material. 

In order to recommend a final heat treatment for this fully 

martensitic steel inverstigations have been started in which 

the influence of austenitizing temperature (varied between 

1050 and ll75°C) and the follow on tempering treatment 

(680-7800C) on microstrucutre and toughness are studied. 

Especially ll- ferrite fot·mation, prior austenite grain size and 

strucutral homogenity are investigated. The results indicate, 

that in addition to the above heat treatment parameters, also 
the fabrication steps such as rolling, drawing, forging, and 

tempering used for the production of plates and rods with 
variable thicknesses and diameters can influence the 

microstructure and the 8- ferrite formation. 

For the material in all dimensions the following final heat­
tt·eatment procedure 9500C/2h + 10750C/30min + 7500C/2h 

produces a homogeneous, 8-ferrite free and fully martensitic 

structure. Therefore this heat treatment should be used in 

further experimental investigations as a reference heat­

treatment for steel 1.4914. The entire heat-treatment 
procedure is given in Table 8. 

l.NET 

Charge.Nr. 53645 

c 0.14 
Si 0.37 
Mn 0.76 
p 0.005 
s 0.004 
Cr 10.5 
Ni 0.92 
Mo 0.77 
Fe Rest 
V 0.20 
Nb 0.16 

Al 0.054 
B 0.0085 
N 0.020 

Co 0.01 

Cu 0.015 
Zr 0.059 

Table 7: Chemical composition ofl.4914steel 
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I. Grain Refining Heat Treatment 
Annealing Tamperature 1) 

Annealing Time 2) 

Cooling Rate 3) > 30K/min. 

9500C 

2h 

Cooling down to Room Tamperature (RT) 

I!. Austenitizing Heat Treatment 

Austenitizing Tamperature 1) 

A ustenitizing Time 2) 

Cooling Rate 3) > 30K/min. 

1075°C 

1/2h 

Cooling down to Room Temperature ( RT) 

III. Tempering Heat Treatment 

Tempering Tamperature 1) 

TemperingTime 2) 

Cooling Rate 4) < l5K!min. 

7500C 

2h 

Cooling down to Room Tamperature (RT) 

Table 8: Instructions for the Final Heat Treatment of 1.4914 

Martensitic Cr-Steel 

1)- the heat treatment have tobedonein vacuum or 

reducing atmosphere. 

2)- As a rule the performance times for sheets with a 

thickness above 10 mm and for rods with a diameter 

above 15 mm increase about 1-2 minutes per mm 

increase in thickness or diameter, respectively. 

3)- Cooling in normal atmosphere, blowing ifnecessary. 

4)- Furnace cooling. 
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MAT 1.9 Pre- and Post-Irradiation Fatigue Properties 

of 1.4914 Martensitic Steel 

Thermal cycling of !arge components is a serious problern for 

the designer, The structure considered in the present case is 

the first wall of a fusion reactor.Its surface, in the present 

design concept, will be subjected to radiation heating from 

the plasma facing graphite tiles which may Iead to severe 

thermal stresses. Due to the discontinuous operational mode 

thermal cycling will generate oscillating temperature 

gradients. These, depending on the loading conditions, will 

cause elastic or elasto-plastic reversed deformation giving 

rise tothermal fatigue which at present is considered as the 

most detrimental lifetime limiting phenomenon for the 

structure considered. The investigations of MAT 1.9 are 

devoted tothisprob lern. 

In the absence of stress gradients (idealized case) the so­

called mechanicalloading equivalent forthermal cycling can 

be obtained from calculations. Such investigations, in which 

calculated strain cycles are imposed to test specimens at a 

constant temperature in MAT 1.9, precede the proper 

thermal cycling fatigue tests. These were already reported in 

the previous Semianual Report. ln reality, however, the 

loading of the first wall is very complex. Beside the thermal 

gradients the structure is additionally loaded by irradiation. 

The Simulation of the combined influence of irradiution und 

thermo-mechanical loading and its influence upon the 

lifetime is the aim of investigations conducted within the 

Programs MAT 2.2 and MAT 9.2. The actual studies to be 

performed within MAT 1.9 are: 

Development of appropriate test specimens and test 

methods respectively 

The results therefrom should provide the data basis fot·: 

a) design calculations und b) for MAT 9.2; und finally 

they should contribute to the Understunding of the 

physical mechanisms involved. 

Tubulat· specimens made from the martensitic steel Type 
1.4914 

The tubular so-called H-GRIM specimens (See Fig. 22) tobe 

used in Mat 1.9 W€t'e derived ft·om the original solid GRIM 

specimens. Titt now several dozens of H-GR!M speimens 

tnade from the austenitic steels (mainly Type AIS! 316) were 

successfully tested. Their advantages are: 

a) Geometrical.3tability during cyclic push-pullloading. 

b) Plastic deformation is restricted to a small "active 

deformation volume" which assures a very good 

reproducibility ofthe plastic quantities examined. 

c) Convenient stress distribution, which in the active 

part corresponds to that of ideally cylindrical thin­

walled tubes. 

d) Transparency for high energy protons. 
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e) Good coolability in irradiation and thermal cycling 

experiments. 

Fig, 22: H-GRIM lHollow-GRIMl specimen 

At present, within the NET Project a modification of the 

martem;itic 12% Cr steel W.Nr. 1.4914 is being considered as 

a potential structural material. Because special thermo­

mechanical treatments are involved in the fabrication pt·ocess 

of H-GRIM specimens it was necessat·y to check whether 

these treatments can be carried out without affecting neither 

the sample quality (i.e. the high precision requirements) nor 

the original material properties. The procedut·e applierl has 

provE>n successful, Ieuding essentially to the Rame quality of' 

samples as achieved with H-GRIM specimens t'abricated from 

AIS! 3l6L. However, as compared to these, the number of 

cycles to failure Nr is fot· the martensitic H-GRIM specimens 

much less than for the AIS! 316L H-GRIM specimens, 

although for the same conditions ( tempemture, total strain 

amplitude und strain rate) the N1-values f'or the solid 

specimens fabricated from both the muterials are 

approximately the same. However, irt'espective of the type of 

Hpecimen the cyclic work hardening behaviour for both the 

matel'ials is dinerent. Further systematic examinations on 

this subject seem necessury. 

Strain cycling of H-GRIM specimens under azimuthat 

te mperature gradients 

The factor which restricts the applicability of H-GRIM 

specitnens in dual-beam irradiation experiments is connected 

with the different effective wall thickness ofthe H-GRIM 

specimens for the penetrating proton beam. This Ieads to an 

anisotropy of radiation darnage which is associated with 



anisotropic heat generation. As a consequence azimuthal 

temperature gradients are built up in the active zone ofthese 

specimens. Because the geometric stability ofstrain cycled H­

GRIM specimens is of principal importance in in-beam 

experiments the influence of azimuthal temperature 

gradients upon the stability of cycled specimens against 

buckling was examined in the present investigation. 

The experiments, conducted in a closed loop testing machine, 

were performed on AIS! 316L H-GRIM specimens by means 

of a radiation furnace additionally equiped with a light spot 
heating. Azimuthai gradients up to 50 oc I 180 o 4 could be 

achieved at different temperatures. Several experiments 

wet·e conducted at 350 and 550 oc with a total strain 

amplitude of0.6% and gradients between 40 to 50°/ 

180 o 4. Under these conditions in all the tests the T-gra­

dients did not affect the geometric stability ofthe H-GRIM 

specimen. There are indications, however, that as compared 

to specimens with a homogeneaus azimuthal T-distri­
bution, depending on test temperature, T-gradients may 

inct·ease the lifetime of strain cycled specimens. Further 

experiments are needed to clarify this indication. 

Preliminary tests conducted with martensitic H- GRIM 

specimens have shown good stability in push-pull testing. In 

a next series of experiments the behaviour of' SH-GRIM 

specimens (see belowl subjected to thermal gradients up to 
120 oc I 1RO o 4 will be examined. The investigations will be 

accomplished by tests with martensitic H-and SH-GRIM 
specimens. 

Tamperature cycling experiments 

For given goals the choice of the thermal cycling procedure 

willmainly depend of the geometry ofthe test specimens. In 

the present investigations H-GRIM specimens will be used. 

The geometry of this specimen triggers the plastic 

deformation which, as already mentioned, takes place in the 

middle section ofthe specimen (active zone). 

The geometry of the specimen considered is appropriate to 

heat them "ohmicall" by a.c. current. Both ends of the 

specimen are t·igidly attached to the loading frame. 

Accordingly the specimen is constrained for tension as weil as 

for compression. The upper end of the specimen is connected 

to the force measuring device ( Ioad cell l. During the test the 

mutual distance of specimen's ends remains constant. The 
scheme ofthe test facility is shown in Fig. 23. 

Fot' the "fixed end" condition the net axial strait1 E0 

associated with thermally cyclic loading is zet·o, independent 
of time. For the analysis 8 0 is separated into three 

components: the thermal strain ET, the elastic strain 80 and 

the plastic strain eP' According to the above it is 

and therefrn·n 

where a is the linear thermal expansion coefficient. In order 
to register the cyclic stress/strain curves the stress a is 
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calculated from the force F. The corresponding strain e9 + Ep 

Htollng­
syslem 

T·conlrol 
• a..c,..powor 

Fig.23: Sketch oftest facility 

will be measured by means of an extensometer attached to 

the shoulders of the specimen. In order to improve the 

precision of' the axial strain value e, = e. + Ep the active 

length Ln must be estimated as good as possible. This will be 
clone by means of the functional relationship between the 

circumferential strain e0 and the (unknownl axial strain e,. 

The data acquisition system is a computer controlled real 

time device which automatically records the temperature T, 
the force F and the axial displacement of the extensometer. 

The system contains the feeding electronics and amplifiers for 

the Ioad cell as weil as for the extensometer. These data can 
be read out during the test and analysed by an already 

available program. 

Within the time reported: 
The heating devices were delivered and checked. 

The loading frame was designed and is now under 

construction in the workshops. The selection of Ioad 

and extension measuring devices is accomplished and 

will be ordered. 
Calculations of the · axial temperature distribution 

were performed and compared with experimental 

measurements conducted with a heating device 

incorporated into a closed loop testing machine serving 
as a pilot thermal cycling test rig. The agreement 

between calculations and measurements is very 

sa tisfacto l'Y. 

The first test rig is expected to operate at the end ofthis year. 

The remaining 9 test rigs will be installad successively 

dming the next year. 

Considemtions on an alternative test specimen 

As already mentioned above the applicability of H-GRIM 

specimens in the Dual Beam Experiment is limited, by some 

anisotropy in radiation damage, heat deposition and He­

implantation. Because from the usual experimental set-ups 

only data are available about the integral mechanical 
behaviour, the question arises how to analyze and interprete 

this integral data which finally should give information 

about the in-situ influence of irradiation upon particular 

plastic pt·operties. 

Considerations have therefore been made on a new type of 
specimen which is derived from the H-GRIM specimen by 



cutting out shell-like segments. Accordingly, the so called 

SH-GRIM (Segmented Hollow-GRIM) specimen consists of 

two tubular parts connected by shell-like segments, the 

remainder ofthe tube. 

In order to provide an analysis of integral deformation data, 

calculations have been carried out for SH-GRIM specimens 

subjected to different deformation procedures. Assuming 

adequate homogeneity plastic quantities of the individual 

segments can be calculated from the integral value(the only 

one measurable on the SH-GRIM specimenl provided the 

corresponding value of one of the segments is known. This 

may be achieved by differential testing when - in one 

experiment- under otherwise known loading conditions only 

one of the segments e.g. is irradiated. 

A strain cycling perfomance test has successfully been 

carried out with an AIS! 316 L SH-GRIM specimen up to now. 

Some slight improvements of the fabrication process seem 

necessary. In order to compare calculations with experi­

mental results a series of different deformation tests would be 

required. in particular with the 1.4914 martensitic steel. 

Sorne other technical problems (e.g. cooling) would have tobe 

solved before this new type ofspecimen could be introduced in 

the Dual Beam testing programme. 
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MAT 1.11 

- 30 -

Post-Irradiation Fracture Toughness of 
Type 1.4914 Martensltic Steel 

The target of the MAT 1.11 activities is to study the 
influence of fisslon neutron Irradiations on the 
Impact propertles of 1.4914 material. Emphasis ls 
glven to the problern of DBT-temperature shlft and to 
an eventual change of Impact energy as a function of 
Irradiation temperature and neutron fluence. In 
addltlon, radiatlon hardenlng and post Irradiation 
anneallng behaviour are studied by tensile and 
hardness tests. 

In accordance wlth the plannlng schedule 90 
mlnaturlzed Charpy-V-samples from the NET-heat 1.4914 
have been prepared for the common JRC-ECN-KfK 
Irradiation SIENA-E-198-14. In thls experlment samples 
wlth the reference heat treatment as weil as other 
metallurglcal treatments, in whlch the temperlng 
temperature has been varled between 600 and 750°C, are 
included. Also samples taken in different orlentatlon 
to the rolling dlrectlon of the Ingot material have 
been put into thls experiment. Tensile samples with 
the reference treatment have been manufactured by our 
ECN colleagues and have also been loaded lnto the 
Irradiation rlg. The Irradiation has started. The 
unloading of low-dose lrradlated samples (3 dpa) ls 
expected early BB. 
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MAT2.2 In-Pile Creep-Fatigue Testing of Type 

316 and 1.4914Steels 

lt is intended to study the in-reactor deformation and 

fracture behaviour ofthe two candidate ~tructural materials 

for NET under Ioad cycling in tension. The irradiations will 
be performed in the central position ofKNK I!. 

The test device shown in Fig. 24 consists of eight tubes which 

can individually be pressurised and temperature-controlled. 

It is intended to run the samples at 450 and 500°C resp. with 

a varation ofthe inner pressure between 10 and max. 450 bar. 

For the martensitic steell.4914 such a sample geometry was 

selected<f! =7,6mm,s = 0.5mmlthatanequivalentma:dmal 
tangental stress of260 MPa can be generated. 

During that last year the concept for a suitable pressure 

supply device was elaborated and the device has been ordered 

in the meantime. The critical parts which determine the 

shortest achievable cycle length and the characteristic time 
for the pressure increase or decrease are the compressor and 

the throttle tubes ofthe pressure supply circuit. The throttles 

ure necessary from safety reasons. For the pressure supply a 

multistep membrane compressor has been selected, which 

allows cycles of a minimum length of 65 s in case that all 

eight test samples at•e operated in parallel in the sume mode. 

During the pressurelass phase a minimumhold time of25 s is 

necessary due to the limited capacity of the compressot· 

system. In Fig. 25 the characteristic time dependence of such 

a pressure transient is given for this device. Of course 

additional hold-times of variable length can be added at 

maximum and minimum pressure Ievels. These parametet·s 

allow a very good simulation of the stress-cycling in a 
Takamak-type First Wall. 

The manufacturing of the heatable, pressurized capsules 

made from 1.4914 material needs the development of a 

joining technique which connects the austenitic tubes from 

the pressure supply system with the martensitic samples. 

These joints have to withstand high pressures and 

temperatures. Up to now good results were achieved by 

brazing with high Ni-materials. The fixing of the tiny 

thermocouplas at the sample surfaces has not been solved 
sa tisfacto r ily. 

lt is expected that the open technical problems which are 
connected with the fabrication ofthe pressurized tubes made 

from 1.4914 mater;al can be solved by early 1988. The time 

schedule fm·eseen for the delivery ofthe pressure supply unit 

is May 1988, so that the parallel out-of-pile tests can startat 

that date. ltTadiation start is then expected by early 89. 
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Fig. 24; KNK I! Test device for pressurised tube specimens 
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MAT6/MAT 13 Ceramies for First-Wall Protection and 

for RF Windows 

SiC qualities ofindustrial manufacturers aretobe tested con­

cerning the durability of tiles to protect the first wall against 

plasma instabilities and disruptions. lnsulator materials 

Wke AI203, MgAI20 4, AIN) are to be selected with regard to 

their resistance tothermal crack formation by dielectric loss 

in RF-windows. These windows shall be applied toseparate 

wa ve guides for ECR heating from the plasma vacuum. 

Concerning the thermal operation conditions of protective 

tiles on the first wall, a critical temperature Iimitation may 

be given by the evaporation behaviour ofSiC. Therefore evap­

oration experiments have been conducted with various hot­

pressed and sintered SiC grades under high vacuum. The 

results are shown in Fig. 26. There was no considerable varia­

tion for the different SiC grades. In long-time experiments at 

1700 oc (up to 600 h> the sublimation rate approached the 

lowet• Iimit of the scattering band, Qualitative electron 

microprobe analysis indicated that the evaporation of silicon 

is dominant. But the sublimation rate given (in mm/year> 

was estimated from the weight change of the samples 

assuming simultaneous loss ofSi and C. 
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Fig. 26: Evaporation behaviour ofSiC 
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Bendingtests were continued on new batches of sintered SiC 
and HIP-SiC. The mean bend strength and the Weibull mod­

ulus wet·e found tobe 320 MPa and 4.7 for SSiC, and 490 MPa 
and 4.7 for HIP-SiC. Considerably higher Weibull moduli 
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had been measured on bending samples cut from small SiC 

tiles, and the question remains, whether the Weibull modulus 

depends on the pressed piece dimensions or on the specific 

cutting procedure. A systematic examination of the micro­

structure of different SiC types has been started. 

Concerning the investigation of ceramic insulator materials 
for RF windows, the OSIRIS irradiation (1·1 O'l'.l n/cm2, 

550 °C) of about 40 AJ20~ samples for measurements of bend 

strength, thermal conductivity and thermal shock resistance 

was finished in April 1987. The transport of the samples to 

KfK is being prepared. 

Measurements of dielectric prorerties of candidate materials 

for RF windows were continued at 30 · 40 GHz, and were 

newly started at 52 MHz and 140 GHz. At 52 MHz dielectric 

loss was much lowet· than at 30 · 40 GHz, and particulady low 

fot· single crystal AJ,LO~. Together with measurements at 
about 10 und 380 GHz in other laboratories, a set of AL23 

samrles (99.5 % Al20~, polycrystalline) exhibited a distinct 

increuse ofdielectric loss with frequency. 

Measurements on neutron-irradiated Al20 3 samples after 
HFR irradiation to 2.6·1020 n!cm2 at ,; 215 oc showed that 

at 30- 40 GHz dielectric loss had increased by a factor of3 · 4 

in AL23, but not in sapphire. Strong annealing effects are 
observed up to 500 oc (Fig. 27), but not below 800 oc at 

52 MHz. 
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Fig. 27: Post-il't'adiation recovery ofdielectric properties of 
AL23 ( 10 h annealing periods). 
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Multiphase Materialsand Coatings 

A separate project, which has not yet been formally 

introduced into the MAT-programme was started for the 

development of multiphase ceramic materials in order to 

improve some relevant mechanical properties like tensile 

strength, fracture toughness and thermal shock resistance. 

The conception is based on the strain energy dissipation by 

introducing high amounts of phase boundaries in an 

optimized microstructure of ceramic materials in general. lt 

can be applied with special advantage on transition meta! 

carbides, nitrides and borides, and it seems feasible for bulk 

materials as weil as for coatings. 

As a first step, the combination TiCtriB2 was inspected. It ap­

peared that the coexisting compounds, the microstructure 

and the constitution of the interfaces have an important 

effect. Eutectic systcms like the TiC-TiB2 system are appar­

ently favourable for the formation of an optimized micro­

structure with high atom mobility at the grain boundaries. 

Bulk samples were prepared from commercial powders (grain 

size - 3 11m) by ball milling to 1.5!lm, cold isostatic pressing a t 

300 MPa, presintering (2 h/1000 °C/Arl and subsequent 

sintering (6 h/1700 °C/Ar). After presintering they can be 

treated with tools to get their final shape (Fig. 28). This pro­

cedure results in a highly dense material. The shrinkage by 

sintering is much higher compared to the single phase 

materials (Fig. 29). The phase boundaries between TiC and 

Fig. 28: TiCtriB2 tile 

TiBz grains were analyzed by transmission electron micros­

copy and Auger electron spectroscopy. The grains of different 

phases are partly oriented forming coherent phase bounda­

ries. Interfacial layers with Ti, C and B were observed that 

are not consistent with equilibrium relations. These layers 

are probably the reason for the high atom mobility resulting 
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Fig. 29: Sintering behaviour ofTiC, TiB2 and TiCtriB2 

in the excellent sintering behaviour and the favourable 

microstructure. First tests show improved thermal shock 

resistance (quenching from 1000 oc in water) and fracture 

toughness compared to the single phase materials. 

The same material was used for the fabrication of PVD 

coatings. Multilayer coatings were produced by direct mag­

netronsputtering with rotating sample holder below the TiC 

and TiB2 targets onto stainless steel substrates (AIS! 316L 

and DIN 1.4914). The resistance to crack propagation was 

measured and found to have a maximum for a single layer 

thickness of20- 50 nm (250- 100 layers, 611m coating). 
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Mat9.2 Investigation of Fatigue Under Dual Beam 

Irradiation 

The Dual Beam Facility of KfK was developed as a research 

tool for materials within the Europenn Technology 

Programme. The Dual Beam Technique allows the 

production both of damage and helium in thick specimens by 

simultaneaus irradiation with high energy protons < :S 40 

MeV) and alpha particles ( :S 104 MeV) produced by KfK 

cyclotrons. One of the objectives is to investigate the 

influence of helium on the mechanical properties of first wall 

materials. 

Tensile specimens of martensitic steel 1.4914 with a gauge 

size 7·2·0.2mm3 were homogeneously He-implanted after 

a heat treatment at 1075°C/30 · + 750°C/2h. A high He-to­

damage ratio of 1850 appm/dpa was chosen to separate a 

possible He-effect from displacement damage. This ratio is 

far beyond the predicted one for NET <7.7 appm He/dpa). The 

defect pt·oduction rate, however, was very similar to the 

predicted one for NET ( 3·10·7 dpa/s). This experimental 

condition made the irradiations rather time consuming. The 

expel'imental conditions are shown in table 9. 

Fig. 30 shows the temperature beha viour and Fig. 31 the He­

dose dependence of the ultimate tensile strength. Thermal 

aging at implantation conditions has no visible effects on 

material cluctility and tensile strength. Short time 

irradiations, with He- concentrations below about 100 appm 

do not change the tensile behaviour significantly over the 

whole temperature region investigated. 
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Fig. 30 Ultimate tensile strength ofHe- implanted and 

aged control samples 
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Irradiations beyond this Iimit with higher He- contents ( 150-

350 appm ),t·educed the ultimate tensilestrengthabove -380°C 

remnrkably, whereas the yield strength oo.2 is only 

marginally influenced by the irradiation. This irradiation 

induced softening is more pronounced with increasing 

temperature and irradiation time.Tensile tests clone at 

temperatures Tte•t• which deviate from the irradiation 

temperature Tirrod <Fig. 31), show clearly that the extent of 

the softening is given by Tirrntl· 

0 

1.4914 
800 

§l 

~ 0 

6soo {!; 

DAMAGE (dpa) 
0.055 0.110 0.165 

I"' Heat 51482 
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0 ~o-----L----1~0~0----L----=2o~o----~--~3~00~--~ 

HELIUM CONTENT [appm J 

Fig. 31: He-dose dependence ofthe ultimnte tensile 

strength 

lt should be notecl, that the helium content in this 

experiments exceeds by far the predictecl one of the NET 
specifications. By the end of phase lii <f1uence O.ilMWa/m~) 
the estimated helium content will huve reached about 80 

appm in ferl'itic/ martensitic steels. Ft·om the tensile 

behaviour we therefore conclude, that even at very high 

He/dpa-ratios and He-contents up to several hundred appm 

the predicted hardening- effect of He is completely covered by 

radiation induced softening. This strength decrease appears 

obviously already at low darnage rates <Fig. 31) and probably 

reflects a vacancy assisted recovery of dislocations withi11 the 

lattice. 

Microstructural investigations ofthe tensile tested specimens 

including transmission and scanning electron microscopy a~ 

well as metallographic methods are in progress Fig. 32 shows 

a SEM fractography of the fracture surf'ace 



<Ttest=Tirrad=440°C, 150appm He). The observed dimple 

formation is the sameasthat ofunimplanted control samples 

and is characteristic for a ductile and transgranular fracture 
mechanism. 

Fig. 32: SEM fractography ofsteel1.4914 irradiated 

(150 appm He) and tested at 440°C, 

Tamperature range 

implantationrate 

darnage rate 

He I darnage ratio 

implanted dose 

irradiationtime 

strain rate e 

300-720° 

(6- 9)· 10-4 appm He s-1 

( 3 - 5 )· 10-7 dpals 

1850 appm Heldpa 

:5 340 appm He 

< 160h 

Table 9: Conditions of implantation I tensile test 
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MAT 18 Development of Low Activation Ferritic­
Martensitic Steels 

Firstwalland blanket structures of fusion machines will get 

activated during operation by the high neutron fluxes, giving 

rise to problems in reprocessing or waste disposal. To 

overcome these problems, it is necessary to avoid the 
pt·esence of certain alloying elements lor some isotopes 

therefrom) and to minimize impurity elements exhibiting 

unfavourable activation properties. A Iiterature survey has 

shown that in recent years 9-12% ferritic/martensitic steels 

have been analyzed in which mainly Mo and Nb have been 

replaced by additions ofW or enhanced Ievels ofV or Mn. The 

results obtained show that for the modified materials the 

standard of commercial alloys, like 1.4914, FV 448 or HT9, 

has not been reached, especially with regard to an adequate 

balance of tensile and impact properties. Research efforts 

underway at KtK/JEN to improve this situation have been 

described in the semi-annual report 4/86-8/86 (KfK-report 
4165). 

a) lnvestigation ofthe effectofCe-, Ta-, Hf-additions: 

Two melts, No. 857 and 858, have been produced !Fa. 

Saarstahl, Völklingen) which are now available as forged, 
25 mm square rods. 

These are Ce and Ta, and Ta and Hf bearing alloys, 

respectively. The hardening temperature response is 

shown in Fig. 33. At and above a hardening temperature 

of 950°C the Ievel HV 2: 400 of commercial 9-12% Cr 

alloys is obtained. The microstructure (grain sizel and 
tensile properties determinations are in progress. 
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b) Variation ofthe 8-ferrite content. 

6 alloys with 8-ferrite contents varying between 0 and 25% 

have been made up. After hardening from 1075°C their 

2h-annealing (tempering) response in the temperature 

range 300-950°C has been determined. The results are 

shown in Fig. 34. 
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Fig. 34: Effect oftempering temperature on hardness 

Up to tampering temperatures of550°C the room temperature 

hardness decreases cleady with increasing 8-ferrite content. 

Between 550 and 800°C the harder alloys soften more so that 

the hardness differences are diminished. 
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Nl Design Study ofPlasma Facing Components 

This task comprises design studies concerning first wall and 

first wall protection and the investigation of divertor 
concepts for NET. 

First Wall Design with Radiatively Cooled Protection Tiles 

First wall protection against impact of particles and mainly 

against plasma disruptions is considered necessary for at 

least the first operation phase of NET. Graphite is a short 

term candidate protection material. Since direct coatings can 

probably not be made thick enough to reach a sufficient life 

time, protection tiles and attachment methods are being 

developed. Cooling of the tiles by radiation to the first wa\1 

steel structure is probably the most reliable heat transfer 

mechanism and stresses in the tiles are minimized by loosely 

fitting the tiles between cooling tubes acting as support rails. 

Even with the massive protection tiles as heat buffer the first 

wall steel structure is subjected to considerable thermal 

fatigue Ioads dUL·ing the burn cycle. In order to verify 

prediction models fot· thermal fatigue failure of the actual 

geometry and to investigate phenomenologically the 

behavior of the composite first wall under relevant thermal 

conditions a high temperature thermal fatigue test program 

is being planned. A test apparatus is under consideration 

that will be capable of conducting thermal fatigue tests with 

maximum tile temperatures of 1800 •c and cyclically active 

heat fluxes of up to 50 W/cm2 in a vacuum atmosphere; the 

test apparatus will be designed to house specimens up to the 

size of a reasonable length portion of a full width NET­
segment. 
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Divertor Design 

The main thermomechanical issues for the NET divertor are 

the high heat flux, the physical and chemical sputtering 

rates, and the surface erosion from plasma disruptions. Most 

ofthe divertor walls proposed so far consist of a metallic heat 

sink structure protected by a heat and erosion resistant 

surface material. In this duplex structure material 

compatibility, perfect bonding, temperature Iimits, and 

cycling shear stresses due to differential thermal expansion 

are the majot· features of concern. 

As a first computational approach the heat flux potential was 

compared for several candidate material combinations in 

terms of stress and temperature Iimits. The results, which 

were bl'iefly reported in the last semi-annual report, have 

been documented and evidenced the need for experimental 
support. 
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The respective thermomechanical sample tests for the NET 

divertor are planned to be performed at KfK by using an 

existing plasma spray device as a heat source. In several 

series of pretests it was demonstrated that the device can 

satisfy the requirements for the cyclic sample tests. In 

particular the h·eat flux and the radial heat flux distribution 

at the probe as a function of the operating parameters (i.e. 

target distance, electrical heating current, vacuum vessel 

pressure, feed gas flow rate, and target surface temperature) 

have been quantified. 

The major results are that the measured peak heat flux 

reached 15 MW/m2 at the assumed reference device 

parameters and are extrapolated tobe close to 30 MW/m2 at 

the device Iimits. The radial heat flux profile exerted by the 

plasma flame onto a flat target is neady Gaussian and 

axisymmetric. The profile width, where the power is above 

50% ofthe peak value, is about 3 cm in diameter and is nearly 

independent of the target distance. Distance and arc current 

are the most suitable parameters to control the heat flux in a 

wide range. The influence of the surface temperature on the 

deposited heat flux is substantial. These results will be used 

in planning and precalculating the sample tests. 

Before entering the sample tests, the plasma :>pray device 

needs to be upgraded by providing a sample cooling circuit, 

additional instrumentation, computerized process control, 

and a moveable sample holder. Planning and procurement of 

several components ofthe equipment have been initiated. 
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N2 Shield Design Studies 

The KfK design of a movable shield segment which can be 

placed on a blanket segment position is optimized from the 

point of view of fabricability, reliability, and simplicity. In 

the reporting period emphasis was put on the water cooled 

version. It consists of a !arge steel container with an internal 

steel structure. Fig. 35 shows a cross section through the 

equatiorial torusplane of an outboard segment. In contrast 

1------------ 982 

Fig. 35 radial-toroidal cross section of a water cooled 

outboard shield blanket (dimensions in mm). 

Copper 
Saddlo 

to the previous version the separate first wall box is now 

abandoned. Box and canister had to be joined together and 

would be replaced jointly anyway. With the first wall being 

the most critical component there is also no safety advantage 

of the separate box solution. The one unit design has the 

advantage that the first wall is now cooled from both sides, 

which allows to reduce the first wall to 9 mm and reduces the 

stresses considerably. Moreover the design is much simpler. 

Cooling water flows downwards in the front channels, then 

upwards in the second row, then down and up again in the 

last row. The top and bottom parts with flow reversal and 

redistribution were designed. Firstwall cooling is separate at 

the inlet but back flow is jointly with the shield structure 

coolant. If one cooling system fails the other one acts as 
emergency cooling. A more detailed engineering design with 

stress analysis, fabricability assessments, and cost estimate 

is now being done at Sulzer Company. 
The emphasis on fabricability and reliability led to a low 

steel fraction of about 30 vol %. Optimum shielding efficiency 

is achieved with 80% steel. However, neutronics calculations 
showed that shielding effectiveness is adequate and that the 

doserate in the superconducting magnets is only 24% higher 

than for the optimum composition. This difference is small 
when compared with the uncertainties of dose Iimits and 

corresponds to a difference in shield thickness of 18 mm (see 

Fig.36). 
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Fig. 36 Variation ofdose rate in the superconducting magnet 

with shield thickness and shield composition, results 

of 1d neutron transport calculations 

The !arger water volume fraction is beneficial when a Li-salt 

solution is used for tritium production (see /1/ and previous 

progress report KfK4276). 
Neutronics calculations revealed that there is only little gain 

when tungsten is used in the movable shield as a partial 

replacement of water. Significant improvements of about 

order of magnitude in shielding effectiveness are obtainable 

however with tungsten in the permanent shield. 
Most critical is the inboard shield for the extended plasma 

version. Calculations with a simplified representation of the 

present permanent shield version indicated that an operation 

time of 0.5 full power years would Iead to the Epoxy dose 

Iimit. The results were obtained by Monte Carlo calculations 

using a continuous energy representation ofthe nuclear data. 

Comparisons to usual multigroup neutron transport calcula­

tions showed that the latter overestimate the shielding 

effectiveness considerably (see 82 ofthis report). 
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N 3 Development of Procedures and Tools for 
Structural Design Evaluation 

The plasma-facing components in a fuslon reactor are 
loaded by high heat fluxes. These thermal Ioads cause 
thermal stresses and stralns of an extent whlch ls 
outside the valldity range of linear materlals models, 
l.e. elastically calculated stresses and stralns 
exceed the yield strength. 
Design of components operated in the hlgh-temperature 
regime can be made by codes, e.g. ASME, whlch make use 
of elastic stress dlstrlbutlons, or by lnelastic 
calculation. 
The inelastlc analysis requlres the appllcatlon of 
sophistlcated matertals models, the so-called unlfled 
models, comprlslng all klnds of lnelastlc behaviour 
such as plastlclty, creep, relaxatlon. A !arge number 
of such constitutive models are applicable to special 
materlals or groups of matertals in a llmlted 
temperature range. Usually they are giveh by a system 
of coupled, nonlinear differential equatlons. 

Inelastic Analysis of First-Wall Components 

Part of the work is to provlde computatlonal tools for 
lnelastlc structural analysls wlthln Finite Element 
(FE) codes. Within these codes unlfled models have not 
yet been avallable. Vlscoplastlc material models 
describing metallic components at high temperatures 
have been implemented lnto ABAQUS. One of them, the 
Robinson model, has been tested - using different 
forms of Integration methods - wlth respect to 
convergence, stabillty and CPU-tlme. (Investigatlons 
to determine the Interna! parameters in the Robinson 
model for the stalnless steel 316 L have been 
started.) 
In the mean time calculations are based on the 
Interna! variables whlch were determlned for some 
other steel. On the other hand the ORNL model which is 
implemented in ABAQUS has been used to perform 
computatlons for an austenitic 316 L plate under 
thermoshock conditions in order to have a reference 
model for further comparlson of results. 
The codewill be extended to include Irradiation creep 
and swelling in comblnation with the Chaboche 
plasticity model. 

Evaluation of Procedures to Descrlbe Constitutlve 
Equations and Methods to Measure thelr Parameters 

Design of First-Wall and blanket components which are 
currently under dlscussion use radlation-cooled 
graphltic protectlon tlles. Durlng plasma operatlon 

thermal 
Typlcal 
1800°C, 

Ioads cause high temperatures in these tlles. 
values are of the order of 1200°C up to 

Fallure modes are subcrltlcal crack growth and creep 
crack growth. Llfetlme predlctions require the 
knowledge of stresses for all locations of the loaded 
structure. Therefore knowledge of creep behavlour of 
ceramlc materlals ls important. 
A generat procedure was evaluated to determine the 
parameters of constitutive equatlons for ceramies only 
from outer fibre strain measurements. The improvement 
of thls method is that the creep behaviour of ceramies 
may be determined only by uslng bending tests. 

Improvement of Llfetime Predictlon of Fatigue Crack 
Growth 

An important problern in fatigue llfetime predictlon 
for fusion reactors ls the knowledge of the best 
approprlated stress lntensity factor solutions for 
surface cracks consldering the complex stress 
distributlons in the First Wall. 
Applicatlon of the weight function method for 
calculatlng averaged welgthed stress intenslty factors 
requires that both the stress lntenslty factors and 
the crack openlng dlsplacements are known for a 
reference Iead case, mostly chosen as a constant 
stress, Whllst the stress lntensity factors are known 
for many crack geometrles and Ioad cases, the 
dlsplacements are avallable for a few special cases 
only. Therefore an approximative crack opening 
dlsplacement fleld was developed. Slmilar to the 
treatment of stralght-through cracks the reference 
crack openlng displacements in the reference loadlng 
case are expressed by a power serles. The coefficients 
can be determined from geometrical conditlons and from 
the self-consistency condition of the weighted stress 
intensity factors. Using these weighted stress 
intensity factors crack growth under arbitrary stress 
distributions ~(x,y) can .be calculated. 

Staff: 
E. Diegele 
T. Fett 
D. Munz 
H. Stamm 



- 40 -

N 5 Development of Theory and Tools for Evaluation 
of Magnetic Field Effects on Liquid-Meta! 
Breeder Blankets 

Investigations of MHD in Liquid Metals 
The governing problems in developing a selfcooled 
liquid-meta! breeder blanket for NET are pressure drop 
and flow distribution of the liquid meta! circulating 
in the high magnetic field of a fusion machine. The 
proof that this pressure drop can be kept low by 
appropriately guiding the flow will decide on the 
feasibility of such a concept. To overcome the lack of 
reliable experimental data the program MEKKA was 
initiated at KfK in 1985. It is described in the last 
semi-annual report. 

The Sodium-Potassium liquid-meta! loop NaK-1 designed 
and built up at KfK in the frame of the MEKKA program 
has been made available. First test runs with cold NaK 
showed that the canned motor pump which circulates the 
liquid meta! produces the foreseen pressure peak of 9 
bar at a flow rate of 25 m3/h. 

Using a positioning device with stepping motors the 
three-dimensional magnetic field distribution of the 
normal-conducting dipole magnet which is to be used 
for. the first step of MEKKA has been measured at the 
maximum field strength of 2 Tesla. In the supporting 
theoretical program the MHD flow has been simulated 
numerically in simple geometries. 

As an example Fig. 37 shows the calculated velocity 
distribution and the corresponding current densities 
in the cross section of a straight channel at a Hart­
mann number of 100, a wall conduction ratio of 10- 1 

for the top and bottom wall and 5 10-3 for the side­
wall. 

To prove the principle of flow tailoring as described 
in the semi-annual report April 1986 - September 1986 
a joint experiment is untertaken by Argonne National 
Laboratory (ANL) and Kernforschungszentrum Karlsruhe 
(KfK). 

A photograph of the test section designed and built by 
KfK is given in Fig. 38. The photograph shows the duct 
with the expansions and contractions to produce the 
flow tailoring, the pressure taps, the flanges for the 
installation of the velocity measurement 
instrumentation and the voltage probes. 
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Fig. 37: Velocity distribution and current densities 
in the cross section of the straight channel 

Development of a Velocity Meter 
A velocity meter for local measurement is being 
developed. At the location of measurement the 
propagation of artificially induced temperature pulses 
are used to determine the fluid velocity. Within the 
period to be reported measurements were carried out in 
flowing sodium. Test facility TEFLU, which is part of 
the sodium circuit WOP II, was .used. In a vertically 
arranged tube 110 mm i.d.) sodium is flowing upwards. 
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Fig. 38: Photograph of flow tailoring test section 

A measuring head with a mineral-insulated heatcr 
(0.5 mm o.d.) for pulse creation and 4 mineral 
insulated thermocouples {0.25 mm o.d. v1ith boron­
nitride insulator) were used; the heat could be moved 
during operation along the radius of the flow channel 
and could be turned areund its axis. Upstream from the 
measuring head a b!ock with nozzles was installed for 
flow equalization. This distance amounted to L/d = 5. 
Fig. 39 shows as an example a temperature-time signal, 
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Fig. 39: Temperature-time signal 
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calcu!ated in a computer. Fig. 40 shows a radial 
Velocity profile in the tube computed on the basis of 

0.10 
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Fig. 40: Velocity profile as function of radius r/Ro 

the temperature-time signals. The disturbance near the 
wall {r/Ro 1) is caused by a flow disturbance 
effected by the penetration of the measuring head 
through the flow channel housing. 

The results obtained unti I n01~ demonstrate the 
accuracy of the measuring device. Additional work has 
to be performed for optimization of measuring head 
geometry and for some improvement in the data 
evaluation system. 
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N6 Studies of Pebble Beds of Ceramic 

Compounds 

The results of the studies of pebble beds are included in the 

t·eport on 81 Blanket Design Studies chapter Helium-Cooled 

Ce rarnie Breeder Blanket. 
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RMl Background Studies on Remote Maintenance 

This task concentrates on the investigation ofpipe connectors 

(for water cooling, liquid meta! breeder fuelling, gas cooling, 

and gas purging systems), electrical connectors, and cutting 

and welding techniques for fusion reactors. 

The work includes: 

identification of development needs, 

recommendation of a pre-testing programme, 

performance of pre-tests, identification of necessary im­

provements and modifications, 

design and fabrication ofprototypes, 

performance ofa manual for licensing and stadardization. 

Based on the results of the NET studies "Pipe and Vacuum 

Duct Connections" and "Vacuum Tight Connections and 

Closures, Lip Welding and Cutting" efforts have been going 

into the further development of remotely handleable pip€ 

connectors and welding units for fusion reactors. 

During the period under review the work was concentrated 
on 

definition of a test programme for NET relevant connec­
ting techniques 

performance ofpreetests with a selection of JET and KFK 

types ofpipe connectors 

construction of a test loop for the investigation of the 

corrosion rate of stainless steel flanges and gaskets in 

contact with liquid Pb-17Li 

design of a test facility for integral tests of pipe connectors 

and lip welding units 

design and construction of sub-components for a test rig 

for basic tests ofwelding and cutting equipment. 

Performance ofpreetests 

At KfK there at·e 3 different test facilities available for basic 
tests ofpipe connectors. 

Tightness tests under normal and elevated stress conditions 

will be performed in the testfacility PAULA. Tests have been 

started with three JET water and vacuum connectors and 

with all the different KfK-type connectors up to 100 mm 
diameter. 

The remote handling capability of the different configura­

tions of pipe jumpers can be demonstrated in the test rig 

FUTE (Fig_ 41) and in the test rig JUTTA which was 

originally designed for the investigation of the FEMO­

connecting technique (Fig. 42). 
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Fig. 41: Test rig FUTE 

Fig. 42: TestrigJUTTA 



Corrosion tests 

Investigations have shown that one can expect a relatively 

high corrosion rate ofstainless steel in contact with liquid Pb-

17Li. This can reduce the lifetime of flanges and gaskets 

significantly. To obtain proven results for further develop­

ment of pipe Connections and gaskets respectively, KfK has 

designed and constructed a test rig for the determination of 
tightness and corrosion rates ofpipe flanges and gaskets. 

The test rig consists of a loop in which the heated Li Pb flows 

in free convection through the connection to be tested. 
(Fig. 43) 
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Fig. 43: Test rig FLATEST 

Integraltests ofpipe connectors and lip welding equipment 

The basic test programme with selected pt·ototypes has to be 

performed under NET typical geometrical conditions and, if 

possible, with NET typical handling tools in an integral test 
facility. This test facility will simulate the upper part of a 

prototype blanket segment including its auxiliary coolant 

make up and supply systems. The preliminary draf't worked 
out provides connections for the different types of blankets 

under investigation. The sealing lip connections of blanket 

segments can be tested using the lip welding units currently 
being developed at KfK. 
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Work has been concentrated on the design of the general 

arrangement, the configuration of the pipe jumper and the 

segmentation ofthe blanket modul. 

Development ofwelding and cutting equipment 

The design of the prototype lip welding unit has been com­

pleted. The fabrication drawings for the most important sub­

components ha ve been given to the workshop. 

Basic tests of the different cutting and welding units undet· 

design ot' construction will be performed in another test rig. 

To meet the NET requirement as much as possible this rig 

will be equipped with a computer control system for parallel 

operation ofdifferent units. The computer control system and 

the remote handling equipment have been designed. The first 

system components have already been ordered. 

Staff: 

L.Gumb 
U. Kirchenbauer 

A. Schäf 

M.Selig 
M. Trettin 

R. Ullrich 



RM2 Mechanical Components Assembly 

In order to provide designers and contractors with 

information NET launched the preparation of a Remote 

Handling Manual <RHM). It contains a set of General Rules 

and Design Standards, adapted by NET for components and 

units ofthe NET device which require remote handling, and 

settles guidelines for handling equipment design. 

Work within the frame of the RM2 contract was based on a 

first draft ofthe NET-RHM and concentrated on 

the review of design guidelines for remote handling, in 

particular modularization, assembly/disassembly and 

transport ofmachine components, 

the definition of standard components for remote 

hand!ing in close connection with the RMl Task 

"Background Studies", 

proposals for remote handling equipment to perform 

maintenance tasks inside and outside of the NET device, 

and 

proposals for remote handling assurance procedures. 

With the progress of machine design, the investigation and 

standardization of components, and the development of 

remote handling equipment the Remote Handling Manual 

will be completed according to the time schedule ofNET with 

the beginning ofthe Detailed Design Phase in 1990. 
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RM3 Handling Eguipment for In-V esse! Compo­

nents 

The investigation of an In-V esse! Handling Unit <IVHUl for 

inspection, repair and replacement of NET in-vessel compo­

nents was continued. CEA, CEN/SCK, ENEA, JET and KfK 

cooperate in the development ofsuch equipment. It consists of 

a contained transfer unit <CTU) 

a transport unit based on an articulated boom or an in­

vessel vehicle movable on telescopically inserted rails 

various work units with end-effectors attachable to the 
transporter 

the control system 

Out of the 9 sub-items of the RM3 technology programme the 

following tasks were carried out: 

SUB-TASK 1: Development of a Conceptual Design 

According to the RM3 workshop in November 1986 the 

development of the ,IVHU was split between the Associated 

Laboratories mentioned above. In agreement with the NET 

team the KfK activities were mainly based on the 

investigation of an articulated boom as a transport unit with 

a reach envelope of 180° ofthe torus. The work was continued 

during the periodtobe reported. Main emphasis was given to 

predesign the transporter and its components, e.g. links 

and joints of the boom. Out of various options and with 

respect to boom stiffness, minimum number of joints and 

drives, the selected system is based on scissor links, The 

boom is mounted on a driven carriage movable 

horizontally and radially to the torus <Fig. 44). Its first 

link located at the carriage has a combined yaw and 

mtation joint. The latter one controls the access through 

the relatively small torus entry ports which are arranged 

symmetrically with an angle of 90° to each other, The 

transporter ends with an end-frame at which the different 

work units are attachable, To orientate the end-frarne in 

working position the deflection originating from bending 

mornents and torsion is compensated by rneans of a 

combined pitch and rotation joint (±5° to the vertical 

axis). Additional vertical cornpensation is required for the 

work units to replace divertor plates and RF-antennae. It 

will be perforrned by means of telescopes installed at the 

work units. A promising solution for actuating the yaw 

joints are ball screw spindies driven by DC brushless 

motors. But other solutions arealso und er investigation. 

perform structure mechanics calculations. Cross sections 

ofthe boomlinks are !irnited by the size ofthe entry ports. 

Structure mechanics calculations of links and joints 

resulted for the 180° boom in relatively high stresses. 

Improvements are possible by application of weight-
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saving construction (change frorn austenitic steel to 

titanium for the front links) and/or framework 

construction. Corresponding calculations are ongoing. 

investigate the influence on machins design, ex-vessel 

components and plant Iayout. The IVHU works at the 

midplane Ievel of the torus. To prevent contamination 

from the reactor hall the use of CTUs and/or transport 

flasks was investigated. On the basis of trade-off 

considerations and time estimations for typical 

maintenance tasks a possible compromise might be a 

solution wit.h two permanently installed CTUs and 

temporarily installed transport flasks for the transfer of 

components. This compromise does not exclude a later 

change to another solution, e.g. during the technology 

phase ofNET to a 3-ante-chamber option. 

Although the 180° boomwas chosen as a reference solution an 

alternative option with a 90• boomwas also investigated. The 

solution is ofsome interest with respect to minimize the boom 

size and to reduce the structure mechanics requirements. 

Fig. 44: In-V esse! Handling unit- 180° Reach Envelope: 

Cross section in equatorial plane 



SUB-TASK 2: Overall Geometry Measurement 

The implementation of the prototype system for out-of­

vessel geometry measurements is going on as planned. The 
following modules are running: 

postprocessor for interpretation ofCAD data (points tobe 

measured and their environment) in IGES data format, 

interactive tele-control ot the theodolite, automatic 

measuring, triangulation computations for resection, 

preparation and outputofresults. 

For realistic tests a metallic model was designed on a CAD 

system and manufactured. This model with marked 

measuring points was transfered to the GMSYS (Geometry 

Measurement SYStem) prototype and measured. The tests 

showed, that automatic levelling will be a remarkable 

enhancement of the system. The development of a suited 

equipment was started. To improve the tele-control, the 

theodolitewill be equipped with an integrated CCD-camera 
and motorized focus. 

For in-vessel measurement a concept of theodolite-periscope 

was worked out, which is based on triangulation using 

controllable mirrors in the measuring path. 

Alternative measuring principles like photogrammetry will 

be investiga ted for both areas of geometry measurement. 

SUB-TASK 3: Boom Position Monitaring 

The concept of the control system for the NET boom was 
worked out. 
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The basic goal for the remote handling system is assumed to 

be the minimization of maintenance times by high speed and 

safety of operations. The proposed approach for a control 

system supports to obtain this goals by several general 

concepts suited to facilitate complex tasks like plant 

maintenance. It is anticipated that the control system may be 

implemented in steps with increasing degree of capabilities. 

It is important, however, to consider the final stages to be 

achieved in some years time. Otherwise design decisions 

based on short-term goals may make future enhancements 

difficult or even impossible. This applies particularly to 

mechanical hardware. The control systems is organized as a 

supervisory system, separating task Ievel work from 

executing or motion control work. This structure supports 

safety ofwork by a clear separation of simple subtasks and a 

clear distribution of responsibilities. The supervisory control 

is a controlstructure suited for a combination ofmanual work 

and automated subtasks. A high functional modularity 

allows to automate subtasks step by step with an evolving. 

state of the art. The separation of the whole boom task in 

functional building blocks like transport, referencing, 

positioning, and working is mirrored in the control system as 

well as in the kinematic structure of the boom. This is the 

reason for two extra joints in the transporter part. The 

modularity and the supervisory organisation serve for a 

smooth transition from teleoperation to telerobotics. The first 

subtask which should be partly automated is the transport 

task. A central part of the control system is a real time 

simulator used for a problern suited synthetic scene 

presentation and for off-line simulation and programming of 

subtasks (teaching). The JET-KfK boom simulator is the 

reference implementation. Collision detection is based on 

the simulators gometric model and the joint angles and on 

ultrasonic sensors placed at a group oftransporter links. 

For the specialproblern ofassembly and disassembly ofheavy 

components, especially the pick and place operations, 

Fig. 45: Model ofLaboratory Environment for Remote Handling Experiments: Top, side and camera view 



investigations are started by a first conceptual study which is 

planned to result in experiments with a NET mock-up. 

The work on the JET graphics boom simulator GBsim 

proceeds as planned, new features were implemented and are 

being tested at the JET site. 

The GBsim kerne! was adapted to the CATROB (Computer 

Aided Telemanipulation with ROBots) requirements (RBsim: 

RoBot SIMulator) to test manipulator control techniques 

relevant for NET boom control like integration of 

autonomous preprogrammed subtasks, simulation, and 

I offiine programming into a remote handling control system. 

To be able to control and simulate related out-of-vessel 

remote handling activities too, a concept foraproblern suited 

data structure was developed. 

The software package ROBOT running on the Applicon CAD 

system was completed and tested. This software supports 

interactive generation ofremote handling equipment models 

for simulation of maintenance procedures and for down 

loading onto the realtime simulators GBsim and RBsim. The 

tests were clone with a NET boom design (Figure 46> and a 

model of a laboratory environment with roboter and camera 

system (Figure 45). In order to provide for the possibility to 

perform dynamic analyses with the CAD model of the NET 

boom, the procurement of appropriate software (ADAMS) 

was initiated. ADAMS will run in conjunction with the 

Applicon CAD system. 

The survey of sensors for boom position monitoring was 

extended on all types discussed in the control system concept. 

Fig. 46: ROBOT Simulation ofNET 

SUB-TASK 4: Conceptual Design ofWork Units 

In ordertoperform the various maintenance tasks inside the 

torus the transporter can be equipped with different kinds of 

work units attachable to the end-frame ofthe transporter, i.e. 

one manipulator unit, suitable for inspection, protection tile 

replacement and performance of preparatory work for 

divertor and antenna replacement, one work unit to replace 

antennae and another one to replace divertors. Comparing 
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the work units, the one to replace divertors is the most crucial 

one with respect to the requirements, e.g. payload of 10 kN, 

reach envelope and working capability. Therefore, a concep­

tual designwas defined and the feasibility checked. The unit 

consists ofa device for withdrawal and insertion ofthe plates 

supported by an electrical force reflecting manipulator and 

viewing systems. It combines rotation joints, yaw and pitch 

joints and a vertically arranged telescope (Figure 47). 

Fig. 47: Work Unit To Replace Divertor Plates 

Master/Slave Manipulator Control System Development 

A concept for the master/slave manipulator control system 

has been developed, which combines some unique features 

(c.f. Fig. 48) as far as the possible modes of operation are 

concerned: 

• Operator-guided mode ofoperation: 

This is the standard master/slave operation, which is 

found in most of the existing master/slave manipulator 

control systems, usually implemented by means of analog 

circuity. In contrast to those implementations, however, 

the KfK-concept is not based on "bilateral reversible 

position and velocity control", which uses the positional 

error signal to compute the forces to be reflected to the 
master manipulator (force reflection). A precise 

calculation of forces and torques, using the inverse model 

ofthe master and slavearm for determining the necessary 

compensations (friction, dynamic forces, weight) is 

provided instead. 

• Automatiemode ofoperation: 
As with an industrial robot, it is possible to operate the 

slave arm automatically following either synthetically 

generated paths or trajectories being generated by 

teaching (playback). 



e Teaching: 

Teaching of arbitrary trajectories is accomplished via the 

master manipulator (including force reflection), or by 

means of operating the slave manipulator via the sensor 

ball (see below). Recorded trajectories are cataloged and 

stored in the trajectory data base. 

• Mode switching: 

While in automatic mode of operation, the system 

operator is able to switch to manual (direct) manipulation 

at any point in time by means of simply touching the 

handle ofthe master manipulator. 

Return is possible either to the aborted trajectory or to a 

new one selected via menue at the graphic display. 

• Alternatemaster device: 

As a part of the man-machine interface, a sensor ball is 

provided, which can be used instead of the master 

manipulator in cases where less dexterity is required and 
as a backup device. 

The sensorball uses a torque/force sensor to generate six 

mutually independent signals according to the forces and 

torques exercised with the ball. Thus position and gripper 

orientation ofthe slavearm can be controlled. 

To investigate the generic aspects of a manipulator control 

system showing the above functionality, a first version ofthe 

system has been implemented on a multiprocessor multibus 

microcomputer and adapted to an EMSM-2 electrical 

master/slave manipulator. The test site is in operation since 

Aprill987 with basically all ofthe functions being available. 

sensorball 

graphic display 
wi~h touch screen 

sensor 
signal 
con-

verter 

compen­

sations 

force­
reflection 

master manipulator 
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Version 2 is in preparation; it will offer improved 

compensations and force reflection tagether with a conceptual 

redesign ofthe man-machine interface. 

SUB-TASKS 8 and 9: Radiation and Temperature 
Hardening 

The market survey on Sensors showed the necessity of 

radiation experiments whith selected sensors and cable 

materials. The performance of these experiments is planned 

tobedonein cooperation with CEN/SCK 
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Figure 48: Architecture ofthe microprocessor based master/slave manipulator control system developed at KfK 



S+E4.1.2 Safety Aspects ofthe Cryosystem 

Under this task safety aspects of the cryostat of NET are 

investigated. The cryostat is a shell structure surrounding 

the torus and all coils. It has to maintain high vacuum 

conditions. To guarantee the integrity of this outer pressure 

loaded vessel the complicated buckling behaviour has to be 

studied for normal and accident conditions. 

In order to investigate the buckling behaviour for different 

accident Situations a simplified strategy to calculate the 

buckling Ioads is under development. Experimentsare or will 

be performed in order to assess the calculational results. 

Another goal is to develop a nondestructive buckling detec­

tion device for cryostat experiments. Furthermore the study 

of the buckling behaviour should give a feedback to optimal 

cryostat design. 

During the last period the development of the simplified 

procedure for buckling analysis has been continued. As 

reported earlier, the simplification partly has to be paid by 

the introduction ofsome knowledge about the buckling shape 

functions into the calculation. For many cases this is not very 

restrictive as the shapes often are lmown by experience and 

as good buckling Ioad results can be obtained knowing the 

buckling shape only approximatively. Even, if this know­

ledge is not available, it has been shown that a few iterations 

may help to find the critical buckling form using again only 

linear calculations. This is an important progress, e.g. for 

treating imperfection sensitive structures with arbitrary 

local imperfections. These studies are going on. 

Fig. 49: Test rig for buckling experiments 
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The experimental investigations for code assessment and 

nondestructive buckling Ioad measurements have been 

started. Fig. 49 shows the test rig with the data equipment. 

The test sample is a thin-walled milled steel cylinder 

(255 mm in diameter, 350 min in length, 0.4 mm wallthick­

ness). It is loaded by an inner vacuum. The actual geometry of 

the surface of the cylinder has been measured by four trans­

ducers of a non-contact measuring system. To get the actual 

geometry of the surface and the displacements und er loading 

in high resolution, the cylinder is mounted on a motordriven 

turning table and the transducers can be shifted in axial 

direction on a carriage. For chosen angles the computer 

controlled device measures the displacements. Fig. 50 shows 

the reliefofthe initial imperfections ofthe unloaded cylinder. 

Its maximum amplitudes are about 40% ofthe wallthickness. 

These are important informations for the precalculations. 

Measurements under Ioad will be performedsubsequently. 

Fig. 50: Measured initial imperfection shape ofa cylindrical 

shell 

On the righthand side of the cylinder of Fig. 49 there is a 

stiffness measurement device for nondestructive buckling 

Ioad detection. These measurements will be performed in 

parallel to the displacement measurements under Ioad. 

Whereas the first measurements at the "ideal" cylinder serve 

as a reference point, the following samples with cutouts and 

Ioad imperfections will give interesting cryostat relevant 

results. 
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a.) reference design b.) spherical shape 

Fig. 51: Linear displacement ofthe cryostat under atmos­

pheric outer pressure Ioad (resultscale 100) 

To support the cryostat design a study has been started, 

where a proper geometry accordant to the cryostat loading is 

searched for. Fig. 51a represents a 22.5° section of the actual 

cryostat geometry with the different ports. In Fig. 51b a 

spherical cryostat variant is shown. Calculation of the 

displacements under outer pressure Ioad for both geometries 

using the same shell and stiffener dimensions and properties 

reveals, that a spherical geometry would have some 

advantage concerning the displacements at the ports. The 

buckling properties will have tobe studied further on. 
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S+E4.1.3 Safety Aspects ofSuperconducting Magnets 

During operation of superconducting magnet systems distur­

bances are conceivable which could finally result in a 

destruction of a magnet. The energy discharged thereby into 

an electric arc may Iead to darnage of the surroundings of the 

magnet. Cause and course ofthe disturbances, their detection 

and identification as weil as their possibly destructive 

consequences are to be investigated using the supercon­

ducting torus arrangement TESPE-S. Through development 

of codes and their verification on the TESPE-S experiment an 

attempt will be made to transform the results to other !arger 

magnet systems. 

In case of destruction by arcing a number of different faults 

may occur simultaneously, e.g. loss of cooling, loss ofvacuum, 

conductor short circuits. In order to keep theory and ex­

periment transparent, in our experiments such failures are 

first simulated and built-in in separate experiments, re­

spectively, and initial non-destructive tests are performed. 

The work includes the faults mentioned above and the 

generation of electric arcs. At the end of the series of ex­

periments an attempt will be made to demonstrate that a 

destructive arc in one coil can bemastered safely. 

After having performed loss-of-coolant, loss-of-vacuum, and 

short-circuit experiments the next step on the way to 

destructive arcing was to study arcing across one coil outside 

ofthe cryostat. Forthis purpose a selected coil was equipped 

with an extra pair of current Ieads to room temperature 

surroundings. The warm ends are fed into a heli11m-gas filled 

spark chamber. The electrodes are movable and adjustable. 

After having started a discharge of the system, an arc was 

ignited across the electrodes. These electrodes could be easily 

exchanged when damaged. Three ways of occurence of an arc 

are conceivable: First, by an overvoltage · together with a 

defective insulation, second, by burning of a locally over­

heated conductor, and third, by breakage of a current 

carrying conductor. Therefore different methods of arc 

initiation were applied: First, by a high voltage pulse across 

one coil's terminals during discharge of the stored energy of 

the system, second, by explosion of a thin copper wire bet­

ween the terminals, and third, by mechanical opening of a 

short-circuit mounted across the terminals. The arc burned in 

helium gas atmosphere at different low pressures. The 

maximum arc current up to now was 3140 A. In this ex­

periment nearly 600 kJ were set free in the arc leading to 

heating of the electrodes and melting of 171 g copper 

<Fig. 52). 

Typical voltage for a stationary arc was 20 V, but also values 

of more than 100 V were observed in case of moving or 

flickering arcs. In this respect also first experiments on the 

influence of meta! and insulator pieces, evaporated when hit 

by the arc, were started. 

For theoretical description of the electric behavior of the 

magnet system having a fault like a short or an arc, the 
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Fig. 52. Electrodes after 3140 A arcing (anode <top) and 

cathode) 

program MSCAP (Magnetic System Circuitry Analysis 

Pro gram) of EG & G, Idaho, was introduced in KfK within a 

collaboration with INEL, ldaho. First test runs were 

performed successfully. 

The safety analysis of components ofsuperconducting magnet 

systemswas continued with the analysis of the fast discharge 

system of the Large Coil Test Facility. This step was taken 

before studying the corresponding NET component as there 

areexperimental and hardware data available. Basedon an 

analysis for the TOP event "No current interrupt upon 

demand", the fault trees were constructed and a first 

calculation was performed for the Boolean function. 
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S+ E 5.2.2. Behaviour ofGaseous Tritium in the Sys­

tem Plant/Soil 

Molecular tritium !HT) released to the atmosphere will be 

converted to the more radiotoxic tritiated water ( HTO) and 

organically bound tritium (ÜßTl alter contact with soil and 

vegetation. Studies are concentrated on the t'ormation ofOBT 

by plants and its fate in the food chain. 

A closed chamber simulating environmental conditions is 

used for the exposure of different kinds of agriculturally used 

plants to HT. After each experiment HT and its oxidation 

product HTO have to he removed from the chamber as fast as 

possible. It has been proved that for the purilication of the 

exhaust air from HT u tritium udsorption system of large 

scale is needed because of the big volume of the exposure 

chamber (about 18 m:1 ). A commercially manufactured device 

for this purposewas ofl'ered by a firm hut very expensive. So 

it was decided to propose a permission for the release of'HT to 

the atmosphere. The supposition for this permission is the 

construction of a 10 m stuck which will be huilt in the next 

two months. HTO produced during the experiment cun be 

retained by moleCLtlur sieve. 

HT to be introduced into the chamber will be stored under 

rressure in a 10 l aluminum cylinder as a mixture with 

nitrogen. From the cylinder adefinite quantity of HT can be 

injected into the chamber using a flow controller. Because 

tritium in molecular form is supplied in glass vials a transfer 

from the via! to the aluminum cylinder has to be performed 

utilizing a vacuum system with special precautions. The 

procedure of this gas transfer has been tested and will be 

performed in the next week. 

Concerning the problern ofwatet'ing the plants automatically 

during the HT exposure and isolation ofthe soil in which they 

grow from the atmosphere several possibilities were 

discussed and tested. But only the results after the first HT 

exposure will show the best way. 

A new contamination of wheat grass with HTO has been 

performed in order to test and improve the biochemical 

methods for separation of plants into different fractions und 

to compare with the results tu be obtained after exposure of 

the same rlants to HT. Preliminary results are: 

Srecific H-3-concentrations of protein, fat, cellulose, 

nucleic acid and water soluble fractions at·e different. 

Highest specific activity was found in the fat fraction, 

lowest in the nucleic acid fraction (about 4 tim es lowerl. 

The results of the first French Tritium Release Experiment 

on October 15, 1986 are presented in the final report. 
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Perspectives for the Period October 1987- March 1988 

Cantamination of other kinds of plants (e.g. grass, beans, 

maize) with HTO and separation into the main 

components. 

Filling of HT into the climatic chamber without plants to 

test the leakage rate and the oxidation rate by the 

chamber walls. 

Exposure of a large number of agriculturally used plants 

to HT under optimal growth conditions. 
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S+E 5.4 Overall Plant Accident Scenarios for NET 

Besides the component related safety studies performed 

und er the topic S + E 4 this work concentrates on the inter­

actions of the different components and systems and the 

integral behaviour ofthe whole plant. 

A first set of accident sequences for :-.lET WJ\S set up based on 

engineering judgement and expressed in terms of tables. In 

discussions with component designers it turned out, that the 

way ofpresenting the sequences was not adequate. Therefore 

another representation was selected which is similiar to 
event trees. First responses of the designers on this other 

t•epresentation sofarare positive. 

As an outcome of the investigation of the overall plant 

accident scenarios, component related safety studies were 
defined tobe clone at KfK. The points ofinterest are accident 

sequences with the TF coils. The mostsel'ious consequences of 

a coil accident is to be expected if the coil or parts of the coil 
move. Therefore in one scenario it is assumed that a coilleg is 

completely separated while the coil currents are constant. 

Since realistic times for such a separation are not yet known 

a very short time is assumed. The resulting displacement of 

the coil is the interesting result. Different locations and 

current Ievels will be investigated. 

Whereas in the first scenario a short time is assumed for the 

separation of the coil leg in the second Scenario thermo­

dynamic investigations are initiated to get a more realistic 

idea on the time necessary to heat up a coil cross section up to 

temperatures at which the coil leg can be separated at the 

force Ievels given. 
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S+E 5.5 Development of Safety Guidelines for the 

Design of NET 

Design measures ofNET have to ensure public and workforce 

safety and investment protection. To support these objectives 

and to integrate safety considerations into the design at an 

early, cost saving stage a special working group with 

members from different associations is developing Design 

Safety Guidelines for NET. KfK is participating in this 

Design Safety Guidelines Working Group ( DSGWGl. 

The task is divided into two main purts: General Design 

Safety Guidelines and Specific Design Safety Guidelines with 

more than 10 special topics. This structure is illustrated in 
Fig. 53. 

Geneml Design 

Safety Guidelines 

Specific Design 

Safety Guidelines 

Externat Hazards 

Interna! Hazards 

Fire Safety 

Containment 

Fig. 53: Structure of the Design Safety Guidelines t'or 

NET 

The general guidelines provide in particular generat safety 

issues and radiolog;cal design objectives t'or normal operation 

and accident conditions. The specific guidelines will pmvide 

more detailed safety advice and recommendations to protect 

against different hazards. 

During the time under review KfK has made essential 

contributions to the drafts of the General Design Safety 

Guidelines and to the topic of Externat Hazards. Additional 

work is under way to the topics Interna! Hazards and 
Containment. 
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The actual drafts of the General Design Sat'ety Guidelines 

and ofthe topic Externat Hazards and Fire Safety within the 

Specific Guidelines are ready for discussion with the 

designers. 
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T 6 lndustrial Development of Large Components for 

Plasma Exhaust Pumping 

On behalf of the Commision of the European Communities 

<CEC) a working group of CEA and KfK elaborates the 

specifications and conducts the development of !arge vacuum 

components for NET. Two alternative solutions for plasma 

exhaust gas pumping are pursued in parallel: mechanical 

pumps and cryopumps. The !arge components required <high 

vacuum pumps, roughing pumps, and valves) are not 

commercially available at present. It is planned to develop 

them within T6. 

The results of the theoretical and experimental investiga­

tions conducted by the A.Pfeiffer company with a view to 

building a turbomolecular pump (TMP) for the NET plasma 

exhaust gas system have shown that such a pump can 

actually be built. 

Based on a model of computation and tests performed on a 

1:10 model scale it has been proved that the req uirements 

made on the evacuation capacity of a pump can be fulfilled 

with a suction capacity of 50.000 Vs. The design data for the 

pump as weil as the data of the individual rotor and stator 

stages ha ve been entered in Tables 10 and 11. 

The model of computation for one pump stage has been 

developed and compared with the data of previously built 

pumps. This t·esults in a range of validity of the model of 

computation with the Iimits termed "expected" and "worst 

case". The corresponding values are contained in Table 11. 

The mechanical design of the TMP including the magnetic 

beat'ing have been completed. The thermal Ioad ofthe pump 

due to magnetic field induction, driving motor and magnetic 

beal'ings has been investigated. Thc coolability of the pump 

has been demonstrated. 

disk number of disks disk- blude thickness 
blade 

cliu-

name rotor meter 
length 

inner statot· outer 

Dirn. mm mm mm ll11l\ 

HV2 1 1500 300 6 18 

HV1 1 2 1500 250 7,5 17,5 

MV2 2 2 1500 250 5 15 

MVI 1 I 1500 185 3,75 11,25 

vv 12 12 1500 120 2,5 7,5 

Table 10: Vacuum duta ofthe single clisks ofTMP 50.000 

The additional work needed for the development ofTMPs has 

been speclfied and the proposals for implementation have 

been elaborated. 

The order for a feasibility study of all-meta! gate valves has 

been placed with an industrial firm. Work started by a search 

ofvalve types commercially available. 

Bids have been invited for the feasibility study on the 

roughing pump. The deadline for bidding is late October 

1987. 

Work has been continued on the planning of a testing facility 

for pt•ototypes ofthe !arge components. 
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blucle angle 

outer innet· 

Deg. Deg. 

45 45 

27,6 44,1 

18,6 32,8 

16,1 25,1 

11,6 16,2 

volume flow 
rate So 

H2 He 

m:1/s m:1/s 

61,7 59,9 

52,7 51,0 

42,0 48,3 

30,0 36,2 

16,0 19,0 

compression 
blade disk mtio Kmax 
num- thick-

H2 He ber ness 

mrn 

1,39 1,57 36 80 

1,47 1,70 36 60 

1,56 1,83 36 40 

1,63 1,95 36 35 

1,65 1,98 36 25 
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Requirements Expected case Worstcase 

Volume flow rate for He 

in the free molecular range 50.000 lfs 57.000 l/s 

Compression ratio for Hz 

in the free molecular range > 5 X 106 1,1x107 

Compression ratio for N2 in 

the free molecular range > 109 

Volume flow rate for H2 in 

the free molecular range 56.000 l/s 

Compression ratio for He in 
the free molecular range > 109 

He throughput at PHV = 
4 x 10-3 mbar 165mbar l/s 180mbar l/s 115mbar l/s 
and 

outlet pressure of 4x 10-1 mbar 4,4 x 10-1 mbar 3 x 10-1 mbar 

He throughput at PHv = 
7 x 10-3 mbar 2 mbar lfs or 40 mbar l/s 
and 10mbar l/s (new) 
outlet pressure of 7 x 10-1 mbar 1,5 x 10-1 mbar 

Ultimate pressure at < 5 x 10-10 mbar ";5x10-10 mbar at 

ultimate backing-pump- residual degassing 
pressure of "; 10-4 mbar rate ofqr "; 3 x 

l0-8 mbar l/s mZ 

Table 11: Vacuum data ofthe TMP 50.000 for He and Hz 
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Plasma Exhaust Purlflcatlon by Means of 
Cryosorptlon on Molecular-Sleves or 
Alternative Adsorbents 

For the Installation of a cryostat (see Flg. 54) a 
glove box in the control area ls belng decontamlnated, 
the exlstlng equlpment dlsmantled and the perlpherlcs 
adapted to the requlrements of low temperature 

.....1----11---- RO S 20 

Flg. 54: Scheme of the cryostat 

Relrlgerator • 
Kryostat 

experlments. Callbratlon tests are in progress for the 
quantitative determlnatlon of hydrogen Isotopes by a 
gas Chromatographie technlque. The separatlon ls 
carrled out on an alumlna/ferrlc hydroxlde column 
operated at IN2 temperature. 

Malnly wlth the objectlve of establlshlng the 
experimental technlque, break-through curves for the 
retentlon of water on zeollte 5A have been obtalned as 
a functlon of tewperature and the partial pressure of 
water in the sweep gas. The experlments are carrled 

out in a flow system. The prlnclpal components of the 
flow apparatus are a molsture supplylng devlce (5 -
5000 ppm), a reactor and a water monltor. The 
measurement prlnclple of the monltor ls based on the 
equlllbrlum between water in the gas phase and water 
electrolltlcally decomposed on a platlnum sensor. 
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T 10 C Plasma Exhaust Gas Purification by Use of Hot­
Metal Getters 

The objective of this task is the investigation of 
hot-meta! getters as a process option for the 
purification of the plasma exhaust gas of a fusion 
reactor. Meta! getters are capable of liberating 
chemically bound tritium and removing C-0-N in a 
single process. 
The main program steps are: 

A) Inactive tests with a He/Hz carrier gas on various 
gettermetals and alloys (e.g. Zr-Al, Zr-Fe-V) to 
study their absorption and desorption behavior with 
respect to gaseaus impurities, i.e. Nz, CO, COz, 
CH4, and HzO; 

B) Active tests with tritium to demonstrate the puri­
fication efficiency under realistic operational 
conditions. 

Current Progress 

The assembly of the first stage of the PEGASUS 
facility (Plasma Exhaust Gas Purification System, 
former name TRIGA) which is under construction since 
February 1987 has been almost completed. In addition, 
several function tests have been carried out, the 
results of which are reported in the following along 
with a brief description of the main components of the 
facility. 

Supply of test gases: 
Eight gas-bottles containing the carrier gases (He, 
Hz), the impurity gases (CO, COz, CH4, •.• ) and the 
gases for the operation of the gas chromatograph (GC) 
have been installed in a double-walled steel cabinet. 
Test gas mixtures can be prepared volumetrically by 
pVT-procedures in either a 10 ltr. or a 100 ltr. 
storage vessel into which known amounts of the gas 
components are introduced employing a dosing valve. 

Test loop and manifold: 
Prior to the test gas preparation, the storage vessel 
and the test loop are evacuated until the partial 
pressures of the residual gases are less than 10-5 mb. 
To determine the retention capability of the gas 
purifiers down to residual gas concentrations in the 
ppm-region the integral leakage of the facility must 
be maintained below 10-7 mbarltr/sec. Both 

requirements have been accomplished (a) by using 
exclusively metallic gaskets (CF- and Cajon-fittings) 
for the flange connections and (b) by baking the walls 
of the tubes and the gas storage vessels at 
temperatures between Z50 and 300°C, c.f. Fig. 55. 

Fig. 55: Partial view of the PEGASUS facility; top 
left: SAES gas purifier, foreground: gas 
storage vessels with resistance heating wires 

Instrumentation of the loop: 
Two circulation pumps and automatic control systems 
for gas flow and pressure allow independent adjustment 
of these two parameters. Gas samples for the GC are 
taken in a bypass of the gas loop. Here, some 
additional devices are needed to establish 
reproducible conditions for pressure and gas flow at 
the GC entrance. 

Gas purifiers: 
The first test series will be carried out to 
investigate the commercial purifiers of SAES/Milano. 
Three of these purifiers have been installed in the 
facility. Each is filled with 700 g of gettermaterial 
of the type ST-101 (Zr-Al), ST-707 (Zr-V-Fe), and ST-
198 (Zr-Fe). The operation temperature will be in the 
range of 300 - 700°C. 
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Chemical analysis: 
Quantitative analysis of the impurities in the carrier 
gas is achieved by use of a GC with a highly sensitive 
Helium-Ionisation-Oeteetor (HID). After some scoping 
tests with various GC columns (Porapak QS/3m, 
molecular sieve 5A/4m and 2m, Porapak R/6m), first 
calibration measurements have been carried out. It was 
found that the range of detectable concentrations can 
be extended from 1 ppm up to about 5%, if the detector 
voltage is reduced for concentrations about 100 ppm. 
It will be possible, therefore, to use only one 
analytic method for measuring the impurlty 
concentratlons at the lnlet and the outlet of the gas 
purif iers. 

Plans for the Near Future 

- Continue and complete GC tests for optimizlng the 
gas analysls; 

- complete Installations for the non-radioactlve 
tests, e.g. devices for water coollng and pressure 
control; 

- start measurements on the H2 absorptlon/desorptlon 
behavlor of the SAES getters and on the gettering 
properties wlth respect to impuritles; 

- contlnue deslgn, constructlon, and acqulsitlon of 
additional equipment for tritium tracer experlments. 
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T 10 E Adsorption of DT on Heated Meta! Beds other 
than Uranium 

Meta! hydrides acting as a reversible getter have been 
proposed for Interim storage and transport of tritium. 
The most extensively investigated and most wldely used 
getter is uranium. This nuclear material is however 
subject to restrictions and, in addition, its high 
chemical reactivity makes precautionary safety 
measures mandatory. Therefore, alternative getter 
metals and alloys which are chemically resistant to 
the Impact of air and water are presently under 
investigation. 

ZrCo alloy may be cited among the metals proposed for 
use as a reversible tritium getter. Hydrogenation and 
dehydrogenation pressure/composition isotherms were 
determined for the hydrogen ZrCo system in the 
temperature range 200 - 300°C employing a volumetrlc 
procedure. The results obtained were found to be in 
essential agreement with the data of Nagasaki et al. 
(Fusion Technology ~. 506 (1986)). The equilibrium 
pressure of hydrogen over ZrCoH0.8 can be described by 
the eqn. 

log PH /Pa 
2 

4751 t 183 + (12.74 ± 0.35) 
T 

which yields a hydrogen dissociation pressure of 
6 x 10-4 Pa (6x10-6 mbar) at room temperature. As the 
temperature is reduced the composition of the ZrCo-H2 
system approaches the stoichiometry of the compound 
ZrCoH3. This ternary compound does not ignite in air. 

Methane is slowly cracked on ZrCo alloy at 304°C with 
Iiberation of molecular hydrogen. The effect of the 
decomposition of 2.12 x 10-3 mol of methane over 3.65 
x 10-2 mol of getter on the pressure composition 
isotherms is lllustrated in Fig. 56. As apparent from 
the results, after reaction wlth methane a raise in 
dissociation pressure of ZrCoHx is observed, which may 
be caused by the formation of carbide. The rate of 
hydrogen absorption was not signlficantly lnfluenced 
by the presence of carbon on the ZrCo alloy. Carbon 
deposited on ZrCo will not react with molecular 
hydrogen at 304°C, Auger and XPS analysis of the 
carbonized getter shows only zro2 on the surface of 
the alloy. 
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Fig. 56: Pressure composltion lsotherms of ZrCoHx 
before (o) and after (6) cracking of methane 
at the getter surface 



T 10 H Catalyst Development Exhaust Purification 
Process 

Impurlties such as hellum, trltlated hydrocarbons, 
tritlated water, carbon mcnoxlde, carbon dloxlde and 
trltlated ammonla must be removed from the plasma 
exhaust of a fuslon reactor to avold (I) plasma 
coollng by radlatlon lasses, (Ii) freeze-out of 
condensable gases in the cryogenlc isotope separatlon 
system and (Ii!) polsoning of the deuterium/trltlum 
storage beds. In additlon, D,T assoclated to 
lmpuritles should be recovered for reuse in the fuel 
cycle and the effluent gas decontaminated to a high 
degree prior to lts discharge lnto the trltlated~waste 
treatment system. To accomplish this task a three step 
process concept based on experimental Iabaratory 
results ls proposed. Tritium recovery is carried out 
catalytically to minimize solid waste. 

The main purification step consists of an array of 
Pd/Ag alloy membrane diffusers, which operated with a 
relatively small tritium inventory and delivers a high 
purlty D,T fraction (99.9 mol %hydrogen) as weil as 
an impurity stream. Tritiated ammonia, if present, 
will decompose quantltatlvely into the elements on the 
Pd/Ag meta! surface; the produced hydrogen permeates 
together with the main fuel stream. In the bleed 
stream of the diffuser very low D,T partial pressures 
can be attained. 

The permeation rate of hydrogen through a Pd/Ag alloy 
diffuser was studled in a closed-loop apparatus 
employlng gas chromatographlc and mass spectrometrlc 
analysis. The rate was found to be essentlally 
Independent of the type of hydrogen carrler gas 
employed, l.e. hellum, nitrogen or methane. In a 
serles of runs the lnfluence of carbon monoxide on the 
rate of permeatlon of hydrogen (Initial partial 
pressure 300 mbar) dlluted in hellum (total pressure 
1 bar) through a commerclal Pd/Ag alloy diffuser was 
studled, havlng a surface area of 289 m2 and operated 
at 450°C. Wlthln the experimental uncertalnty, the 
permeatlon coefflcient of hydrogen dlluted in hellum 
ls not lnfluenced by carbon monoxide partial pressures 
of up to 200mbar (see Table 12). These observatlons 
are in llne wlth a previous study carrled out at CEA 
wlth much lower CO contamlnant concentratlon. 

In a secend step the Pd/Ag alloy permeator effluent 
gas. is passed over a Cu0/Cr2o3;zno catalytlc reductlon 
bed kept at 150 - 200°C. On thls bed trltlated water 
reacts wlth carbon monoxlde to yleld trltlated 
hydrogen and carbon dloxlde. In the presence of an 
excess CO the reaction ls quantitative. As expected 
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from thermodynamlcs, the addltlon of methane to a 
helium carrier gas contalning the reactants CO and H2o 
was found to have no effect of on the chemical 
equilibrium. The reactlon rate ls not influenced by 
methane. 

PH PHe Pco R No.of runs 
2 

mol'cm/cm2'mln kPa 112 mbar mbar mbar 

200 800 (3.17 ± 0.27) 3 
200 780 20 (3.20 ± 0.10) 2 
200 700 100 (2.71 ± 0.05) 2 
200 600 200 (3.27 ± 0.31) 5 

Table 12: Influence of CO on the rate of hydrogen 
permeatlng through a commerclal Pd/Ag 
permeator 

The thlrd and final step of ·the proposed catalytic 
purlflcation system conslsts of a secend Pd/Ag alloy 
diffuser in close contact with a Ni catalyst. 
Tritlated methane ls cracked on this catalyst lnto 
carbon and tritiated hydrogen; the Jatter permeating 
through the Pd/Ag diffuser into the clean D,T stream 
from the main diffuser. The cracking reaction has been 
investigated using hellum/methane mlxtures at about 
1 bar total pressure and methane partial pressures in 
the range 100 - 420 mbar. The reversiblllty of the 
reaction was demonstrated by passing hydrogen over the 
catalyst wlth a carbon deposlt from the cracklng of 
methane. In 18 cracklng/regeneratlon cycles a total of 
2.1 mol methane were cracked on 10 g catalyst. 
Prelimlnary results lndlcate that wlthln the employed 
pressure range the cracklng reactlon ls flrst order in 
methane. 0.25 mol of methane can be cracked 
quantitatlvely on 10 g catalyst with a half-llfe of 
4 mln. Beyend that amount of cracked methane an 
lncrease in half-life ls observed. Up to a temperature 
of 520°C tt~ apparent activatlon energy of the 
reactlon is estimated to be 13 kJ/mol. Above that 
temperature the reactlon proceeds wlth a negative 
activation energy, 
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Development of ECRH Power Sources at 150 GHz*) 

The KfK gyrotron has been producing microwaves since 
October 1986. During this first year the gyrotron was 
operated using the slightly tapered 19 mm resonator. 
This setup yielded a typical power output of 100 to 
120 kW at various modes in the 150 GHz frequency 
range. Several improvements have been introduced 
during this period. 

A steering system has been added to adjust the 
position of the beam during operatlon. The steering 
magnets placed at the entrance of the compression 
region are able to displace the beam within the 
resonator by up to about 0.7 mm. Without steering the 
electron-beam was off axis by about 0.5 mm, which was 
concluded from the asymmetry of the beam observed by 
X-ray photography on the collector surface. 

The output waveguide of the KfK gyrotron is highly 
oversized, e.g. a diameter of 70 mm is used to reduce 
the thermal stress on the waveguide window during 
long-pulse operation. A low average power octanol 
calorimeter simply fits the oversized waveguide. With 
its small volume a quick response is obtained. By 
some improvements on the thermal insulation of the 
calorimeter and on the calibration procedure an 
accuracy of + 5% for the power measurements as been 
obtained. 

The high-valtage systemwas improved to allow a more 
stable operation with a pulse length up to 5 ms. 

After these modifications of the experimental set-up, 
the rf output power and the f.requency of the gyrotron 
have been measured in several runs as a function of 
the magnetic field strength with constant beam 
current. 

From the frequency measurement it is obvious that the 
TE23, TE03 and TE52 modes are excited. The power curve 
shows a broad maximum araund the magnetic field of 
5.8 T, which corresponds to the TE03 mode. 
Theoretically for each mode there should be aseparate 
maximum in the po~ter curve. This discrepancy has to be 
studied in more detail. 

The maximum of rf output power of 120 kW at 149.5 GHz 
and 8=5.8 T with a pulse length of 1 ms has been 
observed at 8=5.8 T. This magnetic field is too.small 
for the TE031 mode to be excited, even though thermal 
paper measurements show a TE03 pattern. Frequency 

measurements allow to conclude that the TE03 mode 
oscillates at 149.0 GHz, 149.5 GHz and 150.0 GHz, 
corresponding to the TE031, TE032 and TE033 mode, 
respectively. The power maximumwas reached in the 
TE032 mode. 

Axial mode competition inhibits the high-power and 
high-efficiency oscillation theoretically expected 
with the TE031 mode for this parameter set. Never­
theless an essential reduction of the power density 
at the wall could be obtained in higher axial mode 
operation. 

After these test runs the modular gyrotron was 
disassembled for exchange of the gun and resonator 
sections. 
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NET Study Contracts 

Availability of the LCT Plant 

The availability of the LCT plant in the final phase 
of the test program was mainly determined by a bearing 
seal problern of one of the screw compressors on 
subatmospheric side of the helium circuit. This led to 
air contamination of the helium in the system. The 
time needed for trouble shooting, repairment 
purification and recooldown of the system was about 2 
month. 

During the extended pulse field tests of the Japanese 
coil a considerable leak, probably nitrogen, opened 
with a inleakage of 0,4 kg/h. lt was successfully 
demonstrated that the effect of cryojumping was 
sufficient to keep the vessel vacuum pressure in the 
10·5 mbar range while was needed to get sufficient 
thermal insulation. The remaining part of the extended 
tests were successfully settled under this boundary 
condition as already described in task M 1. 
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Study on the NET Pancake Test 

The NET Pancake study was continued with a comparison 
of, the cluster configuration C3 and solenoid 
configuration S1. A preliminary estimation of the 
required conductor length, manufacturing costs of the 
model coils and modification costs of the facility was 
performed. 

In order to reduce the required amount of conductor 
for the model coils and the modification costs for the 
facility the minimum bending radiuswas reduced from 
1.2 m to 1 m. 

The solenoid and cluster configuration were redesigned 
taking in the account the reduced bending radius and 
the new target test values. Due to this modification 
and an enlargement of the LN2-shield, an Installation 
of the cluster configuration into the existing vacuum 
vessel in possible without a removal of the vessel and 
LN2-shield wall as shown in Fig. 57. 

KfK - Model (oil 

Sultan - Model ( oil 

Vessel Wall 

Fig. 57: Top view of the cluster configuration C6 

For both configurations the magnetic field, forces, 
stresses were calculated and compared witht he target 
values. The flow schemes for the cooling circuits of 
the coils and current Ieads were also redesigned and 
the cooling power were estimated. 

A model coil test programme and a time schedule were 
worked out and the costs and man power requirements 
were estimated for the new configurations C6 and S3. 

A final study report was worked out in collaboration 
with the laboratories of ECS, S!N and the NET-team and 
will be pusblished soon. 
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Investigation of the Vacuum and Exhaust Performance of 
NET 

The present work focusses on the study of the conditions 

which determine dweil-time pumping. The objective is the 

quantitative simulation of the vacuum performance during 

dweil-time. Forthis purpose, the V AKMAPl code, which was 

developed under a previous NET-study contract, will be 

extended. The modifications in the design of the plasma 

chamber internals, especially the introduction of graphite 

first wall protection tiles, and a new vacuum duct configu­

ration will be taken into account. 

However, at temperatures of interest for fusion plants, the 

hydrogen-solids interaction processes are much more 

complex with graphite than in case of metals, e.g. stainless 

steel. At temperatures up to 1000 K the surface diffusion of 

hydrogen along internal pore surfaces plays the leading roJe. 

The hydrogen retention of these surfaces may rise to mono­

layer coverage. At higher temperatures transgranular 

diffusion of hydrogen in the graphite lattice increases in 

importance. Considerable amounts ofhydrogen get deposited 

also in trap sites. Because ofthe very high trapping energies 

involved (- 4 e V) it is almostimpossible to remove the trapped 

hydrogen again, unless the graphite is brought to very high 

temperatures. The operation of JET has shown in addition 

that when the plasma contacts the inner graphite bumper 

limiter !arge amounts of hydrogen are adsorbed /1/, Acear­

ding to Iabaratory experiments made by W.L. Hsu and R.A. 

Causey it seems that this mechanism is practically 
unsaturable /2/. 

The whole data base describing the numerical values ofthese 

hydrogen-graphite interaction processes for the various kinds 

of graphite envisaged for use within the plasma chamber is 

still very small at present. 

In view ofthe extremely complex situation arising if graphite 

is used, a stepwise procedure is applied in the development of 

the new version of the V AKMAP code towards dweil-time 

pumping. For first test purposes, graphite is excluded as 

material; instead, metallic surfaces are assumed to exist 

throughout the vacuum chamber. Furthermore, analytical 

approximation formulae developed in the course of the 

INTOR-project and t·elying on tabulated values of the error 

function complement and the error function integrated, 

respectively, are used to calculate the space-time dependent 

distribution of hydrogen concentration and temperature 

within the wall material and the corresponding re-emission 

flux into the plasma chamber. In conformity with the growing 

data base for graphite these analytical approximation 

formulae will be replaced later-on by appropriate subroutines 
for graphite. 

For the main part-processes the sub-programmes based on 

the analytical approximation formulae were programmed 

and tested. The vacuum relevant properties of the vacuum 

chamber were defined in the course of the NET-DN design 
review. 
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The Iiterature survey on the hydrogen-solid interaction 

phenomenon was continued and the results stored in data 

banks on a personal computer. The numerical results of some 

empirical formulae describing the hydrogen retention and 

outgassing behaviour of graphite were studied. 
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Development of Helium Cryopumping Materials and 

Preliminary Design Concept of Cryocompound Pumps for 

NET 

Experimental investigations are under way at KfK with the 

aim to develop and optimize porous active cryosorption 

surfaces for helium pumping from the plasma exhaust gas. In 

these investigations a multitude of combinations of materials 

are tested for the sorbent, bond and coldwalland the bonding 

techniques are investigated with a view to select the best 

suited candidates. 

Experimental investigations hav been reported on the 

thermal cycling of the sorbentlsubstrate bonding on 50 mm 

diameter specimens. Each specimen has been loaded up to 

100 times alternately at 78 K and 300°C at the maximum. 

The specimens which withstood thermal cycling tests are 

subjected to sorption capacity screening tests to compare 

them with the cryosorption capacity ofhelium gas at 4,2 K. 

The HELENE test facility for sorption capacity tests was 

assembled and tested. The Iayout of HELENE test facility is 

shown in Fig.58 

After its installation in the specimen holder ( 18> the specimen 

tobe examined (19) is placed into the analyzing tube (20) 

together with the radiation shield ( 17) and the electric 

connections. 

As a pt·eparation to the sorption measurements the analyzing 

tube (20) is heated in a t'urnace to 300°C at the maximum and 

then evacuated in a turbomolecular pump bench. Then the 

cornet' valve (40> is closed and the rig is transferred from the 

furnace into the cryostat ( 1 > where the specimen is cooled 

down to - 4.2 K using LHe. After this temperature has been 

attained the analyzing tube is flooded to 1 bar pressure using 

GHe. The specimen is saturated with helium during this 
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Fig. 58: HELENE test facility 

process. In order to improve the accuracy ofmeasurement the 

pressure in the analyzing tube is lowered by a roughing pump 

to a Ievel between 10·2 and 10·3 mbar. The Saturation pres­

sure which is established in this way is considered as the 

reference pressure at4.2 K. 

After the hermetically sealed analyzing tube has been heated 

to room temperature pressure measurements are again 

performed. The difference ofthe two measured values is used 

to determine the pumping capacity of the specimens with 

respect to GHe a t 4.2 K. 

Trialoperation ofthe HELENE facility started in September 
1987. 

The subsequent c1:yopumping tests on a technical scale 

(Sorption panels wit.h 400 mm diameterl will be carried out at 

the TITAN facility, which was ordered in 1986. 

The design computations have been completed for the TITAN 

test·facility. The drawings have been completed, On accnunt 

ofthe possibility of an oxyhydrogen gas explosion after inflow 

of air the recipient is designed for a maximum admissible 

overpressure during operation of 10 bar and secured by a 

bursting protection. The recipient is presently being 
manufactured at KfK. 
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Engineedng Problems of NET Blanket Testing und Blanket 

Insertion Strateg;y 

This task was done in the frame of u tirst pre NET contract. 

The investigations were focused on the question, what are the 

requisites necessary on the NET plant and which solutions 

seem to be uttractive to supply the plant with different typeH 

of shield und blanket segments during the plant life. A high 

degree of flexibility is desired to shift the decisions of coolant 

choice, of the design details of the blanket Segments, and ot' 

the cooling and supplying circuits to the end ofa test phase. 

F'ollowing the proposals of the NET-team /1/, in a first 

operution phase the NET reactm· will be equipped mainly 

with shielding segments. The petofonnance of' these elements 

seems to be predictable, und therefore the optimum of 

reliability will be reached. Due to the increasing experience 

during the early operation phases one cun expect hints at 

necessary or desirable design improvements t'or these 

elements. Also the tritium breeding, the economy, the t•eli­

ability and the handling will get some increasing weight in 

the later operating phase. Therefore advanced blanket types 

must be developed and tested in the future. F'or this no testing 

facility will be available except the NET reactor itself', which 

operates at t•elevant Ioad conditions with respect to a 

tokamak fusion reactor. As a result, the NET t·euctot• itself 

has to serve as a test bed for the advanced breeding blankets 

ofthe NET plant and ofe.g. a latet· DEMO fu~ion reuctor. 

Already in the first operation phase ot' NET thr. simultaneaus 

use of shield segments und of' some test segments is 

envisaged. Up to now, the insertion of hoth, 11 wuter cooled 

and a helium cooled test segment is expected. Also 11 self­

cooled LiPb segment should be useuble in place of' an othet• 

test segment. 

Our study is based on the follwing types of blanket and shield 

elements: a watercooled shield segment, which is under 

development by KfK !MF, a watercooled LiPb blanket 

segment, designed by !RC-lspra and the NET-Team, a helium 

cooled blanket, designed by KfK !NR and IMF, und a 

selfcooled liquid meta! blanket, on which KfK IRBis working 

on. The design of all these segments is still in an eady phase 

of development. Therefore many design problems are still 

unsolved. F'or these open questions we made assumptions, 

which must be reviewed later again. This type ofassumptions 

ure e.g. emergency cooling systems, usable also for the 



transport cooling, the allowance ofan emergency coolant flow 

in the inboard and outboard elements in parallel, the 

possibility to use pipes for helium as a coolant, which were 
pt·eviously filled with water, and so on. 

In the near past it was proposed to use the water cooled shield 

blankets in later operation stages as a breeding blanket. This 

will be performed by adding some water soluble Li-salts to 
the coolant. It is expected, that the resulting breeding process 

satisfies the supply of NET with tritium. The necessity of the 

use of the NET reactor as a test bed for advanced blanket 

types basically will not be changed due to this option. 

This aim of the use of the NET reactor as a test bed is 

accepted by the NET Team. Only two torus sectors must be 

prepared fot· such test positions. Butthis preparation surely 

cannot be valid for any kind of coolants or blankets because of 

space and geometrical restrictions on one hand, and the 

necessity of availability of some infrastructure (diffet·ent 

coolants, tritium extraction, handling devices and so onl on 

the other hand. That means, that a boundary must be 

prepared, which is compatiblo with those of the blanket 

types, which should be tested in NET. For both test position it 

is to be decided, which coolants ha ve to be a vailable thet·e. 

Also the handling devices are to be prepared with respect to 

the types ofblankets and their coolants. This all has to t·esult 

in a type of strategy, which ensures the use of NET as a test 
bed for advanced blankets. 

The development of this strategy implies a high degree of 

prospection of technological potentials in a field of physical, 

chemical and technological basics and of operational 

demands, which are up to now still very diffuse and need 

future development. This is clearly the main difficulty of our 

task. Due to the partial Iack of knowledge on partially 

undefined boundary conditions, one runs the risk of 

designing technical solutions, which cannot survive in the 

future. The design goal is still a moving target and changing 
nearly monthly, resulting in a fulness of problems, demands 

and design variants. In this sense the way forwardwill be a 

way oftrial and error, we fix some assumptions and search for 
the consequences. 

Our design is characterized by a set of ring pipe coolant 
headers, which surrounds the reactor tor·us at the Ievel ofthe 

"blanket access ports". Each access port is connected with 

one intermediate coolant header cell. In each ofthese 16 cells 
some intermediate coolant headers are located, which are 

branch lines of th<~ coolant l'ing pipes. The intermediate 

headers are branching to different coolant pipeA, supplying 
the attached blanket and shield segments. Also valves und 

Connections for measuring devices are located in these cells. 

The intermediate header cells and the cells for the t·ing pipes 
are separated from each other. Therefore the location of an 

arising leak will be located easily. 

The external components of the cooling circuits and the 

coolant supply and make-up systems are located in separated 

. 67. 

compartments of the reactor building. These systems supply 

the ring pipes by main interconnecting pipes. 

The coolant supply system for the test segments differ from 

those of the shield segments. The test segments are supplied 

dit·ectly by pipes, which Iead to the related external circuit 

components located in separate compartments of the reactor 

building. Special containers enclose these comparttnents to 

prevent tritium contamination of' other cells and to simplify 

the exchange of the complete systems if' desired. In both test 

sectors one or several test segments may be installed, 

depending on the test goals. Also inboard elements and the 

divertors, which are integrated in these elements, may he 

tested. Self cooled LiPb segments are also applicable in the 

test sectors. In this case they replace the other watet· or 

helium cooled test segments of this test sector.The related 

interface units are then placed above the t•eactor torus. 

The plant is prepared to replace all shield segments by 

breeder segments in a later phase. In this case the breeder 

segments are supplied through the ring pipes. The pipes 

initially used for th· · test segments remain umtsed m· can be 

dismounted. 

In our design proposal the details and, dimensions of' the 

extel'l1al components ofthe cooling and supplying systems are 

not fixed, because we want to avoid premature limitations in 

the future design of' the blanket segments. It seems that the 

recently proposed reactot· building Iayout includes 

cnmpartments, which are big enough f'ot• this purpose. In 

contmst the space for the dng pipes is t·eally tight up to now. 

In a futureplant Iayout this should be improved. 

In compal'ison to Standard shielding und blanket elements 

the use of test elements requires certain additional 

equipment. Up to now we did not fix the extend of' such 

equipment, because this can be clone only on the basis of an 

cxactspecification ofthe components tobe tested. 

The results of our study are of preliminat'Y chamcter and rnay 

help in the definition of the related work to be done in an 

advanced NET design study. 

Staff: 
G. Class 

K. Schramm 

References: 

M. Chazalon und B. Libin: Strategy of breeding blanket 
introduction in NET und testing requit·ements. 

14th SOFT Meeting, Avignon, France, 1986. 



Evaluation ofCrack Growth Delay in Multilayer Sheets 

For the first wall !FW) design multilayer structures are 

proposed which are composed of materials of different 

mechanical properties and in particular different crack 

growth behaviour. Two types of multilayer structures are of 

particular interest: 

(a) Brazed connections between FW plates and cooling 

tubes made of steel or between double tubes in order to 

provide a second containmentofthe coolant. 

(b) Multilayer construction for pressurized wall components 

with a soft layer between the structural material. lt can 

be conjectures that a crack tip will blunt as soon as the 

soft layer is reached. As a consequence the crack may be 

delayed or changed in his direction or stopped totally. 

Plates consisting oftwo layers made ofSS 316 Land different 

types of brazing have been fabricated. First tests with 

straight through cracks in pulsating bending tests have been 

performed to evaluate the fatigue behaviour of multilayer 

structures as described in (a). 

Staff: 

E. Diegele 

T. Fett 

Design Study ofPiasma Facing Components 

The results of the Design Study of Plasma Facing 

Components are included in the reporton Nl. 
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CAD Data Exchange Between NET and KfK 

As the work on NET becomes more detailed the exchange 
of the machlne design data (i.e. twocdlmenslonal 
drawlngs) between NET and KfK will become increasingly 
important. Such cooperative work would be much more 
efflcient if the drawing data could be exchanged 
directly between the two deslgn systems lnvolved. NET 
and KfK will internally use computer aided deslgn 
systems to produce these drawings for work performed 
by KfK under NET contracts of assoclation. 

Although a standard (Initial Graphlcs Exchange 
Specification, IGES) exists for such exchange, and 
both the CV-MEDUSA (used by NET) and the Appllcon 
BRAVO! (used by KfK) systems have IGES processors, the 
use of these processors is not free of bugs. This is 
particularly true for complex drawlngs such as those 
which will be required for NET. The objectlve of the 
contract is to determine the !Imitations of IGES as 
regards MEDUSA - BRAVO! drawing exchange and to 
produce a reliable method for regularly exchanging 
CAD-data, either by the production of a pre-IGES 
processor for the systems or later by modifying the 
processors provided by the CAD supplier. 

In this step the data transfer via IGES from the CAD 
system CV MEDUSA to the CAD system Applicon BRAVO! has 
been checked. Therefore a MEDUSA testmatrix has been 
created containing all relevant elements. The MEDUSA 
IGES preprocessor has been analyzed sufficlently 
except for the use of the IGES entlties 216 (linear 
dimension) and 218 (ordinate dimension) which requlre 
additional checking. The BRAVO! IGES postprocessor has 
been analyzed in so far as the processing of the IGES 
entities comprised in the testmatrix has been checked. 
These entities are the most important entities for 
data transfer between NET and KfK. 

In the next step the way back, data transfer via IGES 
from Applicon BRAVO! to CV MEDUSA, has tobe analyzed. 
Therefore a BRAVO! testmatrix, slmilar to the MEDUSA 
testmatrix has to be created considering the Interna! 
data structure of the BRAVO! system, which is very 
different from the Interna! data structure of the 
MEDUSA system. The BRAVO! IGES preprocessor and the 
MEDUSA IGES postprocessor will be analyzed and first 
considerations will start to debug and enhance the 
analyzed IGES processors. 

Staff: 
U. Gengenbach 
S. Haas 
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Appendix I: Table of Fusion Technology Contracts 

Task 
Code 
No. 

B 1 

B 2 

B 6 

B 6.3 

B 9 

B i i-i6 

B 15.3 

M 1 

M 3 

M 4 

M 8 

M 9 

M 12 

MAT 1. 6 

MAT 1. 9 

MAT 1.11 

MAT 2.2 

MAT 6/ 
MAT 13 

MAT 9.2 

MAT 18 

Tl tle 

Blanket Design Studies 

Development of Computatlonal Tools for Neutranies 

Corrpslon of Structural Materials in Flowing Pb-17Ll 

Fatlgue of Structural Steel in Pb-17Ll 

Tritium Extraction from Liquid Pb-17Li by the Use of 
Solid Getters 

Development of Ceramic Breeder Materials 

End of Life of Solid Breeding Materials in Fast 
Neutron Flux 

The Large Co!! Task (LCT) 

Development of High Field Composite Gonductors 

Superconducting Poloidal Field Coil Development 

Design and Construction of a Poloidal Field Coil 
for TORE SUPRA as NET-Prototype Coil 

Structural Materials Fatlgue Characterizatlon at 4 K 

Low Electrical Conductivlty Structures Development 

Development and Qualiflcatlon of Type 1.4914 
Base Meta! Properties 

Pre- and Post-Irradiation Fatigue Properties of 1.4914 
Martensitic Steel 

Post Irradiation Fracture Toughness of Type 1.4914 
MartHnsitic Steel 

In-Pile Creep-Fatigue Testing of Type 316 and 1.4914 Steels 

Ceramies for First Wall Protection and for rf Windows 

lnvestigation of Fatigue under Dual Beam Irradiation 

Development of Low Activation Ferritic-Martensitic Steels 

KfK Departments 

IMF Ill, INR, !RB, IT 

INR 

IMF I, IMF li 

IMF I, IMF li 

IT 

IMF I, IMF 111, INR, IRCH 

IMF I, IMF III, INR 

ITP 

ITP 

ITP 

ITP 

ITP 

IMF IV, ITP 

IMF li 

IMF II 

IMF II 

IMF I!, IMF Ill 

IMF I 

IMF II 

IMF II 



N 1 

N 2 

N 3 

N 5 
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Design Study of Plasma Facing Components 

Shield Design Studies 

Development of Procedures and Tools for Structural 
Design Evaluation 

Development of Theory and Tools for Evaluation of 
Magnetic Field Effects on Liquid Breeder Blankets 

N 6 Studies of Peppie Beds of Ceramies Compounds 

RM 1 Background Studies on Remote Maintenance 

RM 2 Mechanical Components Assembly 

RM 3 Handling Equipment for In-vessel Components 

S+E 4.1.2 Safety Aspects of the Cryosystem 

S+E 4.1.3 Safety Aspects of Superconducting Magnets 

S+E 5.2.2 Behavior of Gaseous Tritium in the System Plant/Soll 

S+E 5.4 Overall Plant Accident Scenarios for NET 

S+E 5.5 Development of Safety Guidelines for the Design of NET 

S+E 6 Licensing Activities 

S+E 7 Long Term Studies 

T 6 Industrial Development of Large Components for Plasma 
Exhaust Pumping 

T 10 A 

T 10 C 

T 10 E 

T 10 H 

Plasma Exhaust Purification by Means of Cryosorption 
on Molecular Sieves or Alternative Adsorbents 

Plasma Exhaust Gas Purification by Use of Hot Meta! Getters 

Adsorption of DT on Heated Meta! Beds other than Uranium 

Catalyst Development Exhaust Purification Process 

Development of ECRH Power Sources at 150 GHz 
(This task is part of the Fusion Physics Programme of the EC.) 

INR, !RB, IRE 

IMF 111 

IMF IV 

!RB 

INR 

IT 

IT 

IDT, IRE, IT 

IRE 

IDT, IRE, ITP 

HS 

IRE 

IRE 

PKF-PL 

AFAS, INR 

IT 

IRCH 

IRCH 

IRCH 

IRCH 

IDT, IK 
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Appendix II: Table of NET Contracts 

Theme 

Study about the NET TF Pancake Tests 

Engineering Problems of NET Blanket Testing and 
Blanket Insertion Strategy 

Evaluation of Crack Growth Delay in Multilayer 
Sheets 

Simulation of the Vacuum Performance of 
NET -DN 

CAD Data Exchange Between NET and KfK 

Contract No. 

240/86-6/FU-D/NET 

243/86-6/FU-D/NET 

253/86-11/FU-D/NET 

254/86-11/FU-D/NET 

265/87-3/FU-D/NET 

Werking 
Period 

5/86 -

7/86 -

4/87 

7/87 

11/86 - 12/87 

10/86 - 12/87 

3/87 - 9/88 
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Appendix III: KfK Departments contributing to the Fusion Project 

Kernforschungszentrum Karlsruhe GmbH 
Postfach 3640 
D-7500 Karlsruhe 1 
Federal Republic of Germany 

KfK Department 

Applied Systems Analyses 
Department 

Centrat Safety and Security 
Department 

Institute for Data Processing 
in Technology 

Institute for Nuclear Physics 

Institute for Materials 
and Solid State Research 

Institute for Neutron Physics 
and Reactor Engineering 

Institute for Reactor 
Components 

Institute for Radiochemistry 

Institute for Reactor 
Development 

Central Engineering 
Department 

Institute for Technical 
Phys ics 

KfK Institut/Abteilung 

Abteilung für Angewandte 
Systemanalyse (AFAS) 

Hauptabteilung Sicherheit (HS) 

Institut für Datenverarbeitung 
in der Technik (IDT) 

Institut für Kernphysik II (IK) 

Institut für Material- und 
Festkörperforschung (IMF) 

Institut für Neutronenphysik 
und Reaktortechnik (INR) 

Institut für Reaktorbau­
e I emente (I RB) 

Institut für Radiochemie (IRCH) 

Institut für Reaktor­
entwicklung (IRE) 

Hauptabteilung Ingenieur­
technik (IT) 

Institut für Technische 
Physik ( ITP) 

Telephone (07247) 82-1 
Telex 7 826 484 
Telefax/Telecopies (0)07247/82 5070 

Director 

Or. H. Paschen 

Prof. Dr. H. Kiefer 

Prof. Dr. H. Trauboth 

Prof. Dr. A. Citron 

I. Prof. Dr. W. Dienst 
!I. Dr. K. Anderko 

Ext. 

2500 

2660 

5700 

3502 

2887 
2902 

III. Prof. Dr. K. Kummerer 2518 
IV. Prof. Dr. D. Munz 4815 

Prof. Dr. G. Keßler 2440 

Prof. Dr. U. Müller 3450 

Prof. Dr. H.J. Ache 3200 

Prof. Dr. D. Smidt 2550 

Dr. H. Rininsland 3000 

Prof. Dr. P. Komarek 3500 
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Appendix IV: Fusion Project Management Staff (PKF-PL) 

Nuclear Fusion Project -
Project Management Group 

Project Manager 
Secretariate 

Project Administration, 
Documentation 

International Affairs 

Studies, NET Contacts 

Blanket Development, 
Test Facil ities 

Superconducting Magnets, 
Gyrotron Development 

Tritium Technology, 
Structural Materials 

Safety and Environmental 
Impact, Re~ote Handling 

Dr. J.E. Vetter 
I. Sickinger, I. Pleli 

BW. G. Kast 

Dr. F.W.A. Habermann 

Dr. J.E. Vetter 

DI. H. Sebeni ng 

N.N. (Dr. J.E. Vetter) 

Dr. H.D. Röhrig 

DI. A. Fiege 

ext. 5460 
5461/5466 

5462 

5520 

5460 

5464 

5460 

5463 

2668/5465 


