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ABSTRACT 

For the water-cooled liquid lithium INTOR/NET blanket concept, a compu
tational analysis was made of the shock wave loading and the dynamic 
response of the canister type module after sudden rupture of an inter
nal coolant tube. 

A start was made - by definition of format and contents - for the com
pilation of an "European Fusion File", as a basic tool for neutronics 
calculations on fusion reactor concepts and plasma physics experiments. 
To enable a better modelling of the JET torus in the calculations per
formed for neutron diagnostics, the code system FURNACE has been ex
tended to handle three dimensional geometries. 

Tensile specimens of V-5ZT1 alloy were exposed to liquid sodium during 
a five month period at 487°, 572° and 664° C, in parallel to a 5 dpa 
irradiation also in liquid sodium in the HFR reactor. Tensile testing 
indicated a slight increase in UTS and yield strength and a lower duc
tility for the 664° С exposure. 

The radiation damage studies on the reference heat of ss 316L for the 
European fusion programme are extended towards weldings. In a prepara
tive step, the micro-structure of laser beam weldings in 6 mm plate was 
analysed. 

Progress on the feasibility study for an ln-pile crack growth measure
ment rig is reported. 

A subsized prototype forced flow cooled niobium-tin superconductor for 
a 12 Tesla insert coil for the SULTAN testfacillty at Villigen was 
manufactured and tested. A study on upscaling towards the requirements 
of the NET toroidal field coils commenced. 

Progress towards a first irradiation experiment on tritium extraction 
from ceramic breeder material (lithium-aluminate and lithium-silicate) 
for the joint ECN/SCK/SNL project is reported. 
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1. INTRODUCTION 

The research and development work of ECN for fusion reactor technology 

is part of the Thermonuclear Fusion Programme 1982-1986 of the European 

Community [l.l]. The liaison is formalised in a FOM-ECN subcontract to 

the Euratom-FOH association contract. 

Research and technical staff allocated by ECN to fusiontechnology 

during 1984 amounts to 22 manyear. The work is organised in ten detail

ed R en D projectcontracts in the technology subprograimr.es: 

- radiation damage of construction materials (NAT) 

- blanket technology (B) 

- safety analysis (SE) 

- superconducting magnet technology (M) 

Their project codes in the European programme system are given in the 

list of contents. 

Reference 

[l.l] European Programme on Controlled Thermonuclear Fusion (1982-

1986), COM (81) 357, July 1981. 

http://subprograimr.es


- 8 -

2. SYSTEM AND SAFETY STUDIES FOR FUSION REACTORS 

(H. Klippel) 

In the framework of the safety studies for fusion reactors an analysis 

of the dynamic response of the liquid Li.-Pb-, filled blanket module of 

the INTOR/NET blanket concept to a sudden coolant tube rupture has been 

made and is discussed in 2.1. 

An analysis of the behaviour of coated first walls to plasma disrup

tions and a feasibility study of coated material by the plasma spray 

technique for fusion application has been initiated but results are not 

available yet. 

2.1. Dynamic response of INTOR/NET lithium-lead filled blanket module 

A sudden rupture of a high-pressure coolant tube inside the liquid 

LiPb filled breeder blanket module might be of serious concern. There

fore an analysis of the present liquid LiPb module design concepts has 

been initiated to study the dynamic behaviour of the structure to the 

pressure shock loading due to the tube break. Computations are being 

carried out with the finite difference computer code PISCES [2.1 ] tak

ing into account fluid-structure interaction and elasto-plastic behav

iour of the structural material. 

Introductory calculations on a simplified cylindrical vessel were al

ready reported in the previous progress report [2.2]. In this period 

computations on the non-circular INTOR/NET canister [2.3] have been 

performed. 

The INTOR/NET liquid breeder design, see fig. 2.1, consists of verti

cally arranged canisters containing low-pressure LiPb as tritium breed

er and cooled by pressurized water at 50 bar flowing through spirally 

shaped coolant tubes. The height of the modules is 120 cm, the non-

circular cross-section is 50 x 30 cm2 and the wall thickness varies 

gradually from 30 mm at the rearside to 8 mm at the front side. 

The mesh lay-out for a 2 dimensional x-y calculation representing both 

the fluid and structure of the module in Lagrangian frame is shown in 

fig. 2.2. The coolant tube break, here chosen to lie close to the thin

nest side of the wall, is represented by an axially lying pressure 
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being a conservative approach of a more realistic small spherical pres
sure source in a 3 dim. geometry. Further, for simplifaction, the pres
ence of the coolant tube structure has not been accounted for, which 
may underestimate possible shock wave damping and wall screening. The 
break opening time of the coolant tube was represented by the rise time 
of the linearly increasing pressure source up to the final pressure 
value of SO bar. The minimum rise time considered was t * 10 ys repre
senting a fast, guillotine-like, tube rupture. 

The structure is assumed to be elasto-plastic with isotropic strain 
hardening using a piece-wise linear stress-strain curve based on data 
of SS316 (at 350 °C) taken from [2.4]. In PISCES these data are sup
posed to be the equivalent values о and с according to von Mises 
[2.1, 2.5] with a yield strenght S - 120 MPa (S - 110 MPa) and an 
ultimate tensile strength of S - 492 MPa (at e - 0.40), see fig. 2.3. 
The Young modulus is E * 1.8 1011 N/m2, the Poisson ratio v - 0.3, and 
the mass density p • 7800 kg/m3. The fluid is considered to be a com
pressible acoustic medium with p - 9400 kg/m3 and sound velocity 
с - ЖГр - 1750 m/s. 

In a first assessment of the structural resistance against overloading 
the arising stresses may be compared with the design limits for faulted 
condition given by ASME-III [2.6]. 

The maximum allowable primary stress intensity P (and for the present 
m 

case of vessel walls loaded by internal pressure this parameter P 
m 

comprises merely the membrane stress, see [2.7]) then is: 
- in elastic analysis P < maximum of 2.4 S and 0.7 S * 264 MPa 

m m u_ „ 
S -S 

- in in-elastic analysis P < maximum of 0.7 S and S + • u„ У - 311 MPa. 
m u у 3 

In this stage of the study only the short term response has been 
looked at not accounting for effects as chemical interaction of LiPb 
and water, cyclic fatigue, and crack behaviour. 
A mode-frequency analysis with the code ANSYS [2.8] and the quasi-stat
ic pressurization of the module by internal pressure of 50 bar have 
been calculated first. The first natural frequency of the empty module 
is 244 Hz (T - 5 ms) and that of the filled module 96 Hz (T - 10 me). 
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Deformations, structural stress and plastic strain in the quasi-static 

pressurized condition are depicted in the contour plots fig. 2.4. 

Maximum static membrane stress is 130 MPa (at location A), maximum 

equivalent stress is 240 MPa (at location C), and maximum plastic 

strain is 4.5Z (also at location C). 

The short term dynamic response of the liquid LiPb filled module to a 

pressure step source of 50 bar (t = 1 0 us) at location E is shown in 

figs. 2.5 and 2.6. 

Fig. 2.5 shows the pressure load history on the innerside of the wall 

at several locations and fig. 6 shows the corresponding maximum equiva

lent stress in the wall structure. 

Although the pressure load on the wall may locally be higher than the 

coolant pressure, the integrated loading is relatively damped by the 

structureel flexibility and the rise time of this pressure load now is 

comparable with the period of free vibration. The response of the 

structure does not exceed the quasi-satic values during this short term 

period and the coupled fluid-structure system behaves very relaxed to 

the tube break. This is also illustrated by fig. 2.7 where the deflec

tion of the wall of the filled system is compared with that of an empty 

module subjected to a sudden applied internal uniform pressure load of 

50 bar. Even in the latter case the dynamic membrane stress in the 

structure does not exceed the quasi-static stress values by more than 

10Z as is shown in fig. 2«8« The maximum arising membrane stress is 

well within the limits given before. 

The present results indicate (but this has not been confirmed yet and 

additional calculations are still needed) that, due to the flexibility 

of the structure and the slow pressure loading on the wall of the cou

pled fluid-structure system, the dynamic stresses and strainee are 

close to those of quasi-static equilibrium pressurization. Consequently 

it may be considered to perform further detailed evaluation on the 

basis of quasi-static conditions. 
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Fig. 2.b. (horizontal cross-section) 

Fig 2 i INTOR/NET breeding blanket configuration 
(vertical cross-section) 

30 mm 

Fig.12. mesh layout PISCES (Lagrangian x-y frame) 
for INTOR/NET canister with line pressure source. 
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в mm 

Fig. 1.2. Mesh layout PISCES (Lagrangian x-y frame) INTOR/NET canister with 
line pressure source. 
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Fig. 2.3. Stress-strain curve SS316 (350 С) 
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Fig. 2.4.b. Strain contours of quasi-static pressurized INTOR canister 
(p » 50 bar). 
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Fig. 2.5. Pressure on innerside of wallstructure to a step source of 
50 bar *n centre of liquid LiPb filled module 
(elasto-plastic wall). 
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Fig. 2.6. Maxirautn von Mises stress in structure to step source of 
SO bar in centre of liquid LiPb filled module 
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2.7. Deflection of wallstructure of INTOR/MET canister for uniform 
applied internal pressure source of 50 bar with different 
risetimes (elasto-plastic shell calculation). 
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3. NUCLEAR DATA FOR FUSION RE>CTORS 
(H. Gruppelaar) 

During the first half yar of 1984 Important progress has been oade In 
the definition of the format and contents of a first version of the 
"European Fusion File" (EFF). This file is one of the tools that is 
developed for neutronics calculations of fusion reactors, in the frame
work of the B2 task force of the European Community. It contains nucle-
?.r data of important fusion materials with emphasis on the double-dif
ferential neutron-emission cross sections. A first version (EFF-O) of 
the file has been assembled at ECN (see section З.1.): plans for fur
ther improvements (EFF-1, EFF-2) are given in sections 3.2. and 3.3. 

The development of models and codes for evaluation purposes is con
sidered in sections 3.4. and 3.5. The precompound model code PRANG is 
extended with further options, of which the introduction of gamma-ray 
emission and gamma-ray competition is described in some detail. Part of 
the last-mentioned work belongs to a research contract between the 
International Atomic Energy Agency and the Netherlands Energy Research 
Foundation ECN. 

3.1. Definition of a starter file EFF-0 (H. Gruppelaar, D. Nierop) 

A preliminary file with materials of interest for fusion-reactor tech
nology has been selected from the Joint Evaluated File (JEF), that is 
primarily directed towards application in fission-reactor calculations. 
This file serves as a "starter-file" for further improvements with 
emphasis on applications in fusion-reactor neutronics calculations. The 
following materials have been included: 

H, T, Li-6, Li-7, Be-9, Be-10, Be-11, C, 0, Al, Si, Ti, V, Cr, Mn, Fe, 
Ni, Cu, Zr, Nb, Mo, Ba, W, Pb, Bi. 

This file already contains new evaluations as compared to the currently 
used nuclear-data files for eleven materials. The format is that of 
ENDF/B-V. The EFF-0 file has been assembled at ECN, Petten. It is docu
mented in EFF-Doc-5, that is part of a new report series, available for 
laboratories within the European Community [3.1-3.5]. 
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3.2. Format and contents of EFF-1 (H. Gruppelaar) 

For several materials important revisions are underway, to be included 
in the EFF-1 library that will be issued next year. These revisions are 
made at vatious laboratories inside the European Community, on Li-7, 
3e, Al, Si and Pb. In particular the neutron-emission cross sections 
ere being revised and updated with new experimental information. Pro-
gv^ss ол the ECN revision of the lead evaluation has been reported 
previously [3.6]. During the past period the format of the EFF-1 file 
has been established. It is essentially the same as that of EFF-0 
(ENDF-V), with the addition of the "continuum particle emission" cross 
section of which the angle-energy correlated distributions are given in 
the new ENDF-VI format. The exact definition of the format is given in 
EFF-Doc-4 [3.4]. 

Considerable attention has been given to the possibility of processing 
the EFF-1 file into multi-group constants and particle-transfer matri
ces. Work has been initiated to update the existing ECN processing code 
for continuum-particle emission GROUPXS: 

(a) adoption of the latest ENDF-VI format specifications for angle-
energy distributions (MF6); 

(b) inclusion of an option to convert the data from the center-of-mass 
system to the laboratory system; 

(c) inclusion of an option to convert the Legendre-polynomial represen
tation into pointwise-given angular data. 

The work for option (a) has been completed. Options (b) and (c) may be 
used to translate the angle-energy distributions into different repre
sentations of the MF-6 format of ENDF-VI, for application in Monte-
Carlo codes or processing codes that work with angular bins rather than 
with Legendre polynomial coefficients. 

The CROUPXS code has to be used together with a conventional processing 
code like NJOY. The conventional processing code is asked to cospute 
all group constants and particle transfer matrices except those related 
to the emission of particles from the continuum. The last-mentioned 
quantities are processed by GROUPXS. Finally, the output of the two 
codes has to be combined by a simple addition routine. This procedure 
was checked in the integral-data test reported in [3.6]. 
The file management of the EFF-1 file including updating, retrieval and 
distribution Is performed at ECN, Petten. 
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3.3. Plans for EFF-2 (H. Gruppelaar) 

The first planning of EFF-2 has been made. The format of EFF-2 will be 

that of ENDF/B-V1, although some restrictions are prescribed in order 

to keep the processing codes simple but still adequate for the purpose 

of fusion-neutronics calculations [3.5]. Revisions or complete net? 

evaluations will be performed for the major structural materials. This 

work is a joint effort of various European laboratories, working in the 

framework of the Blanket Technology Programme of the European Commu

nity. 

3.4. Intercomparison of precompound models (H. Gruppelaar) 

The most important objective of the European Fusion File (EFF) is a 

realistic description of the energy- and angular distribution of emit

ted particles (in particular neutrons) at incident energies upto about 

E = 6 to 20 MeV. The existing experimental information on these data is 

scarce, except perhaps at E • 14 to 15 MeV. Therefore, a careful evalu

ation is needed with the help of nuclear-model codes. Since the models 

and codes used to calculate angle and energy distributions of particles 

emitted from the continuum are relatively new, a critical intercompari

son of these evaluation aids is of utmost importance. For this reason 

we have devoted quite some effort to the interpretation of the results 

of the "International Nuclear Model Code Comparison on Pre-Equilibrium 

Effects", organised by the NEA Data Bank at Gif-sur-Yvette, France. 

During the first half year of 1984 a second draft of the results was 

edited in cooperation with Dr. P. Nagel (NEA Data Bank) and Prof.dr. 

P.E. Hodgson (Oxford University). The preliminary results show that 

some of the present models are useful tools for evaluation although the 

guidance of experimental data is still needed, in particular to evalu

ate the high-energy end of the emission spectra. More detailed conclu

sions will be published elsewhere [3.7, 3.8]. 

Our own contribution consisted of calculations with the codes PERINNI 

and PRANG. We have found that the results of these calculations are 

close to the average values of the results from other codes and in good 

agreement with the available experimental data. Some further develop-
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ment of the PRANG code might be necessary, in particular with respet 
to the introduction of: (pre-equilibrium) gamma-ray emission, pre-equi
librium emission to discrete states, multi-step compound angular dis
tributions and other refinements. These improvements are being inserted 
at present. Some results of the introduction of gamma-ray emission are 
given below. 

3.5. Analysis of gamma-ray emission in precompound-decay reactions* 
(J.M. Akkermans and H. Gruppelaar) 

The statistical theory of precompound decay or pre-equilibrium reac
tions gives by now a rather complete picture of nuclear reactions in
duced by light particles at energies up r.o some tens of HeV. With re
spect to pre-equilibrium gamma-ray production, however, only a few 
theoretical papers have been published [3.9, 3.10] and few analysis of 
experimental data have been performed with these models [3.11-3.13]. 
Apart from its intrinsic interest, the analysis of continuum gamma-ray 
emission in precompound reactions is quite relevant for applied fusion-
research purposes. In particular a satisfactory description is needed 
here of the competition between the (n,2n) and (n,n'gamma) reactions 
and of the total gamma-ray production cross section. It has been shown 
[3.14] that in the region of practical interest (10-50 MeV) both equi
librium and pre-equilibrium effects are important in such multiple-
emission reactions. A theoretical model of gamma-ray emission should 
therefore, also from a practical point of view, be consistent with both 
pre-equilibrium and equilibrium models of nucleon emission. In a forth
coming paper we have provided some arguments for considering the men
tioned previous approaches to be lacking in this respect, and an alter
nate model has been proposed. 

The final expressions used are as follows: 

do/de (a,Y) - о Z W (n,e) x(n). (1) 
a n Y 

* Part of this work belongs to research contract 3803/RB between the 
International Atomic Energy Agency (Vienna) and the Netherlands Ener
gy Research Foundation ECN. 
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Here, W (n,e) is the emission rate for a photon %.ith energy e from a 
nucleus in the excition state n and о is the composite formation cross 
section, a being the projectile. The quantity т(п) denotes the mean 
exclton-state lifetime, which is obtained from the master equation of 
the exciton model according to [3.15]. 
In our new model the pre-equilibrium gamma-ray emission rates become 

, ч с2 , °T,abs(e) 8^y 2 (E-O °"n (E-O 
V n ' £ ) - - X T T * :<E> [(n-2) + g e + n + geJ' (2) 

til с n 

where о . is the photo-absorption cross section (Lorentzian shape), 
u is the level-density of exciton state n and g is the single-particle n 
level density. 
We remark that the expression (8) is very similar to one obtained by 
Betèk and Dobes [ЗЛО], except for the Introduction of a different nor
malization condition in order to ensure consistency with standard equi
librium models [3.16] when applied in energy regions where precompound 
effects can be neglected. 
Some examples of calculations are given in figures 3.1 and 3.2, that 
show the 93Nb(n,yx) cross section as a function of Incident energy and 
the primary gamma-ray spectrum at 14.1 MeV, respectively. This cross 
section consists of (n,y) and (n,yn) contributions; the (n,~r) contribu
tion is indicated at the bottom of fig. 3.1. In contrast to the usual 
equilibrium theory (dashed curves) the present model (full curves) 
clearly shows the enhanced emission due to the giant-dlpole resonance 
for El electromagnetic radiation. The present model is in quite good 
agreement with the available experimental data [3.9]. Also shown are 
our calculations with the model of Betèk and Dobes* [3.10]. The last-

mentioned results (dashed-dotted curves) do not agree with the equilib

rium calculation (dashed curve) that holds at low Incident energy. 

Further tests of the model as coded in our PRANG code library are in 

progress. The PRANG equilibrium results are in excellent agreement with 

calculations using the conventional statistical-model code ER1NNI. 
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FIGURE CAPTIONS 

Fig. 3.1. Cross sections as a function of Incident energy for the 
reactions 93Nb (n, -yx) and 93Nb (n,y) calculated by the 
model code PRANG. The full curve represents calculations 
based upon Eq. (1) and (2). The dashed curve is a simulation 
of the usual statistical equilibrium model. The dashed-
dotted curve represents a calculation with the model of 
[ЗЛО]. The data point is quoted in [3.9]. 

Fig. 3.2. The primary gamma-ray emission spectrum of the reaction 
93Nb (n,yx) at an incident energy of 14.1 MeV. Th* meaning 
of the symbols is the same as in fig. 3.1. The experimental 
data points give the total gamma-ray production spectrum 
[3.9]. 
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4. NEUTRONIC CALCULATIONS FOR FUSION REACTORS 

(K.A. Verschuur) 

A new version of the FURNACE program system was developed that performs 

transport calculations In a torus sector in three dimensions. Due to 

the late Issue of the last semi-annual report these program develop

ments were already mentioned there. The actual work however was under

taken this year. 

The extension of the geometry options of FURNACE was required for a 

better modelling of the JET torus. 

The neutron flux spectra In the vessel wall of JET calculated with 

FURNACE have been compared with spectra calculated by A. Avery 

(Winfrith) with the Monte Carlo code McBEND. This comparison revealed 

important differences in the scattered neutron fluxes calculated. These 

are assumed to be due to differences in the material compositions used. 

After these differences have been resolved some of the former calcula

tions performed for the foil activation system will be repeated with a 

better torus model than was possible before. 

The work performed for JET is now supported by an Art. 14 JET contract 

for the period 1 Jan. to 31 Dec. 1984. 

Further a NET contract has been obtained for the period of 1 Aug 1984 

to 31 Sept 1985 for performance of neutronic calculations for the NET 

blankets in toroidal geometry. 

As in the last six months most of the time was spent on program devel

opments, no results can be shown here. 

Calculations are being performed now however for JET and NET that hope

fully can be shown in the next semi-annual report. 
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5. RADIATION DAMAGE OF VANADIUM ALLOYS (W. van Witzenburg) 

5.1. Tensile tests of V-5XT1 reference specimens 

The tensile properties of the irradiated V-5ZT1 specimens (still to be 

determined) may have been affected, not only by the irradiation itself, 

but also by the sodium in which the specimens were irradiated. In order 

to determine this latter effect separately, a number of identical spec

imens were annealed in sodium during a five months period at 487, 572 

and 664° C, equal to the temperatures and period of irradiation. Re

sults of tensile tests at these temperatures completed so far, are 

indicated in Figs 5.1, 5.2 and 5.3. The strain rate ê has, as these 

figures indicate, hardly any or no influence on strength and ductility. 

Only the UTS at 664° С decreases somewhat with decreasing strain rate. 
Helium effects in the irradiated specimens, if there are any, are ex
pected to be more pronounced at lower strain rates. 

Specimens which had not been annealed are being tensile tested at pres
ent. The results obtained so far are also shown in figs. 5.1, 5.2 and 
5.3. As can be seen from these figures the strength and ductility are 
about similar to those measured for the annealed specimens, again with 
the exception of the 664 °C data. The UTS, and t a lesser extent also 
the yield strength, of the unannealed alloy at this temperature are 
higher and the ductility lower than for the annealed material. In gen
eral, though, the exposure of V-5%fi in sodium does not appear to have 
much influence on the tensile properties. 

5.2. Fatigue crack growth experiments using this specimens 

Some preliminary results for 1 mm thick specimens of austenitic steel 
316 are indicated in Fig. 5.4. The reason for using 316 is that there 
are many literature data for this material obtained with full size 
specimens. Aim of our measurements was to check whether the geometry of 
the specimens chosen for the second phase of the project is acceptable. 
Over a considerable part of the ДК-range this appears to be the case. 
The slower crack growth compared to the bulk data for ДК-values above 
~ 40 MN.m-3/2, as observed also by Rickerby and Fenicl for thin spec! 
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mens of 316 [5.1 ], is most likely the result of the limited thickness 

of the specimens. This could lead to a gradual transition from a plane 

strain to a plane stress distribution near the crack tip with increas

ing crack length. 

5.3. Irradiation capsule for fatigue crack growth specimens 

Design and construction of the capsule for irradiation of the fatigue 

crack growth specimens have been commissioned to the HFR-Division of 

the JRC-Petten. Radiation of the specimens will agein take place in a 

liquid sodium environment iFig. 5.5). The irradiation is scheduled to 

start September 1985. 

Reference 

[5.1] D.G. Rickerby and P. Fenici, 

JRC Technical Note no. 1.07.07.83.02 (1983). 
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6» RADIATION DAMAGE OF STAINLESS STEEL 316 (MAT-1) 
(B. van der Schaaf) 

6.1. Mechanical testing of the European Reference Heat 

The mechanical testing of the European Reference Heat 316L in as-re
ceived condition has been finished. The results will be reported on the 
13th SOFT Symposium in Varese. The additional information obtained in 
this period is in line with the work reported earlier in [6.1 ] and 
[6.2]. 
In the meantime creep testing of material heat-treated parallel to the 
5 dpa irradiation has started. Rupture times are aimed at 10,000 hrs or 
more, the test temperatures are 750 К (the peak temperature of the NET 
first wall), 800 К and 850 К (blanket temperatures). Ruptures are ex
pected in the summer of 1985. In the second half of this year the low 
cycle fatigue tests of parallel heat-treated -vaterial will start. Than 
also the creep tests of irradiated 316L will start. 

6.2. Sub-standard specimens 

During the "Workshop on the Use of Nonstandard Miniaturized Specimens 
for Different Mechanical Tests", on 14-15 February in Karlsruhe, the 
ECN-designs of steel tensile, creep, fatigue and crack growth specimens 
were presented [6.2]. In the workshop a Round-Robin of substandard 
specimens from JRC-Ispra, KfK-Karlsruhe, SCK-Mol and ECN had been set 
up. Next year the results will be evaluated. 

In Williamsburg, after the 12th Symposium on Radiation Effects, ar
rangements have been made, in the ASTM E-10 subcommittee on small spec
imens, that the related work in Japan, USA and EEC will be exchanged on 
a semi-regular basis. It was decided that it is too early for standard
ization, the next year will be an era of recommended practices in style 
of the standard for normally sized specimens. 

The stress-strain analyses of subsize ECN-specimens have been performed 
[6.3]. There have not been found peak stresses in unsuitable locations 
and bending, when stressed normally, is impossible. Therefore, a test 
batch of specimens has been ordered in order to check on machining 
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possibilities, tolerances and economy. Some of the specimens are shown 

in 'tig. 6.1 and 6.2, where the size can be compared with the every day 

items a match and a Dutch guilder. 

6.3. High energy density weldments 

It has been demonstrated [6.4] that coarse grained heat-affected zones 

reduce the post-irradiation strength and ductility of austenitic 

strainless steel. In order to reduce the extent of the heat-affected 

zone welding processes with a high energy density are required. The 

presently wide applied GTAW (Gas Tungsten Arc Weld) forms a consider

able heat-affected zone, since its energy density is too low. PAW 

(Plasma Arc Welding) has a higher energy density, but it produces grain 

growth near the fusion zone [6.5]. 

Only LBW (Laser Beam Welding) and EBW (Electron Beam Welding) have such 

a high energy density that in austenitic stainless steel grain growth 

is absent. These welding processes are thus highly attractive for first 

wall and blanket structures of NET. 

In this period the LBW process was studied by joining of 6 mm plate of 

Type 316 austenitic steel. A 5 kW C0« laser producef the weldment with

out a visible heat-affected zone, Fig. 6.3. The quality of the weld is 

not optimal. The nail head shape of the seam proofs this. Further, many 

cavities have been observed on X-ray photographies of the weldment. 

In Table 1 the room temperature tensile properties of the LBW joint and 

the plate can be compared. The strength and ductility of the weld is 

affected by the cavities. In Fig. 6.4 such a cavity observed on a ten

sile fracture is shown. The formation of cavities might be explained by 

the gas streams used in laser welding. It is suspected that some of the 

gas is forming the bubbles. Next half year the EBW process will be 

studied. Afterwards it will be decided to choose the type of weld for 

Incorporation in the 10 dpa HFR irradiation of subsize specimens. 



- 36 -

References 

[6.l] Elen, J.D. (сотр.); 
Fusion Technology Programme, Semi Annual Report; 
January-June 1983, ECH-143, November 1983. 

[6.2] Elen, J.D. (сотр.); 
Fusion Technology Programme, Seal Annual Report; 
July-December 1983, ECN-157, July 1984. 

[6.3] Wilde, M. de, 
Mechanische Analyse van een Veraoeiingsstaaf en 
Trek/Kruipstaaf; 
ET-Memo 1.623.U-GR2 (OD 84-41), Juni 1984. 

[6.4] Schaaf, В. van der; 
"Low-Dose Irradiation Effects on Creep Properties of Type 304 
Stainless Steel Weld Metal, Heat-Affected Zones, and Welded 
Joints", Effects of Radiation on Materials: Twelfth 
International Symposium, ASTM STP 870, Amercian Society for 
Testing and Materials, Philadelphia, 1985. 

[6.5] Metals Handbook, Vol. 6, Welding, Brazing and Soldering, ASM, 
August 1983, pp 647-671. 



- 37 -

Table 6.1 Tensile properties of a LBU joint of Type 316 steel at room 
temperature. 

Property 

0.2Z Yield Stress [мРа] 

Ultimate Tensile Strength [MPa] 
Uniform Elongation [z] 
Total Elongation [Z] 
Reduction of area 

Laser Weld 

233 
600 
39 
40 
31 

Plate 

258 
656 
74 
81 
65 



-38-

Fig. 6.1. Substandard tensile/creep specimens and low cycle fatigue specimen. 
Total length 45 mm. 

Fig. 6.2. Substandard CT-cylinder (nick-name рас-man) and a main part for a 
compound CT-specimen. 
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7. FACILITY FOR IN-PILF. CRACK GROWTH MEASUREMENT 
(D. de Zaaijer) 

7.1. Test sample 

To facilitate soldering of minitubes by high frequency, the sample has 
been provided with two bridges, see figure 7.1. 
The temperature of the material in the crack area may not be higher 
than 773 К during the soldering process. 
By using the described configuration and cool blocks the temperature 
win be kept lower than 473 К in practice. 
Each bridge will be provided with 17 small holes with a pitch of 1.2 
mm. A high precision fabrication method for the small holes has been 
tested successfully. An alternative method is being studied. 

7.2. Dynamic tests 

Five samples have been tested under dynamic condition in air at the 
Materials Department, the results and conclusions are given in [7.1 ]. 
The conclusions from this report can be summarized as follows: 

1. Reliable crack growth data can be obtained by the samples with the 
dimensions agreed upon. 

2. For irradiation during one reactor cycle a frequency of 3.10-2 Hz 
has been recommended, while for a long irradiation of 16 reactor 
cycles the frequency has to be lowered to 3.10~3 Hz. 
The possibility exists however that in both cases a deviation in 
irradiation time will occur due to various influences. 

3. The relevant test parameters P - 4 KN and R • 0.05 will give, 
d m a x 

with a precrack of 1mm, -кг values > 10"8 m/cycle, thus satisfying 
the ASTME-647 requirement. 

4. The total amount of cycles for the short irradiation has been esti
mated to be between 30,000 and 300,000 cycles for a crack front 
length of 9 mm. 

From the report two interesting curves are shown in figure 7.2 and 
7.3. 
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7.3. Test conditions 

The previous given test conditions have been changed by the results 
obtained by the dynamic tests with exception of the temperature. 
Mechanical cycling : load range 0,1 - 5,0 KN 

frequency range 1.10"3 - 0,1 Hz. 

7.4. Crack growth measuring 

Additional to the previous described measuring methods such as the 
compliance- and pneumatic method, two alternatives will be introduced, 
namely the sodium detection- and noise analyses method [7.2]. 
The sodium detection method will use small holes at each side of the 
sample perpendicular to the crack area. The holes are provided with 
thermocouples without hot junctions. At the moment that the crack 
reaches a hole, sodium will wet the wires giving a signal. 
Advantage of this method above the pneumatic one is the absence of a 
number of pressure transducers. 
Noise analysis will be executed with the signals from two thermocouples 
in the sample, one positioned at the end of the crack and the other one 
in the crack opening. 
Two fully instrumented samples will be tested under dynamic conditions 
in a sodium environment at the defined temperatures of 523 and 723 К. А 
special double containment with heaters has been designed for the exe
cution of these tests. 
Manufacturing of the double containment will start in the seconf half 
of August. 

7.5. Irradiation facility 

The following technical characteristics are foreseen: 

Sample environment : liquid sodium 
Heat generation : nuclear heating 
Heat removal : radial, through gas annalus to primary cooling 

water HFR 
Construction material : S.S. 
Safety features : double containment around the sodium 
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Instrumentation : - sodium temperature and level, 1 st. and 2 d 
containment pressure 

- crack growth measurement 
Mechanical cycling : hyu«raulic- mechanical system, dual system with 

water-filled device conversion between oil-
filled drive unit and sample pull rol 

The design of the bottom part of the irradiation facility has been 
completed. 
A quotation for the hydraulic system (Hydrospex) has been received. 

References 
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8. NIOBIUM TIN MAGNET FOR SULTAN - STAGE II 

(J.A. Roeterdink) 

Within the framework of the SULTAN co-operation (SIN, ENEA and ECN) an 

extension of the SULTAN facility at Villigen (CH) from 8 Tesla up to 12 

Tesla is planned. A proposal for this upgrade has been submitted to the 

European Commission and has been granted preferential support [8.1 ]. 

The main task in the first phase of the project is to develop a compo

site conductor following a number of advanced design principles: 

- application of the "react and wind" technique 

- internal forced flow cooling with supercritical helium 

- high operating current (5280 Amps). 

As reported in [8.2] ECN started the production of a short length of 

subsize conductor in order to have available at short notice a repre

sentative test conductor, which could be tested under relevant condi

tions at a current level less than 10 kAmps. The production of this 

SULTAN test conductor, suitable for forced flow helium cooling, was 

completed in this period. 

Characteristic data of the conductor are given in table 8.1. 

The pre-reacted cable was solder impregnated after reaction heat treat

ment, copper stabilizer material was soldered to the cable and a stain

less steel sheath was welded around the cable/copper composite. Eleven 

meters of this test conductor were wound on a test drum, bending the 

conductor over a radius of 0.325 m. 

The test conductor has been operated at current levels up to 10 kAmps 

at 7.5 T. More detailed information on the test is given elsewhere in 

this report (chapter 9). 

As this test made clear, that current degradation due to handling and 

bending (bend strain nearly 0.3%) will be limited for such a composite 

conductor, next phase of the project is attained. The phase in which 

the main objective is the realisation of about 800 m of the full size 

conductor. First steps were made already to build up the necessary 

equipment for the production of the full length of conductor. 

The Dutch LDM-company is prepared to produce 32 lengths of 780 m of the 

ECN-type strand material. 

Test billets show that the LDM-product is able to meet the requirements 
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set for current density; the projected overall current density is 
445 A/mm2 at 12.2 T and 4.2 К for strand material with 60Z stabilisa
tion copper. All the other production steps necessary for assembly of 
the composite conductor will carried out at ECN laboratories. Cabling 
of the strands will be performed on a modified braiding machine. The 
Rutherford cable will be reinforced either by a central copper strip or 
by brazing before reaction heat-treatment. 
The heat treatment will be performed in a special oven in which the 
cable will have its own argon atmosphere; the cable is wound in single 
pancake geometry and placed in a flat box. The pancake geometry eases 
handling after heat treatment. The smallest diameter of the pancake is 
1250 mm, whereas the largest is 2250 mm. 

A procedure is worked out to joint the stainless steel sheath of the 
conductor and the copper stabilizer material by high temperature braz
ing. The first results of brazing in a belt conveyer furnace are en
couraging. 
In May a YAG laser welding machine has been delivered to the main-work
shop of ECN. It is intended to use this machine for welding of the 
stainless steel conductor sheath. 

A preliminary coil design has been made now, based on winding of 1 sin
gle length of conductor. Proposals have been exchanged between SIN and 
ECN for the high field current connections between the 3 different A-15 
coils. 
It is expected that the final solution for this critical item will be a 
clamping construction of copper bars in which the conductors are in
serted and fixed by soldering. 

Quench calculations learned that it will be necessary to discharge the 
A-15 coils considerably faster than the existing 8T-system due to the 
fact that the copper current density is nearly twice as high for the 
12 T system. As the 12 T-system will be placed electrically in series 
with the 6T-system, an additional current circuit has to be created 
during quench in order to meet the requirements for decay. 
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Table 8.1 Characteristic data of subsize SULTAN test conductor 

Superconductor material 
Process 
Conductor lay-out 
Cooling 
Conductor dimensions 
Cable dimensions 
Number of strands 
Number of filaments per strand 
Material cross-sections: 

Nb Sn 
ECN powder process 
1st stage Rutherford cable 
forced flow supercritical helium 
15.95 x 5.2 mm2 

8.65 x 1.85 mm2 

17 

18 

superconductor (including powder and 
stainless steel 
copper 
solder 
helium 
Equivalent diameter coolant channels 
Thickness stainless steel sheath 
Reaction heat treatment 

Nb) 5.2 ma2 

29.8 mm2 

33.5 mm2 

2.6 mm2 

9.5 ma2 

1.93 mm 
0.8 mm 
96 h, 700е С 

ч 

SS 

-Ь 
MF 

Cu 
Nb3Sn. 

ЗШтжШ шштж 14 
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9. DEVELOPMENT NET CONDUCTOR 

(W. Franken and J. Plaua) 

As indicated by the system studies for NET TF-coils the conductor de

velopment has to be directed to conductors, operating at 10-12 Tesla 

with transport currents up to 25 kAaps. In composite conductors, here-

fore, all basic functions should be joined, such as cabled A-15 conduc

tors for current transport, substrate copper for stabilisation and 

safety, stainless steel reinforcement and internal cooling channels. 

The development of appropriate fabrication techniques for conductor 

productions is presently the main task within this project. For this 

purpose a subslzed conductor model has been made. A sample holder has 

been assembled with this testconductor and has been Installed in the 

SULTAN facility at SIN, together with appropriate instrumentation and 

control devices. A first testperiod has been closed on mid 1984. 

9.1. Description of the test conductor 

The test conductor has been composed of a prereacted Rutherford cable, 

soft soldered between copper stabilisation strips. This assembly is 

enclosed in a stainless steel casing, which gives the conductor the 

required mechanical strength. The casing and the copper strips form 

cooling channels on both sides of the Rutherford cable. The lay-out of 

the test conductor is given in fig. 9.1. 

The Rutherford cable was made of wires, produced according to the pow

der process, that has been developed by ECN and Dutch industries. The 

presently reported tests have been performed with 18 filament material. 

Its rather large filament diameter of 147 urn had of course a draw back 

of intrinsic stability problems (flux jumping), especially in the low 

field region (7T) where the reported tests had to be executed. Never

theless this material has been applied as the expected critical current 

of the projected Rutherford cable should fit within present capability 

for testing in SULTAN. 

The main characteristics of the conductor has been given in table 9.1. 
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9.2. Experimental set up 

The 8m long test conductor has been coiled on a stainless steel cylin
der with a diameter of 0.64m, a thickness of 8 mm and a length of 1.7 
m. As shown in fig. 9.2 the four windings of this non-bifilair test 
coil were fixed to the cylinder by insulated clamps. The winding diame
ter of 0.65 m is close to the minimum winding diameter for the project
ed SULTAN insert coil; a maximum bending strain of 0.28Z was introduced 
in the Rutherford cable by the winding process. A winding pitch of 0.4 
m has been chosen, so that at least the central winding with a length 
of about 2 m was situated within the nearly constant maximum field 
region of SULTAN and furthermore the electrical connections from sample 
to current leads could be fitted outside the SULTAN coils. For the 
construction of the electrical connections the stainless steel casing 
was stripped from the conductor. Copper cable shoes were soldered to 
the conductor substrate and clamped to large copper blocks inside the 
probe holder. Special care has been paid to the design and assembly of 
these joints in line of the winding curvature to avoid excessive defor
mation of the prereacted cable. 
A scheme of the experimental set up is shown in figure 3. 

Sample cooling was achieved by supercritical helium directly through 
the conductor cooling channels (fig. 9.1). This flow, delivered by the 
main refrigerator of SULTAN and adjustable to a maximum of about 8 
gr/sec. was pre-conditioned to about 4.5 К in a heat exchanger. An 
electrical heater in the sample inlet circuit allowed for adjusting 
inlet temperatures to values between 4.5 and 8 K. 

A separate supercritical flow of 2 gr/sec., 4.5 К was applied for cool
ing of the NbTi-current leads and for trace cooling of the stainless 
steel cylinder. 

Voltage taps were cold-welded to the stainless steel conductor casing, 
distributed along the full sample length, to measure critical currents 
and to investigate normal zone propagation with high gain DC-ampli
fiers. These amplifiers and the appropriate electronics to measure flow 
parameter (mass-flow, pressure, inlet- and outlet-temperatures) were 
connected to the SULTAN Data Acquisition System for registration and 
further evaluation of the signals. 
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9.3. Test results on quench currents 

The first testruns were made by ramping up the sample current stepwise 
until full quench of the sample was detected. The current direction was 
chosen such that Lorentz forces compressed the conductor onto the cyl
inder. The inlet- and outlet-temperatures of the supercritical helium 
flow through the test conductor were measured as soon as thermal equi
librium was achieved after each current ramp. The available equipment 
at these testruns did not allow for sufficiently accurate voltage mea
surement to derive reliable resistivity criteria. From flow temperature 
analysis it could be established that the quench currents were compat
ible to the 10~12 to criterion. Results are given in table 9.2. 

The quench currents for 4.6 К inlet temperature turned out to be close 
to or even exceeding to 10 kAmps limit of the current supply. This 
excluded further testing at more reduced field levels. The data, given 
in table 9.2, show the impact of an increased mass flow (run 1, 2, 3) 
and an increased temperature level (run 4, 5). 

These first test results showed that large Nb.Sn conductors can be 
made by processing a prereacted cable. Fabrication processes did not 
lead to unacceptable degradation of the cable. The test results will be 
analysed into more detail in the next period. 
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Table 9.1 Main characteristics of the test conductor 

Strands 

Material Multifilament Nb Sn 

Strand diameter (mm) 1.0 

No. of filaments 18 

Filament diameter (um) 147 

Filament twist pitch (mm) 50 

Copper fraction 60% 

I (4.2 K, 7.5 Tesla) (Amps at 10~12 fta) 720 

Rutherford cable 

Dimensions (mm) 8.65 x 1.85 

No. of strands 17 

Cable pitch (mm) 72 

Composite conductor 

Outside dimensions (mm) 15.95 x 5.2 

Cross sections: substrate (mm2) 25.5 

stainless steel (mm2) 29.8 

cooling channel (mm2) 9.5 
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Table 9.2 : Summary of test results: Bext "6.9 Tesla 

testrun 

1 

2 

3 

4 

5 

massflow 

(gr/sec) 

4.7 

6.3 

8.7 

4.3 

4.3 

• 

cooling temperature (K) 

inlet 

4.62 

4.67 

4.56 

5.90 

7.30 

outlet 

(at start) 

4.66 

4.67 

4.56 

5.49 

6.52 

outlet 

(at quench) 

5.16 

5.09 

4.69 

5.83 

6.73 

Quench 

current 

(kAmps) 

9.5 

±10 

>10 

8.7 

7.0 
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s t a i n l e s s s t e e l casing 

Си-substrate 
Nb^Sn. Rutherford cable 

I cooling channel 

Fig . 9 . 1 . Lay out of the t e s t conductor. 

ê 

Fig. 9.2. Sample holder for SULTAN. 
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10. PROGRESS REPORT ON CERAMIC BREEDER MATERIALS 
(H. Kwast) 

Within the European Fusion Reactor Blanket Technology Programme, cover
ing the tasks Bll-16, the UKAEA Springfields Nuclear Power Development 
Laboratories (SNL), SCK/CEN-Mol and ECN-Petten started a project which 
aims to manufacture, to characterize and to determine the material 
properties of ceramic lithium compounds and to investigate their per
formance as tritium breeding material, in particular with respect to 
the release of tritium, in the NET/INTOR blanket. 

It was agreed that the materials should be fabricated and characterized 
by: 

SCK : Li„SiO„ and 2 3 
SNL : Lio0, Li.ZrO-, Li.ZrO,, Li TiO, and ternary ceramics containing 2 2 3 8 o Z 3 

the multiplier and to a lesser extent also L1A10. and Li S10-. 

The irradiation of these materials will be carried out by ECN in co
operation with JRC-Petten in the HFR. The post-irradiation examinations 
and measurements will be a combined effort. 

In the current programme period until 1986, three irradiations are 
planned in the HFR of one, two and three reactor cycles respectively. 
The first irradiation will be performed in January 1985. 
The irradiations will be carried out in a four channel rig designated 
as EXOTIC. Each channel contains a sample holder (SH) consisting of two 
independent compartments. Therefore, eight different conditions can be 
tested. TTu upper four compartments will be purged with helium and 
allow continuous monitoring of tritium release. The lower compartments 
are closed. In the latter the release of .ritium is determined by punc
turing. The rig is equipped with self powered neutron detectors. Flu-
ence detectors are mounted in the rig as well as in some samples. The 
temperature levels of the first experiment are 400° С and 600е С The 
temperature can be controlled by a gas gap containing a helium/neon 
mixture and be monitored by thermocouples amongst other locations in 
the samples. 

The tritium production rate amounts 6 x 10 1 2 to 5 x 1013 atoms/cm3s 
depending on the % 6Li of the material. 

The materials of the first experiment are: 
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• in two vented compartments: 

LijSiO , 7.5Z 6Li, made by SCK-Mol 

• in two closed compartments: 

Li-SiO , 0.6Z ^ i , made by SNL 

• in one vented and two closed compartments: 

LiAlO , 0.6Z 6Li, made by 3NL 

• in one vented compartment: 

LiA102, 7.5Z
 6Li, made by SNL. 

The density of all samples is 80Z TD. 

The two SCK compartments contain each twelve pellets with an OD of 

14 mm and a central hole of 4 mm. 

The SNL/ECN compartments contain samples of different geometries, de

pending on the properties to be measured, for example: 

h 20 am for bending tests 

h 5 mm for pore size distrih .don and tritium release mea

surements 

h 10 mm for poisson's ratio and ceramography 

h 5 mm for permeability 

h 1.5 mm for thermal conductivity 

h 6 mm for thermal expansion. 

The total number of SNL/ECN samples is 51 for each compartment. The 

physical and mechanical properties will be determined by SNL and the 

thermal/chemical stability, the tritium release and the non-destructive 

and destructive post-irradiation examination by ECN. The equipment of 

the latter is available. Equipment for tritium release and stability 

measurements as well as for measuring the retained tritium is being 

designed. It will be installed in glove boxes, starting in December 

1984. 

The irradiation device is under construction as well as the gas station 

for the measurement of the tritium, released during irradiation which 

is done by use of ionization chambers. 

The second irradiation is scheduled for June 1985 and concentrates on 

the following materials: 

8» 3 

0 5 

0 10 

0 14/5 

0 6 

0 10/6 
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• Li SiO with a higher density (90-95Z TO) made by SCK-Mol 

• Li20 made by SNL. 

For reasons of comparison one compartment will be filled with LiAlO. 

samples made by SNL. The Z 6Li for all these materials will be 0.6. 

The third irradiation, scheduled for March 1986, includes samples of 

Li„ZrO„ and Li4TiO„. 
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11. SYSTEM STUDIES FOR NET TF-COILS 

(J.A. Roeterdlnk) 

In February 1984 system studies for NET Toroidal Field coils were com

menced by the SULTAN-Group (ECN-The Netherlands, ENEA-Italy, SIN-

Switzerland). The system studies are especially directed on A-15 type 

conductor development and the implications of its use in TF-coils. 

The studies are based on input given by the NET-team; the characteris

tics of the system are those of NET-II. 

In June an intermediate report of the SULTAN-group has been presented 

to the NET-team. In this intermediate report the three laboratories 

introduced their preliminary designs of A-15 TF-conductors. 

Starting points for the ECN A-15 TF-conductor were: 

- Transport current of 25 kA 

- Wind-after-reaction heat treatment 

- Niobium-tin material according to ECN powder process 

- Forced flow conductor cooling with supercritical helium in internal 

cooling channels 

- Reinforced conductor (structural material incorporated in conductor) 

- Flat cable design 

- Coil design with single pancakes; no conductor grading 

The layout of the ECN conductor concept has been given in Fig. 11.1. As 

mentioned above a flat cable design has been made with the cable locat

ed in the neutral zone of the conductor in order to keep the bending 

strain as low as practically possible. Due to the fact that very high 

current densities are allowable in Nb3Sn material produced by the ECN 

powder process, the flat cable will have an exceptionally low thickness 

(4.7 mm). As the minimum bending radius for NET II is as small as 1.42 

m the resulting bending strain will be 1.65 x 10-3; no appreciable 

strain degradation will result from such a low value. 

The flat cable is composed of 36 first stage cables wrapped around an 

inconel strip (thickness 1 mm); the inconel strip is a folded strip 

with mineral insulation inside. The dimensions of the flat cable are 

38.5 x 4.7 mm2. The first stage cables are fabricated from 6 Nb3Sn 

strands (diameter 0.75 mm) cabled around a copper core (diameter 0,75 

mm); after some compaction the outer diameter of the first stage 
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cables will be 2,05 mm. It is envisaged to have the flat cable heat-

treated as a separate unit before the proper conductor assembly; 

stabilizing copper and stainless steel will not be affected by the heat 

treatment. By spacering the stabilizing copper internal coolant chan

nels are formed. The arrangement is such that 10 coolant channels are 

present. The total mass flow of helium in the conductor is 20 g/sec. 

The conductor is reinforced with stainless steel (316 LN) having a 

thickness of 4.9 mm. Table 11.1 gives the characteristic data of the 

ECN conductor. 

In addition to the work on conductors, stress analysis work is going on 

at SIN and ECN. 

SIN uses the finite element code SAP-5, whereas ECN uses the code 

ANSYS. 

The first results of global stress analysis are that all stresses seem 

to be within safe limits for NET II. 
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Table 11.1 Characteristic data of ECN TF-conductor 

Critical current (10.7 T, 4.5 K) [kA] 
Transport current 810.7 T, 4.5K) [kA] 
Current density [МА/ш2] « [A/me2] 

Conductor (with insulation) 
Conductor (without insulation) 
Copper 
Strand 

Conductor dimensions (with insulation) [mm2 ] 
Conductor dimensions (without insulation) [am2] 
Flat cable dimensions [mm2] "• 
Material cross sections [mm2]: 

overall 
stainless steel 
niobium-tin + powder 
elium 
lnconel 
solder material 
copper 
Insulation 

Conductor length per pancake [m] 
Total conductor length per TF coil [m] 

55.0 
25.2 

19.0 
20.9 
80.8 

264.5 
54.5 x 24.5 
52.9 x 22.9 
38.5 x 4.7 

1335 
642 
36 
147 
35 
34 
312 
126 
652 and 574 
8160 

S29 

р1>. 11.1. ECN TF conductor concept for NET 


