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Preface

The Nuclear Research Centre Karlsruhe (KfK) contributes to
the European Fusion Programme in developping the key
technologies needed to build the International
Thermonuclear Experimental Reactor (ITER) and to design
commercial fusion reactors.

The historical basis of the present fusion activity are various
nudlear technology projects and accelerator development.
Whereas the nuclear projects gave the background for the
present fusion related materials programme, blanket - fuel
cycle - and safety activities, the earlier accelerator work gave
origin to the present disciplines of superconductivity and rf-
heating.

Technologies developed for the Next European Torus (NET)
are made available to ITER. During the ten years of existence
of the KfK fusion project major test facilities have been built
which constitute a considerable potential to test components
and systems relevant for ITER in a technical scale. In particular
the ITER model coil test facility TOSKA, the in-vessel-handling
demonstration facility EDITH, the tritium laboratory TLK and
the test arrangement for first wall components FIWATKA
shall be named.

One of the important technological missions of ITER will be
the qualification of first wall and fuel cycle components, in
particular the breeding blankets. Within a European
Community wide cooperation KfK elaborates breeding
blanket designs for a Demonstration Reactor (DEMO) and
conducts the basic r+d to qualify these concepts for
implementation as test sections in ITER. Associated to the
blanket activities is a programme to develop and qualify
structural materials with sufficient lifetimes and reasonable
activation -properties. The work conducted in this frame
necessitates extensive reactor and accelerator irradiations
and subsequent hot cell examinations. Reactor irradiations
are performed out of site, whereas two cyclotrons combined
as Dual Beam Facility provide a unique tool for simulation of
irradiation effects and for activation measurements.

The safety related part of the fusion project contributes to
the component studies (blankets, superconducting magnets)
and investigates the risk of severe accidents of fusion
installations in nuclear operation.

The present yearly report of the KfK fusion project compiles
the work under contract with the Commission of the
European Community. References given on the responsible
staff and on available reports may serve to provide the
interested reader with more information on our programme.

J.E. Vetter
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Structural Materials, Plasma Facing Components,
Plasma Engineering

Introduction and Overview:

Due to the complexity of First Wall and plasma-near struc-
tures the range of topics in these task areas is somewhat
inhomogeneous, a fact that is also reflected by diversity of
tasks with KfK-participation. On the other hand our contribu-
tions in certain subtasks are rather small so that a concentra-
tion of work seems to be reasonable. In this sense some of the
activities reported here will run out in the near future unless a
strong interest is expressed by ITER.

Within PSM3 (subtask 9) KfK has made an essential contribu-
tion to the understanding of failure mechanisms in 316L
structures under complex cyclic loading conditions. This work
has not been funded from the 1992 —94 programme.

Final work has also been done on the interaction of high
emissivity coatings and thermal fatigue of 316L within PSM8
(subtask 3) of the 1989—91 programme. In most cases the
coatings survived severe thermal cycling in excellent condi-
tion.

Under task PPM1 (subtask 3) KfK has determined room tem-
perature mechanical properties and isothermal fatigue
behaviour of high conductivity CFC. The work suffered from
the poor availability of composite material on the market,
The equipment for high temperature testing has been set up.

Not funded but considered as a valuable contribution to
subtask 7 is the work on thermophysical properties of CFC s,
the first results of which are also reported here.

Within the frame of the plasma stream target interaction
modelling (PPM3, subtask 2) priority was given to the calcula-
tion of radiative energy transfer in the target plasma expand-
ing across the toroidal magnetic field. A vapor shield, reduc-
ing further power deposition in the solid surface to ca. 4%, is
fully established in less than 4 psec. The resulting erosion is
therefore limited to about 0.5 pym. The influence of vapor ex-
pansion across magnetic field lines is described by the field
diffusion equation. Calculations show that vapor expansion is
slowed down by a backstreaming motion of the magnetic
field lines that are initially dragged away by the expanding
plasma. This supports the vapor shield effect.

Complementary experimental work is ongoing but not yet
contained in the task definition, and therefore not reported
here.

Comprehensive work has been done on ceramics for ECRH
windows (PPM4, subtask 3). A major part of the activities has
been devoted to an extension and consolidation of
thermophysical and dielectric data in the cryogenic
tmpeature region. In addition, in order to assess the neutron
dose effects on mechanical properties at low temperature,

-

the changes in bending strength and fracture toughness have
been evaluated.

An understanding of mechanisms leading to mechanical deg-
radation was attained, but on the other hand it can be stated
that the dielectric properties are much more prone to irradia-
tion effects.

significant progress was made in the evaluation of very low
dielectric loss data by elimination of a systematic scatter due
to a temperature-dependent disbalancing at the mirrors of
the Fabry-Pérot resonator device, With the settlement of the
measurement base it was possible to identify sapphire grades
whose dielectric losses at about 70 K range not far from in-
trinsic loss model predictions. The influence of irradiation
showing up to about 10-3 dpa could also be quantified. Some
measurements have been started on the radiation-induced
electrical degradation (RIED) effect, but the relevance of the
phenomena as such is still controversial.

in completion of subtask 2 of PPM4 thermophysical properties
of various insulator materials under consideration for ECRH-
windows have been determined down to 70 K. The theory of
thermal resistivity comprising the three terms "3-phon
umklapp-process”, phonon scattering at point defects and
boundary scattering has been established and the constants
defining the relative contributions of these partial processes
have been determined.

A coordinated ECN/KfK program has been initiated under
PPM6 (subtask 2) on the effect of radiation for tritium trap-
ping in beryllium and carbon-based materials. A high-
temperature equipment was installed at KK for loading (irra-
diated) specimens with tritium in a stagnant atmosphere and
afterwards annealing in a He+0.1% purging gas stream, Dif-
ficulties were experienced by a chemical reaction of Ai,O3
containers with C-based materials. For Be samples the inter-
ference of loaded with intrinsic tritium (from neutron reac-
tions) has to be sorted out.

in the frame of PDT1 (subtask 4) first wall mock-ups are tested
under thermocyclic loads close to those during pulsed
tokamak operation. The plasma heat flux is simulated by low
inertia surface heaters. The NET specimen was tested without
protection tiles at rather low heat loads and afterwards with
radiatively cooled graphite tiles at realisticly high power lev-
els. After an only low number of cycles the tile attachment
failed due to a rather elementary design error. The next test
will be on the same specimen with a modified tile attachment
accounting for the hitherto underestimated bowing forces.
FEM analyses always accompany the tests in order to deter-
mine full information on the temperature/stress/strain fields
in the mock-up.




In completion of PDT2, subtask 1, bonded divertor samples
have been cycled in the modified plasma spray facility. A
broad range of substrates, protection and braze materials has
been covered and a comprehensive final report has been de-
livered.

in summary a humber of options have proved to be viable
with a TZM/3D-CFC/Cu-Ti braze combination being the most
favorable option tolerating more than 13000 cycles of 15
MW/m2and 1... 3secduration in perfect condition.

H.D. Réhrig
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PSM3  Low Cycle Fatigue of 316L and Welds

Subtask 9: Tubular Uniaxial and Multiaxial Isothermal and
Thermal Fatigue on 316L

First thermal cycling tests are finished now [1]. Crack initiation
and crack propagation was measured by a videooptical mea-
suring system. The crack initiation in all tests was in longitudi-
nal direction parallel to the specimen axis, depending on the
loading, after 50 %-80 % of lifetime. The cracks grow from
the inner and from the outer surface. At 3/4 of the wall thick-
ness from the inside a sharp separating line is visible. This line
separates the both crack propagation directions.

In addition Finite-Element calculations have been done. De-
pending on the temperature distribution on inner and outer
surface the stresses and strains were estimated using the
Chaboche Model.

The complete report will be presented in September/October
93.

Literature:

{11  Kirsten Becker: “Untersuchungen zur RiBenistehung
und RiBausbreitung an thermozyklisch belasteten
Rohren aus dem austenitischen Stahl 1.4909",
Diplomarbeit, Universitat Karlsruhe (TH), 1ZSM, August
1993

Staff:

K.Becker

W. Hartlieb

B. Schinke

B. Windelband
A. Zeller




PSM 8 High Emissivity Coatings on 316L

Subtask 3: Thermal Fatigue Effect on Emissivity of High
Emissivity Coatings

The mechanical integrity of several candidate coatings for the
first wall or their vulnerability to failure was examined in
thermomechanical cycle tests under temperature and stress
conditions relevant to normal first wall operating conditions.
Circular stainless steel samples of 5 cm diamter and 0.8 cm
thickness, coated at one side, have been used as test
specimens. Seven types of coatings, basically the three
materials Al,O3+TiO,, TiC, and Cr,03 applied to the
substrate by different processes and manufacturers were
investigated (see Table 1).

The samples were exposed to a plasma flame for a predeter-
mined pulse length as to achieve adequate temperature
(typically 400 °C at the coated surface) and thermal stress
amplitudes during one cycle. After the heat pulse the samples
dissipated their heat to the water cooled sample holder
during the dwell time, reaching approximately 150 °C before
the next cycle started.

KD1 | Al,03-40Ti0,+ NiCrAlY 10,000 cla
KD2 | Al,03-40Ti0,+ NiCrAlY 2,000 | bdra
KD4 | Al,03-13Ti0,+ NiCrAlY 10,000 b/a
KD5 | Al,03-13Ti0,+ NiCrAlY 2,000} b/a
KD7 | Al,03-13Ti0, 10,000 b/a
KD8 | Al,03-13Ti0, 2,000 b/d
181 | Cr04 2,000 | b,d/a
I1S2 1 Cry03 10,000 c/a
1S4 1 Cry03,Cr 10,000 | c.e/ae
IS5 | Cry,03Cr 2,000 | b.el/ae
EC1 TiC (without interlayer) 10,000 f/a
EC2 | TiC+5wt% Al,03-3Ti0, 2,000 ala

Remarks refer to conditions at flame spot/edge (S/E):

a) No visible change compared to virgin state.

b) slight color changes but no visible damage.

¢) Pronounced color changes but no visible damage.

d) Minor faults, not attributed to thermal cycling.

e) Network of surface cracks.

f) Beginning flake-off of coating.

Tab.1: Summary of Tests

—-4--

A first set of six samples has been tested up to 104 cycles and a
second set has been tested up to 2000 cycles. Microscopical
surface inspections revealed at 9 out of 12 samples no cycle
damage besides the color changes within the flame spot. At
two of the samples (IS4 and IS5) a network of hair cracks was
found, and sample EC1 showed a beginning flake-off of the
coating (Table 1).

The experiments are finished. The final report is in progress.
Staff:

K. Kleefeldt
K. Schramm




PPM 1 Development and Characterization of
Graphites and CFCs
Subtask 3: High Conductivity CFC Materials

Mechanical properties, fracture strength and elastic moduli,
of the industrial 3D carbon/carbon composite SEPCARB N 112
have been determined in all directions. The fiber structure of
the material is manufactured by needling of fabric layers of
carbon fibers. Two plates of the material with heights
(needling direction) of 35 mm were available. The specimens
were cut from plate No. 1 according to the plan shown in Fig.
1. From the plate No. 2 up to now only specimens from region
I were taken. The fracture strength was measured in three-
point bending tests at room temperature. The standard
dimensions of the prismatic bars for these tests were 3.5x 4.5
X 45 mm3, Some tests were carried out with longer specimens
(i11). The standard dimensions were reduced to 2.7 x 3.5 x 35
mm3 when the sample length was identical with the plate
height. The load was applied at a rate of 2 N/s. The elastic
properties, Young's modulus and shear modulus, have been
determined by measuring the oscillation periods of bending
and torsional vibrations with a Grindo Sonic device.

Vil
v T T

Vi 35

/ { v
=
1} v
%R
[

. 45— le——— 45——=#
- 115 >

Fig.1:  Plan for specimen cutting.

The test results, mean ultimate bending strength with
Weibull modulus (m), Young’s modulus, and shear modulus,
are presented in Table i. There is a significant difference in
the mechanical data of the two plates. The specimens cut
from plate 2 (1/2) exhibit both a higher bending strength and
a higher Young'’s modulus. Generally, the scattering of the
strength values in the x-z-plane is low, It is higher when
sample length or width are in needling (y-) direction. The
lowest values of strength and Young’s modulus are measured
when the length is in needling direction. The bending tests
with the longer specimens vield only slightly higher fracture
strengths indicating an insignificant influence of the shear
stress on the ultimate bending strength of the standard
samples. Cyclic tests were performed in a cantilever bending
arrangement with load application by loud speakers. In tests
with a constant loadspeaker current the resulting bending
moment decreases with Increasing test duration, i.e. the
specimen compliance increases monotonically. This can be
understood as an increase of inner damage as for instance
dissolution of fibre/matrix interfaces, generation of cracks in
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R UBS E G
&9 MPa GPa GPa
| 8371 5.6 272+ 1.8 6.7+ 0.2
m=16.0
H 83.1 £ 6.6 249+ 33 7.5+ 05
m=13.4
1]} 885155 26.6 + 3.4 -
m= 156
i\ 86.2+9.6 273+ 1.3 5.4
m= 9.1
\Y 81.0+ 11.1 246+ 2.2 5.0
m=7.6
\Y/| 69.4 + 9.6 141 + 4.7 5.1
m=6.9
Vil 60.9 + 6.7 16.9+0.2 6.3
m = 8.6
1/2 99.2+75 32,1+ 35 =
m= 141
Table 1: Ultimate bending strength (UBS), Young's

modulus (E) and shear modulus (G) of SEPCARB
N112.

the matrix and fracture of single carbon fibres. Fig. 2 shows
typical curves for tests carried out with different loads.

number of cycles

2 4 6 8 10 ac®
1'6 80 T T T T T T T T T T
(MPa) 1 Hz
70, \
(%]
g - ’~_§ fracture
7] [
2° o e
° 00,51: e 13"3.'.09
C a ]
8 %0 6 o ° ® « ®
50) ° oo © o
° o o © o
) o
4% B T00 " T50 200 250 300 350
time (h)
Fig.2:  Decrease of bending stress during cyclic tests.with
loads kept constant throughout each curve
Staff:
M. Blumhofer
H. Zimmermann
T. Fett
G. Thun




Contribution to
Subtask 7: Thermophysical Properties (not funded)

The investigation of the industrial 3D carbon/carbon
composite SEPCARB N112 started in meaasuring the specific
heat capacity with a Netzsch DSC 404 up to 1300 °C. Fig. 3
shows the mean value with standard deviation. No difference
could be found between samples of different plates of the
material. Metallographic sections of the material were
prepared (fig. 4a - ¢) to start the microstructural analysis. The
mean volume content of fibres has been determined in the x-
x direction by image analysis.

Staff:
B. Schulz
P. Severloh
Ch. Zeisluft
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Fig.3: Specificheat of SEPCARB N112 vs. temperature.




Fig.4:  Microsections of SEPCARB N112
as) x-x-direction; b) y-y-direction; c) z-z- direction.




PPM 3 Off-Normal High Heat Loads

Simulation of Off-Normal Plasma Material
Interactions

Subtask 2:

For a first modeling of off-normal plasma material
interactions and first estimations of the vapor shield the
radiation hydrodynamic code KATACO was applied. In these
first applications the plasma beam was modeled by deuteron
ions with an impact energy of 10 keV, the beam thereby
impinging perpendicularly onto a carbon target. 10 keV
electrons impinging under an impact angle of 5° show a
comparable penetration length. A magnetic field was not
taken into account. The first KATACO calculations predict a
rather effective vapor shield effect which prevents the carbon
divertor from excessive evaporation [1]. Moreover it was
shown that the dominant energy transport mechanism in the
vapor cloud is radiation.

In a second step of interaction modeling work priority was
given to the calculation of the radiation energy transport in
the vapor cloud by applying the forward reverse transport
approximation. Moreover the target plasma expansion across
the magnetic field lines was modeled. For describing the
optical properties of the target plasma few and many group
Planck and Rosseland opacities calculated by applying a
collisional radiative equilibrium model were used [2, 3.

The vapor shield is fully established in less than 4 ps. After
vapor shield formation the power arriving at the target is
only around 4 % of the beam power. About 1 % of that heat
load can be handled by heat conduction into the bulk target.
Assuming that the target plasma layer is stable the erosion
remains rather small and reaches about 2 pym for a beam
energy density of 10 MJ/m2 and a time interval of 100 ps.

For describing the influence of the vapor expansion across
magneticfield lines the magnetic field diffusion equation was
solved. The vapor expansion velocity across magnetic field
lines is decreased by a factor of 10 in comparison with the free
expansion along magnetic field lines. The consequences in
terms of radiative heat transport to the target (magnetic
shielding layer) have still to be determined.

-8--

Literature:

(1l

[2]

(3]

Staff;

B. Goel, W. Hbbel, H. Wiirz; Numerical simulation of
radiation transport on super computers. Int, Conf. on
mathematical methods and super-computing in
nuclear applications, April 19 - 23, 1993, Karlsruhe

I. Landman, 1. Konkashbaev, H. Wirz, B. Goel, W.
Hébel; Radiative energy transport in a cold carbon
plasma layer typical for the interaction of an intense
plasma stream with solid carbon targets. Proceedings
ICPIG XXI Sept. 19 - 24, 1993, Bochum.

H. Wirz et al; Numerical modeling and experimental
simulation of vapor shield formation and divertor
material erosion for ITER typical plasma disruptions.
Proc. 6. ICFRM Sept. 27 - Oct. 1, 1993, Stresa.

B. Goel
W. Hébel
H. Wiirz




PPM4  Ceramics for Heating and Current
Drive Systems
Subtask 2: Pre-lrradiation Properties at Cryogenic

Temperatures
(supplement from preceding program period)

In 1992/93 the investigation of the thermophysical properties
thermal diffusivity, thermal conductivity [1], thermal
expansion [2] and specific heat down to 70 K on AIN Shapal,
poly-crystalline o-Al,03, Hemex sapphire and MgAl,0, has
been finished. The results are shown in Fig. 1 for thermal
expansion and Fig. 2 for thermal diffusivity. Thermal
conductivity data were derived and are given in Fig. 3 for
Hemex sapphire.

The discussion of thermal conductivity data, derived from
thermal diffusivity, follows the theoretical work of Klemens
for pure phonon conducting dielectrics. From this possible
scattering mechanisms of phonons are derived.

a) 3-phonon umklapp-process, which gives the intrinsic,
i.e. the lowest possible thermal resistivity of a

material:
1 -1
— AC, , exp ( >
v
A; ( .

with A to be calculated according to Slack and o as
the ratio of the Debye frequency to the phonon
frequency at the zone boundary of the first Brillonin
zone. For sapphire as well as for MgAl,0,4 the phonon
spektra are known.

2]
aT

b) The thermal resistivity caused by point defects
defined by the mass difference and the strain field in

the vicinity of point defects and dislocations:

! 2
—=CT+D T
/‘d

While C can be derived from measured thermal
resistivity data at room temperature minus the
intrinsic thermal resistivity Ai, the equation for the
influence of the strain field (D) include empirical
constants (p.e. Abeles). Thus we decided to take D
from a mathematical fit of all measured low (T < 300
K) temperature data of thermal conductivity.

(o] The thermal resistivity due to boundary scattering

1_ 3
Ap c, v d

p

-9

d -meangrainsize (= samplessize forsingle crystal), v - mean velocity of:
All thermal conductivity data follow a function of the type

-1
-2
+CT+DT ™4+

Aexp—
Pt

A

tot. ™

The values for the constants in this egation are summarized in
table:

Sapphire Al23 MgAl,Oys.c.
, A 0.08 0.08 0.055
ing/ams
a 1.5 1.5 1.75
C
) 0.00314 0.00314 0.00044
incm/W
Dy
86 2990 3000
in emK3/W
E
-2 -2 -2
in cmK4/W
0
. 950 950 850
inK
N 0.50 0.50 0.23
in W/emK ' ' '
, M 0.34 0.34 0.22
in W/emK

Additionally the thermal expansion of Vacon 709, an alloy,
used for construction of the liquid nitrogen cooled
microwave windows has been measured (Fig. 4).

[1] st Burghartz, B. Schulz: 6th ICFRM, Stresa, italy, 27.9. -

1.10.1993

[2]  st. Burghartz, G. Haase, B. Schulz: 13th European
Thermophysical Properties Conference, 30.8. - 3.9.93,
Lissabon

Staff;

St. Burghartz
P.Fitzi
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Subtask 3: Performance of ECRH Windows under NET/ITER

Conditions

The central part of the work has been devoted to extend and
consolidate the relevant data base for a cryogenically-cooled
window operationable in Electron Cyclotron Resonance
Heating (ECRH) systems. Consequently, special emphasis has
been laid on measurements of the dielectric and
thermophysical properties of sapphire (monocrystalline
Al,O3) at cryogenic temperatures, But as a consequence of
the results achieved in the preceding subtasks on the
irradiation effects in ceramic insulators, an additional HFR
(Petten) irradiation experiment was evaluated to clarify the
strength change of ceramic insulator materials at
comparatively low neutron fluence (about 2 x 1025 n/m2, E >
0.1 MeV) and low irradiation temperature (about 100 °C).

The bending strength data measured, mostly on 26 irradiated
samples each, are given in Table 1. The Al,O3 types are
sapphire {s.c.) and polycrystalline grades, both fine-grained
(about 1 pm grain size: 10 % Zr0O,, VITOX, BIO) and coarser
grained (AL23, 8 um). All these materials show a similar
reduction in strength (15 - 25 %) which leaves the pre-
irradiation ranking unchanged. Along with former results
obtained at > 5 x 1025 n/m2 and 400 - 500 °C, the new data
suggest the following conclusions: 1) The extrapolated
fluence threshoid for a considerable strength decrease is
expected in the range of 3 to 5 x 1024 n/m2 (E > 0.1 MeV). 2)
The irradiation effect on the fracture strength is weakly
dependent on the irradiation temperature in the range
concerned. Both conclusions together indicate that the
strength reduction is probably due to large defect aggregates
(efficient damage dose > 0.5 dpa), and that these aggregates
form spontaneously, independent of considerable thermal
diffusion.

On the other hand, the MgAI,0, result corroborates
literature data indicating a strength increase of this material
under neutron irradiation. Finally, the sintered AIN grade
applied showed an extremely large strength reduction which,
however, is in rough agreement with Japanese results
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Material unirradiated irradiated
MPa MPa

Al,05-5C 372+ 48 273 + 39
Al,03-10 ZrO, 503 + 46 427 £ 59
Aly03-VITOX 418 + 35 352 + 46
Al,05-BIO 322+ 35 255 + 36
Al,03-AL23 208 & 24 150 * 30
MgAl,0, 148 + 53 168 * 49
AIN-SHAPAL 301 £ 21 112 % 12

Table 1: Change of the mean ultimate bending strength
(with standard deviation) of various ceramic
materials measured after irradiation to 2.0 (+ 0.2)
X 1025 n/m2 (E > 0.1 MeV) at 100- 115 °C.

measured on the same type of AIN material.

Fracture toughness measurements on samples from former
irradiation experiments have shown that the reduction under
irradiation is much smaller than that of the bending strength.
Therefore one has to conclude that the reduction of the
fracture strength is co-determined to a great extent by
irradiation-induced facilitation of the crack initiation process.
This could be explained by the assumption that crack
initiation is due to an inhomogeneous distribution of
microstresses in the material microstructure, and that the
inhomogeneity is enlarged by irradiation defect aggregates.

The hemispherical Fabry-Pérot resonator technique for
dielectric loss measuremens at 145 GHz was carefully revised
with respect to the data evaluation procedures involved.
Previously low loss materials, especially sapphire (ordinary
ray) and s.c. quartz, had shown systematic scatter in the loss
data, when the dielectric loss tangent (tan 8) was evaluated
below ~ 150 K. At that time, systematic measurements with
various specimen geometries had been initiated which could
now be successfully used to redefine one basic factor in the
standard data treatment, the so-called loading factor Fy. It
was shown that a new temperature dependent quantity, the
redistribution parameter M(T), had to be included into the
calculation of F, (cf. Fig. 5). It is required to account for a
disbalancing of the losses at the two mirrors of the resonator
which becomes relevant at low temperature. Then the
contribution of the coupling holes at the spherical mirror
adds strongly to the contribution from surface resistivity. The
revised tan & values fall between the two extremes given in
the last progress report, and the scatter is virtually statistical,

With the settlement of measurement base, the temperature
range between 25 K and 300 K was systematically covered for
three different sapphire grades: HEMEX (Crystal Systems), a
grade produced by the Bridgman technique under vacuum;
Ti: Sapphire (Crystal Systems)k, a grade similar to HEMEX
except for an addition of 0.02 w¥% TiO,; CZ-Sapphire (Union
Carbide), a grade produced by the Czochralski technique in

w <

™~
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The reformulation of the data evaluation proce-

dure in open resonator dielectric loss measure-

ments: The redefinition of the loading factor F,

exemplified for values of the redistribution factor

M based on standard assumptions (M = 1) and
typical observations (M = 0.4).

Fig. 5:

air. In parallel, a theoretical model was adapted to describe
the intrinsic loss levels expected in sapphire in terms of the
two-phonon model. At temperature above ~ 100 K, all
grades show the same loss levels which correspond rather
well also to the curve predicted by the mode! (cf. Fig. 6a). At
lower temperatures , however, strong differences appear
between the various grades. Most important is the
observation of a levelling-off to a constant loss value in the
HEMEX grade. In contrast, the two other grades show a steep
loss dependence with an exponent close to 4 at 70 K {cf. Fig.
6b). Basic differences are also seen in optical spectroscopy
where an absorption line at 220 nm gives evidence of point
defects (oxygen vacancies) in the HEMEX grade.

The effect of neutron-irradiation on dielectric loss at
cryogenic temperatures has been measured so far at 70 -
300 K. An irradiation task at GKSS (Geesthacht) was finished
where HEMEX grade sapphire was irradiated at T;,, = 320 K
to three different low to moderate fluence levels (1020 n/m2,
1021 n/m?2, 1022 n/m2; E > 0.1 MeV). They were compared to
results obtained on specimens from previous irradiations:
GKSS.23 (3.5:1023 n/m2, T;;, = 320 - 370 K) and HFR.24 (2-1024
n/m2, T;, = 500 K). It was found that up to 102! n/m2 -
corresponding to 10-4 dpa - the loss curves of the unirradiated
HEMEX grade are reproduced and only slight changes appear
at 1022 n/m2 (cf. Fig. 7). At the higher fluence levels, losses are
strongly increased and show complex changes, including
modifications in the temperature dependence of tan 6 and
possibly also a limited post-irradiation recovery.

A CZ-sapphire specimen which was subjected to the RIED
effect under electron irradiation at CIEMAT (displacement
damage: 6-10-5 dpa) gave evidence of no increased mm-wave
loss at temperatures above 120 K and a levelling-off to
constant tan & values below. Compared to HEMEX neutron
irradiated to 10-4 dpa, the constant tan & level is higher and is
probably caused by changes in the defect type and
concentration induced by the electrical field under irradiation
(cf. Fig. 6a).
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PPM 6 Erosion, H-Retention, Gas Interaction

Subtask 2: H/T Retention Studies in Neutron Irradiated
Graphites, CFCs and Doped C Composites

Carbon-based materials as well as beryllium are considered
for protection of plasma facing components of fusion
reactors. Previous experiments indicate a huge (factor
hundred) increase of tritium trapping capacity in carbon-
based materials induced by neutron damage. A check of these
results and a better understanding of neutron irradiation
effects on tritium retention in these materials is urgently
required.

A common NET/ECN/KfK program has been initiated. ECN will
mainly concentrate on the temperature range below, KfK on
that above 1000 °C. Irradiated carbon-based materials
(irradiated up to 3.5 dpa) and Be samples (irradiated up to 4 x
1022 1/cm? fast fluence) are available. An equipment capable
of heating the samples to 1300 °C in tight Al,Os-containers
for loading with tritium (in a stagnant H,/T, atmosphere) and
for annealing the loaded tritium by purging with He + 0.1 %
H, has been installed.

Whereas loading at 1300 °C under stagnant H,/T, was
without problems, during annealing at 1300 °C by purging
with He + 0.1 % H, the graphite evidently reacts heavily with
the Al,O3-container. Future annealing tests therefore have to
performed in a high-temperature-steel container. Tritium
inventories of about 2 and 15 GBq/g were observed for
graphite samples loaded at 800 and 1300 °C, respectively [1].

Before studying tritium trapping behavior of the irradiated
Be samples, the tritium generated during irradiation by fast
neutrons has to be annealed. This was done by purging and
heating up to 850 °C. Large amounts of tritium, up to about
1011 Bg/g for the highest fluence samples, were released. It
has to be checked if the number of irradiation - induced
trapping sites is decreased by annealing.

Literature:

[1]  H. Kwast et al., “The Effect of Neutron Irradiation on
the Trapping of Tritium in Carbon-Based Materials”,
ICFRM-6, Stresa, Sept. / Oct. 1993.
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PDT 1 First Wall Mock-up and Tests

Subtask 4: Thermomechanical Tests on Specimens
Protected by Mechanically Attached Carbon
Based Tiles

The test facility FIWATKA was designed for thermo-
mechanical testing of first wall (FW) mock-ups in order to:

1. observe the integral behaviour of different FW
concepts including protection tiles.

2. provide an experimental basis to improve confidence in
the prediction of thermal fatigue life by:

a) validation of computational methods for
—  thermo-mechanical analysis
—  crack initiation by cyclic plastic-deformations
in complicated

— fatigue crack propagation
geometries

b) lifetime determination including
—_ observation during life

—  study of failure modes for prototype FW sections
under  representative  thermo-mechanical
conditions.

The test specimens will be tested under mechanical boundary
conditions and thermal loads close to those of a fusion device
except for internal heat sources in the specimens irradiation
and for disruption forces.

The specimen will be positioned in a vacuum chamber; it will
be actively cooled with water and will be heated by thermal
radiation in a cyclic manner.

A resistance heater made of a graphite plate at temperatures
up to 2200 °C in vacuum will serve as a heat source. It will
radiate heat for a few minutes onto the surfaces of two
specimens placed on both sides of the heater plate in a
distance of two or three centimeters. The heater power will
be turned down periodically for one or two minutes with the
result that the temperature profile and the corresponding
stress and strain profiles in the specimen change also perio-
dically and cause thermal fatigue.

Since the heat flux arriving at the specimens surface is the
most important parameter for this kind of tests close
attention was directed towards determining its average value
and its spatial distribution. The average value is measured
calorimetrically with the cooling water of the specimen itself
which includes the influence of the individual surface
emissivity. The spatial distribution was determined by
scanning the specimen plane with a high resolution movable
heat flux sensor; after several improvements of the heat

source and the shielding the uniformity became better than
+ 2 % of the av. heat flux.

The NET specimen TS1 which is highly instrumented was used
without protection tile in the first steady-state and cyclic tests
at heat fluxes of up to 70 W/cm2 generating temperature and
strain data from the instrumentation as it is; the specimen
was tested both mechanically unconstrained and constrained
at the side walls. These data may be compared with earlier
data taken at JRC Ispra. Most of the strain-gauge data seem
reliable, most of the thermocouple data do not.

In the second test series the specimen TS1 was protected by a
radiatively cooled graphite tile (B-YFZ). Since this test aimed
at examining the attachment technology and heat transfer
through the contact points of the attachment studs a tile
made of fine grained graphite (FE 219) rather than of CFC
(not available at this time) could be used. The attachment
studs and TS1 were instrumented with additional thermo-
couples close to the contact points. The test resulted in failure
of the tile after a test sequence consisting of steady state and
cyclic tests both at heat fluxes of up to 55 W/cm2 with totals
of 48 cycles and 10 hours at power. Lessons to be learned
from this test were:

a. Differential bowing in vertical direction between TS1
and tile was much greater than the design gap would
allow for; therefore the attachment stud experienced
tension and broke off part of the tile in the attachment
area.

b. Cyclic changing of tension forces resulted in
corresponding changes of the contact pressure of the
contact pressure at the contact points and in turn of
heat transfer at these points; this is clearly visible from
the strong temperatures changes measured in the
area. In fact the stud forces, though not intendend,
may have produced information on the heat transfer
rates typical for the contact points of the particular
design and for a rather wide spectrum of contact
pressures experienced.

The third series is a repetition of the second one with a
radiatively cooled tile but this time with a gap wide
enough for differential bowing not resulting in stud
forces. In preparation is a test with two conductively
cooled CFC tiles with the compliant layer consisting of a
specially made exfoliated graphite. Temperature
distributions and long term layer flexibility under cyclic
load will be the goals.

Analyses by means of the finite element method (FEM)
accompanied the tests. Precalculations were performed to
find suitable test conditions, e.g. optimal heat cycles for the
following series of tests with the compliant layer.

The bowing behaviour of the radiatively cooled graphite tiles
was fully analyzed by a 3D model. The deformation behaviour
of the TS1 specimen was analyzed by a 2D model under both
boundary conditions (free and clamped) used in the tests. A
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first evaluation shows a good agreement between
experimental data and computation.
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PDT 2 Divertor Mock-up and Tests
Subtask 1: Pretests of Bonded Divertor Samples

The testing program on the thermomechanical behavior of
candidate divertor and high heat flux components materials
has been completed. The last testing phase involved bonded
samples of different types of protection materials brazed to
candidate structural materials as characterized below.

e Protection materials:
AO05: AEROLOR, 2-D CFC, Le Carbone Lorraine
N112: SEPCARB, 3-D CFC, Société Européenne de
Propulsion
HOPG: Highly oriented pyrolytic graphite, Le
Carbone Lorraine

e Substrate materials:
TZM: Molybdenum alloy, annealed 1700 °C
Al25: GLIDCOP, Al,Os-dispersion strengthened
copper

® Braze Materials:
TiCusSil: Melting range 830-850 °C
CuTi: Melting range 1050-1080 °C

The disc-shaped samples, 5 ¢m in diameter and 0.8 ¢m thick,
(0.4 cm of which is protection material) were exposed to heat
pulses of 15 MW/m2, 1-3.1 s duration up to 13000 cycles. Test
evaluation and post test examination have been described in
a draft final report submitted to NET [1]. The results are
summarized as follows,

A05/TZM Samples

Six samples of this combination have been tested up to 3000-
13000 cycles, in which the nominal melting temperature of
the braze had been approached in the case of the two CuTi-
brazed samples and had been exceeded for the others. The
thermal contact between the A05 and the TZM remained
intact throughout the test. The temperature drop through
these samples differs by less than T 10 %. The mean values
agree with finite element calculations to within = F 10 %.

The AO05 surface has a porous structure. Pores and voids are
typically up to 200 um large and distributed all over the
surface. Several of the largest pores have been traced
throughout the tests, but only minor changes were observed.
The braze filler had welled up to the surface at the assembly
joints, where the protection layer had been assembled from
several pieces, and was gradually removed as the
temperature levels exceeded the melting point, However, the
assembly gaps remained extremely narrow. Overall, the
samples did not suffer any cycle damage.

N112/TZM Samples
Six samples of this combination have been tested up to 3000-

13000 cycles, essentially under the same test conditions as the
AO5/TZM samples. The thermal response is qualitatively

similar to the one described above. On the average, peak
surface temperatures and peak rear side temperatures are 40
and 90 °C lower, respectively, compared to the A05/TZM
samples, reflecting the better radial heat conduction and the
somewhat lower axial conduction. Hence, the mean peak
temperature at the braze turned out to be lower by about
100 °C at equal heating times, i.e., it oscillated between 100
and 680 °C in the initial phase and then increased gradually to
the peak values of between = 810 - 1100 °C as the heating
time was raised. The melting temperature of the braze was
exceeded at three of the six samples. Again, the total
temperature drop at the samples remained stable over all
cycles, suggesting that there was no detachment.

The prevailing fiber orientation is parallel to the sample
plane. The N112 layer is fabricated from a single piece and,
hence, there are no assembly joints and no braze filler coming
up to the surface. Therefore, the surface appears to be,
macroscopically, very uniform, resembling a hexagonal
woven fabric, All samples were in perfect condition showing
no evidence of cycle damage.

HOPG/TZM Samples

Four HOPG/TZM samples (two without interlayer and two
with A0S interlayer) have been tested up to 104 cycles and
the nominal melting temperature of the TiCuSil braze was
gradually approached and finally exceeded at two samples.
Since the HOPG layer was assembled from 5x5 mma2 bars, the
braze filler had penetrated into the gaps between the bars
during brazing showing up locally at the surface, from where
it was gradually removed during cycling. In addition, several
delaminations of basal planes, a few mm long, were found
before the test already, which widened up to typically 100 ym
width during cycling. Also numerous stairway type cracks
developed. It is obvious, that the mechanical strength of the
HOPG layer is negligible.

Macroscopically, however, the HOPG is unaffected by the test
at 3 out of 4 samples, shows no measurable erosion and no
indication of detachment. The permanent deflection is
negligible, but with a tendency for thickness growth. There is
one exception: one sample showed local overheating after
=2500 cycles at one of the HOPG bars. This proved to be a
poor bonding, presumably a fabrication fault. Surprisingly,
significant propagation and gross detachment of HOPG did
not occur and the overall condition in terms of weight loss
and permanent deflection was normal.

A05/TZM/AI25 Samples

Two samples have been tested up to 10.000 cycles, i.e., one at
peak temperatures of the AlI25 (equal to temperature at
braze 2) of 620 °C, and the other one reaching 760 °C. Up to
8000 cycles no thermal or mechanical anomalies were
observed. Only in the final stage one sample showed an
increase in the temperature drop across the thickness of =~ 30
%. Post test examination revealed a 32 mm long and up to 0.2
mm wide diametrical fracture, running in the Al25 substrate
all the way through and ending at the TZM interlayer. In the
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central region (R < 10 mm) the originally 0.2 mm thick braze
layer was entirely deteriorated by cracks (Figure 1). The
picture shows also the special brazing technique adopted: an
array of cones was burned into the protection material by
laser to enlarge the surface.

Fig.1:  Crosssection through a 3-layer sample (12 x), The
materials are from top to bottom: A05 (dark area
with braze cones), TZM interlayer, TiCuSil braze
(deteriorated), Al25substrate

Conclusions:

A05/TZM and N112/TZM combinations with CuTi and TiCusil
braze are viable options for high cycle numbers. HOPG/TZM
seems to be feasible, but has deficiencies in terms of
fabricability, unreliable thermal contact, crevices, fragility.
AO5/TZM/AI25 vyields low tolerable temperature, poor
toughness of Al25 and problems with the TZM/AI25 brazing.
The most favorable option is N112/TZM with CuTi braze.

Literature:

[11 K. Kleefeldt, K. Schramm, C. Strobl: Unpublished
Report of KfK
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Superconducting Magnets
Introduction:

The confinement of plasma in ITER relies on a super-
conducting magnet system consisting of 24 D-shaped toroidal
field coils, a central solenoid to drive the plasma currentand a
set of poloidal field coils for plasma stabilization. KfK is
together with the EC Home Team and other associated
European laboratories involved in the development of these
magnet systems. Components of ITER conductors, subsize
conductor assemblies are examined for their performances.
Materials to be used in coil construction are qualified for their
application under cycling load. Cryogenic loops and
components are developed to establish stable forced flow
conditions to cool the magnets. An important task consists of
upgrading the existing large magnet test facility TOSKA to
test model coils made out of different industrially
manufactured conductors.

The safety of superconducting magnets is analyzed by code
development and by experimental studies of effects,
potentially initiating a sequence of events leading to an
accident.

H. Knuth
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MCOI Model Coil
Subtask 1: Monitoring Manufacture of Model Coil Modules

The aim of the subtask is the support of the home team in the
fabrication of the ITER model coils.

The subtask is delayed. All work performed for the
conceptual design of the model coils is described in task
MTOS.

Subtask 3: Development for High Voltage Components for
Model Coils

The aim of the subtasks is the transfer of the know how in the
development of high voltage components gained in the Polo
project is transfered to the ITER model coils.

The conceptual design of the model coils is running. For the
magnet workshop in January 1993 a contribution for the
electrical quality assurance testing methods were prepared. A
review of breakthrough voltage measurements of dielectric
materials was sent to the Joint Central Team in Naka,
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MCON  Full-Size 40 kA Conductor

Subtask 3: I, Characterization and FBI Upgrade

The aim of the sub-task is the critical current characterization
of Nb3Sn strands and subcables under the effects of field and
external strain in the high field test facility FBI, The task is
funded in the 1989-91 program. it is still continued caused by
difficulties in the strand fabrication combined with delay in
delivery.

1. Improvements of the FBI Facility

- The new 14 T split coil is working perfectly almost one
year.

- The LHe transfer line supplying the big cryostat has
been installed and is in operation now. An extension of
this line for the small apparatus is in preparation.

- A new tensile test rig (1 kN - 250 A) with an increased
test length for | vs £ measurements of strands has been
fabricated in our workshop and will be tested soon.

- The data acquisition has been extended by a new
system (rhothron) and has to be prepared for the use at
FBI.

2. Testing of ITER Subcables

Different types of Nb3Sn “Cable in Conduit” {CIC) conductors
delivered by CEA and ENEA have been tested successfully.

2.1 CEA-Subcables:
Prestraining atRT

Drastic Improvement of I, by

The degradation of I. due to axial prestrain of the Nb3Sn
filaments of fusion conductors containing a high volume
fraction of stabilization material has been confirmed many
times. This effect is pronounced at CIC conductors where the
(steel) conduit has to be heat treated together with the
Nb3Sn cable. Several possibilities exist reducing the prestrain
onto the Nb3Sn filaments which results in an increase of I

- Attaching the stabilizers onto the Nb3Sn cable after the
reaction heat treatment at RT, as shown for the NET
subsize conductor developed by KfK/ITP [1].

- The use of stabilizers with low coefficient of expansion
(Titanium, Incoloy), comparable with that of NbsSn.
Therefore CIC samples with Titanium jacket are in
preparation.

- Prestraining of the conductor after the reaction heat
treatment at room temperature. This method has been
performed the first time at KfK in collaboration with
CEA, Cadarache, and is being described below [2].

The CIC conductor (~ 40% void fraction) tested consists of an
outer 316 LN conduit (0.D.= 7.7 mm) and an inner NbsSn

cable with 36 MJR processed strands ( = 0.73 mm). First the
sample was tested without applied strain at 125 T and 4.2K
corresponding to |, = 2.01 kA in Fig. 1, which presents the |,
vs. £ curve, Then the conductor was warmed upto T = 275K,
plastically strained up to a residual value of 0.3% and cooled
10 4.2 K again. The following | measurement without loading
leads to |y = 3.15 kA, which corresponds to an increase of
57%. After that | vs € has been performed step by step (the
numbers indicate the sequence of testing) under loaded (4A)
and unloaded (A) conditions up to € = 0.93% (17) and the
following residual strain & = 0.45% (18) in the unloaded
state,

Taking into account the prestrain of 0.3%, the values of both
En = 0.73% and the ratio I/l = 0.50 are within a few
percent the same than those obtained at identical samples
without prestraining. The improvement of the ratio I/l =
0.50 to I4/ley, = 0.78 and the corresponding decrease of g,
= 0.73% to g, = 0.43% in this case are adjustable up to
lo/len = 1 and g, = 0 by performing the demanding
prestrain at room temperature. Like in former investigations
I. vs £ behaves reversible up to g, = 1% (Fig. 1).

5 -

Conductor Type
Em - CEA-2C

2 Residual Prestrain 03%at 275K ’
|
/l A LOADED
03 a UNLOADED

|
7 i I 1 | | i
0O 02 04 06 08 10 12

€1%)

I vs £ for a conductor (SS jacket) 0.3% residual
prestrain at RT.

Fig. 1:

2.2 ENEA Conductor

This CIC conductor has been used for the fabrication of a 0.6
m bore wind-and-react solenoid, designed for a maximum
field of 12 T at an operating current of 6 kA. The coil is
planned to be inserted into the SULTAN facility.

The rectangular conduit (316 LN) of 13.8 x 13.8 mm2 houses
128 MJR processed NbsSn strands and 16 copper wires (both
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0.78 mm g) at a void fraction for helium flow of about 40%
(Fig. 2).

Fig.2:  CIC conductor for the ENEA 12 T/6 kA magnet,
manufactured by Europa Metalli-LMI.

Firstresults at T = 4.2 K:

B leo lem € Eirr
™ | s | e | (%)
12 9.74 - - -

14 5.10 10.70 0.75 >1

These results are in agreement with former investigations
made at comparable conductors, Further measurements are
in preparation.
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MTOS  TOSKA Upgrade for Model Coil
Testing
Subtask 1: Preparation of the TOSKA Facility for the Test of

the ITER Model Coils

The aim of the task is the upgrading of the TOSKA facility for
testing ITER model coils. An intermediate step Is the testing of
the LCT coil at 1.8 K up to 11 T field level in the task MBAC.
Useful basic component developments and testing methods
which can be transferred later on to ITER model coils are
running in the Polo project (previous tasks M4, M8 and
MTOR).

A highlight was the approval for the extension of the TOSKA
facility as an ITER toroidal field model coil test facility in
December 1992 by the ITER Council.

The 2 kW refrigerator successfully passed its commissioning
phase and is now operated in the responsibility of KfK/ITP.

A pair of force flow cooled high power current leads of 23 kv,
30 kA were successfully tested.

The Polo model coil passed its acceptance test at the
manufacturers site and was delivered to KfK at the beginning
of July 1993,

1. The New 2 kW Refrigerator [1.1]

The main work was to take into operation the new
refrigerator with a 4.4 K equivalent refrigeration capacity of 2
kw,

After assembling of the components (Aerzener screw
compressors, cold box with 3 Sulzer/Linde expansion turbines,
valve box with subcooler and calorimeters, liquid helium
dewar from Messer Griesheim, the Siemens Teleperm M
process control system) the leak checking and plant testing
was started by the main contractor Linde AG, Miinchen,
including a leak test at operation temperature. After the first
refrigeration capacity measurements modifications on the
compressors were necessary to obtain the specified mass flow
rate (Fig. 1). After improvements the test program performed
demonstrated that the cooling power specified in each of the
6 operation modes was obtained (Table 1).

View at the calorimeter, valvebox and coldbox
during the acceptance test of the new 2 kw
refrigerator.

Fig. 1:

Also the required 20 kW cool down capacity for large sc coils
was confirmed by a measurement with the outer calorimeter.
The automatic steady state operation worked well. For non
steady state conditions and transition between two operation
modes the control circuits had to be adapted to the real
process condition.

After this improvement a test run confirmed the full
operability of the refrigerator. Since the end of February 1993
it is operated in the responsibility of KfK/TP,

2, The TOSKA Facility for Testing an ITER TF Model Coil

The ITER EDA design of the magnet system has strong
differences in the design of the central solenoid (CS) and the
toroidal field (TF) coils. This fact requires two model coils, one
€S model coil and one TF model coil. While in the €S model
coll test the design principles of the CS coil inclusive the 13 T
field level shall be tested, the TF model coil test shall be an

i i i i i Electric power
_ Precooling with Refrigeration capacity Liquefaction pl
Operation mode rate 4.4 K consumption of
LN, LHe 33K 44K 70K ’ the Compressors
Basic design - 5.5g/s | 700 W 400 W 1000 W 9q/s 855 kw
Stand by 504g/s - 500 W 230w 1000 W 12.349/s 819 kw
Full load 43 g/s - 700 W 400 W 1000 W 8.84g/s 847 kw
Pure refrigeration - - - 1440 W - 610 kw
Pure liquefaction - - - - 9.19/s 614 kw
Pure liquefaction 689/s - - - 21g/s 671 kW

Table 1: Specified operation modes for the acceptance test.
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electromechanical test of the new TF configuration layers in
grooved stainless steel plates. A magnet expert meeting
recommended to the ITER organization (Technical Advisory
Committee TAC, Management Advisory Committee MAC,
ITER Council IC) the construction of two facilities for testing a
CS and TF model coil in parallel in order to keep the tight time
schedule within the 6 year duration of the EDA. in December
1992 it was decided by the ITER Council that the TOSKA
facility at KfK Karlsruhe in the EC will be extended for testing
the TF model coil. At JAERI in NAKA a new facility for the CS
model coil will be constructed.

In a series of three expert group meetings of the ITER
partners agreement on ITER conductors and model coils as
well as the structural assessment of the ITER magnet system
was obtained. The ITER credit limitation for NbsSn strand
material (19.5 t for CS, 6.5 t for TF) defined by the Joint
Central Team (JCT) stimulated the use of existing large
magnets to obtain the force simulations necessary for testing.
Therefore a configuration was created where the TF model
coil is tested adjacent to the EC LCT coil (Fig. 2). A set of
parameters for such a configuration is presented in Table 2
showing ampere turns, required conductor length field and
forces obtained. It has to be emphasized that the given
conductor quantities require an operation current of 80 kA to
get the required field and forces. A conceptual design of a TF
model coil, the gravitational support and the intercoil
structure were performed. The gravitational support uses the
same elements which were already successfully used for
supporting the LCT coil. The configuration is in the process of
optimization for obtaining the goals defined by the JCT.
There are two items which have the highest priority:

1. The winding of the TF model coil shall have
compression stresses of 90 MPa in one leg of the TF

model coil.

2, The later use shall be considered with respect to
generating a background field for testing of the 1:1
ITER TF coils.

ltem 1 can be obtained by a displacement of the magnetic
center of the coil and a suitable structure. For item 2 a
racetrack coil seems to be more suitable than a D-shaped coil.
The LCT coil was investigated considering its electrical and
mechanical properties. Nothing was found which limits the
operation of the mode! coil. The cryogenic power for the
operation of 80 kA current feedthrough is sufficient as
summarized in Table 3, For the estimation the experimental
results of the Polo current lead test were the basis (see section
3).

Besides the electromechanical tests it was also recognized
that high voltage pulse testing is necessary. Therefore the
experts recommend to use the Polo switching circuit for that
purpose.

The configuration will be assembled outside the vacuum

A TF model coil adjacent to the EC LCT coil, The TF
model coil will be operated at 80 kA to obtain
relevant forces. The final configuration may not
use a D-shaped model coil.

Fig. 2:

vessel and then lifted as one piece by means of two cranes
and a lifting beam into the vacuum vessel.

Status: The 50 kA power supply was taken into operation. The

acceptance test was concluded beginning 1993. The power
supply is now operated in the responsibility of KfK/ITP. The
first experimental application was the test of the 30 kA Polo
current lead (see section 3). The connection between the 30
kA and 50 kA power supply in parallel to get 80 kA was
ordered with busbars and the control circuit. The components
are being in fabrication.

Possible switching circuits for removal of energy from the
model coil at 80 kA are being investigated. At the present
status and according to the present experimental
requirements an arc chute or an AC power switch seemed to
be the most reliable solution.

A second crane of 80 t for lifting the complete test
configuration is being ordered.

The cold line which connects the new 2 kW refrigerator and
the TOSKA facility is under construction at the manufacturers
site.

The present developments in the ITER TF model coil testing
grow more and more in the existing capabilities of the TOSKA
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Winding required for ITER | available at the specific available at the

model / LCT coil 2 kw refrigerator general laboratory
refrigerator

Mass flow rate (ITER model coil

1 channel 800 m) 18/704g/s 500 g/s 50g/s

Operating pressure 6 bar < 10 bar < 20 bar

Pressure drop

(m = 18g/s,di=10 mm, L = 800 m) 2/0.3 bar 6 bar 6 bar

Pumping power (n = 0.6) sow

Heat load sc-joints at coil

(10x2.5x 109Q) 160 W

Radiation and conduction to coil 100W

AC-losses 20W

Nuclear heat simulation 160 W

Case and support structure

Heat input 100w

Mass flow rate (in series with winding) 8049g/s

Current leads (4 pieces)

Nominal current 80/12 kA

Warmgas flow rate (2x80 kA, 2x12 kA) 104g/s

Heat load joints (2x2x10-? Q, 2x6x10-2 Q) 30w

Facility

Heat load in dewar, transfer lines, valves etc. 200W

Total refrigeration capacity at 4.4 K 850W + 10¢g/s 1000 W + 12 g/s 500 W

Available margin 650 W + 2G/s

Table 2: The cryogenic load of the ITER TF model coil test adjacent to the LCT coil.

facility to come to a mode! coil testing within a reasonable
cost frame.

Together with HPE (Hauptabteilung ProzeBinstrumentierung
und Elektronik) a data acquisition system was elaborated
which shall be installed after the test of the Polo coil. it will be
used the first time for 1.8 K of the LCT coil and lateron
extended for the model coil test. The programmable logic
controllers (PLC), the computers rtVAX 300, the controllers
and a scanning system are linked by a star coupler (Fig. 3). All
these components are in the control room in the
experimental area of TOSKA and exposed to a magnetic field
of 2mT. A linkage to a remote control room about 50 m away
from TOSKA with the host computer (VAX 4090-1) and
control terminals are realized by glasfiber, The experiment
can be controlled completely via terminals from this area. For
the data aquisition the data base management software
ORACLE is used as specified for ITER.

3 The Polo Project

The Polo project was started in the previous task M4 to
develop the technology for poloidal field coils of tokamaks. It
should be demonstrated in task M8 later on MTOR (outer
poloidal field coil for TORE SUPRA) that the developed
technology is suitable for application. The conductor is the
first long length conductor produced with a fusion conductor
like stainless steel jacket. Most of the components developed

can be immediately used or they are an intermediate step in
the development for the ITER model coils like insulators,
feedthroughs, current leads, instrumentation cables etc.
because the nominal voltage of the Polo coil and the model
coils are nearly the same. The testing technique used for the
Polo model coil to generate transient fields changes is
intended to be applied also for the ITER model coils.
Therefore the project can now be considered as a precursor of
the model coils developing most of the components which
are independent from the Nb3Snh technology.

3.1 Fabrication of the Polo Model

The insulation system of the Polo model coil was completed
by two vacuum impregnations of the winding. After the first
impregnation the winding insulation (turn to turn, pancake
to pancake) was successfully tested by a pulse voltage of 24
kV across each winding half. Then the ground insulation was
wrapped around the winding and vacuum impregnated. A
repetition of the pulse voltage test and further electrical tests
(DC 50 kv, AC 16 kv partial discharge measurement)
confirmed a sound electrical insulation system. The SS steel
fixtures and the SS steel plate for carrying the supporting
structure of the terminals were carefully aligned and
assembled. Conductors were bent to meet the position of the
terminals and leak tested. The total number of conductor
bending operations during coil fabrication was about 30
times. Never a leak was observed in the laser beam welded




ITER D-Shaped Model Coil TEST (|| LCT)

Model coil MC-108 turns x 80 kA MC-132 turns x 80 kA
Simulation of conductor dimensions cm X cm 5.7 em (radial) x 5.62 (axial) 5.7 cm (radial) x 5.62 (axial)
Minimal bending radius of MC m 6.7 0.7
Turns (radial x axial) 9x12 =108 11 x12 = 132
Radial winding thickness m 0.513 0.627
Axial winding thickness m 0.675 0.675

" Average turn length m 10.12 10.48
Conductor length (without spare conductor) m 1100 1400
Winding volume m? 3.51 4.1
Current density in MC kA /cm? 2.496 2.496
LCT-coll KA 0 10 | 15 0 | 10 | 15
y—— T T e 5 g e
Buax at MC with LCT 743) .42) 593) E5 647 099
Bprax at LCT coil T <25 6.45 9.2 < 3.0 6.8 3
Forces and stresses attainable in Model Coil attainable in Model Coll
Out-of-plane force MN 0 -76 -114 -96 -144
Average axial pressure MPa 0 ~ 15 ~ 22 0 ~ 15 ~ 22
Average radial pressure MPa ~ 20 ~ 30 ~ 36 ~ 20 ~ 41 ~ 41
Stored energy in single coils and total system in single coils and total system
Inductance of MC H 0.044 0.066
Stored self-energy of MC MJ 140 140 140 210 210 210
Stored self-energy of LCTF-coil MJ 0 80 180 0 30 180
Total stored energy (MC + LCT) MJ 140 292 426 210 382 526

Table 3! Typical field and forces for the configuration TF model coil adjacent to the LCT coil. The valves remain in the same order if a racetrack shape will be used for the model coil.

-SZ-.
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Fig. 3:

jacket. The supporting structure for the terminals was
assembled and aligned. The conductor ends were welded in
radial insulation breaks to insulate and to support them
against the ground potential. The three copper rods with
their contact surfaces to the current leads were soldered to
the subcables and the hydraulic joints of the primary and
secondary cooling channels to their in- and outlets were
fabricated. Great care was taken for the correct alignment of
the contact surfaces to each other in order to assure easy
installation of the current leads in the TOSKA facility. The
conductor ends running to the terminals were insulated by
hand wrapping by epoxy wetted glass fiber tapes, After a
high voltage test the SS support structure was welded around
the conductors and filled with epoxy resin wetted sand.

The acceptance test was started with a high voltage testand a
leak test. During the DC insulation test an axial insulation
break in supply line of one of the terminals failed even
though it passed successfully the pretests. The problem was
cleared by exchanging the axial insulation break.

A more serious problem occured during the leak test where
two big leaks were found on the top of one of the axial
insulations of the joint boxes between pancake 1 and 2 as
well as pancake 3 and 4. It was analyzed that the origin of the
leaks were the low voltage insulation breaks which were
already leaky before the first impregnation (reason: wrong
welding procedure) and which were tightened by Stycast.
These leaks opened during the second impregnation and
found an axial path through the glassfiber filament winding
of the high voltage axial insulation break. It has been found
out that this was a weak point of this type of insulation
breaks.

Taking also into account the electrical breakthrough of the
axial insulations break of the terminals the following solution
was realized to close the leaks as well as to give electrical and
vacuum technical redundancy for a successful performance of
the experiment. All outcoming helium supply lines of all three

Diagram of the hardware components of the data acquisition system

joint boxes were extended by a second insulation break of
another type. The leaks were closed as tight as possible by a
special resin, The final barrier is the wet hand wrapping
between both insulation breaks. The sockets of the
outcoming supply lines were covered by a ss hat the lower
part of which was made by glassfiber reinforced epoxy by
filament winding technique to obtain a better matching
between the thermal contraction of the socket and the hat. In
this way a guard vacuum was created which is separated from
the vessel vacuum and can be operated at different pressure
levels for avoiding the Paschen minimum in a case of a leak

(Fig. 4).

The repairment described needed a lot of electrical and
vacuum technical verification tests to assure the concept. Ina
joint effort of the manufacturer GEC-Alsthom, Belfort and
KfK/ITP, Karlsruhe, the repairment was performed within 2,5
months. Fig. 5 shows one of the completed guard vacuum
boxes.

The coil was delivered to KfK Karlsruhe, on July 2, 1993 (Fig. 6)
after connection of the high voltage instrumentation cables
and the repetition of the acceptance tests which now met the
specification . The acceptance tests were repeated at KfK
Karlsruhe, which indicated some minor new deficiencies
which did not exist before. It demonstrates the stony path in
the development of a specified reproducible industrial
product.

The instrumentation on ground potential outside of the coil
were mounted. The work for the installation of the Polo coil
in the TOSKA vacuum vessel is running in schedule. The test
shall start beginning 1994,

3.2  Special Investigations for the High Voltage Tests of
the Polo Coil

The insulation system of the Polo coil was tested by DC, AC
and pulse voltages. The understanding of the pulse voltage
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Fig.4:  Sketch for the repairments of the leaks observed

during the acceptance test on the top of the axial
insulation breaks of the supply pipes to the joint
boxes.

tests require an equivalent circuit which can simulate in a
computer code the test conditions. The computer code P-
SPICE was implemented on a PC and a suitable equivalent
circuit for the Polo model coil was elaborated. The measured
voltage and current traces were in agreement with those
calculated by the computer code. During the pulse voltage
test high voltage was observed on the coil surface which was
painted with a conductive paint. This voltage led partly to
changes of grounded sensors on the coil surface. The effect
was simulated by a computer calculation. The reason was the
resistivity of the paint which prevented a fast enough charge
removal during pulse. A parallel grounding with a copper
wire solved the problem.

3.3 The Testof the Polo Current Lead for 30 kA, 23 kV [3.1]

For the test of the Polo model coil a 30 kA, 23 kV current lead
was developed and constructed.

Fig.5:

The fabricated guard vacuum box on one of the
joint sockets. On the left hand side a rod equipped
with the load cell for the suspension of the coil. On
the right hand side a feedthrough with a high
voltage instrumentation cable.

The current lead behaviour was tested in the large vacuum
vessel of the TOSKA facility. Two current leads were installed
and shortened by a superconducting bus bar. The latter one
consists of a 3 m long POLO conductor bent in an U-shape.
Both ends of the superconducting cable were soldered in
copper rods which have exactly the same shape as the
terminals of the POLO model coil. Also the cryogenic and
electrical interfaces were identical to the coil terminals. Fig. 7
shows the SC shortcircuit bus bar including both terminals.
One of the current leads was highly instrumented whereas
the other one has its standard instrumentation as it will be
used in the coil test lateron. The same crygenic control and
supply system was used as foreseen for the test of the POLO
coil. Therefore the current lead test can be considered as an
integrated test of the model coil terminals and their current
leads under high current and high voltage which could be
performed only independently.

The maximum test voltage of the whole system was 28 kV
according to the electric strength of the superconducting bus
bar. The test configuration was supplied by a 50 kA power
supply. So it was possible to test the leads up to 50 kA,
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Fig. 6:

The Polo model coil during installation in the
TOSKA facility. The four suspension rods and the
three guard vacuum boxes are clearlyseen, The
three terminals are partially covered by the fixture
of the high voltage instrumentation cables and its
vacuum vessel feedthrough which is provisionally
fixed at the terminals during the installation work.

Experimental results: Steady state currents between zero and
30 kA and cooling with 0.4 MPa (4 bar) supercritical helium
have been performed. By experimental experience, the
forced-flow cooled leads have different advantages
compared to bath-cooled current leads:

- Easy adjustment of the cyogenic operation parameters,
i.e. mass flow and pressure.

- Adaption of the mass flow by changing the operation
conditions in advance.

- No oscillations of mass flow and pressure even during
pulsed operation.

The electrical resistances of the clamp contacts at the coil end
had been measured to be =< 6 nQ2. No changes in performance
during one warm-up and cool-down cycle had been observed.

The effectiveness of the NbsSn inserts has been verified. Fig. 8
shows the temperature of the conductor at different

lemmsmmEmas
Superconducting bus bar for short circuiting both
current leads in the test configuration

Fig.7:

positions of the current lead for zero current (crosses), 15 kA
(full rhombi) sep. 30 kA (full circles). For comparison, the
calculated temperature profiles have been drawn as full lines.
The agreement is good proofing that the leads behave as
expected.

Fig. 9 shows the mass flow rate normalized to the current as a
function of the operational current. The agreement is good.
At 30 kA, the result is slightly above the maximum optimized
current as the mass flow rate normalized to the current
increases  considerably. The effectiveness of the
superconductor inserts is clearly seen. A design without
superconductor inserts has to be optimized with respect to
the maximum operational current. Therefore, in our case, the
helium mass flow rate is drastically reduced for currents
smaller than the optimum one.

As a second consequence of the use of superconductor inserts
the helium mass flow rate at zero current is drastically
reduced due to the enlarged length of the current lead. This
mass flow rate was measured to be only about 40%
compared to that without Nb3Sn inserts (Fig. 10).

The current lead behaviour in case of loss of mass flow has
been simulated by closing the valve for both terminals at 25
kA and measuring the temperatures and voltage drops across
the contact area resp. the superconducting short circuit bus
bar. The time difference between the loss of mass flow and
the thermal runaway of the temperature at the coil terminal
is important for a safety discharge of the superconducting coi!
which is recommended in this case. After almost 4 minutes,
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the shortcircuit bus bar became normal conducting, the
protection system gave a signal and the power supply was
switched off. Fig. 11 shows the measured (full circles) and
calculated (full lines) temperature profiles for different times
up to the quench of the short circuit bus bar. Because in the
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calculations the helium inventory as well as the heat capacity

of the copper plates is included, the agreement validates their
influence.
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case of loss of mass flow at 25 kA with the time as
parameter, '

An overcurrent test has been performed at 50 kA, The result
was that the heat exchanger works even at this current, i.e.
no normal conducting length has been observed. But both
lead ends are the limiting factors of the current lead. In
addition, the water cooled cables from the power supply are
not designed for 50 kA, their temperature did actually limit
the measurement time during this experiment.

In general, comparison to calculations of this current lead test
shows good agreement which allows extrapolation to




operational currents up to 80 kA needed for ITER model coil
tests in the TOSKA test facility at KfK (Task MTOS).
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MBAC  High Field Operation of NbTiat 1.8 K

Subtask 1: Hell Forced Flow Cooling: 1.8 K Tests of EC LCT
Coll plus Development of Circulation Pumps

The 1.8 K cooling technique is indispensible, if technically
applicable superconducting materials shall obtain their
highest field levels, Therefore the task was started with a
program part for the development of components included in
such a cooling circuit and is continued with the operation of a
large forced flow cooled fusion magnet, the Euratom LCT coil.
The last experiment is an intermediate step in the sequence
for upgrading the TOSKA facility for the ITER model coil test
(Task MTOS).

1. The 1.8 K Test of the Euratom LCT Coil

The assembling of the reinforcement structure of the LCT coil
was concluded with the pretensioning of the belts. Each belt
was heated up to 50 °C by propan radiators and then the two
bolts on each side were tightened up to a certain torque
moment. The pretensioning of the belts was performed in a
certain sequence in order to obtain a homogeneous
distribution across the coil, The measured deformation of the
coil under the effect of the pretensioned belts was 70% of
that calculated by the finite element model. This result
demonstrates a good force transmission of the reinforcement
to the coil. It confirms that the fabrication tolerances for the
sophisticated structure are kept.

The cold transfer line between the 1.8 K control cryostat and
the TOSKA vacuum vessel was taken in operation. The
measured He leak rate was < 108 mbarl/s under operation
conditions (1.8 K, 1-10 bar). The thermal losses could be
measured only indirectly for both flow directions and were
about 4.5 W. In this modified and extended loop the piston
and the thermomechanical pump was tested again. New inlet
valves were installed in the piston pump. The measured
volumetric efficiency for Hell was the same one as for
He | measured for another piston pump of the same type.
The thermomechanical pump got new superfilters with a
larger diameter. With the larger superfilters the mass flow of
the thermomechanical pump was increased by about 30%.
The insulation of the Polo current lead type was modified and
a superconducting bus was constructed to supply current up
to 20 kA to the LCT coil.
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Vacuum and Fuel Cycle
Introduction and Overview:

KfK holds a major share in both parts of the Fuel Cycle task ar-
ea, i.e. it contributes essentially to the Vacuum Pumping tasks
and to the Tritium Processing tasks. Most of the work is re-
lated to stages | and IIA of the 1992 — 1994 period but some of
the results refer to the preceding programme period due to

“difficulties in the experiments or unexpected effects that
caused a redirection of task objectives or additional theoreti-
cal work.

This is e.g. evidenced by the TPV 1-task (subtask 1), where
dust transport proved to be much more complex than initially
expected. With the help of University a mode! has now been
set up that does not only correctly describe the experimentsin
the test facility, but is also capable of accounting for reactor
conditions by means of a newly developed similarity criterion.
The practical consequences in the case of an air ingress inci-
dent are quite severe: Dust, which seems to be unavoidable in
a fusion reactor, will be transported over long distances and
may affect the vacuum components.

Fortunately, in the case of graphite dust and elastomer-sealed
valves this may not cause too much trouble, as was demon-
strated by the experiments of subtask 2, but this may only be
true for this scenario.

In view of the changes of ITER-specifications, and in accor-
dance with the European Home Team these investigations
have been concluded for the moment.

Within the TPV-2 task the various aspects of cryogenic pump-
ing of plasma exhaust gases, containing typical impurities and
a fraction of helium up to about 5%, are addressed.

Apart from the completion of characterization and perfor-
mance testing for cryopumping panels of the first generation
the main interest has moved to thin-layer cryosorption panels
for the reason of limiting the vulnerable tritium inventory in
cryopumps to a tolerable quantity. Within subtask 1 a nozzle
spraying method has successfully been developed and pat-
ented, its He sorption capacity has been determined and its
durability against thermal cycling verified, In the pumping
performance tests, carried out under subtask 2, the specific
pumping speed has so far been shown to be fully satisfactory
for charcoal-coated panels. What concerns the pump configu-
ration it could be demonstrated that co-pumping of hydro-
gen isotopes and helium on the same panel is feasible in the
molecular flow regime.

Subtask 3 had the objective of endurance testing of the
cryocompound pump principle based on an optimized
cryosorption panel. In order to allow for an extended period
of pumping/regeneration cycles with a minimized He con-
sumption together with a high degree of flexibility in the
pump configuration a new design of a test facility had been
elaborated and a tendering procedure started. But, in view of
a largely increased pressure level during the burn mode in the

new ITER-design, priority has now been given to investiga-
tions on the feasibility of cryopumping in the transient or vis-
cous flow regime,

Significant progress has been made in the area of forepump
testing (subtask 5). The pumping characteristics of the three
available large Normetex pumps and the Metal Bellows pump
have been measured for a wide range of operation conditions
in single and series connection, and it could be shown that it
is possible to use these pumps for backing of the primary
pumps of a fusion reactor or even for primary pumping under
the aforementioned new ITER-conditions. Some studies have
also been performed on an optimum protection of pumps
from particles with a minimum loss of conductance, but due
to lack of funding this work is not further pursued.

In TEP 2 three major aspects of tritium recovery from plasma
exhaust gas are compiled. Some of the work, however, is also
of importance for tritium technology and process analytics in
other areas of the fuel cycle of a fusion reactor. As a prerequi-
site for the ongoing and future work the Tritium Laboratory
Karlsruhe (TLK) is now taking up operation.

insubtask 1 a tritium loop has been constructed for long-term
performance tests on tritium-compatible permeators that
constitute the center-piece of most of the processes proposed
and elaborated by KfK for fuel recovery from tritiated gas
streams. Most of the work in the reporting period was de-
voted to the commissioning of the loop and its auxiliary
equipment for cold operations, and to the installation and
testing of the systems belonging to the second containment,
i.e. the glove boxes. Measurements and calculations were car-
ried out on the heat load resulting from loop operation that
led to the necessity of installating an additional cooling unit.
The functioning of safety-relevant sensors on the primary
loop is described in this report with some detail.

The objective of subtask 2 is to demonstrate the tritium op-
eration of an integral fuel clean-up system based on the pro-
cess principle developed at KfK. The technical facility was de-
signed for a throughput scaleable to ITER conditions, con-
structed at the NNC company and successfully tested at the
manufacturers’ site, After delivery to KfK in April 1993 the fa-
cility has been installed in the TLK and connected to its infra-
structure. For the completion of acceptance tests and cold
commissioning some paperwork to comply with licensing con-
ditions remains to be done.

In subtask 5 the influence of tritium radioactivity on side reac-
tions interfering with tritiated water reduction by means of
the water gas shift reaction is studied in more depth than will
be possible in the integral fuel cleanup experiment of subtask
2.

As a first step the rate of catalytic methane formation was de-
termined with protium as a model gas. For use with tritium a




small loop was constructed and equipped with a gas
chromatograph, a small volume ionization chamber and, in
addition, with a Fourier transform IR-spectrometer for on-line
process analytics. In spite of the high tritium concentration
the overall quantity is low so that it may be possible to run
these tests outside the TLK,

H.D. R&hrig
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TPV 1 Mechanical Vacuum Components
Subtask 1: Dust Transport Experiments
1. Introduction

The possible states of accident of a fusion reactor defined by
ITER and the simulation of these accident states at the
SPARTA (Solid Particle Transport test facility) were explained
and the results of the first experimental investigations were
discussed [1],

In the course of these experiments at the test facility,
extensive raising of the dust was observed when simuiating a
sudden pressure increase. As dust raising can be caused by
pressure shock waves, the latter shall be discussed and a
model transfer shall be accomplished.

2. Similarity Consideration

In an external expert opinion the similarity relations
presented in the present section were derived [1].

in case of gas ingression into the vacuum reactor, the
following flow regimes can occur:

1. Passing of a shock wave at supersonic flow Mach
number M>1;

2, Equalising flow under continuous supersonic flow M>1;
3. Equalising flow after exceeding the critical values M=1.

For particle transport, the first two processes are of
paramount importance. In the following sections, these two
flow regimes shall be studied with regard to the similarity,
starting from the assumption that the inflowing gas comes
from a point of constant pressure py during the complete
process. Furthermore, the changes of state of the gas are
assumed to be adiabatic.

Raising of a particle requires an axial movement of the
particles. Here, the ratio of the wall shear force to gravity can
be applied as the similarity requirement:

L )
4  gd.pg
where
d: particle diameter
p: density
T wall shear stress

g: acceleration due to gravity

The balance of forces in a cylindrical pipe gives:

N (2)
Ty = (’31“)(7)
with
D: diameter of the flow cross-section
dp/dl: pressure gradient along pipe length

With the variables d, p and the surface properties of the wall
in the reactor and the model being the same, the similarity
requirement

D (%) = konsl. (3)

holds.

The similarity conditions are obtained as a function of the
pressure increase with time dp/dt [1]:
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with

v: kinematic viscosity
Po: density

\'H volume

dp/dt: pressure grandient
R: gas constant

To: temperature

M: molar mass

Po: external pressure
p: vacuum pressure

When the external pressure p, and the Temperature Ty in the
reactor and the model are the same, the similarity conditions
can be reduced as follows:obtained for the pressure increase:

15
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d % ®)

dt reactor

According to this calculation a pressure increase rate in the
model should be 20 times larger than the pressure increase
rate in the reactor (p =250 mbar/s) in order to realize similar
conditions in the model.

Reactor Model
Duct diameter [m] 2 0,1
Volume [m3] 2600 0,218

Table 1: Data of reactor and model

3. Performance and Results of the Experimental
Investigations

in another external expert opinion the shock dynamics was
investigated both theoretically and experimentaily [1].

To measure the pressure behaviour with time in the pipe of
the model facility, three plezoresistive absolute pressure
transducers manufactured by the Kistler company (type
4043A1) with a measuring range of 0— 10 bar were installed
at distances of 0.5 m (p1), 2.5 m (p2), and 3.87 m(p3),
respectively, from the gas inlet vessel. It was ensured that the
measuring diaphragm of these transducers was in line with
the inner surface of the pipe.

The sensor element is made up of piezoresistive elements
designed as strain gauges measuring the strain of a
mechanical spring element and changing their resistance
accordingly. Resistance variation of the strain gauges is
evaluated by means of an appropriate differential amplifier.
Piezoresistive sensor designs may be used for high-frequency
vibrations and shock measurements,

By means of these pressure transducers (natural frequency
>14 kHz), pressure signals smaller than 1 mbar can be
measured perfectly. The pressure signals are led to a high-
resolution, multi-channel transient recorder and subjected to
further processing in a personal computer.

For the sudden pressure rise in the facility, a diaphragm
{plastic and aluminium foil and an orifice with an aperture of
6 mm (orifice 1) or 26.4 mm (orifice 2) behind it) is installed at
the inlet of the gas inlet vessel. To start the experiment, the
diaphragm is pierced by a needle, as a result of which the
transient recorder is triggered off.

The complete behaviour of the filling pressure by orifice 1
and 2 was measured. Pressure in the facility was 5x 10-3 to 7x
10-2 mbar. The pressure shock waves expected did not occur
in any of the experiments. This suggested that the process

was "smeared"” by the gas inlet vessel upstream of the pipe,
such that only normal filling flow could be observed. This
assumption was supported by films in the facility with the
dust applied at a filming speed of the high-speed camera of
500 frames/s. Assignment of the frames and pressure
behaviours to time shows that the dust is raised only when it
is passed by the filling flow.

In the following experiments, the iniet vessel was therefore
flanged off and the tube was directly sealed with foil using
different orifices (d =25 mm (orifice 3), 50 mm (orifice 4), and
100 mm (orifice 5), respectively). Pressure increase amounted
to 5 bar/s at d=25 mm and >50 bar/s at d= 100 mm.

Compared to previous experiments, the pressure exhibits a
completely different behaviour. The pressure increases, which
are accompanied by more or less intense pressure surges, are
much steeper than in the experiments with the inlet vessel. At
measuring point (p2), relatively strong pressure oscillations
occur, which may probably be attributed to reflection effects.
This effect can also be noticed in the films, where first the
dust is blown away in the direction of flow as in the previous
experiments, but then also oscillates as if it were passed by a
backstream.

Flow velocity was determined from the time of arrival
measured and the path known between the end of the pipe
and the respective pressure transducer. In the experiments
with orifice 2, flow rates of v=733 m/s were measured. In the
experiments with orifice 1, the values measured amounted to
w=278 m/s. The theoretical flow rate is v=761 m/s. Flow rate
at orifice 1 was in the subsonic range such that no compres-
sion shocks were expected. As far as orifice 2 was concerned, a
standing pressure shock could be discussed at the most.

The pressure gradient of 385 mbar/s at an aperture of 26.4
mm and an air filling duration of t=3.63 s was measured. The
pressure gradient calculated is dp/dt=502 mbar/s.

By comparison with the experimental value, a discharge
coefficient of 0.767 is obtained. The calculated filling time is
t=3.65 s, which is in good agreement with the time
determined experimentally.

Results of a similar quality were reached for orifice 1. Here,
the experimental value was dp/dt=23 mbar/s compared to
the theoretical value of dp/dt=20 mbar.

As mentioned above, the conditions prevailing are different
in the experiments without inlet vessel. The flow rate
measured amounts v=1162 m/s. This indicates a compression
shock entering the pipe.

The flow rate of the wake flow calculated is v2=1381 m/s.
Taking into account the “discharge coefficient", this is in
good agreement with the value measured. In these
experiments, however, extensive pressure surges can be
observed, which probably may be attributed to the increase
in the initial pressure p1 developing during filling.
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Determination of the pressure gradient is more difficult, as in
the initial phase the increase is superimposed by the pressure
surges, and, hence, a steep gradient is pretended to have
occurred. Nevertheless, the experimental results can be inter-
preted in terms of shock dynamics, such that transfer to the
reactor conditions can be accomplished as far as flow
technology is concerned.

4, Conclusions

The theoretical/experimental investigations with regard to
shock dynamics are in good agreement. Propagation of the
shock waves is influenced by the geometry conditions. It is
therefore important to define at which points of the reactor
accidents are to be expected and to generate the model
accordingly.

A simple similarity considerations (shear farce/gravity) for a
rough estimation shows that the pressure increase rate in the
model for the similar conditions should be 20 times larger
than in the reactor, Measurements during a sudden pressure
rise at the model test facility indicate propaganting shock
waves, causing a very strong raising of the dust. At the
pressure rise rate 5000 mbar/s for the simulation of the air
inflow in the reactor (250 mbar/s) all the graphite dust
(1-500 um) applied is blown over the test section {1 m).
Hence much dust transport is expected for the specified
reactor accident types with the pressure rise rate of 250
mbar/s. A dust separation system is required to protect the
components of the torus exhaust system of ITER.
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Subtask 2: Dust on Elastomer Seals

1. Introduction

The dusts generated by plasma/wall interaction can be
entrained through the exhaust ducts into the valves in front
of the pumps where they can impede the functioning of the
valve seals.

The dust compatibility of elastomer seals is experimentally
studied at the SPARTA model test facility where the fiow
conditions can be simulated to be similar to those prevailing
in the evacuation pipe between torus and manifold of ITER.
Dust typical of a tokamak with graphite liners can be metered
in[1].

2. Test Valves and Procedure

Three electro-pneumatically operated bellows gate valves ND
100 of the company VAT were installed in the model test
facility [1]. The double discs of the valves are sealed on both
sides by means of vulcanised elastomer seals. Three materials
are examined. The following parameters were varied in these
experiments:

100, 200, 500, 1000, 2000
and 5000

Number of cycles:

Graphite dust size distribution: Dust 1: dVS=1 pm, Dust

2: dVS=15pm
Elastomer seals; VITON, BUNA-N and
EPDM

In a preselected number of cycles dust was permanently
metered in. After each test cycle first the rates of outward
and inward directed leaks in the valve seat were determined.
Then the pressure surge simulating the ITER accident
conditions was released. At the end of a test the leak rate was
determined a second time. The following additional opera-
tions were carried out in a test: dismounting the valves,
sample collection from the sealing surface, and evaluation of
the samples collected using an image analysing system for
determination of the degree of dust coverage and the size of
the dust agglomerates.

3. Results of Valve Tests Involving Elastomer Seals

The tightness of the elastomer-sealed valves has been
surprisingly good in all cycles and for all degrees of graphite
dust coverage. The measured leak rates of the valves are less
than 10-6 mbar /s although the degree of dust coverage
amounts to up to 80% and the particle mean diameter of the
dust agglomerates on the sealing surface is up to 100 pm.

The leak rate extrapolated to the ITER valves amounts to 1,5
10-5 mbar I/s which is smalier by one order of magnitude then
the leak rate specified for ITER.

Literature:
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TPV 2 Optimization of Cryogenic Vacuum
Pumping of Plasma Exhaust
Subtask 1: SorbentPreselection, Cryopanel Development

This task is aimed at developing and optimizing cryogenic
vacuum pumping of plasma exhaust containing helium. To
develop cryosorption panels a variety of eligible material
combinations for helium cryosorption have been tested on a
reduced scale. The best suited technical solutions will be
optimized on the technical scale under simulated ITER
operating conditions as a result of these investigations design
data and requirements will be obtained with respect to the
operation of the cryopumps to be used in the plasma exhaust
pumping system of a fusion machine.

To optimize the preparation of thin layer cryosorption panels
two industrial coating technologies electrostatic and spray
coating were compared in according to their possible
adaptation.

For the reproducible production of large sorption panels a
new coating apparatus was designed and constructed, With
this apparatus it is now possible to produce sorbent/bonding
layers on plates up to 500 mm diameter with a thickness in
the range of 0.1 t0 3.0 mm.

The first thin layer sorbent panel (430 mm diameter) was
coated in June 1993,

In parallel to these activities the search for the optimal
sorption material and in addition the cryosorption tests with
different sorption materials continued.

As a result of a tendering procedure three types of activated
charcoal powder with particle sizes in the range between
5 pm and 160 pm ( 114A and GFF 30 from Chemviron and
Type 5963.1 from Roth ) were procured. For the tests at the
HELENE test facility activated charcoal thin layer specimens
were prepared with these three charcoal powders fixed with
Thermoguss 2000 as cement on aluminium plates (50 mm
diameter).

After the thermal cycling at the TARZAN test facility, sorption
tests were executed with the three activated charcoal thin
layer specimens at the HELENE test facility. The best results in
terms of relative pumping speed (8 I/s) were measured for the
charcoal Type GFF 30 from Chemviron, The two other types of
charcoal powder (114A from Chemviron and type 5963.1 from
Roth) are not useful with respect to the low results for the
pumping speed.

According to the investigatios to optimize molecular sieves
for cryosorption pumps, helium and nitrogen adsorption
isotherms for zeolite Y and ZSM 5 were measured and
compared. The small porous ZSM 5 with a pore diameter of
5A was found to be the more advantageous material with
repect to the helium adsorption capacity.

For the sorption tests in the HELENE test facility the following
materials were selected:
Sodalith; (0.36 nm),

LINDE Type 5A; (0.41 nm), ZSM 5;

(0.5 nm).
Subtask 2: Sorbent Pumping Speed
1. Introduction

In the TITAN test facility, pumping of gases similar to the
plasma exhaust generated in the ITER machine during the
burn mode is investigated. It is the objective of the
investigation to obtain cryosorption panels which have been
tested under simulated operation conditions of a tokamak. -

One of the test goals is to find suitable sorbents. This report
covers panels with sorbent layers between 1 and 2 mm.
Another goal is to prove that copumping is possible,
Copumping means that the baffle at liquid helium temper-
ature is removed and pumping of hydrogen isotopes and
helium is performed simultaneously in the same stage [1].

The pumping speed, which is determined by the constant
pressure method, is used as a criterion for the performance of
the cryosorption panels.

2. TITAN Test Facility

TITAN consists of a ~ 700 | vacuum vessel and includes a
measuring dome designed according to the PNEUROP
standard and a liquid helium bath cryopump installed inside
the vessel. A gas dosage device and several pressure gauges
are connected with the vessel. The temperature is measured
in each stage of the cryopump. The test facility has already
been described in [1].

The crypump in the TITAN vacuum vessel consists of a liquid
helium bath and a sorbent panel which Is directly mounted to
the bottom. One or two optically tight CHEVRON baffles
shield the panel against heat radiation from the vessel, which
has room temperature,

The sorbent panel is a circular metal plate covered with a
sorbent, which is fixed by means of an inorganic bonding
agent. At the bottom of the liquid helium bath an electric
heater is installed. This heater is used to reactivate the panel
which means to release the adsorbed gas after a pumping
cycle. In Table 1, all thick-layer panels that have already been
tested and the thin-layer panels that will be tested are listed
[1].

In total, 6 cryosorption panels of @ 430 mm coated with thick
(> 1 mm) sorbent/ bonding layers have been tested. One of
the panels (no. 3) was bonded by reactive braze, the other by
an inorganic cement, Four panels {nos. 12, 14, and 16) were
coated with activated charcoals and two panels (nos. 15 and
17) with molecular sieve. Panel no. 17 was prepared using
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panel no. 15 and grinding off 1 mm from the surface of the
sorbent/bonding coating.

The panel no. 14 has been prepared differently from other
cement bonded panels. A mixture paste of cement and
sorbent particles was sprayed over the substrate in a thick

The gases dosed in the tests are listed below. The sequence of
the tests is determined by the saturation pressures of the
gases. The test cycle starts with the highest saturation
pressure to minimise the effect of the gas which has not been
released during regeneration of the test executed before.

layer and after hardening a surface layer of about 1 mm was Testrun:
ground off. Small scale specimens prepared in a similar way
achieved the best pumping results. Two-stage pumping: - Helium, protium, deuterium
and mixture 7 respectively
Panels nos. 12, 15, 16, and 17 were prepared by the nozzle
spraying method. At first a cement layer was sprayed onto Three-stage pumping: - Helium and mixture 7
the substrate, and in a second step sorbent particles were respectively
sprayed in the same way. This method was developed at KfK
for machine coatmg of Iarge panel surfaces. Dosage run Dosage rate Dosage time Equalisation time
[scem] [min] [min}
. . 1 1 15 15
Panel no. Sorbent Bonding Preparation | Substrate He - 80
3 Aclivated charcoal Reactive braze Sorbent and Copper 1 H . 80 15
DEGUSORB AS 16/45 | DEGUSSA 7200+Tl | bonding spread | E-Cu 67 2 .
Cylinders 1.6 mm others: 15
12 Activated charcoal Inorganic cement Sorbent and Copper 3 5 15 15
CHEMVIRON SC I THERMOGUSS | bonding Sprayed | E-Cu 57 4 10 15 5
_parlicle ~1 mm 2000 5 16 15 15
14 Aclivaled charcoal Inorganic cement Sorbent and Copper 6 20 15 15
DEGUSORB AS 16/46 | THERMOGUSS |bonding Sprayed | E-Cu 57 M7 : 80
Cylinders 1.6 mm 2000 7 25 D | 80 1h
15 Molecular sleve Inorganic cement Sorbent and Copper 2 N approx.
Merck 5A, no. 5705 | THERMOGUSS | bonding Sprayed | E-Cu 57 others: 15
pearls 2 mm 2000 8 100 10 15
16 Aclivated charcoal Inorganic cement | Bonding sprayed,{ Copper 9 200 10 15
. GOODFELLOW THERMOGUSS | sorbent pressed | E-Cu 57 10 400 5 16
C003550 fabric 0.5 mm 2000 on 11 600 5 15
17 Panel no. 15 Panel no. 15 ~1 mm Sorbent | Copper 12 800 5 15
layer ground off | E-Cu 57 13 1600 5 15
the panel no. 15
19 Activated charcoal Inorganic cement Sorbentand | Aluminum \
CHEMVIRON GFF 30 | THERMOGUSS | bonding Sprayed Table 2: Test matrix
powder: dyg= 15 pm 2000 120 pm layer
Thickness

Table 1: Review of the cryosorption panels

3. TestProcedure and Test Matrix

A test includes the following procedure which has already
been described in [1]:

Cooling down
» Pumping

Regeneration
+  Heating
In the pumping tests, the pumping properties of the panel-
baffle-recipient system are determined. Pumping s
characterised by the pumping speed.
During the pumping tests, the parameters of dosage rate
[mbarl/s], pressure [mbar] and temperature [K} are measured
and recorded (Table 2),
Pumping speed [i/s] is determined by means of the constant

pressure method. It is obtained from the dosage
rate/pressure ratio.

4. TestResults

The activated charcoal panel 3 and the molecular sieve panel
15 are not tested in conformity with the test scheme shown
above. Due to the deviation from the test scheme, the test
results of panels 3 and 15 are represented as points, whereas
the results of the other panels are shown as curves.

The pumping speed below is indicated as a specific pumping
speed related to the size of the panel surface of 1186 cm2.

4.1 Helium Pumping Tests

The pumping speed curves in Figs. 1 and 2 are represented.
The figures are a review of the tested panels 16, 12, 15, 3, 14
and 17. Up to now, panel 17 has been tested in the two-stage
mode only, while panel 3 has been tested in the three-stage
mode exclusively.

For each panel, the helium pumping speed increases by
changing from the three- stage pumping mode to the two-
stage pumping mode. The increase of the pumping speed in
case of the two-stage pumping mode is probably caused by
the reduction of the flow drag on account of having taken
away one baffle.

At higher pressures, the curve of pumping speed generally
tends to decrease. In the two-stage pumping mode, the
decrease is significantly steeper than in the three-stage
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pumping mode. The decrease of the pumping speed
probably results from two reasons: Saturation of the sorbent
and temperature increase of the sorbent, especially in the
two-stage pumping mode. Both reasons are more severe in
the high pressure range, as the high pressure Is a result of
high dosage rates (>0.017 mbarl/s). In  the two-stage
pumping mode the temperature increase mainly is a result of
the 80 K radiation impinging on the sorbent surface instead
of the 5 K radiation and secondly of the 80K temperature of
the sorbed gas amount instead of 5 K.

The activated charcoal panel 12 has the largest helium
pumping speed and the largest pumping speed increase of
60.6% by changing from three-stage to two-stage pumping.
This is remarkable, because panel 12 is an activated charcoal
panel like panel 14, However, the sorbent surface of panel 14
is ground with the intention to open the pores. But it seems
that grinding destroys or smears the pores such that the
pumping speed decreases.

Independent of the pumping mode, the pumping speed is
almost constant for pumping pressures less than 3X10-5
mbar in case of helium pumping. This range of constant
pumping speed is of great interest, because helium partial
pressure of the ITER-machine is in this range during the burn
mode.
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The pumping speed of the molecular sieve panels 15 and 17 is
significantly smaller than that of the activated charcoal
panels 12, 14, and 16.

4.2 Gas Mixture Pumping Tests

Figs. 3 and 4 represent the pumping speed curves of panels
16, 12, 15, 3, 14and 17 in case of gas mixture pumping.

12r (
E 10
3 K
HEE S z
kY e
7 ° A TS
11 [ 1~ BN
g DA N k3
B g
2 I
a —©- Panel 16/M7 ko
g Lo ] 15} PR
& 4 Panet 12/M3 i 1
& O Panet 16/M3
S ok panel a/M1
o
%] —<= Panel 14/M7 %
o LTI T Ll
1,0E-08 1.0E-06 1,0E-04 1.0E-03 1.0E-02
Pumping Pressure {mbar]
Fig.3: Gasmixture three-stage pumping
8
i
g %/\t::‘\z ~©~ Panel 16/M7
S .&\\\‘“3\‘% —£ Panel 12/M3
” £>
< 6 § O Panel 16/M3  [TTT|
- NN —#~ Panel 14/M7
g § ¥ SRy \ C ane
2 P x s =4 Panel 17/M7
1) ki T
o 4
a m \
: )
=
o
L 2 N L
& L S «
@ kL sk |1,
(% EN P
0
1.0E-06 1.0E-05 1.0E-04 1.0E-03 1.0E-02
Pumping Pressure [mbar]
Fig.4:  Gas mixture two-stage pumping

in the case of two-stage pumping, the pumping speed is less
than in case of three- stage pumping, which does not depend
on the dosage rate. This s in contrast to helium pumping,
where two-stage pumping results in higher pumping speeds
at pressures less than 4X104 mbar. In general, the gas
mixture pumping speed in the two-stage pumping mode
tends to decrease steadily with increasing pressure.

In the three-stage pumping mode, the pumping speed
decreases until a pressure of 4X10-5 mbar is reached. At
pressures  higher than this, pumping speed constantly
increases with increasing pressure.

5. Conclusions

As an overall resuit it can be stated that cryosorption is
appropriate for plasma exhaust pumping. Pumping is possible
with two baffles, called three-stage pumping, as well as with
one baffle, which is referred to as two-stage pumping. Three-
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stage pumping results in larger pumping speed except for
helium pumping of small dosage rates where two-stage
pumping leads to higher pumping speeds. The pumping
speed of the tested molecular sieve panels reaches an
average value of 0.3 I/(s cm2), while the average pumping
speed of the activated charcoal panels is about 81/(s cm?),

In the copumping mode, the gas mixture pumping speed in
general decreases with increasing pressure.

in the three-stage pumping mode, the pumping speed
decreases until a pressure of 4 +10-5 mbar is reached. At
pressures higher than this, the pumping speed constantly
grows with increasing pressure.

A comparison of the results of the pumping speed as a
function of pumping pressure under copumping conditions
shows a lower pumping speed in case of gas mixture

pumping and a higher pumping speed in case of helium
pumping.

Literature:
[1] libruck, H. and Ozdemir, !
Cryopanel Thick-Layer Tests at the TITAN Test

Facility;
Unpublished report, June 1993

Subtask 3: Endurance Testing of Crysorption Panels

For the endurance testing of cryosorption panels under
simulated ITER operating conditions (p< 10-4 mbar, gas flow
rate - 29 mbarl/s) a test facility should be procured.

This test facility includes the following parts:

- LHe supply with three 450 | LHe tanks;

- LN-supply from a 3000 | tank;

- The supply of the facility with croygenic liquids (LHe; LN)
with a main transfer line (MTL);

- Testgas injection system (GIS);

- Vacuum pump station (VPS);

- Data acquisition system (MES);

- Process instrumentation and control (SPS);

- The mean test facility is divided into two modules (-
Service module (SM) and Experimental module (VTC) )

Based on the results of the conceptual and planning phase
the procuring of the test facility started in January 1993,

For the manufacture and assembly of the main cryogenic
assemblies of the test facility a call of tender was started. The
main cryogenic assemblies are the main transfer line (MTL),
the service module (SM) and the vacuum test chamber (VTC).

In addition to this tendering procedure of the main cryogenic
assemblies KfK prepares the infrastructure and procures and
manufactures all other components of the test facility.

For the supply of the test facility with LHe, KfK provides the
needed 450 | LHe tanks and the transfer lines between these
450 | LHe tanks and the main transfer line (MTL).

Because of the hydrogen inventory the safety checkup of the
test facility design documents was done with the TOV
(German technical control board).

All pressure transducers and temperature gauges have been
ordered. KfK prepares the electrical power supply and the
wiring. Also KfK ordered a process control unit (SPS) and a
data acquisition system (MES). The gas injection system (GIS)
will be manufactured by Kfi(. Mass flow meters and a vacuum
pump for this system are delivered. The vacuum pumping
station (VPS) which will be connected to the vacuum test
chamber (VTC) has been delivered. A specification for cold
valves was prepared and the tendering procedure starts in
lune. For an analytical system of gas (GEAS) a specification
was in preparation.

The delivery of the test facility components was planned for
March 1994. Because of modifications in ITER requirements
for plasma exhaust (higher exhause pressure, lower T,
inventory, location of primary pumps inside of a 80 K cryostat)
calling for major changes in the cryopump design the
tendering procedure was stopped and a new technical
concept is being developed for the pumping system and the
testing facility.

Subtask 5: Backing Pumps and Particle Separators

Backing Pumps Tests

After completion of the phase of construction trial operation
of the FORTE test facility was started in August 1992, Test
operation proper (first test phase) which in conformity with
the test matrix related to the gases hydrogen (99.9999
vol.-%), deuterium (99.8), the representative ITER gas mixture
M7 (3 He, 1.12 CH4, 1 H2, 0.16 CO, 0.16 N2, 0.16 02, 0.08 Ar,
0.08 CO2, rest D2), nitrogen (99.996), and helium (99.9999)
was started in December 1992 and terminated in June 1993.
After consultation with the home team the test series
involving argon was dispensed with. Thus, a total of 70 tests
were needed in this first test phase.

Besides, after this test series the ratios of compression of all
four single pumps were determined in additional tests
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conducted in the pressure range p=0 to 1200 mbar for the
gases H2, N2, and for the ITER gas mixture.

It has appeared from the tests that among all gases tested
hydrogen is pumped most badly by the single pumps of 1300,
600 and 60 m3/h capacity (NORMETEX). For these pumps the
pump characteristic of the delivered gases improves in the
order H2<D2<M7<He<N2. On the other hand, the pump
behaviour of the 6 m3/h pump (METAL BELLOWS) Is nearly
the same with all gases tested. The reason for the difference
in behaviour of these two types of pump lies in the different
pump concepts: the spiral displacement pump with
backstreaming fluid in the duct, on the one hand, and the
bellows pump with valve sealant, on the other hand.

Figures 5, 6 and 7 show the pumping speed plotted versus the
suction pressure for the groups of pumps connected in series.
The maximum pumping speed is achieved for all gases tested,
except for H,, with suction pressures p,>1 mbar and $=200
to 300 I/s. The pumping speed for H,, is improved with
additional pumps connected. With only two pumps
connected in series (13004 600), the pumping speed for Hy is
much poorer than that for other gases and attains a
maximum of S ~ 60 |/s at suction pressures py > 40 mbar. The
ultimate pressure for H, is pg~1 mbar. With three pumps
(1300+6004-60) connected in series, H, Is delivered more
effectively than the other gases already in the range of
suction pressures p,>10-' mbar. With this combination of
pumps an ultimate pressure of pg~3X103 mbar was
measured for H,. With four pumps (13004 600+ 60+ 6)
connected in series, the pumping speed for H, surpasses that
of the other gases within the entire range recorded of suction
pressures ps > 10-4 mbar. The ultimate pressure for H, in this
case is pg~2X 10-5 mbar.

In the experiments performed with a backpressure
pg= 1200 bar ultimate pressures have been measured on the
suction side of the first pump with a gas flow V=0 (Tab. 3).

At Pg=600 mbar backpressure the pumping speed in the
range of the suction pressures indicated before for H, is
already better with the combination of pumps 1300+ 600
than it is for the other gases. This tendency becomes even
more pronounced with the combinations 1300+ 600+ 60 and
1300+ 600+ 60+ 6.

It has been demonstrated by these experiments that light
gases, especially including H, and representative Tokamak
plasma exhaust gas mixtures, can be delivered very well with
the oil-free spiral and bellows pumps connected in series.
Therefore, application of similar pumps in the ITER plasma
exhaust system is recommended.

At the end of this test series the plant will be expanded to
accommodate higher gas flows. It is envisaged above all to
simulate smaller pump units by supply of rather large
amounts of gases between the NORMETEX 1300 and 600
compressors. This second test phase is scheduled to start in
September 1993.

Combination of H, D, N, M7 He
pumps

1300+600 }1.1 1.6x10-3 }1.1x10°5 [1.1%10-3 | 1.0x104

1300+ 600 ]3.3x10-3 }3.0x10-4 }]4.0x106 | 1.1x10 | 6.0x10-6
+60

1300+ 600 |[2.0x10-5 {1.0x10-4 |2.0x106 |3.0x10-4 | 7.0x10-6
+60+6

Tab. 3:

Ultimate pressures [mbar] of pump trains
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Development of Particle Separators

The test facility was built by HBT and set up in a scaffold in
January. After successfui completion of the vacuum leak test,
preliminary tests were started in February 1993. 32 wire
meshes and 3 fleece specimens were procured to determine
the specimen with the smallest pressure loss. Test operation
with the test matrix was taken up in April and completed in
July. The tests were performed at an air flow rate Q=1%103
mbarl/s to 10 mbarl/s and a pump pressure downstream of
the specimen of p=1Xx10-4 mbar to 1X 10-! mbar.

The maximum pumping speed S=Q/p and, hence, the
minimum pressure loss were measured with specimen No. 21.
The pressure loss behaviour is obvious from Fig. 8.

The tests are reproducible. All tests yield identical pumping
speeds dependent on the pump pressure. Specimen No. 21 is
made of smooth cloth with square meshes of linen texture,
mesh width 0.10 mm, wire thickness 0.05 mm, and DIN 1.440
stainless steel.

In a second step, it had been planned to manufacture a
basket-filter type particle separator from the cloth above ina
prototype size suitable for the FORTE test facility and to
optimize it for use as main filter of the forepump station.

As the funds have been cut,
investigations have been stopped.

further experimental
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FORTE TEST FACILITY
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Fig.5:  Pumping speed of the combined NORMETEX 1300+ 600 pumps for various gases at PG = 1200 mbar backpressure,
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FORTE TEST FACILITY
Pumps NORMETEX 1300+600+60+METAL BELLOWS 6, Gases: H2, D2, N2,Mixture M7,He, Outlet pressure 1200 mbar
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TEP 2 Permeation und Catalytic Cracking:
Alternative Options

Subtask 1: Permeator Studies

The PETRA experiment in the Tritium Laboratory Karlsruhe
has been designed for a long-term performance test of a
tritium compatible permeator, for the development of infra
red process analytics, and for the investigation of the
continuous operation performance of auxiliary systems such
as pumps and other measurement devices common to tritium
conducing systems. The primary system of the PETRA
experiment has been installed in one of two glove boxes. All
basic services to the experiment, e.g. cooling water, power
supply, helium, and compressed air supply are ready for
operation.

Part of the tritium retention system of the glove box is
contained within one of the boxes, i.e. the two catalyst
reactors, and a blower. Placed outside of the box are the heat
exchanger as well as two molecular sieve beds. The
performance of the tritium retention system is controlled by
two ionization chambers, one place before and the other
placed behind the tritium retention system,

To assess the max. period of operation of the molecular sieve
beds used in the tritium retention system it is necessary to
consider that at 21°C and 45% rel. humidity (specified for the
TLK atmosphere) the atmospheric water content corresponds
to 8.4 gy,o/m3. The max. effective water loading of the
molecular sieve beds will be limited to 0.225 kay,o/bed to
keep the tritium concentration in the glove box atmosphere
at very low levels. Assuming a constant air leak of 0.1 vol. %/h
into the 6.6 m3 large PETRA box an annual loading of each
molecular sieve bed of 0.486 kgHzo/a Is calculated. If a
permeation coefficient of 4.4 E-3 gHZO/h-m2 is assumed for
the polycarbonate windows having a total surface area of
7.8 m? one can estimate an annual contribution to the
loading of 0.301 kgy,o/a. The contribution of each start-up to
the molecular sieve bed loading arising from 6.6 m3 of air
containing 8.4 Onyo/m3 4 is calculated to  be
0.055 kgHzolstart-up. Another source term is a glove rupture.
In this event the retention system continues to operate while
the excess air intake into the box is extracted via the TLK ring
line. Assuming an air exchange of 5 (33 m3/h) by the tritium
retention system a contribution of molecular sieve bed
loading of 0.277 kgHzO/h glove rupture is €stimated. From these
results it is concluded that with one start-up followed by
continuous operation the life time limit of a molecular sieve
bed will be of the order of 92 days. If two start-ups are
included, the operation time is reduced 67 days. In case of the
glove rupture the molecular sieve bed reaches the tolerable
H,0 concentration in less than 1 hour,

A few runs were carried out to determine the need of a
cooling system for the PETRA glove boxes. The max.
temperature of the glove boxes during normal operation has
been limited to 40°C. The temperature that establishes when

heat is released into the glove boxes was estimated from
calculation and from experiments:

The heat release into the glove box during continuous normal
operation is estimated to be of the order of 2 kW. If it is
assumed that heat transport from the box into the
environment occurs by natural convection only, a rough
estimation of the temperature attained by the glove box
atmosphere upon release of 2 kW can be obtained from the
relationships:

dQ/dt = K- A-AT (1)

in which dQ/dt=heat flow, K=heat transport coefficient
[wimZ K], A=area [m2], and AT=temperature difference.
With this equation a box temperature of approx. 42.7°C can
be estimated at T,n,=21°C. This exceeds the tolerable
temperature by 3°C,

The set up employed for the experimental evaluation of the
temperature distribution within the boxes on the basis of the
heat transport into the laboratory air is depicted in Fig. 1.

Ty~170cm
Tnd95 cm P
TRS
’ B l Tyd20¢em
side
view
B = blower of variable heat output
TRS = tritium retention system
V = ventilator
P = pass through
T = temperature sensor
1]
TRS % T, - T, P
v {2kW
top view

Fig. 1:  Experimental arrangement to investigate the
temperature profile in the PETRA glove boxes as a
function of heat release

Heat was released into the empty glove boxes with a blower
of variable heat output. Several thermocouples were placed
within the box at various heights. Gas circulation within the
glove box was enhanced with four ventilators placed at half
height at one end of the glove box. Runs in which the heat
output was reduced in steps on 0.5 kW from 2 down to 1 kW
indicated that already a release of 1.5 kW causes the max.
tolerable temperatures to be significantly exceeded (see
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Fig. 2). A summary of all runs is given in Table 1. The results of

heat lower temp. middle temp. | upper temp.
power [°cl 1°cl 1°c
WEwy | o | owy | v [ owy [y
2.0 44.0 47.0 49.0
1.5 40.3 435 44.9
1.0 35.5 24,6 |37.2 38.0 38.0 43.2
0.8 32.0 33.6 34.2

WV = with ventilators; NV = no ventilators

Table 1: Temperature distribution within the empty PETRA
box without cooling system

the experiments substantiate the conclusions obtained from
the calculations, i.e.: if more than 1.5 kW are released into
the glove boxes a cooling unit is required during the
operation of the PETRA experiment.

In view of the above a cooling unit for the PETRA boxes was
specified to 4 kW to allow for future incorporation of
additional components. The selected arrangement is given
schematically in Fig. 3. The cooling unit is cooled with water
from the TLK having an inlet temperature of 20°C and an
outlet temperature of 28°C, respectively. A thermocouple
regulates the operation of the cooling unit within a given
temperature window. The results accomplished are shown in
Fig. 4 und Table 2. Clearly, with the cooling unit operated to
generate water of 6°C it is possible to maintain the
temperature in the glove box atmosphere below the

stipulated temperatures, even when the amount of released
heat is a high as 4 kw.

Table 3 contains the results of a long duration experiment
carried out with a constant release of 2 kW into the glove
boxes. This run demonstrates that the unit operates
satisfactorily over an extended period of time.

For the control of the experiment_a local process control
system (LLS), a hard wired safety system (SS), and a central
process_control system (PLS) are used. The LLS controls the
operation of the primary system of the PETRA experiment.
The LLS also provides the SS with a binary “life” signal to
indicate its intact state of operation. in case of its malfunction
the experiment is shut down.

All heated components of the PETRA facility are provided
with two thermocouples. One, which is used to control the
temperature (C value), also shuts off the experiment when a
given limit value (S value) is exceeded. The other serves to
register the temperature (R value). in addition, a virtual
temperature, obtained from a comparison between a C value
and an R value from a given component, serves to detect a
faulty performance of either one of the devices. A departure
of the virtual temperature from a preestablished upper (or
lower) value (S value) will cause the shut down of the
experiment. In addition, should any of the above mentioned s
values by exceeded by a certain margin (preestablished Z
value) the experiment is shut off by the $S. To make certain
that the isolation vacuum of the permeator, which will be
permanently in operation, is intact, a thermocouple monitors
the outer wall temperature of the vessel and shuts off the
experiment should a preestablished value to exceeded.

| T T T T
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| |
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Fig.2:  Temperature distribution within the PETRA glove boxes upon decreasing release of heat
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Fig.4:  Temperature profiles in the PETRA glove boxes

upon release of 4 kW heat with the cooling unitin
operation. The curves give the upper, middle and
lower temperature of the box (see also Fig. 1).

A number of pressure sensors control the operation of the
PETRA experiment. These sensors measure the total pressure

Table 2: Testof the cooling unit of the PETRA glove boxes
(with experimental facility in the box) using a heat
blower of variable output (room temperature 21°C

catalyst dura;cvon steady state temperature [°C]
temp. o
o experim.
rel (hl fower middle | upper
100 62 20.9 225 235
180/200 97 225 29.1 313

Table 3: Test of the tritium retention system of the PETRA
box (room temperatures 21°C)

in the buffer vessel, the vacuum in the second containment of
the metal bellows pumps, the pressure of the bleed gas, the
pressure of the pure hydrogen isotope stream, the pressure
between the metal bellows pump and the scroll pump used to
evacuate the permeator, and the relative pressure inside of
the two safety cells that protect each of the infrared cells.
safety relevant sensors of a given component are compared
between each other to obtain virtual values, which are used
to control the "in operation” condition of both devices.
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Singular sensors are used for the surveitlance of the vacua in
the secondary containments of heated components and to
measure the vacuum achieved by the high vacuum system.
Pressure sensors are also used at positions in which gases are
introduced into the primary system or removed via sampling
ports. The bleed stream and the pure hydrogen stream that
exit the permeator are each provided with a flow rate
measurement device as well as with a small volume ionization
chamber. They serve to monitor the continuous performance
of the permeator.

The surveillance of the operation of the second containment
(glove box) is performed by the central PLS.
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Subtask 2: Catalytic Cracking Process

To recover high purity tritium in near quantitative amounts
from all primary exhaust gases of ITER while producing a
waste gas stream of very low concentration of tritium a
catalytic process combined with selective permeation of
hydrogen isotopes through palladium silver membranes was
developed at the IRCh. Tests performed during the past years
included integral laboratory experiments with up to 50% of
tritium and technical scale experiments. To demonstrate the
tritium operation of an integral fuel clean-up system based
on the catatytic cracking / permeation process the technical
facility CAPRICE (Catalytic Purification Experiment) was
designed to process simulant reactor exhaust gases at the
following maximum target throughputs:

tritium / (deuterium, 8.700 mol/h
hydrogen

tritiated methane / 0.270 mol/h
(hydrocarbons)

helium / (argon) 1.240 mol/h
water vapour 0.040 mol/h
carbon oxides 0.060 mol/h
nitrogen (also as ammonia)  0.050 mol/h
total 10.4 mol/h

The various exhaust gases from a fusion reactor during
different operational conditons are simulated with
appropiate gas mixtures produced in a toNs mock-up within
Caprice. The target throughput for the processing of liquid
tritiated water (1 tritium or less) is 8.7 mol/h employing 13
mol/h of carbon monoxide as a carrier gas. Product streams of
the Caprice facility are high purity hydrogen isotopes with

less than 3 ppm total contaminants and a waste gas stream
with an activity of less than 2:1012 Bq/m3 (50 Ci/m3).

The CAPRICE project was initiated in March 1991 with a
contract award for the detailed engineering, manufacture,
assembling and comissioning of the facility to National
Nuclear Cooperation (NNC), Great Britain. Following
completion of works assembly, of works inspection, of the
control and instrumentation system and of software module
testing the commissioning tests of the experimental rig at the
manufacturers site were commenced in December 1992, The
main objectives of these tests were to confirm the operability
of the plant, to establish the performance characteristics at
ambient and operating temperatures, to check and adjust the
flow, pressure and temperature control loops and to check
the automatic sequences controlled by the programmable
logic controller. These first tests also covered alarms,
interlocks and safety shut down features. After successfull
completion of this phase the plant was delivered to the
Tritium Laboratory Karlsruhe (TLK) in April 1993. Installation
and connection to the infrastructure of the TLK is now
complete. The next steps will be acceptance tests with
hydrogen and deuterium and tests of the safety related
instrumentation, safety trips and cold tests of the operation
of the facility in combination with the infrastructure systems
of the TLK.

In Fig. 5 the three-dimensional CAD layout of the main
process rig having overall dimensions of 6m x 1 m x 2m is
shown. Several two stage double containment Metal Bellows
601 pumps (KPOO1, KP002, VAO12, VAO23 and VA032), two
15 m3/h Normetex spiral pumps (VA022 and VA03 1) and a
magnetically suspended turbomolecular pump (VAD2 1,
Edwards, STP-H600C) are located in the lower part of the
system, while a 150 m3/h Normetex pump (VAO 11, not
shown) employed to evacuate the primary permeator is
installed on a separate rig in a separate secondary
containment. The primary and secondary permeators (PP001
and PP002) are horizontally mounted on the back side of the
rig in order to allow easy maintanance and replacement, if
necessary. Three catalyst vessels (KT001, KT002 and KT003)
are used to crack tritiated methane and other hydrocarbons
and to catalytically convert water into hydrogen via the water
gas shift reaction. The fourth catalyst vessel (KT004) is part of
the torus mock-up and is used for the continous synthesis of
tritiated methane by isotopic exchange between deuterated
methane and tritium. Three buffer vessels (BD001, BD002 and
BDO003) are employed for the intermittent storage of process
gases. Of these only BD00Z is inherent to the process. The
other two vessels are necessary to operate the facility in the
environment of the laboratory.

The CAPRICE glove boxes are provided with highly efficient
heat exchange units capable of removing the heat liberated
by pumps and heated components.

A comprehensive safety report has been submitted to the
licensing authorities.
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A fadility for the production of deuterated methane from
deuterated water and aluminum carbide has been built.
About 60 ¢ of deuterated methane have been prepared and
compressed into a 1 £ gas bottle for the continous feed of
tritiated methane into the primary CAPRICE loop.

A gas chromatograph with three separation columns will be
used for gas analysis of the various process streams of the
CAPRICE facility, After completion of all calibration runs with
typical gas mixtures such as expected, the GC has been
installed in the CAPRICE rig.

Staff:
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Subtask 5: The Water Gas Shift Reaction for the Conversion

of Tritiated Water into Hydrogen

The water gas shift reaction has been proposed for the
catalytic conversion into hydrogen of liquid tritiated water
produced from the oxidation of impurities present In the
exhaust gas of a fusion reactor. In combination with a
palladium/silver permeator the chemically liberated
hydrogen isotopes can be recovered in a highly pure form.

In previous laboratory scale runs it was shown that with two
water gas shift catalyst bed - permeator units in series it is
possible to decrease the water partial pressure In a carbon
monoxide carrier stream from initially 200 mbar down to
levels below the detection limit of the employed moisture
sensor, i.e. 10 ppm. With a technical laboratory facility it was
demonstrated that up to 2 ¢ of liquid water can be converted
into hydrogen when carbon monoxide containing about 400
mbar of water vapor Is passed through a bed filled with 1000
g of zincstabilized copper chromite catalyst.

To extend the application of the water gas shift reaction to
the processing of water having a high specific content of
tritium it is necessary to examine the mechanism and
determine the kinetics of the reaction of hydrogen and of
tritiated hydrogen with carbon oxides at 200°C in the
presence of zinc stabilized copper chromite. In studies of the
radiation induced reaction of hydrogen isotopes with carbon
monoxide and carbon dioxide, other investigators have
shown that a variety of products are formed and an
acceleration of the reactions by certain adsorbers and
catalysts occurs, To evaluate the possible contribution of
catalytically formed hydrocarbons during the period between
the occurance of the water gas shirt reaction in the catalyst
bed and the zone in which the removal of hydrogen isotopes

takes place in the permeator an experimental investigation is
now under way at KfK

The reaction between hydrogen and carbon dioxide
catalyzed by zinc stabilized copper chromite was found to be
rather slow. When a 1:1 mixture of 400 mbar each of CO, and
H, diluted in 200 mbar helium up to 1 bar was passed over the
catalyst at 200°C at a flow rate of 10 |/min the only product
observed by Fourier transform infrared spectroscopy or by gas
chromatography was methane. After 167 hours of
recirculation only approx. 0.05 mbar methane were formed.
In view of this, it was decided to concentrate the
investigations without tritium on the comparatively fast
catalytic reaction between hydrogen and carbon monoxide.

Preliminary runs to determine the rate of the reaction of
molecular hydrogen with carbon monoxide in the presence of
zinc stabilized copper chromite at 200°C indicated that the
reaction of carbon monoxide with hydrogen is much slower
than with water. From thermodynamics the equilibrium
constant at 200 °C for the reaction

CO + 3Hy = CHy + H,0 (1

was calculated to be Kq=1.425 E+ 11. To obtain measurable
product partial pressures reaction times of several hundred
hours were necessary. During this time the gaseous mixture
was continuously circulated through the catalyst bed at a
flow rate of 10 I/min. The only products identified were
water, carbon dioxide (probably produced by the reaction of
water with carbon monoxide), and methane. Kinetic
measurements in which the extent of conversion was
estimated from the CO pressure drop yielded a rate constant
of 11 E-4h1, ‘

Temperature pCO pH2 k
K mbar mbar h-1

473 50 50 0.86 E-5

473 400 400 6.14 E-5

Table 4: Rate constants for the formation of methane
from the reaction of hydrogen with carbon
monoxide

Table 4 summarizes the rate constants obtained in a few runs
in which the rate of formation of methane was measured.
From the results it is apparent that the rate constant for the
consumption of CO is approx. twice that of the formation of
methane. This can be explained by the conversion of a
fraction of the carbon monoxide into carbon dioxide by
reaction with water.

The still preliminary data in Table 4yield the rate equation

k=kq (PCO)1-2, (v)
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To confirm this rate law more experiments are presently in
progress.

One of the aims of the CAPRICE experiment in the TLK is the
demonstration with tritium of the water/hydrogen
conversion using a process step based on the water gas shift
reaction. For the vaporization of water a newly designed
vaporizer will be tested. Employing the rate constants
determined above and assuming a residence time of 100
seconds for the gas in the water gas shift catalyst vessel of the
CAPRICE experiment, the max. methane concentration in the
exhaust gas of the catalyst vessel is estimated to be 100 ppm.
After the catalyst vessel the reaction rate will be much lower
because the temperature in the zone between the catalyst
vessel and the diffusor is only little above that of the room.
Furthermore, once the process gas is in the permeator, one of
the reactants, i.e. hydrogen, is removed.

To study the catalyzed reaction between tritium and carbon
monoxide and/or carbon dioxide a small, externally heated
reactor containing 3.53 g of water gas shift catalyst was built.
The reactor can be heated up to 200°C. It is enclosed by an
evacuated second containment to exciude the possibility of
permeation losses. The periodical circulation of gases is
carried out with a tritium compatible MS 151 DC Metal
Bellows pump. For gas analysis a gas chromatograph
equipped with a small volume jonization chamber is available
(detection limit for HT 0.3 ppm). In addition, Fourier
transform infrared spectroscopy will be used for the
identification of gaseous products. The gas cell has an optical
path length of 100 mm and is provided with sapphire
windows.
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NDB 2 Neutronics Data Base - Benchmark

Experiments

The neutronics data base task consists of the analysis and
execution of bulk shield experiments (Subtask 1) and of the
analysis and experimental study of the assembly gaps
between adjacent blanket/shield segments.

Subtask 2: Shield Penetration Experiments

The objective of this subtask is the verification of calculational
tools for shield penetrations. For the ITER shield design limits
of the main parameters - the fluence of fast neutrons in the
magnet coils, the number of atomic displacements in the
copper stabilizer, and the maximum nuclear heat in the
winding pack - have been formulated [1]. They are
determined by the neutron and photon fluxes ((l)n, QJY)
penetrating the shield. In a benchmark experiment the
measurement (‘l)n (E) and (l)Y (E) have to be compared to the
calculated energy-differential fluxes.

An uncertainty analysis of the NET shield {2] has shown that
the evaluated nuclear data are the main source of
inaccuracies of the calculated shield parameters, and that the
main contributions arise from the iron data uncertainties.
Therefore, the benchmark assembly was decided to consist of
Fe. To investigate also the influence of an assembly gap as it is
between two adjacent blanket segments, slab geometry with
a variable plane gap was choosen as outlined in Fig. 1.

T vzAL

T

(=]
]
o
L:J

Fig. 1:  Horizontal section of the benchmark geometryin
the plane of the 14 MeV neutron source (Q) and
thedetector position (D).

Measurements without gap in the assembly were

complemented by runs with X + b = 10¢m + 5 cm and 20 cm
+ 5 em, respectively. The other geometry parameters were
found to be at an optimum [3] ford = 30cm, 3 = 300 ¢cm, ¢
= 19cmand a = 50¢m.

The d - T neutron source strength was monitored by the
associated o - particles. The neutron generator was operated
in a pulsed mode, and for each detector event the pulse
height and the time-of-arrival have been recorded., One
detector used (liquid scintillator NE 213, 2" * 4" &) [4] was
sensitive to both, neutrons and photons. Low-energy
neutrons (30 keV < E < 1 MeV) were detected by spherical

proportional chambers filled with hydrogen (pressure [MPa]
+ @ lem] = 1.0 + 4.0,0.4 + 4.0,0.1 + 3.2), The pulse-height
distributions obtained were transformed to (1)11 (E) and (1)\1
(E) [5,6]. (l)n (t) can be used for an additional (independent)
test of the neutron nuclear data, (l)n (t) is needed for
background reduction by use of time-windows for the
acquisition of the y-event pulse-height distributions.
Examples of measured spectra are presented elsewhere [7].

The experimentally obtained fiux spectra were compared to
three-dimensional Monte Carlo calculations {code MCNP [8])
based on the nuclear data of the European Fusion File EFF-1.
Some examples are displayed in Fig. 2.

More neutrons with 5 MeV < E < 13 MeV are observed than
expected by the calculation. In Q)n (t) these neutrons build up
the spectrum between 90 ns < t < 140 ns. They originate
from multistep-direct inelastic scattering processes that are
forward peaked [3], whereas in EFF-1 this inelastic scattering
is treated as isotropic process. A neutron excess compared to
the calculated flux is also measured in the low-energy range
(40 KeV < E < 200 keV) of the spectrum.

The photon spectrum is dominated to two peaks at E = 0.85
MeV and E = 1.2 MeV from the de-excitation of 56Fe and by a
third peak at E = 0.51 MeV from pair-production by high-
energy photons and subsequent annihilation of the positron.
The calculation of the annihilation photon contribution
needs a coupled neutron-photon-electron transport code,
whereas the version of MCNP used treats neutrons and
photons only,

Literature:

[1] W. Daenner, ITER Expert Meeting on Shielding
Experiments and Analysis, Garching (FRG), Febr. 12-14,
1990, ITER-IL-5-0-5.
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Bundesanstalt PTB-7.2-92-1, Braunschweig, July 1992
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Fig.2:  Neutron and photon fluxes at the detector position normalized to one 14 MeV source neutron as function of
enery and of time-of-arrival, respectively, for the assembly with gap at x = 20 cm and width b = 5 cm.
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Remote Handling / Maintenance
Introduction:

Due to the activation of most components of the NET /ITER
basic machine, all operations of inspection, maintenance,
connection and disconnection, assembly and disassembly will
have to be carried out remotely from the very start of the
physics phase, Hands-on or semi-remote maintenance will be
possible only in limited areas and for some peripheral
components.

The maintenance of the in-vessel components has been
identified as a key problem. The preferred solution for NET
and ITER (CDA) is the removal of divertor plates and
protective tiles through equatorial ports by an articulated
boom or an in-vessel vehicle and of blankets by a blanket
handling device from top openings. The equipment for in-
vessel maintenance will have to operate under extreme
conditions of radiation and temperature. The large variety of
operations to be carried out requires versatile and
replaceable tools attached to different work units with large
lifting capabilities. The high availability targeted by NET /
ITER will require that in-vessel operations have to be carried
out with relatively high speed.

Most of the KK work concentrates on the development of an
in-vessel handling unit (IVHU) with an articulated boom
transporter (ABT) and different work units (task RHT 1). This
system is primarily needed for the maintenance or
replacement of in-vessel components during short term
interventions.

The engineering design of the ABT has been completed
(phase | of Subtask RHT 1-1).

The Experimental Device for In-Torus Handling EDITH is the
prototype of this system (subtask RHT 1-2). It is required to
demonstrate that the maintenance of plasma facing
components can be carried out with the anticipated reliability
and time. It is also needed to optimize the IVHU components
and subassemblies and to test different control algorithms.
EDITH is a full scale ABT, supplemented by a full scale mock-
up for divertor plate and protective tiles handling (subtask
RHT 1-3) and a manipulator positioning unit (subtask RHT 1-
4), The hardening of sensitive IVHU components for NET/ITER
typical temperature and radiation levels is being performed
in close cooperation with SCK/CEN Mol (subtask RHT 1-5).

Most of the work performed within task RHS 1 of the 1989-91
programme to standardize and qualify basic machine
components for remote handling and to develop remote
techniques to assemble and dissassemble these items has
been finished, e.g.:

- Electrical connectors (RHS 1-1),
- Pipe connectors (RHS 1-2),
- Fluid connectors (RHS 1-3),
- Welded connectors (RHS 1-4) and
- Welded vacuum lip seals (RHS 1-5).

In 1992-94 KfK concentrates its efforts on the development of
cutting and welding tools for cryo-connectors (subtask RST 2-
1, former subtask RHS 1-6).

Task RHB 1 (RH common subsystems) was started in 1992. The
objective of this task is to develop different subsystems of
common interest and specific applications in various tasks of
the remote maintenance program.
Typical subsystems of this type are:

- A3-Dreal time kinematic simulator (subtask RHB 1-1) and
- ARHworkstation (subtask RHB 1-2).

The work for task RHB 1 is being performed in close
cooperation between KfK and JRC Ispra.

A.Fiege
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RHB 1 RH Common Subsystems

Subtask 1: 3-D Kinematic Simulator

The 3D kinematic simulator is intended as the basic simulation
package for all major remote-handling tasks. This will require
a wide range of functionality, including dynamics modelling,
animated task simulation, task management and RH-user
interfaces.

In task RHB 1-1, a study is being performed on requirements
for kinematical simulation software available on the
commercial market and from research establishments, The
study concentrates on special requirements for fusion remote
handling. The study is carried out in cooperation between
KfK and JRC-Ispra. In the first period of the task, a
requirements definition document was compiled. Apart from
the requirements, the document additionally defines a list of
possible candidates, test models and testing procedures.

Due to a change of personnel in the NET-Team and at JRC-
Ispra, the requirements definition document (November
1992) was reopened for discussion and comments from the
new personnel at JRC-Ispra,

A meeting took place at KfK on March 23rd 1993. It was
agreed that the software candidates (CATIA, IGRIP, KISMET,
ROBCAD) testing will be carried out at JRC-Ispra. The list of
test models was shortened.

The development of the KfK simulation software KISMET
(Kinematic  Simulation,  Monitoring and  Off-Line
Programming Environment for Telerobotics) during the first
half year 1993 was highly influenced by new requirements
from task RHB 1-1, Some of these new KISMET features are:

e User-friendly, MOTIF-like user interface, using panels,
sliders and buttons.

® General inverse kinematics solution based on the
Newton-Raphson algorithm, including the solution for
kinematically underdetermined and overdetermined
(redundant) mechanical structures. This allows for
example cartesian control of 7-axis servomanipulators.

e Realtime multibody dynamics simulation, featuring
direct (torque demand input, motion output) and
indirect  dynamics  (motion  input, required
forces/torques output).

e Control system simulation, allowing for user-defined
control structures.

e Simulation of elastostatic deformations due to weight,
load and external forces.

e Elastodynamics simulation, allowing for deformable
bodies.

Literature:

[1]  U. KGhnapfel, M. Becquet, RHB 1-1 - 3-D Kinematic
Simulator  Requirements  Definition  Document,
Unpublished Report, Nov. 1992
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Subtask 2: Remote Handling Workstation Development
The development of a Remote Handling Workstation (RHWS)
for NET/ITER is based on a NET study contract whose results
are documented in [1]. The development of workstation
modules was started in other KfK projects and is now worked
on under this task. The goal is to develop a general purpose
support software tool which assists the remote handling
operator during task preparation, training, and execution.
The RHWS provides (1) the man-machine interface to the
devices and the working environment and (2) operational
aids supporting the operator in executing planned
procedures correctly, controlling the devices, and working
under spatial restrictions without direct view onto the scene.
The RHWS [2,3] represents a multimedial handbook which is
used off-line in the planning and training phase of work and
which is connected to the device controllers during task
execution. The RHWS leads especially to a homogenuous
man-machine interface and powerful operator support
helping to minimize operator errors and maintenance time.
The RHWS consists mainly of three components dedicated to
the three operators’ views onto the task:

1. KISMET  (KInematik, Simulator, Monitor, and
programming Environment for Telemanipulation)
assists the operator with spatial representations of the
work and the devices,

2. the DOIF-SS (Direct Operating Interface SubSystem)
represents the device functions and assists the operator
in controlling the devices,

3. and PEXOS (Procedure Editing, simulation , eXecution,
and mOnitoring System) represents the working
procedures to be performed (the multimedia
handbook using also KISMET and DOIF-SS for
presentation of different aspects of a procedure),

Based on KfK and KfK/JET cooperation experiences in the
workstation field two documents were worked out which
were discussed and are in discussion with the NET/ITER team
and JRC-Ispra:
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° the requirements definition document for a general
purpose NET/ITER Remote Handling Workstation and

® the requirements definition document for a Remote
Handling Workstation prototype. The purpose of
RHWS prototype (RHWS-P) is to demonstrate the
usability of key components or key subsystems in
realistic experiments: EDITH and ROBERTINO. This
means, the RHWS-P will be tailored to control two
specific machines (EDITH and ROBERTINO), will be
implemented on available hardware using available
software, and its functionality will be reduced to key
subsets, demonstrating the basic interfacing and
controlling and the basic planning and simulation to
demonstrate the cooperation of the RHWS subsystems
and to demonstrate the basic support for the operator.
The basic requirements will be fulfilled such that the
RHWS-P could be enhanced step by step as needed to
full functionality.

Major KISMET enhancements in the last year were: a new
easily to use operating interface layout, an interface for
using KISMET as a graphical master system to contro! directly
the devices (using device model positions for move command
generations), real time dynamics simulation, and an interface
for simultanuous visualization of FEM calculation results.

The DOIF-SS manager coordinating the various application
specific device operating panels was implemented and is
being tested in different applications. This manager allows
the definition of operator macros integrating different
devices.

The first version of the PEXOS subsystem was finished which
can describe a procedure network (consisting of work actions
and states) by modified Petri nets with general and individual
tokens (work resources). The graphical representation of the
action/state network helps the operator to grasp more easily

the state of the work and allows to access multimedial
information describing the work to be done by texts,
drawings, photos, video sequences, audio output, graphical
simulations by KISMET, and device panel explanations using
the DOIF-SS (see Fig. 1). PEXOS also allows to start automated
working sequences directly.

In the context of the remote handling procedure
development at JET (using mock-ups e.g. for vessel port
opening) a KfK delegate has implemented a JET specific
camera DOIF-SS working together with KISMET, The mock-up
experiments pointed out that KISMET support s
indispensable. The procedure documentation was done in
form of paperwork, an electronic multimedial support as
provided by PEXOS together with KISMET is desirable, an
application of PEXOS at JET is in preparation.

Literature:
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Fig. 1:

PEXOS as interactive multimedia handbook/notebook. PEXOS represents the integrating workstation subsystem and

the medium for task oriented information and services access.
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RHT 1 Articulated Boom Transporter

Subtask 2: EDITH Prototype Articulated Boom

Aim of this subtask is the design, manufacture, testing and
follow-up work of an articulated boom transporter (ABT) full
scale prototype (EDITH) and a mock-up to perform NET/ITER-
typical boom operating procedures and to demonstrate
crucial maintenance operations (Figure 1) [1, 2, 3].

In continuation of the work performed during the last
periods of reporting [4, 5, 6] the assembly and commissioning
of EDITH was continued at the Remote Handling Laboratory
of KfK. In addition the qualification tests are ongoing. The
mock-up, representing a torus sector of the NET/ITER machine
is finished and will now become prepared for tile handling.
71

Mechanics

As to be seen in Figure 2 EDITH is composed of the support
structure, four links, the endeffector-positioning unit (EEPU),
and an interim manipulator handling unit (MHU) to
investigate e.g. armour tile replacement at the first wall.

The links are actuated by coaxial drive units which have
undergone extensive measurements and some
improvements, in particular with respect to their stiffness,
before assembling them with the boom. Each drive unit has
two redundant gear trains. Their motors are working in a

master/slave mode. The movement of the links is controlled
by control components which give either position signals of
the link joints to the position control system (multiturn
resolvers) or stop the joints via the drive control system (limit
switches) or mechanically if the other systems which have
priority fail.

The front link of the ABT has been changed by eliminating
the pitch and rol! joints in order to simplify the link and to
reduce its length and welight. The former task of these joints
which was the compensation of deviations due to the dead
weight of the boom and the payload will be overtaken, in
case of using a MHU, by the roll joint of the manipulator
positioning unit (MPU) and the MHU itself,

The EEPU forms the permanently attached connection
between the ABT and the end-effectors (Figure 2). It is
required to reach the upper and lower torus regions and Is
based on a slide and trolley system. To achieve high position
accuracy and repetitive accuracy, size and weight of the EEPU
were kept as small and low as reasonably possible by
fabricating it as compact as possible and using for the large
components an Al-alloy welded structure. Prior to its
assembly with the ABT acceptance tests were performed
externally. These included the validation of the stress analysis.
The results were compatible with the computations. Further
external load tests at the EEPU and integral load tests with
the ABT are ongoing In order to establish a data base for the

Fig. 1: Articulated boom replacing protective tiles located in the upper torus region of the mock-up
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Fig. 2:Testbed EDITH with ABT, EEPU and attached MHU

control of the boom and here especiatly for the path
planning.

The MHU, constructed as an interim solution for the
demonstration of maintenance tasks in connection with
EDITH is shown in Figure 3. It is composed of electric
master/slave manipulators, available at KfK, which are
connected by an adaptation unit to compensate the
geometrical differences of the manipulators and allowing
additionally a 180°-rotation of the MHU, Up to now the MHU
is attached directly to the EEPU. Later on a manipulator
positioning unit (MPU) will connect MHU and EEPU. Also the
viewing system consisting of an overview camera and two
camera systems for zooming the work site will be installed at
the MPU. The latter ones are equipped with camera booms
actuated electrically. They are already constructed and are
made up of the subassemblies rotation unit, upper arm,
forearm and swivel pitch head. They have four driven
movement options., By means of one additional passive
movement option the swivel-pitch can be kept in vertical
position independently of the upper arm pitch. Until now the
camera arms are mounted at the adaptation unit.

EDITH Motion Control System

Further tests of the motion control system (EMCS) have been
processed. On the one hand the functionality of the control
system itself has been tested . On the other hand tests have
been carried out to destine the repetition accuracy of the
articulated boom system. As result of these tests the specified
repetition accuracy of 5 mm was confirmed. It was shown,
that the point positioning error mainly depends on axis

Fig. 3:

Interim manipulator handling unit with viewing
system

positioning accuracy. Thus the improvement of axis
positioning accuracy will also cause a better point positioning
accuracy.
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Integration of End-Effector Positioning Unit

The end-effector positioning unit has been put to operation
with EMCS, For this only path planning algorithms have been
implemented supporting resolved motion for the articulated
boom part, as in a first step the EEPU is controlled in axis
control mode. Actually the motion control software is
adapted due to the demands of manipulation within the
torus. So till end of 1993 it should be possible to control boom
and EEPU simultaneously in a resolved motion mode, which
supports movements with 3 degrees of freedom in
positioning and one degree of freedom in rotation. In
connection with this software adaptation there will be
integrated additional features to ensure safe operation inside
the torus. For example there will be soft limits for each axis to
be set by the operator which may be easily changed by a
command, given manually by an operator or automatically by
an automation system, which works on a higher automation
level.

Drive Unit Control

The drive control system represents the lowest level of the
control system. It incorporates master servo controllers, slave
servo controllers and electronic gear systems which are
delivered, pre-tested and implemented. The servo controllers
are based on standard controllers modified with some
additional functions specified by KfK. Each servo controller
includes the power amplifiers, the current controller, the
electronic commutation, the speed controller and safety
functions. One of these is monitoring directly the motor
winding temperature and the controller heat sink
temperature and limiting the peak torque available to
prevent thermal overload.

Both master and slave motors are speed controlled. To
prevent a mutual influence of both control loops due to
mechanical coupling, the motion of the motors of each link is
synchronized by a digitally controlled electronic gear. A
second task of this device is the electric pre-loading of the
mechanical part of the drive system to compensate
mechanical backlash. Since the results of the according tests
were successful electronic gears are not only applied at the
ABT drive units but also at the drives of the EEPU.

Remote Handling Workstation

To support the tele-operator as flexible and complete as
possible a general purpose remote handling workstation
(RHWS) was developed and continuously enhanced (see task
RHB1). The RHWS provides the man-machine interface and
operational support functions based on spatial, functional,
and procedural models of the work environment, the
working devices, and the working procedures. In the context
of this task the RHWS is applied to the EDITH project to assist
the operator in in-vessel handling with EDITH [7,8]. Figure 4
shows the EDITH RHWS in the EDITH control room.,

For the RHWS subsystem KISMET models of the EEPU, the tile
handling unit, the KfK master-slave manipulators, the torus

mock-up, and the camera arms were developed or modified.
KISMET now models also the bending of EDITH and the
dynamics in real time enhancing the precision of the
simulation. The KISMET simulation is actually used especially
for design studies for tile handling and camera positioning.
The procurement of a graphics/video overlay hardware for
the KISMET video editor serving for easy and quick model
verification and corrections was initiated. The software for
CAD model transfer between CAD systems and KISMET was
enhanced which is especially important for complex models
typical for fusion environments. The development of an
IRDATA interpreter for the EDITH control system was finished
such that motion programs developed off-line with KISMET
can be executed.

The DOIF (Direct Operating Interfaces) subsystem of the
RHWS was completed for the control of EDITH itself and its
camera/video system such that EDITH and the viewing system
are completely controllable via the RHWS, This integration of
the direct device control panels into the RHWS makes the
interface more homogeneous and allows for a better co-
ordinated usage (e.g. operator macro commands including
different devices).

The RHWS subsystem PEXOS representing the work
procedures for operator instruction and assistance and for
task oriented co-ordination of hardware and software tools
usage is ready for use including an enhanced more compact
modelling technique ("individual tokens"). PEXOS allows for
a structured multimedia description and simulation of work
sequences by a network of actions and working states which
is graphically visible for the operator and which provides
access to the working step related information. Figure 4
shows the three computer displays for the three RHWS
subsystems (procedures, device control panels, working scene
graphics) and a group of video monitors. Video images can
also be displayed on the computer screens in separate
windows.The working place will additionally be equipped
with the master arms of the master-slave manipulators. The
master-slave manipulator operator will have available a
variable subset of the workstation information on separate
screens. The modelling of procedures that means the input of
task specific data into the PEXOS database was started.

Dynamic Simulation

The AMBOSS dynamic simulation has been set up to examine
critical remote handling tasks and to optimize control
algorithms. Multibody dynamics of the transporter system are
modelled utilizing the commercial analysis package ADAMS.
A precise dynamic actuator model including backlash and
static friction Is introduced by applied forces, spring elements
and differential equations [9].

Elastic deformation and structural oscillations are described
by a six dimensional linear force deformation dependency.
Stiffness matrices of the main links are extracted from FEM
calculations [10]. Support structure and end-flange are
odelled with similar estimated values.
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Fig. 4: EDITH remote handling workstation

The last working period concentrated on the verification of
the structural model. Figure 5 compares static deformations

from a static simulation with those measured with the GMS-
Laser theodolite system at the EDITH device. For the dynamic
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case Table 1 shows the natural frequencies. In the experiment
the EDITH device is exited by a sudden loss of 200 kg load.
Acceleration sensors on each link and at the end-flange
observe motion.

The simulation results are based on the stiffness data
extracted from preliminary FEM (finite element method)
calculations. Rising differences between experiments a rather
low torsional stiffness of the links. Nevertheless the high
accuracy of the preliminary calculated results prove the
AMBOSS model structure and accuracy.nd simulation in
bowed boom positions point out that the FEM calculations
assumed

Subtask 3: Divertor Plate and Armour Tile Handling
Objective of this subtask is the design, production and
commissioning of protective armour tiles and divertor plates
handling equipment. The equipment will then be tested,
followed by the demonstration of the tile and divertor
replacement in the mock-up.

Protective Tile Handling Devices

In agreement with the NET team two prototype devices were
designed and fabricated for the replacement of protective
armour tiles, a tile positioning device (TPD) and a tile
detachment device (TDD). The TPD allows to grip a new tile
from a magazine, to bring it to its position and to fix it there.
With the TDD a damaged tile can be gripped, the fixation
bored free and the tile removed. Both devices are handled by
electric master/slave manipulators.

The TPD is composed of the gripper system and the screwing
unit which allows the locking of the two tile fixation nuts
simultaneously. The gripper system is based on a toggle lever
system and actuated by a lifting magnet. To avoid
uncontrolled unlocking the gripper is always closed in the
currentless status. The two drivers of the screw driver units
are actuated via spur wheel gears and a worm gear by a
common electric motor. The torque of the drive unit is limited
by slipping clutches. Experiments with the TPD were carried
out on tile dummies mounted at a vertical wall as well as at a
tilted wall. The tests showed satisfying results after an
adjustment of the fixing elements according to the
positioning accuracy of the master/slave manipulator,
Additionally, the most suitable viewing and lighting positions

were determined. The tests will be continued by handling the
device by means of the MHU attached to the ABT of EDITH in
the mock-up.

The TDD (Figure 6) consists of the gripper system and the

Fig. 6: Tie dtachrﬁent device with gripped tile dummy

trepan system. The gripper is cam controlled via the feed
motion of the spindle. During drilling the gripper can not be
unlocked. The drill spindle positions are controlled by limit
switches. The tubular drills are actuated by a common electric
drive via a worm wheel gear and spur wheel gears. The feed
motion of the diamand drill and the sintered carbid drill,
respectively, is proportional to the drill spindle revolutions.
The TDD is delivered. Experiments for drilling CFC-tiles and
the suction of the drilling dust were launched.

Divertor Plate Handling Unit (DHU)

According to the NET task definition forms the work at the
prototype devices for the divertor plate handling is
postponed until a clarification of the ITER divertor design and
maintenance concept.

Position Z1-Z4: 0 deg 2490 deg Z3 90 deg Z2 90 deg
EDITH experiment 1. Mode 4.2 44 4,0 35
2. Mode 143 12.8 10.2 12.7
AMBOSS model 1. Mode 4.24 39 3.0 26
2. Mode 14.9 14.9 11.7 10.5

Table 1: Natural frequencies [Hz] in simulation and experiment
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Subtask 4: Manipulator Positioning Unit

To guarantee sufficient manoeuvrability of the MHU a
manipulator positioning unit (MPU) composed of an
additional link with electrically driven yaw joint was designed
and specified for a call for tender to be accomplished by NET.
Due to the fact that the order is suspended the MPU will not
yet be available in 1992. In order to allow anyway first tile
handling tests in the mock-up a simplified device was
designed and is prepared for fabrication. It consists of one
yaw joint similar the later MPU and is manually adjustable
relatively to the working position.

Subtask 5: Pre- and PostIrradiation Testing of Boom

Components
Motors, Lubricants, Cables

Based on the irradiation and the post-irradiation
examinations of basic components for motors, the irradiation
tests MOL F2-1, MOL F2-2, MOL F2-2/2 and the following
qualitative post-i-radiation examination of the motor
components [11], weak points were identified. These are
mainly:

- The fail-safe brake due to temperature sensitivity.

- Cables with respect to temperature and gamma
irradiation sensitivity,

- Lubricants due to temperature and gamma
irradiation sensitivity.

- Ball bearings with respect to temperature.

Due to the occurred difficulties during the irradiation, on-line
measurements as foreseen in the test-specification were not
always possible and also only a qualitative post-examination
was useful. On the basis of the visual inspection after the
irradiation and in connection with the good resuits of the
irradiation tests at basic components, the motors are
undergoing a modification at the suppliers followed by a
further irradiation campaign end of 1993. The modifications
are listed hereafter:

- The previous ball bearings will be substituted by
special high temperature bearings. Their delivery
time is the driving factor for the time schedule of
the second irradiation campaign of motors.

- The original motor resolvers will be replaced by
another type to become independent from the
resolver supplier,

- The connection cables of the motors and resolvers
will be substituted by KAPTON cables.

- At the fail safe brakes the cable inlets and outlets
will be modified as well as the inlets and outlets at
the windings and the motor housings.

Before an irradiation of the motors in a following campaign,
the no-load current and no-load speed will be measured to
check whether the motor characteristics have been changed
by replacing components, which is not to be expected. If the
characteristics will have been unchanged, the motors will be
irradiated and the  post-irradiation  quantitative
measurements will be evaluated on the basis of the original
pre-irradiation tests. Otherwise the pre-irradiation tests will
have to be repeated.

Resolvers:

The gamma hardening activities were successfully continued
with temperature and irradiation tests for new insulation
plastics of cables and thin copper wires to be used with a
couple of modified resolvers. By a mechanical post-irradiation
inspection of two multiturn resolvers having failed formerly
in 1992 it turned out that, contrary to earlier experiences,
their solder material being used for the electrical connections
was partly corroded and the RADOX insulated wires showed
defective insulation areas due to their mechanical twists and
assoclated stresses.

As a consequence, two more still available and identically
made but not yet irradiated resolvers are now going to
become modified and, in order to fit the irradiation
requirements will be equipped with thin KAPTON insulated
wires instead of RADOX, Moreover, a flux-free tin-lead solder
will come in use which has been successfully tested by two
preceding irradiation campaigns.

The irradiation test is scheduled for September 1993 after the
receipt of the named resolvers with modified stator elements
from the supplier.

Inclinometers:

By an intermediate gamma irradiation campaign performed
in February 1993 which reached an integral gamma dose of
80 mega rad, a ceramic film potentiometer, type S0ESA59318
- 5000 Ohms from PEWATRON, was irradiated at 70°C
constant gamma heating temperature. From a subsequent
investigation it could be shown that all mechanical and
electrical parameters remained fully unchanged and from
there, the continuation of the irradiation up to 1 giga rad is
justifiable and seems to be hopeful.

Plastics:

A series of polyamide and polyethylene derivate wire
insulating plastics, all available in form of highly polymerised
0.6 to 1 mm thick cladding became irradiated for the first
time in March 1993. During a 1 giga rad gamma campaign
insulating samples of NORYL, ULTEM, SILTEM, ARNITEL and a




62-

NORYL/PEEK composition were gamma exposed in the BR2-
reactor at Mol/Belgium.

The post irradiation analysis and testing is underway for the
time being and final results are anticipated for the second
half of 1993.
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RST 2 Cutting and Welding Tools

Subtask1: Tools for Cryoconnectors

The objective of this subtask is the commissioning of the
cryogenic prototype connectors, the design and preparation
of a set of specifications suitable for procurement of the
prototype tools as well as of auxiliary equipment required for
the remote disassembly/assembly of the connectors, the
technical assistance in supervising the procurement (done by
NET through industrial contract), and the follow-up
commissioning and testing of the prototype tools.

In continuation of the work performed during the last period
of reporting [1] the cryogenic prototype connectors were
delivered and mounted at the FEROS test facility. The
assembly and disassembly procedures were performed hands
on under simulated remote handling conditions.

Fig. 1:

Cryogenic prototype connector
assembly/disassembly tests

The control and monitoring system of the FEROS test facility
has been modified for the procurement, follow-up
commissioning and testing of the prototype tools.

The CCD camera system design for the visualization of the
welding process has been modified with respect to a better
resolution, reliability, increase of the scale of magnification
and reduction of the overall dimensions.

The new design will be implemented in the prototype
welding tools.

Each weld of the cryogenic connectors is carried out in two
passes to obtain a better final external surface and to
facilitate a follow-on nondestructive examination (NDE) of
the weld.

The NDE will be carried out by bringing into contact the NDE
probe, placed on the orbital carriage, with the weld. Two NDE
methods are under investigation: eddy current and ultrasonic
testing.

The general design and the implementation of the NDE
probes into the welding heads has been investigated. The
expected maximum free space and overall dimensions of the
probes have been considered for all three welding tools. The
detectable sizes of defects as well as the designs of the
calibration blocks and test samples have been determined.

The test specimens have been manufactured. The test
program has been finalized. The placement of the probes in
the orbital carriage of the welding tools has been
determined.

For the present cryoconnector assembly/disassembly design a
set of ten tools is proposed.

Three different families of tools are earmarked for carrying
out the cryoconnector replacement cycle [2]:

- cutting tools (a total of three for the diameters 24, 50-
160, 300 mm),

- welding tools (a total of three for the diameters 24, 50-
160, 300 mm),

- clamping/aligning tools (a total of four: one to clamp
the 300 mm pipe before welding, one to handle the
300 mm sleeve, one to handle the assembly of sleeves
50-160 mm to be replaced, one for bellow clamping,
only for flexible connectors).

The design, the tool design description and the call-for-
tender specification of the set of ten tools has been
completed and submitted to NET along with a set of drawings
for documents and preparation of the tool procurement.
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Safety and Environment

Introduction:

Within the European Fusion Technology Programme 1992-94
the safety analyses for NET/ITER which are being performed
in parallel to the design efforts address mainly two different

areas:

Safety Assessment Studies

- Operational Safety (SEA 2)
- Reference accident sequences (SEA 3)
- Probabilistic risk studies (SEA 4)

and
Plant Related Studies

- Radioactivity inventories and source terms  (SEP 1)
- Environmental impact of tritium and

activation products (SEP 2)
- Waste management and decommissioning  (SEP 3)

The KfK contributions to this program concentrate on:

- Analyses of reference accident sequences in super-
conducting magnets (subtask SEA 3-2),

- Identification and characterization of tritiated organic
compounds in fusion devices (subtask SEP 1-3), and

- Calculations of individual and collective doses to the

public for routine and accidental releases of tritium
and activation products (subtask SEP 2-2).

A.Fiege
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SEA 3 Analysis of Reference Accident
Sequences
Subtask 2: Magnet System Safety

Within the subtask 3.2 KfK investigates the thermal and
mechanical behaviour of magnet systems during accidents,

During the period reported here the validation of the MAGS
[1] system was started. iN this context some improvements
have been introduced and some supplements have been
added to the system. In terms of accident analysis calculations
for the European SEAFP Study have been performed.

a) Thermal analyses for the magnet system

The EFFI module of MAGS was extended to provide also data
blocks for forces and inductances. The former can be used as
input for ABAQUS, the latter can be passed to a small module
to compress the full inductance matrix according to the
requirements of a special circuit analysis. Additionally a new
module named HEXAN has been prepared. This module
determines the quench front propagation along a conductor
using a simple analytical formula instead of solving the
balance equations of mass, momentum and energy for the
helium coolant. The use of HEXAN reduces the precision of
the results, however, the turn around time for a job, being
only about 1% to 2% percent of a full analysis, allows
parametric analyses almost impossible otherwise. This
updated MAGS code system has been presented at the IAEA
Fusion Safety Technical Committee Meeting in Toronto [2]. To
include also the coil case into the MAGS analysis a mesh
generator for the coil casing has been developed.

Concerning the validation of MAGS two efforts have been
made. One is a comparative analysis to the computer code
SARUMAN [3] and the other Is the analysis of a conductor to
conductor transversal quench propagation observed at the
European coil in an LCT experiment in Oak Ridge.

The comparison with the SARUMAN code showed that the
results are similar. SARUMAN needs less computing time but
has also less detailed results compared to MAGS. For accident
analyses which is the area of application for MAGS more
detailed results are required and a higher computer effort
seems to be justified.

The recalculation of the LCT experiment with the European
coil has been done with great care and will be presented ina
separate report. For the presentation here it can be stated
that the analysis was successful and that the hydraulic
conditions in the supply lines of the helium outside of the coil
have great influence on the results, To iliustrate the analysis
in Fig. 1 a temperature relief plot is given. The data are
plotted over the coil cross section analysed. One can see that
the pancakes have a different number of turns. The
temperatures of the shorter pancake are only slightly
disturbed, in the longer, however, they are beyond the critical
temperature of 7.5 K in the first and the second turn. As the

coil is made with two conductors in hand the figure shows
that a transversal quench propagation has taken place.

0.00 /K/

Max= 19.92 ; Min=

PANCAKE .

Time : 4.1400E+01 /s/
Winding Temperature at Circumferential Mesh Nr. 15

Temperature relief plotted over the LCT coil cross
section analysed. The pancakes have a different
number of turns, In the longer pancake the
temperatures are beyond the critical value of 7.5 K
in the first and the second turn. As the coil is made
with two conductors in hand the figure shows that
a transversal quench propagation has taken place.

Fig. 1:

The analyses for the SEAFP task are reported every three
months to the NET-Team [4]. The SEAFP design has much
larger TF coils than the magnet systems proposed so far for
NET/ITER. The stored energy of the system is now about 200
GJ compared to 40 GJ in the former designs. A basic question
for the safety of the system is the expected temperature ramp
in a coil in case of an unprotected growing quench. The
analysis was done using the new module HEXAN. Fig. 2 shows
the temperature of the hottest spot in a pancake versus time.
From the figure one can see that it takes about 150 s to reach
the failure temperature of the insulation of 600 K. This is
roughly ten times longer than for the old designs. This shows
that even though the stored energy is larger, there is more
time for safety systems to cope with the problem.

b) Analysis of the mechanical behavior of the coil casings
under accicent conditions

The results gained for the NET/ITER design, reported in [5)
have been presented at the 17th Symposium on Fusion
Technology in Rome [6].

Similar studies have begun for the European SEAFP Study [4].
The SEAFP reactor design is roughly an enlarged NET design
with a scaling factor of about two. Although the design is not
very detailed yet the mechanical structure of the magnets
seems to be very similar to the NET device. The work
performed so far is concentracted on both the stability of the
central vault under TF-coil fault loading and the possibility of
missile generation caused by mechanical failure of the
magnet structure,
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Fig.2:  Temperature in the hottest spot of a SEAFP TF coil

during an unprotected growing quench.

The most critical part of the coil structures under fault loads
for the NET design [6] was the central vault, This vault is
composed of the wedge shaped inboard legs of the TF coils. It
is well suited to bear high axisymmetrical loads without
additional interlocking between the individual coil legs. But
non-axisymmetrical loads, as produced by faults in the TF-
coils, lead to bending moments which try to deform the
circular arch. Since the interface between the neighbouring
coil legs do not allow for transmission of tensile stresses, gaps
may open leading to instability of the central vault.

Calculations have been performed for a) an electrical short at
the busbar of a TF-coil during a fast discharge and b) a
discharge of a coil due to a sequence of faults while all other
coils remain charged.

In both cases considered circumenferential tensile stresses
occur at the wedge interfaces, leading to gaps and
subsequent instability, Even the use of shear keys at the upper
and lower end of the vault would not guarantee a global
vault stability. Therefore an interlocking device along the
individual coil legs forming the central vault will be needed,
as required in the earlier ITER design. The. actual design,
however, does not contain such details.

The safety analysis of large magnet systems has to consider
the possibility of missile generation. One source could be a
mechanical failure which results in a loose fragment
accelerated in the strong magnetic field. A realistic modelling
of the mechanical and electro magnetic processes leading to a
missile would be rather complicated. Therefore in a first step
limiting cases with some hypothetical assumptions were

treated to estimate whether a missile generation could be
possible.

The results of this study are summarized in [4].

It was shown that the formation of missiles and the resultant
damage of neighbouring structures can be excluded for the
actual design of the SEAFP magnets.

This has to be checked for future more advanced designs. Also
dynamic effects and large displacements of the moving arch
will have to be taken into consideration.
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Proposal of a Concept and Reliability Analysis for a Magnet
Protection System

The unavailability for the current switch down in case of a
demand in the magnet coils of a fusion demonstration plant
must be decreased by a few orders of magnitude as compared
to the one of experimental facilities. The safety requirements
to prevent initiation of event sequences which might lead to
the release of energy and radioactivity by the plant must be
fulfilled with the same standards as applied in a nuclear
fission power plant. On the basis of this proven technology a
general usable magnet protection system will be proposed,
which achieves some considerable improvements by the use
of an additional microprocessor supported system in the
failure detectability as compared to the conventional pro-
tection systems [1]. The principle is given in Fig. 1.

One of the plant variables for quench detection in a super
conducting magnet system Is the current in the conductor
coils. This current will be permanently monitored by
detectors, The resulting analog signals will be processed in
redundant analog processing units. Independent single
failures in the measuring and in the processing channels will
be supervised by comparators arranged between the
redundant channels.

In this arrangement each channel is controlled by two
comparators. The individual signal is also surveyed by fimit
values. In case of exceeding a limit value an initiation signal is
transmitted to the logic part of the system. The analog part of

protection system according to KTA 3501. The advantage Is,
that the essentially fix wired system possesses a very low
unavailability in the order of magnitude of 107 per demand.
The disadvantage is, the system is only able to supervise
minimum or maximum values, respectively. The values could
also represent gradients or values dependent on other
parameters, but it is always a single value. The necessary
precautions against the Common Mode situation are very
demanding and mainly based on administrative precautions
and an extensive quality assurance.

The advantage of the protection system compared to the con-
ventional systems is the improvement in the failure
detectability. Unavailability values < 109 per demand are
achieved. New in the present system is the on-iine testability
of the measuring chains including the sensors and the high
safety against Common Modes. The on-line test is based on
the assumption that the sensor signal level is known and can
be tested during each shut-down and during the operating
phase. The high reliability for the initiation of a safety action
is based on the proven classical technology. The improve-
ments in the failure detectability will be achieved by
combination with a microprocessor supported digital system.
The transfer of safety functions to the digital microprocessor
system is not considered here. According to the current safety
regulations as valid in the nuclear fission power plants this
would not be accepted due to problems in the proof of digital
systems reliability. This might change, however, in the future.

The protection system was designed to cope with the quench

the signal processing is identical to the conventional of superconducting coils. But it is quite obvious, that the basic
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Fig. 1: Protection System for a certain initiation criteria (quench)
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concept of the system is also applicable for initiations of
safety actions in general in a fusion power plant.

Literature:
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SEP 1 Radioactive Inventories and Source
Terms

Subtask 3: Tritiated Organic Compounds

Source terms of organic and/or inorganic tritiated
species that escape from facilities operating with
tritium need to be evaluated for the safety analysis of
these installations. To possibilitate the calculation of
doses the tritiated compounds have to be identified
and the sources quantified.

In a first literature survey an attempt was made to
identify the tritiated species that may be released into
the environment during normal or accidental
operation of tritium handling facilities, Particular
attention was focused on facilities related to the fuel
cycle of a fusion reactor. More than 110 publications
from the literature were examined and evaluated.

An important source of a variety of tritiated
compounds are the products from the interaction of
atomic hydrogen, energetic hydrogen ions and
combinations of these with graphite, the classical first
wall protection material of a fusion reactor. In
numerous laboratory studies on the interaction of
hydrogen radicals and ions with carbon it was observed
that besides methane - the main product - other
saturated and unsaturated hydrocarbons with up to
eight carbon atoms are produced in lower yields. The
relative product distribution observed in laboratory
experiments when hydrogen atoms and ions react with
carbon is similar to that measured in the exhaust gas of
JET. The total amount of products and their relative
distribution changes drastically when the graphite in
the torus is covered by beryllium. From this it is clear
that the chemical composition of the first wall will have
a significant impact on this source term. Hydrocarbons
of high molecular weight can have a high specific
tritium concentration. They can accumulate in
components working on a cryosorptive Dbasis.
Depending upon their tritium content, they can
undergo radiochemical reactions that give rise to new
gaseous, liquid and solid products.

Because much work has been published on the
reactions of tritium with other single gases as well as on
the self-radiolysis of certain tritiated compounds, the
first survey concentrated on these simple radiochemical
systems.

In the presence of oxygen tritium gives rise to water
and to the intermediate species 7,0, and Oj. The
steady state concentration of O; a very reactive
compound, is proportional to the concentration of
tritium to a power of 0.6. The self radiolysis of tritiated
water is enhanced by such gases as CO, CO, and N,.
Certain adsorbers are capable of accelerating the self
radiolysis of water.
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The reactions between tritium and carbon monoxide
are complex. They can take place whenever tritium and
CO are stored together. The products include numerous
oxygen containing saturated and unsaturated
hydrocarbons as well as water etc. Among the oxygen
containing compounds formaldehyde, acetaldehyde,
methane and methanol can be cited as main products,
Smalier amounts of higher molecular weight
aldehydes, aicohols, and ofganic acids and their
derivatives, cyclic ethers have also been reported. In
mixtures containing relatively small amounts of CO two
types of not well identified polymeric solids are
formed. The product distribution, which is a function of
the partial pressures of the reacting gases can be
influenced by additives such as ammonia, methane or
oxygen. Several adsorbers have been observed to
catalyse the reaction between tritium and carbon
monoxide.

The self radiolysis of carbon dioxide tritium mixtures
yields CO, CTy, T4 and T,0 as well as a white
carbonaceous polymer.

Tritium is capable of inducing reactions with
hydrocarbons. Not only isotopically exchanged
molecules are formed but also higher olefinic and
saturated tritium substitued hydrocarbons. As is the
case with other radiochemical reactions, certain
adsorbers enhance the reactions and influence the
product distribution.

The main product of the reaction of tritium with
nitrogen is ammonia. In the presence of moist air highly
corrosive nitric acid is rapidly formed.

In the future more attention will be directed towards
the radiochemistry of more complex systems of
relevance to the fusion fuel cycle both during normal
operation as well as during accident conditions.

Staff:
W. Leifeld

R.-D. Penzhorn
N. Perevezentseva




~-70--

SEP 2 Environmental Impact of Tritium and

Activation Products
Subtask 2: Doses to the Public

The computer code UFOTRI for assessing the off-site
consequences of accidental tritium releases has been further
developed in several of its submodels; the extensions and
modifications are documented in [1]. The photosynthesis
model, which calculates the actual transfer rate of tissue free
water tritium into organically bound tritium has been
compared with first experimental results, obtained at KfK [2].
Due to the importance of the OBT in nutriment plants, a more
detailed photosynthesis model will be developed together
with the scientists who perform the plant experiments.
Further plant experiments such as the exposure of winter
wheat with HTO (closed chamber) and measurements of key
plant parameters (e.g. leaf stomata resistance and leaf area
index) in the open field will provide a data base for testing
the new model.

To have a rough estimate of the radiological impact from
nuclides not yet implemented in COSYMA [3], a simplified
version of COSYMA has been generated which allows dose
assessments with about 290 nuclides. As a result of the
reduction in complexity, only long term effective dose values
can be obtained. A modified set of equations from the
German regulatory guidelines [4] has been implemented
which allows a rough estimation of the dose from the
ingestion pathways for ail the 290 nuclides.

With the newly developed evaluation program DOSELOOK
[5]itis possible to scale and easily combine precalculated dose
values of unit releases of up to 290 fusion/fission relevant
nuclides for 5 exposure pathways - external irradiation from
the ground and cloud, inhalation during plume passage,
inhalation of resuspended material and ingestion of
contaminated foodstuffs - to get dose estimates for source
terms with non-unit release rates.

For accidental releases, both computer codes UFOTRI and
COSYMA (partly simplified) have been applied for
investigations on worst case release scenarios. Based on
updated source terms of activation products, dose
calculations have been performed for unit releases of
corrosion products from water coolant loops, first wall
erosion products, tungsten dust from diverter erosion,
activated copper, activated niobium alloy and of different
coating materials (boron carbide, beryllium, graphite and
tungsten). Additionally, releases of 1g (3,7 - 1014 Bq)) of
tritium in HT/HTO form has been investigated and compared
with the releases of the activation products. The results have
been presented in June 1993 at the IAEA Technical Meeting
on Fusion Reactor Safety, Toronto [6].

The computer code NORMTRI for estimating the doses from
tritium releases under normal operation conditions, has been
established in a first version. It is based on a so-called
'statistical Gaussian dispersion model’ [7]. This means, for all
different dispersion situations during the considered time

period, a double Gaussian distribution of the released
radionuclides is assumed within the plume. The data file
contains meteorological parameters such as wind speed, wind
direction, stability classes and rain intensities for one year.
Tritium concentrations in foodstuffs are calculated
dependent on the tritium concentrations in air and
precipitation, with the relative air humidity as the steering
factor. The dose from exposure of HT is a result of the
deposited HT which is converted rapidly into HTO, and will be
reemitted again into the atmosphere. Therefore the tritium
concentration in foodstuffs is determined solely by the
converted HTO. The inhalation dose results of the
incorporation of both HT during plume passage and HTO
reemitted after HT deposition.

Dose assessments during normal operation conditions have
been performed for corrosion products from the first wall of
the primary coolant loop and for tritium in both chemical
forms (HT/HTO) by using COSYMA and NORMTRI,
respectively. The results of dose calculations for normal
operation effluents (activation products and tritium) have
been presented in Toronto 1993 [6].

Dose assessments for the International Thermonuclear
Experimental Reactor - Engineering Design Activities (ITER-
EDA) for tritium and activation products, released under
accidental as well as under normal operation conditions, are
presently under way.

Within BIOMOVS |l (BIOsheric MOdel Validation Study - phase
I) a working group has been established with the aim of
testing and validating tritium transfer models. During the
third BIOMOVS Il workshop in November 1992 the results
from two release scenarios have been compared and
discussed. The results will be documented in a BIOMOVS
report (mid 1924). Based on the discussions during this third
workshop, a new case study, now with real measured data
(Savannah River Site, US), will be established at the fourth
BIOMOVS-Hl meeting at the end of 1993 (September/October)
in Vienna. Then not only model intercomparison but also
model testing and model validation will be possible.

The work on developing models for the assessment of doses

to individuals and the public resulting from contamination of
waterbodies after an accidental release of radionuclides has
been started recently. It has been outlined that a model chain
covers the processes such as run-off, transport of
radionuclides in large river systems and the behaviour of
radionuclides in lakes.A first version of the integrated model
chain will be ready at the end of 1993. At present basic
transport models (1-D and 2-D) are available for hydrological
investigations.Cs-137 will be the main nuclide in the
developing and testing phase of the model chain (Chernobyl
data).
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Long Term Program for Materials Development
Introduction and Overview:

In the frame of the structural materials Long Term
Programme KfK makes major contributions to the
development and qualification of martensitic steels within
the task areas MANET and LAM,

The second heat of the MANET type steel, MANET-I, has been
fully characterized according to task MANET 1.1, and an
improvement has been attained as compared to the first heat
with respect to practically all mechanical properties.

A new task on diffusion weiding (MANET 3.2) to facilitate the
manufacturing of special coolant channel geometries was
taken up, but no results are available yet.

Within the established task MANET 2.3 mechanical and
thermal fatigue tests were continued with an emphasis on
the influence of hold times in tension or compression and a
comparison of MANET-I and -l fatigue behaviour, It was
found that, in contrast to austenitic materials, compression
hold times cause a pronounced reduction in the number of
cycles to failure. Concerning thermal fatigue a fundamental
deviation from Iisothermal fatigue behaviour has been
reported earlier. No significant differences could be found
between MANET-Il and MANET-1. To cover the full range of
possible load conditions thermal fatigue was also studied
with an overlay of in-phase or ouf-of-phase mechanical load.

Remarkable progress has been made in the compilation of
post-irradiation data on ductile-to-brittle transition in the
frame of task MANET 3.4, From a total of almost 90 subsize
notch specimens irradiated to different dose levels at
different temperatures the influence of several parameters
could be evaluated by instrumented impact testing and
subsequent SEM investigations:

® Pre-irradiation heat treatment has a pronounced effect
both on DBTT and USE that is maintained during
irradiation, i.e. the shifts ADBTT and AUSE are
practically independent of tempering treatment.

® There is a combined effect of irradiation temperature
and dose in the sense that moderate neutron doses of
10 to 15 dpa already lead to a saturation of significant
deterioration in fracture toughness behaviour unless
there is a limitation of damage by annealing effects.

e This compensation effect needs temperatures as high
as about 500°C. On the other hand, from the lowest
achieved irradiation temperature (ca. 300°C) it is not
yet clear whether the irradiation induced shift in the
above-mentioned quantities represent the worst case
to be expected.

A further irradiation is therefore in preparation to investigate
the effect of low irradiation temperature, the time-evolution
of the dose effect, and the behaviour of other martensitic-

ferritic alloys with a potential to reduce the radiation
embrittlement issue.

A proper fusion neutron source still being unavailable, the
dual beam simulation technique of KfK is a valuable research
tool, especially when mechanical loading is synchronously
applied as has been done within task MANET 5. By
comparison with post-irradiation fatigue experiments where
the irradiation-induced microstructure is already fully
developed, and with unirradiated specimens, the following
results have been obtained: At a test temperature of 420°C
under in-beam conditions a slowing down of the cyclic
softening behaviour is observed that can directly be
attributed to irradiation hardening. For post-irradiation
fatigue the effect is even more pronounced and has, in
addition, the strongest influence on fatigue life. These tests
have been complemented by SEM and TEM Investigations.
SEM of the fracture surfaces could not establish significant
differences, and TEM investigations so far have confirmed the
small influence of helium on the failure mode at the
mentioned temperature. Nevertheless He bubbles are
considered as main contributors to hardening.

Under task LAM 2.1 activation calculations have been
continued on all elements contributing to long-term
radioactivity in form of alloying constituents and of tramp
impurities. Emphasis has been on an optimization of the
martensitic steel resulting in an OPTIFER version for which the
dose rate can realistically be expected to be reduced by one
order of magnitude. A further decrease is possible if one
succeeds to arrive at a lower impurity level for some critical
elements like Nb and Ag. The effect of impurities could also
be demonstrated for the group of Vanadium alloys: Under
realistic assumptions on the manageable impurity contents
the theoretically extremely low activation is increased by
orders of magnitude and then ranges not far below an
OPTIFER type alloy.

The metallurgical aspects of OPTIFER have been treated with
in task LAM 3.2, Five experimental heats of this alloy have
been provided, and the characterization has been started.
Work on the preceding allow, called CETA, has been
completed and reported.

H.D. R¢hrig
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LAM 2.1 Low-Activation Fusion Materials

Development

1. Systematic Investigations of All Stable Elements for the
Effect of Sequential (x,n) Reactions

A reliable estimate of materials activation in future fusion
reactors requires the inclusion of all kinematically allowed
reactions and subsequent reaction chains. While one-step
neutron-induced reactions have been sufficiently covered in
the past, all previous calculations neglected the so-called
sequential (x,n) reactions, which have shown to produce
often important contributions to the induced radioactivity
and/or the related surface y-dose rates, decay heats and
biological hazards.

In order to improve activation calculations the libraries
KFKSPEC and KFKXN were updated to match with the
European Activation File version 2 which covers now all stable
and radioactive nuclides with Ty, 2 0.5 days in the mass
range 1 = A = 210. Together with the European reference
code FISPACT and the KfK code PCROSS systematic activation
calculations were performed for all stable elements from
hydrogen to bismuth (1 < Z < 83). As a result we found in
34 of all 81 single-element cases (Tc and Pm have no stable
isotopes) an increase of, at least, one of the above mentioned
radiological quantities due to sequential (x,n) reactions. In
the following 17 cases the effect was greater than one order
of magnitude: Li, N, O, F, Ne, Na, Mg, V, Cr, Mn, As, Y, Xe, Cs,
Pt, Au, Tl.

2. Importance of alloying elements and impurities for the
long-term activation of alloys

For the development of low-activation alloys in general two
aspects are important: The first is to select the base material
and necessary alloying elements according to their long-term
activation, i.e. with a short life-time period of activity. For
iron-based alloys - be it austenitic or ferritic-martensitic steels
- the minimum achievable long-term activation is governed
by the decay characteristics of pure Fe. In commercial
austenitic and ferritic steels important alloying elements like
Ni, Mo, Nb and Al worsen the situation because they
contribute strongly to the long-term activation. Therefore in
a first step of optimisation these elements have been
replaced in ferritic-martensitic stainless steels by elements like
Ta, W and Ce, leading to alloys of Fe Cr W Ta Type (CETA- and
OPTIFER alloys). Based on the chemical analysis of the
European reference alloys MANET Il and “OPTIFER 1a real”
the dose rates have been calculated and plotted in Fig. 1. In
comparison the long-term activation of the latter alloy is
reduced by roughly one order of magnitude which reflects a
similar reduction of the Nb content.

This example demonstrates the second important aspect
when developing materials with reduced or low activation,
namely the role of impurity elements. Our calculations have
shown that a few crucial elements like Nb, Mo, Ag, Bi and
some rare earth elements cause a high long-term activation. If
one takes into account that with modern steel production

techniques these impurities can be limited to low
concentrations, a further reduction of long-term activity to
the level indicated as "OPTIFER 1a target” can be expected.

A very interesting confirmation of the effect of impurities for
the long-term activation can be observed for the group of
Vanadium alloys. Vanadium, Cr and Ti are known to have a
very low long-term activation under fusion reactor
irradiation. This can be observed in the dose-rate plot of a "V-
5Cr-5Ti pure” alloy in Fig. 1. Iif, however, even very low
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Fig. 1:  Comparison of calculated surface y-dose rates

versus time after irradiation for different types of
alloys. Explanation see text. The results refer to
neutron irradiation in the first wall of a DEMO
fusion reactor. A first wall 14 MeV neutron load of
12.5 MWyr/m2 was assumed.

impurity concentrations - manageable with sophisticated
fabrication methods - are taken into account, our calculations
show a drastic increase of 6-7 orders of magnitude for the
alloy "V-5Cr-5Ti possible” in  long-term activation
approaching the level of the optimized Fe-based steels. As a
conclusion the impurity control of sensitive elements is even
more important for the so-called Low-Activation-Alloy groups
based onV, Cr, or Ti.
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LAM 3.2 Development of Low Activation
Martensitic Steel

Structural material in the region of the first wall and the
blanket is activated by neutron exposure during reactor
operation. This may cause problems if such components must
be repaired or stored in a repository. For this reason the Nb,
Me and Ni alloying constituents with high susceptibility to
activation, in CETA-grade steel were replaced by W, Ta, and
Ce, which are elements less prone to being activated.

The characterization of this first low activation martensitic
steel had been finished and the results were reported [1].Ina
second step the mechanical properties, especially the ductile
brittle transition temperature (DBTT) of the impact energy of
such steels, will be improved by modifying the chemical
composition and optimizing the heat treatment. Beyond this
we are trying to minimize the radiologically inacceptable
impurities of the steel. The characterization of five new heats,
called OPTIFER, has been started by metallurgical
examinations and investigation of the mechanical properties.
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Characterization and
Optimization of MANET-II-Steel

MANET 1.1

For application as structural materials of the first wall and of
blanket structures, ferritic steel grades constitute a good
alternative to austenitic steel grades because of their more
advantageous thermal characteristics and irradiation
properties.

The characterization of six heats of MANET-li-grade steel has
been finished. The investigation of the metallurgical
properties, the metallographical examinations and some
mechanical properties, especially the creep rupture tests, has
been reported [1]. Fig. 1 shows the creep-rupture strength of
four heats of the MANET-li-grade steel in dependence of a
time-temperature parameter P. Above P = 24 the creep-
rupture strength of the MANET-Il-grade steel is superior to
MANET-| because of its higher ratio of the elements nitrogen
to aluminum.

The evaluation of the V-notch impact bending properties has
been reported [2]. An improvement with respect to strength,
ductility, toughness and DBTT of MANET-Il (evaluated from
instrumented impact tests) has been achieved in comparison
to MANET-L. Fig. 2 shows the impact energy of four heats of
the MANET-Il-grade steel in dependence of the test
temperature. The DBTT is about O °C. A report has been
published describing experiments of the influence of
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MANET 2.3 Diffusion Welding

Within the framework of activities directed to developing
materials for high loaded blanket structures of a DEMO
fusion reactor a technique of diffusion bonding is to be found
which allows structural plates with coolant channel geometry
to be made from MANET 2. A qualified contractor ready to
assume this task is IKE, Stuttgart. First, the welding
parameters will be determined for small specimens and
thereafter a larger component will be manufactured by
welding.

The material has been provided and the specimen parts have
been manufactured in the KfK Central Workshop. The
welding tests were carried out in the middle of this year. Ali
samples have, after welding, undergone a heat treatment at
750°C for two hours in vacuum. Post-weldment tests
comprised He-leak testing, metallographic examination and
bending tests with specimens manufactured from welded
material and - for comparison - from base material.

First evaluations show a good weldability of MANET with the
diffusion welding method. The best results were obtained for
specimens with finish-ground contact surfaces (roughness <
3 pm) and welding temperatures of 980 or 1050°C. The
resistance to failure during bending until 90° was the same as
for base material. In a further test series components (diam.
320 mm) with a prototypical First Wall cooling channel
geometry shall be diffusion-welded.
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MANET 3.2 Pre- and Post-lrradiation Fatigue

Properties

Thermal cycling of large components is a serious problem for
the designer. The structure considered in the present case is
the first wall of a fusion reactor. its surface, in the actual
design concept, will be subjected to radiation heating from
the plasma facing side which may lead 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 to thermal
fatigue which at present is considered as the most
detrimental lifetime phenomenon for the structure consid-
ered. The investigations of MANET 3.2 are devoted to this
problem.

The studies to be reported within MANET 3.2 are:

- The influence of temperature and hold-times in
tension and compression upon isothermal low-cycle
fatigue behaviour of MANET | at 450 °C and 550 °C and
a strain rate of 3x10-3 /s on solid hourglass specimens.

- Isothermal fatigue at 200 °C and 550 °C as well as
thermormechanical fatigue between 200 °C and 550 °C
on hollow hourglass specimens from MANET |,

- Comparison between MANET | and MANET Il samples
under thermal fatigue loading conditions.

1. Isothermal Fatigue of MANET |
The experiments to study creep-fatigue interaction damage

have been extended to tests with hold-time in the compres-
sion phase of the cycle. Fig. 1 shows the results for two strain
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Fig. 1:  Number of cycles to fracture vs. hold-time in com-

pression as function of strain range and tempera-
ture for solid specimens of MANET .

ranges (0.6 and 1.0 %) at 450 °C (open symbols) and 550 °C
(closed symbols). Therefrom it is obvious that already for a
hold-time of one minute the number of cycles to fracture Nf is
significantly decreased, especially for Aet=0.6 %. At 550 °C

the reduction of the Nf-value is somewhat more pronounced
as compared to 450 °C,

For comparison results of experiments with hold-time in
tension are plotted in Fig. 2. It can be seen that for a dwell-
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Number of cycles to fracture vs. hold-time in ten-
sion as function of strain range and temperature
for solid specimens of MANET |

Fig. 2:

time of one minute no reduction of Nf occurs. The numbers of
cycles to fracture are generally higher for tension dwell-time
tests as compared to compression hold-time experiments. The
Nf-value for instance for a compression hold-time of one
minute (Aet=1 % and T=450 °C} is about 1200 in comparison
to the tension hold-time value which is =1800. The
corresponding results for ty=30 minutes are 900
(compression) and 1400 (tension).

The results aforementioned show that unter comparable
loading conditions compression hold-times on MANET | cause
a more pronounced reduction of the number of cycles to
fracture which is in contrast to results of hold-time tests on
austenitic materials.

2. Thermal fatigue of MANET
2.1 Thermomechanical fatigue of MANET |

Thermomechanical out-of-phase and in phase fatigue tests
between 200 °C and 550 °C were conducted with overlayed
mechanical strains. During both thermomechanical fatigue
tests the temperature cycle will lead to a strain portion. This
strain will intensify the mechanical strains for out-of-phase or
diminish it for in phase tests and therefore both quantities
together are denominated as " effective strain range”.

For comparison also isothermal fatigue tests at 200 °C and 550
°C were performed and evaluated.

Under all loading conditions MANET | samples show cyclic
softening. From the beginning of the test a degressive reduc-
tion of the load range can be detected, changing into a near
linear decreasing behaviour of the load range. This change
depends strongly on the strain range and in case of iso-
thermal fatigue tests also from test temperature.
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While evaluating the fatigue tests it was observed that the
behaviour of the load range is describable by a two
parametric allometric function: F=§:N° with load range F
and number of cycles N. The parameter B is the start value of
the allometric function and a will be named as “softening
exponent”. Generally the adaptation of this function to load
range values and to the softening process of MANET | was
very good, as can be seen from Fig. 3.
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Fig. 3:  Experimental load range compared with estimated
load range by the allometric function from iso-
thermal fatigue MANET | at 200 °C with 0.8 % total
strain range.

The cyclic softening process under thermomechanical fatigue
conditions is influenced by the phase situation. This effect is
shown in Fig. 4 where the allometric “softening exponents” a
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Fig.4:  Relation between effective strain and the
“softening exponent” a of allometric functions at
in phase and out-of-phase thermomechanical
fatigue.

are plotted versus effective strain range for in phase and out-
of-phase thermomechanical fatigue conditions.

With increasing effective strain range the cyclic softening de-
creases faster, i.e. reaching smaller o - values under in phase
loading than under out-of-phase loading conditions.

2.2 Thermal fatigue of MANET i

The two heats - MANET | and MANET Il - of a ferritic -
martensitic Cr - steel are under investigation. This steel has
the German Steel Denomination Nr. 1.4914. The MANET |
material had just been described elsewhere, The MANET H
material is a 20 mm thick sheet with the Heat Nr. 50805 and

the chemical composition: €, 0.10; Cr, 10.3; Ni, 0.65; Mo,
0.57; V, 0.19; Nb, 0.14; Si, 0.14; Mn, 0.75; B, 0.0075; N, 0.031
and Zr, 0.028 wt%.

Hollow hourglass shaped specimen from MANET | and
MANET Il were fabricated - in case of sheet material
perpendicular to the rolling direction and in the centerline of
the sheet - and then heat treated. The resultant
microstructure is a fully tempered martensite. As was shown
earlier, the carbides are lying along prior austenite grain
boundaries and lath boundaries, while smaller carbides are
contained in the matrix.

MANET | and MANET Il samples had been thermally fatigued
by triangie temperature cycles with constant heating and
cooling rates of = £5.8 K/s in a range of a fixed low tempe-
rature T, (200 °C) and a variable high temperature T (550 °C
to 700 °C).

Due to the fact, that the thermal fatigue testing device is not
enabled to control neither the total mechanical strain range
Ag, i nor the stress range Ao, quantities like Ag, Aey, and the
plastic mechanical strain Ag,, ., change with number of cycles.
Hence only the measured values at Ny/2 are taken for any
comparison.

The small thermal elongation of the ferritic - martensitic
steels causes total mechanical strain of both heats between
0.2 % and 0.8 % during triangular thermal fatigue experi-
ments. From the data sets of thermally cycled hourglass
samples of MANET | and MANET Il the total mechanical strain
ranges ey, at Ny/2 are plotted versus the number of cycles to
failure Ny in Fig. 5. By increasing AT, Aeyp, at Ny/2 increases
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Fig.5:  Comparison of thermal fatigue data of the ferritic-

martensitic steels MANET | and MANET Il in a Ae
at N¢/2 versus N¢ diagram.

and leads to smaller Ny-values. This effect is mainly driven by
the AT - influence on the plastic mechanical strain Ae, p, -
values at Ny/2, which is plotted versus N; for MANET | and
MANET It in Fig. 6. The Aey -values at N¢/2 range from 0.02 %
up to 0.5%.
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With increasing AT the amount of plastic mechanical strain
range increases due to the growing compressional creep
contribution at each high temperature cycle.
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Fig.7.  Comparison of thermal fatigue data of the ferritic-

martensitic steels MANET | and MANET Il in a Ao,
at Ny/2 versus Ae o, at Ny/2 diagram,

InFig. 7 are compared the total stress ranges Ao, at Ny/2 from
MANET | and MANET II, obtained during thermal fatigue. The
Aoy - values at N¢/2 of MANET | increase up to a maximum
value of about 670 MPa with increasing AT and Ae, , at Ny/2.
The MANET 11 - values reach only Ao, - values at Ny/2 of about
610 MPa under the same conditions.
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MANET 3.4 Pre- and Post-Irradiation Fracture

Toughness

In the course of the irradiation program FRUST/SIENA 138
KLST V-notch specimens (3 x 4 x 27 mm, notch depth 1 mm)
were irradiated in the HFR in Petten (Netherlands) at dose
levels of about Sdpa, 10dpa and 15dpa. The irradiation
temperatures were in the range from 280 °C to 480 °C. Up to
now 87 specimens have been tested in an instrumented
Charpy impact system in a Hot Cell [1, 2, 3]. Eight different
pre-irradiation heat treatments were applied to the
specimens. In the first step of the evaluating procedure chan-
ges of the impact properties caused by variations in structure
and by irradiation embrittlement were investigated. The
impact properties were described as a pair of two values:
Ductile to Brittle Transition Temperature (DBTT) and Upper
Shelf Energy (USE).

1. Effect of heat treatments on the impact properties

The heat treatments of the MANET-l specimens were
performed at 950-980 °C/2h + 1075 °C/0.5h + tempering in
the range from 600 °C to 780 °C/”h. The results show a linear
dependency of DBTT on the tempering temperature: the
higher the tempering temperatures the lower the DBTT. The
USE is increasing exponentially with rising values of the
tempering temperature. ADBTT and AUSE are shift values
which describe the difference between the unirradiated and
irradiated condition of a material. The results of the Charpy
impact tests with the MANET-| specimens show clearly, that
ADBTT as well as AUSE are independent of the tempering
treatment.

2. Effectof irradiation temperature on the impact
properties

Both ADBTT and AUSE are increasing exponentially with
abating  irradiation  temperatures. At irradiation
temperatures above 500 - 520 °C a nearly total compensation
of the irradiation induced embrittlement is to be expected.

3. Effectof irradiation dose on the impact properties

The results show a saturation of the embrittlement above
dose levels of about 10 to 15dpa.

4. Model of the DBTT depending on the heat treatment
and irradiations parameters

The results can be fitted by a set of empirical equations de-
scribing - for a certain validity range - the DBTT of KLST
MANET-I V-notch specimens as a function of pre-irradiation
heat treatment and irradiation parameters:

DBTTi" = DBTTuni" + ADBTT

DBTTynirr = 30°C- (T4 - 600°C)/3

DBTTynirr: Ductile to brittie transition temperature in the
unirradiated condition

Ta:Tempering temperature in °C

DBTT;, :@ Ductile to brittle transition temperature after

irradiation
ADBTT = 4900K e -(Tirp/37002% (1 . g N125)

ADBTT: Irradiation induced shift of the ductile to brittle
transition temperature

Ti,r: Irradiation temperature in K
N: Irradiation dose indpa
The plot of the ADBTT function is shown in Fig. 1. The model

for the USE Is similar to the DBTT model. All experiments and
results are described and discussed in [4, 5, 6, 7].
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Fig. 1:  ADBTT model depending on irradiation dose and
temperature
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MAT 5 lon-Beam Irradiation Fatigue and
Creep Fatigue Tests

The Dual Beam Facility of KfK, where a-particles (< 104 MeV)
and protons (= 40 MeV) are focussed onto a target, was
developed as a research tool for materials within the
European Fusion Technology Programme. This high energy
Dual Beam Technique allows the simulation of fusion
neutrons by the systematic variation of hydrogen, helium and
damage production in thick metal and ceramic specimens as
well as the simulation of Tokamak relevant thermal and
mechanical loads in proposed plasma-facing materials.

A specific feature of next step tokamak fusion devices are the
plasma burn and off-burn periods. Depending on the
operating conditions and the thermal conductivity of plasma
facing structural components, these oscillating temperature
gradients will cause thermal fatigue or creep fatigue which
under neutron irradiation are considered to be one of the
main lifetime-limiting failure modes. After several years of
development novel experiments can be performed at the
cyclotron facility of KfK (for technical description see previous
annual report), which allows a close simulation of realistic
fusion conditions by simultaneous irradiation and fatigue
loading.

The effect of irradiation on mechanical properties is studied
in the fast majority by means of postirradiation experiments.
This means that the irradiation induced microstructure is fully
developed before the mechanical test is started. However,
realistic fusion conditions with simultaneous irradiation and
fatigue loading can lead to an inherently different material
response. Therefore, we have focussed in this reporting
period the experimental activities also on the comparison
between postirradiation and in-beam fatigue results. The
material used for these investigations was the
ferritic/martensitic 12% Cr steel MANET-1 in the tempered
condition.

1. In-beam fatigue versus unirradiated fatigue

Strain controlled isothermal in-beam fatigue tests have been
performed on hollow fatigue specimens with the following
loading conditions:

Temperature 420°C

Environment specimen outside vacuum (10-3 Pa)
Environment specimen inside purified He-gas
Inner surface heat flux (0.7-1.0) MW/m?2
Damage production rate (2-3)x10-6 dpa/s
Helium production rate (6-8)x10-4 appm He/s
Fatigue mode continuous push-pull

cycling (R=-1)
Strain rate Ag; (0.5-1.0)%
Strain rate 8x10-45-1

Fig. 1 shows the total strain amplitude Ao (a) and the plastic
elongation Aey (b) as function of number of cycles N for
typical in-beam fatigue and unirradiated control tests. At all
strain loads in the unirradiated reference specimens (dashed

lines) Ao, continuously decreases with increasing N, i.e. cyclic
softening occurs, a common feature of ferriticsteels.
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Fig. 1:  Development of the (a) total stress amplitude Aoy,
and the (b) total plastic elongation Agy instrain
controlled in-beam and out-of-beam fatigue
experiments at 450 °C

At higher strain loads ( Ae; > 0.6 %) the fatigue life Ny under
in-beam conditions (solid lines) is similar to that of
unirradiated reference tests. However, below Ag, = 0.6 % the
fatigue life is sufficiently high, and under in-beam conditions
the total stress amplitude Ao, will get influenced during
irradiation. That is Ao, deviates more and more from the
reference tests, indicating a radiation induced slowing down
of cyclic softening. Because Aoy is strongly connected with
changes of the microstructure, the observed difference
between in-beam and out-of-beam tests can directly be
related to irradiation induced hardening. This hardening
accelerates crack propagation and consequently reduces
fatigue life.
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The plastic strain amplitude Aept reflects the amount of
inelastic deformation within one cycle and for a given strain
load Ae, a decrease of Aoy is synonymous with an increase of
Aep and vice versa. A comparison between Fig. 1a) and b)
shows, that this feature does not only hold for unirradiated,
but also for in-beam irradiated specimens. In addition, the in-
beam fatigue experiments done at Ae, = 0.5 % directly
confirms the general consensus of the present knowledge,
that under strain load conditions not the plastic deformation
but the stress amplitude seems to be responsible for crack
propagation.

2. Postirradiation fatigue versus in-beam fatigue

Under in-beam conditions at Ae, = 0.5 % a number of cycles
to failure of Ny = 42,000 cycles, a He-concentration of 400
appm and a damage dose of nearly 2 dpa has been reached
(Fig. 2). This Ny is only about a factor of two below the
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Development of Ao, during strain controlled
fatigue tests. The hatched areas show the
difference between in-beam and postirradiation
experiments.

average N¢value of unirradiated reference tests, but seven
times higher than N; of comparable postirradiated specimens.
The hatched areas in Fig. 2 show that the time evolutions of
the total stress amplitudes Ao, under in-beam fatigue loading
are completely different from those of postirradiation
experiments, Obviously in contrast to in-beam conditons in
postirradiated  specimens  the irradiation induced
microstructure and consequently also the irradiation
hardening is completely developed before the fatigue test is
started,

Within the fracture-mechanics methodology the fatigue-
crack-propagation da/dN can be represented in the socalled
fong crack, low-stress regime by da/dN ~ (AK)" ~ (Agy)",
where a is the crack length, AK the stress-intensity-factor
fluctuation, and n a material constant (typically 2.25 for
martensitic steets). It becomes clear, that at a given strain
load crack propagation is in the end governed by Ac,, and
that preexisting hardening {postirradiation tests), where
irradiation hardening acts already on the first cycle, has the
strongest effect on fatigue life. A comparison between in-

beam and postirradiation fatigue properties confirms the
general consensus of the present data, that at least at 420 °C
conventional postirradiation tests are a conservative
approach to in-situ conditions.

3. Miaostructural investigations

The SEM-analysis of the fracture surface could not establish
significant differences between fatigue tested unirradiated,
postirradiated and in-beam irradiated specimens, even at
helium contents of 400 appm. Under all conditions at 420 °C,
the rupture mode remained ductile and transcrystalline.

Fig. 3 shows the TEM micrographs of irradiated and fatigue
tested specimens. During fatigue testing a distinct subceli
structure (Fig. 3a) has been developed similar to unirradiated
specimens. Under postirradiation conditions the relatively
high density of dislocations doesn’t change during
irradiation and almost all He-bubbles are pinned at those
sinks (Fig. 3c). In fatigue tests following such irradiations the
trapped He-bubbles act as barriers and compared to in-beam
tests a somewhat higher fraction of dislocations remains in
the matrix. An important feature of the present TEM
investigations is, that in MANET steels at 420 °C even after in-
beam fatigue loading the majority of He-bubbles can be still
observed in the bulk and that excessive bubble nucleation at
inner surfaces like precipitates or lath boundaries does not
occur (Fig. 3b).

This observation is not obvious because the originally high
density of dislocations, acting as sinks in the matrix for bubble
nucleation, is reduced during the early stage of in-beam
fatigue testing due to the formation of dislocation walls and
subcells. In addition it has been speculated, that the cydlic
motion of dislocations can sweep small He-clusters and
bubbles lying on their glide planes onto inner surfaces where
they will accumulate and significantly contribute to
embrittlement. However, the TEM investigations both on
postirradiated and in-beam specimens so far have confirmed
the smali influence of helium on the failure mode at 420 °C.

While the fracture mode is only marginally affected by He-
implantation, He-bubbles are presently considered as main
hardening contributors above about 400 °C and therefore
seem to be responsible for the observed fatigue life
reduction. The irradiation induced hardening observed under
in-beam and postirradiation conditions can be quantitatively
understood in the frame of a hardening model assuming a
modified Orowan-type barrier model, and the observed
diameters and densities of the He-bubbles are in good
agreement with the predictions of that model.
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TEM micrographs of MANET -l irradiated (400

appm, 2 dpa) and fatigue tested (Ae, = 0.5 %) at

450 °C,

a) subcell formation

b) Helium bubble morphology after in-beam
fatigue

<) Helium bubble morphology after postirr, fatigue
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Test Blanket Development
Introduction:

Within the European Fusion Technology Program blanket
development is divided in work for the ITER machine and
work for the DEMO-reactor within the Long Term Program.
After establishing two European working groups KfK has
concentrated its efforts on the development of test blankets
for ITER. By test blankets we understand blankets for the next
step towards a commercial power station, so called DEMO
relevant blankets. in the DEMO-reactor, the potential of a
fusion machine to produce electricity shall be tested for the
first time. Consequently the test blankets have to be designed
for DEMO relevance in terims of breeding rate, temperatures
and pressure, Structural materials, maintainability, reliability
and safety have to satisfy the more stringent requirements of
power production in comparison with driver or shielding
blankets for the ITER machine. The boundary conditions
mentioned above cannot be satisfied full scale and at the
same time in the test positions available in ITER. Therefore
the definition of test objects and the testing program is one
of the main objectives of KfK besides the proof of DEMO
relevance of the KfK blanket design alternatives.

The European Test Blanket Development Groups mentioned
above deal with two development lines, one with solid
breeder helium cooled, the other with liquid metal breeder
and either liquid metal (selfcooled) or water cooled blankets.
Both KfK developed designs, the selfcooled lithium-lead
blanket and the helium cooled, breeder out of tube, blanket
are accepted alternatives within the European test blanket
development program - see BS-DE and BL-DE tasks. A part of
the work defined by the partners - KfK, CEA, ENEA and JRC
Ispra - consists of common work, relevant to all blanket
designs, whereas the design work itself remains independent
for the time being. It is foreseen to reduce the number of
blanket alternatives to two in 1994/95, one solid breeder and
one liquid metal breeder design, which will finally be tested
in ITER.

The Solid Breeder Blanket Tasks (BS)

Solid breeder design, already mentioned above (DE-D-1),
includes besides the design work proper, also small scale
thermomechanical and fabricability tests. The KfK solid
breeder material program has concentrated, in agreement
with the European partners, on lithium orthosilicate. The
program tasks include preparation, characterization,
irradiation and postirradiation examination as well as
measurement of the physical, chemical and mechanical
properties. Of special interest are the in and out of pile
tritium release studies, performed at KfK and within the
common breeder development program in several European
reactors. The KfK breeder program is described in tasks BR-D-
1 through D-8. The main non nuclear testing facility to prove
the feasibility of KfK's solid breeder design will be the helium

loop HEBLO, in which elements as well as canister sections
may be tested - see NN-D-1.

The Liquid Metal Blanket Tasks (BL)

Design activities (DE-D-1) concentrate on a solution featuring
an inboard / outboard selfcooled blanket with a helium
cooled first wall.

Of great importance to the development of the selfcooled
blanket is the knowhow and the data base of magneto-
hydrodynamic behaviour of liquid metal flow aquired in
theoretical and experimental studies of task MH-D-1. The test
facility MEKKA and the cooperation with Argonne National
Laboratory play a central role in MHD development. The
liquid metal breeder blankets are so far the only blanket
alternatives, including solid breeder blankets which allow a
sufficiently high tritium breeding rate, not using beryliium.

in addition to design and MHD activities KfK studies the
physico-chemical behaviour, task PC-D-1, especially corrosion
of structural materials in the lithium lead eutectic (Pb-17Li)
and the behaviour of impurities (Polonium) including
methods of clean-up. Newly taken up is the irradiation of
electrically insulating coatings. The Pb-17Li loops TRITEX and
PICOLO are the main testbeds for the experimental studies.

H. Sebening
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BSDE-D1 Solid Breeder Test Blanket Design

1. Demo Blanket Design Work

The new design of the Demo blanket based on the use of
beryllium pebbles was presented in the previous annual
report [1]. Since then, further neutronic and thermohydraulic
calculations have been performed. Originally it was assumed
that in the back part of blanket only ceramic breeder material
is used. However, detailed thermal calculations showed that
the resulting temperature would have been too high.
Therefore also for the back region a mixed bed of 2 mm
beryllium pebbles and 0.1 - 0.2 mm Li;SiO4 has been chosen
for the present design (zone 2, see Fig. 1). Furthermore, the
Li¢ enrichment has been decreased to 25 % so that the Li,SiO4
pebbles are the same for two blanket zones. in the front part
the bed arrangement (zone 1, Fig. 1) is the same as before (60
% of 2 mm Be pebbles + 15 % of 0.1-0.2 mm LiySiO4and 5 %
of 0.08 - 0.018 mm Be pebbles, the rest 20 % being helium),

The three-dimensional neutronic calculations have been
performed as usual, with the Monte Carlo computer code
MCNP. The heat transfer correlation used to calculate the
breeder temperatures have been obtained by extrapolation
of correlations from measurements performed with
aluminum pebbles replacing the beryllium pebbles {2]. Fig. 1
shows the temperatures calculated for the equatorial plane
of the outboard blanket. All of them are within acceptable
limits,

As shown in Ref (3] the steady state tritium inventory in the
breeder material can be calculated with a good
approximation by integrating the tritium residence time in
the breeder between the minimum and the maximum
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breeder temperature. The tritium residence time as a
function of temperature has been measured in-situ for the
reference LisSiO4 pebbles (Schott 89/3 tempered) in presence
of the reference purge gas (He + 0.1 % H,) in the FRJ-2
reactor [4]. The resulting total tritium inventory in the
breeder material is 30 g. Also this is a quite acceptable value.

A further improvement is given by the new arrangement of
the manifolds feeding the helium to the cooling tubes of the
first wall and the breeder region (Fig. 2). The two completely
separated cooling systems and the separate cooling of the
two sides (in the toroidal direction) of the breeder region are
maintained. However, the manifold arrangement is such that
two blanket slices adjacent in the poloidal direction are
always cooled by tubes belonging to separate cooling
systems. This has been deemed necessary to maintain the
blanket temperatures at acceptable levels by a sudden loss of
coolant from one of the two systems.

Table 1 shows the main results of the performed calculations.

The calculations of the loads in the box of the outboard
blanket segment due to the electromagnetic forces caused by
a major disruption have been improved to account for the
fracture mechanics properties of the structural material [5].
The method to asses the effect of the ferromagnetic behavior
of the structural material Manet on the electromagnetic
forces caused by a disruption has been improved [6].

2. Fusion Water Cooled Ceramic Blanket for ITER with
Li4si04 Pebbles

Following a suggestion of the European ITER Home Team KfK
was working for the months May to July 1993 at a water

MAX Be/Cer TEMP.

‘

x \
T ERT Ry
AEdNESARRTES S REED 445
FW-He 276°C
a2 Me 2107
2 psor 0.17kg/s
54 si0

FIRST WALL
MAX. SOW/en?  49mm

Isometric view of a radial-toroidal equatorial slice of the outboard blanket segment showing the results of the
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Radial-toroidal section of the outboard blanket
segment at the equatorial plane showing the new
arrangement of the feeding tubes of the two
separate cooling systems.

Fig. 2:

cooled ceramic blanket to offer as an alternative more
conservative design of the presently prepared by the ITER
Central Team,

The present design is derived from the design prepared by the
NET team during the CDA phase, but it has been adapted to
the new ITER geometry and boundary conditions. Namely,
average neutron load = 1 MW/m?, fusion power = 1.5 GW,
max. First Wall heat flux = 25 W/cm2. Temperatures and
stress calculations have been performed for the F.W. also for
the case with av. neutron load = 2 MW/m?, fusion power =
3 GW and max. heat flux = 50 W/cm?2, in both cases the
power excursion to 5 GW for 10 sec has been investigated.
The structural material is solution annealed 316L stainless
steel. The proposed ceramic breeder material is made of 0.3 -
0.6 mm lithiumorthosilicate (Li;SiO4) pebbles for which a lot
of experience is available at the Karlsruhe Nuclear Center.

Fig. 3 shows an equatorial cross section of the outboard
blanket. The first wall is cooled by water flowing in double
walled poloidal tubes. Also the outer tube containing the
cooling water and the breeder material is double walled (Fig.
4).

The neutronic calculations have been performed with the
Monte Carlo code MCNP. The calculations account for the
strong heterogeneity effects due to the presence of water.
The resulting tritium breeding ratio is 1.05. The maximum
burn-up of lithium for an average fluence of 1 MWa/m2 is 3.5

Breeder and multiplying material:

region with higher power density:
mixed bed of 2 mm Be-pebbles and 0.08
-0.18 mm Be and 0.1 - 0.2 mm Li4SiO4
pebbles (25 % Li6 enrichment)

regions with lower power density:
mixed bed of 2 mm Be-pebblesand 0.1 -
0.2 mm LigSiO4 pebbles (25 % Li6
enrichment)

Coolant temperature:inlet = 250 °C, outlet =
450°C

First wall max. temperature:530°C

Pebble bed temperatures:min. = 341 °C, max
= 676°C

Total blanket power:2500 MW (+ 300 M in
the divertor)

Real tridimensional tritium breeding ratio
(assuming ten 3 x 1 m ports on outboard
blanket): 1.07

Tritium production rate:370 g/d

Tritium inventory in the breeder mat. = 30 ¢
Peak burn-up in LigSiO4: 6.5 %

Peak fluence in beryllium: 17000 appm He
Peak fluence in MANET: 70 dpa

Main characteristics of BOT Helium Cooled Solid
Breeder Blanket for DEMO Reactor.
Solution with Beryllium Pebbles.

Table 1:

% which is in the range of the irradiation data already
available today for LisSiOy.

Table 2 shows the results of the thermohydraulic calculations
for the first wall and the blanket. The water inlet
temperature of 200 °C has been chosen to ensure that the
first wall remains above 200 °C even during the dwell time
(ITER Central Team suggestion). The calculated temperatures
are acceptable for the breeder material and the beryllium. To
avoid vapor formation during the transients the water
pressures have to be increased. If after an initial operation,
these transients can be excluded, the water pressures in
normal operation can be decreased to the lower values
indicated in the brackets.

The stress calculations for the steady state show that in both
the cases (fusion power=1.5 and 3 GW) the primary and
secondary stresses in the first wall are acceptable according
to the ASME norms.. For the transient conditions the
limitation is given by fatigue. The fatigue calculations have
been performed for 105 cycles for the steady state fusion
powers of 1.5 GW and 3 GW, plus 102 cycles due to the 5 GW
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Fig.3:  Equation cross section of the outboard blanket

segment

transients. The contribution to the fatigue damage given by
the transients is small. Both cases are acceptable. The present
design of the breeder region is not suitable for 3 GW
operation, however it can be modified by decreasing the
breeder tube diameters and increase their number so that
acceptable temperatures are obtained for the case with 3 GW
as well,

If the water inlet temperature in the first wall and blanket
would be reduced to 170 °C, according to the TAC-2
suggestion, then the water pressure in the first wall and in
the blanket could be reduced to 5.0 and 2.2 MPa, respectively.

The neutronic and thermal calculations allow to estimate the
tritium inventory in the breeder material by on-line tritium
release. This value is 80 g. in the case of a water inlet
temperature in the blanket of 170 °C (outlet temperature =
200 °C) the tritium inventory would increase to 167 g. The end
of life tritium inventory in the beryllium is 780 g. However,
even at a temperature transient of up to 700 °C, various
hours at this high temperature would be required to release
more than about 40 g of tritium from the beryllium.

Calculations performed with the code IVA3 show that, in case
of failure of the cladding and water leak in the region of the
hot breeder material, the pressure build up in the breeder
tube is limited by the coolant water pressure
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Fig.4: Central portion of the equatorial cross section of
the outboard blanketsegment
Av. neutron load = Av. neutron load =
1 MW/cm2 2 MW/cm2
Max. F.W. heat flux = | Max. F W. heat flux —
25 wicm2 50 wicm?
Fusion power = 1.5 GW| Fusion power = 3 GW
1 1
': Transient :' Transient
Steady | Steady
state i 1036w state i s 6w
1 10sec 7 10sec
: :
FIRST WALL ; i
Water inlet temp. (°C) 200 :l 200 200 :: 200
Water outlet temp {°C} 229 :. 277 (max) 260 E 280
Required outlet pressure (MPa) 6.5(3.0) ; 6.5 7.0(5.0) E 7.0
Required inlet pressure (MPa) 7.5(4.0) E 75 8.0(6.0) i 80
Max, Temp. (“C) 271 i 423 354 E 445
1 1
BREEDER BLANKET E Design must be
Water inlet temp. ("C) 200 E 200 modified:
Water outlet temp. (°C) 230 i 237 (max) |smaller breeder tube
Required outlet pressure (MPa) 3.5(3.0) E 35 diameters and greater
Required inlet pressure (MPa} 3.7(3.2) i 37 number of tubes, to
Breeder max. temp ("C) 710 i 815 obtain acceptable
Beryllium max. temp (“Q) 350 ': 385 . |breeder material
E temperatures.

Table 2: Results of thermohydraulic calculations

Calculations with a tridimensional computer code for a similar
first wall and blanket segment box show that, even with a
disruption with a current quench time of 2 ms, the stresses in
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the FW and box are acceptable provided there is a toroidal
electrical connection of the blanket segment at the plasma
facing side of the box.
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BS BE-D 1 Beryllium

Modelling of Swelling and Tritium Release in lrradiated
Beryllium

1. Introduction

The operating conditions in the blanket of the DEMO Fusion
Reactor [1] (fast neutron fluence = 2.5 x 1022 nfem32s (E, > 1
MeV), operation time = 20000 h, helium content = 17000
appm) dictate the necessity of evaluating beryllium behaviour
under fast neutron irradiation conditions typical of the next
generation of fusion reactors. To our knowledge, no
computer codes are as yet available which describe the
possible processes occurring during beryliium irradiation. it
was thus decided to develop a mechanistic code to predict the
performance of beryllium in the blanket up to high neutron
fluences.

A code, previously written at the Institute for Transuranium
Elements in Karlsruhe for analysing the behaviour of fuel
pellets in fission reactors [2], was modified to model all the
relevant processes which are thought to affect gas behaviour
and swelling in beryllium.

To evaluate the performance of the new computer code
calculations for a wide range of irradiation conditions were
carried out. Additionally, a first analysis for the KfK BOT Solid
Breeder Blanket [1] was also performed. The aim of this study
is to describe the analytical approach used in the new code
and to discuss the rEsults obtained.

2.  Computer Code Model

The gas kinetics and dynamics of the helium-induced swelling
in beryllium have been described by a system of reaction-rate
differential equations. All the relevant effects occurring in
irradiated  beryllium under stationary or transient
temperature conditions have been considered on a
microscopic (lattice and subgranular volume elements),
structural (metaliografic features of the material) and
geometrical (specimen design parameters) point of view. The
beryllium specimen was ideally considered as an arrangement
of spherical grains in which helium generated by the
reaction:

9Be + n —» 2 4He + 2n

(which has a neutron energy threshold of 1.85 MeV), migrates
to the free surfaces and/or precipitates into intragranular
bubbles. These can also migrate (at much lower rate than the
free atoms) through the grains to the grain boundaries to
form grain-face bubbles and grain-edge bubbles
(intergranular bubbles) usually larger than the intragranular
ones. Bubbles may grow by capture of gas and coalesce to
create larger bubbles with a lower restrain capillarity
pressure. The growth of intragranular and intergranular
bubbles causes a plastic deformation of the lattice resulting
into material swelling. For relatively large volume increases,
grain-face and grain-edge bubbles can become interlinked

and merge into an open porosity network through which the
gas can escape from the specimen. The modelling of the
interlinkage of intergranular pores and bubbles is based on
percolation theory [3].

The developed mathematical model is expressed by a system
of seven reaction-rate differential equations which describe
the helium short and long-range transport. These equations,
which account for the concentrations of the gas in dynamical
solution, in intragranular bubbles, grain-face bubbles and
grain-edge bubbels, consist of a sum of terms which
represents a source or loss-rate of the respective
concentration due to a distinct mechanism. A more detailed
discussion of their expression is given in [2]. The reaction-rate
equations are integrated by using the three bubble radiir;, ry,
ro of the intragranular, grain-face and grain-edge bubbles
respectively, calculated from additional expansion equations
resulting from the interplay of all forces (i.e. gas pressure,
capillarity stresses, internal stresses, etc.) acting on the
intragranular, grain-face and grain-edge  bubbles
respectively. A major part of the present work consisted in
reformulating the constitutive relations used in these
equations and select the parameters specific to beryllium, the
most important of which are listed in Tab. 1.

The mode! used to describe the behaviour of tritium is
formally identical to that of helium. The only important
difference is due to an additional rate-equation accounting
for the chemical trapping of the tritium by oxygen impurities.
Furthermore, in the case of tritium no distinction was made
between bubbles on grain-faces and bubbles on grain-edges
which, for calculations purposes, were considered as a single
population. Schematically, the tritium behaviour is described
as follows: once it has been generated by the chain of
reactions

9Be + n —»6He + o
6He —s SLi+ B
6Li + n—>3H+ «

it can diffuse in the lattice, or be captured by physical traps
(such as intragranular helium bubbles, closed porosity, grain
boundaries, etc. as in the case of helium), or it may react with
beryllium oxide to form beryllium hydroxide by the chemical
reaction:

2BeO(cr,B) + 2H(g) — Be(OH),(cr,B) + Befcr)
the STP formation enthalpy of which is = -0.7 eV.

Experiments conducted up to the present time [4] [5] [6],
show that in beryllium irradiated at relatively low
temperatures and fluences, tritium is mainly captured by
"chemical traps” as beryllium hydroxide, whilst for highly
irradiated beryllium tritium appears to be mainly trapped in
helium bubbles, At intermediate temperatures and fluences
both the above mechanisms are important.
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Properties Physical laws Ref.
i
) ) y = 3130.24 T <780°K [13]
Solid E:”acce tg’"s'c’n y = 1960 — 1.5 x (T — 1560.16) T <1560°K |
ynjcm y = 1960 T > 1560 °K [14]
Grain boundary sur- ygb = 1076.08 T <780°K ‘
face energy Ygb = 686 — 0.5 x (T — 1560.16) T <1860°K . | [15]
Cerg/cm?] ygb = 686 T = 1560 °K '
Self-diffusion coff D,; = 0.52 x exp(— 18916.15/T) T >838°K
Cem?)s] ’ Dy = 0.62 x exp( — 19844.55(T) T =838 °K [16]
m
D, = 3.14 x 10~ 8 x exp( — 9105.03/T) T <838°K
o Dy, = 0.52 x exp(— 18916.15/T) T >838°K
Sunace['(;'::zgn coeft. D,y = 0.82 x exp(— 19844.55/T) T >838°K
B D, = 3.14 x 10~ 8 x exp( — 9105.03/T) T <838 °K
Bubbile-diffusion coeff,
Dy = (34%/22r3A\D, + (3A%/27r4)D 17
Cem?)s] b = (345/27r%0)Dy + (34[27r)Ds []
Helium-diffusion coeff, Dre = 3.1 x 10~ 2 x exp(— 25817.8/T) T =2873°K [18]
[em?)s] Dhe = 9.889 x 10~ 13 x exp( — 4718.87/T) T <873°K
Tritium-diffusion coeff. Dr = 9.18 x 10~ 3 x exp( — 7702.89/7T) T =2873°K [6]
Lem?is] Dr = 1.73 x 10~ 5 x exp( — 2225.16/T) T <873°K
Thermal creep rate £ = 0,02 x g38 x exp( — 26000/T) {19]
[1s]
Irradiation creep rate . [2
& =32x10""2xo 0]
(1/dpal
o] r
Vapour pressure logp = 6.186 + 1.454 x 10-4x T — 16734/T [21]
[aim]

Table 1: Beryllium, helium and tritium properties

At present a first version of the code based on the above-
mentioned assumptions is available, and is being validated by
comparison with a large number of experiments. First results
using this code are given below.

3. Results

Beryllium in-pile irradiations [7] [8] [9] [10] [11] have been
considered for our calculations. A comparison of the
calculated swelling with in-pile experimental data for a wide
range of irradiation conditions (i.e. irradiation temperatures
from 60°C to 700 °C , neutron fluences from 2.1 x 102! n/em?2s
(E, > 1 MeV) to 5.0 x 1022 n/am2 s (E, >1 MeV), helium
contents from 500 appm to 26100 appm ) is shown in Fig. 1.

This data covers the range of irradiation temperatures and
neutron fluences applicable to the DEMO blanket.
Experimental data for combined high temperatures and
fluences is, as yet, unavailable. The agreement between
calculated swelling and experimental data is excellent (mean
error +0.9%, standard deviation 13.3 %), whereby the error
is probably due to the relatively large uncertainty in the
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Fig. 1: Cmparison of calculated and experimental swelling
data for in-pile irradiated beryllium [7] [8] [9] [10]
[11]

experimental conditions (i.e. fast flux, helium generation
rate, volumetric heat generation, etc). A further cause of
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uncertainty is due to material properties (i.e. creep law,
helium diffusion coefficient, etc.) which are affected by the
manufacturing processes and impurity content,

Data on tritium release is available from the post-irradiation
annealing results of Baldwin (for both moderately irradiated
99% dense and highly irradiated 100% dense beryllium) [4]
{5], and from the SIBELIUS experiment for a low-irradiated
98% dense beryllium [12], which cover a wide range of
temperatures and oxygen impurity content. In Baldwin's
experiments [5] [6] beryllium contained a relatively high
quantity of oxygen (1.5-2.0 wt% BeO), and the initial
irradiation at low temperature (75 °C) was followed by out-
of-pile annealings at temperatures from 300 to 900 °C. As it
can be seen from Fig. 2, for temperatures up to 700 °C the

100+
% SIBELIUS—98Y Dense
(<300 ppm Be0)

e T ]
804 A Baldwin—100% Dense
(1.5-2,01 8e0)

O Baldwin—99% Dense
(1.5-2.0% BeO) L

=43
[~}
2.

S
<
1

Stand. Deviat. : 21.5%
Mean Erxror : +4.7%
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Fig. 2: Arrhenius plot of the cumulative out-of-pile
annealing fractional tritium release in the
experiments of Baldwin [5] for 99 % dense beryllium

as compared to calculated resuits.

tritium release is mainly governed by a single energy
thermally activated (chemica!) process, as demonstrated by
the linear trend of the fractional release shown in the
Arrhenius plot.

In the SIBELIUS specimens, due to the very low oxygen
content (BeO < 300 ppm) and low irradiation fluence (6.0 x
1020 n/cm?), the tritium release is predominantly due to
atomic diffusion through the lattice, with both chemical and

- He-bubble trapping of tritium playing a minor role. Data for
in-pile tritium release from irradiated beryllium is not yet
available. As it can be seen from Fig. 2 and Fig. 3, the
agreement between calculated and experimental out-of-pile
annealing data for the end of each annealing step is good
(mean error +4.7%, standard deviation 21.5%).

In order to evaluate beryllium swelling and tritium release
during normal reactor operating conditions, a first calculation
for the proposed KfK BOT DEMO blanket [1] was performed.
Calculations for beryllium pebbles under a variety of
irradiation temperatures and fluences appropriate to the
DEMO blanket have been carried out. The results are shown
in Fig. 4.
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Fig.3: Comparison of cumulative fractional tritium release
calculations to experimental data for out-of-pile
annealed beryllium [5) [6] [12].
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Fig. 4: Volumetricswelling vs. irradiation temperature at
different fast neutron fluences for the DEMO BOT
[1] beryHlium as predicted by ANFIBE.

It can be noticed that swelling initially increases with
irradiation temperature; for high fluences, however, this
trend is inverted due to release of helium. At higher
irradiation temperatures the initial trend of the swelling
behaviour is found again due to the rapid coalescence of the
gas bubbles and to the reduction of the mechanical strength
of the material.

With regard to the release of tritium, as shown in Fig. 5, the
approximately linear dependence of the logarithm of release
on 1/T up to about 450 °C (temperature at which an upswing
in helium release is observed), suggests that a single thermally
activated process is operating up to this temperature, Above
450 °C release is controlled by tritium trapped in helium
bubbles, as indicated by the departure from linearity of the
fractional-release curve in the Arrhenius plot. Although the
effective mechanism governing the release of tritium in
irradiated beryllium is so far uncertain, the experiments [5] [6]
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Fig.5: Arrhenius plot of the cumulative in-pile-irradiation
fractional tritium release vs. irradiation temperature
for the DEMO BOT[1] beryllium as predicted by
ANFIBE.

performed up to this time seem to confirm that the above-
mentioned conclusions are fundamentally correct.

4. Condusions and Future Work

The ANFIBE code describes satisfactorily the beryllium
swelling and tritium release in in-pile tests, However, to
improve the reliability of the code predictions, further in-pile
experiments at high temperatures and neutron fluences are
clearly required. Additional code development is also needed
in order to describe both the behaviour of beryllium at
temperatures higher than 700 °C where, as it has been noted
experimentally, a “burst” release of the tritium associated
with a "breakaway" swelling occurs [5] [6], and the behaviour
of beryllium with fabrication open porosity.
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BSBR-D1/D2 Preparation and
Characterization of Ceramic

Breeder Materials

The preparation of lithium containing monosilicates, especial-
ly LisSiO4 are under development to be used as breeder mate-
rials within the European Fusion Program, The development
was concentrated on the annealing of lithium orthosilicate
spheres fabricated by melting. Because of the rapid quen-
ching from the melting temperature the pebbles exhibit in-
ternal stress and may also contain cracks. If the pebbles con-
tain a slight excess of silica (2.2 wt%) annealing and recrystal-
lization above 1024 °C can lead to healing of microcracks and
finally to an imprb\’/ement of the mechanical properties. On
the other hand pebbles with a excess of 2.2 wt% SiO, show a
dendritic structure as an indication of a supercooled liquid.
During annealing above 1024 oC the crystalline phase of
LisSiO4 and the silicon rich liquid exist together and the peb-
bles tend to stick together.

To prevent the pebbles from sticking together the annealing
was performed in a high temperature fluidized bed. It con-
sists of a vertical, heated tube with an expansion vessel at the
upper end to reduce the gas velocity. A gas stream with a
temperature of 500 oC is blown via a frit into the lower sec-
tion of the vessel to keep the pebbles in turbulent movement.
The annealing experiments were carried out with an amount
of 400 g of Li,Si0, pebbles with diameters in the range from
300 to 630 um. At polished and etched cross sections of the
pebbles the change of the microstructure was examined befo-
re and after the annealing. The disappearence of the dendri-
tic structure was chosen as a criterion for a successful annea-
ling.

The experiments showed that it is difficult to reach a homo-
geneous fluidization and a homogeneous change in micro-
structure with the given diameter range of the pebbles. Hea-
vier pebbles with a larger diameter stayed in the lower part
of the reaction tube. Because of the lower temperature in this
part the microstructure remains unchanged during annea-
ling. The optimization of the process parameters led to the
following values:

heating rate: 380 9C/h
annealing time: 1h
max. femperature

atthe furnace wall: 1150 °C

in the reactiontube: 1020-1030°C
gas flow rate: 3-5md/h
cooling rate: 4009Cth

Annealing experiments with these process parameters led to
recrystallization of almost all pebbles in the diameter range
between 300 and 500 ym but to no agglomeration (Fig. 1).

Consequently it is possible to anneal Li,Si0O,4 pebbles fabrica-
ted by melting successfully in the fluidized bed if the range of
diameters is narrow enough to guarantee a complete fluidi-

Microstructure of the Li,Si0,4 pebbles before and
after annealing in the fluidized bed (200 : 1).

Fig. 1:

zation of the bulk material in the constant temperature zone
of the reaction tube,
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BS BR-D 3 Irradiation Testing and Post
Irradiation Examination

Post Irradiation Examination

The investigation of the effects of irradiation on physical
properties and integrity, microstructure and thermo-
mechanical performance of breeder ceramics was the main
purpose of the ALICE type irradiations. Irradiations of ALICE
type so far were performed in the past in OSIRIS for needs of
CEA and for needs of European partners in the frame of the
fusion projects.

In the irradiation experiment ALICE 03 pebbles of
Lithiumorthosilicate and - zirconate from KFK were irradiated
besides other Lithiumcompounds of the European partners.
The fabrication and characterization of the 6 KfK samples is
documented in [1]. The irradiation was performed under
Helium in special capsules between 15, Nov. 1990 and 15.
January 1991.. The capsules containing the KfK material are
specified in Tab. 1. Capsule A was a bigger container with 15
mm diameter, whereas the capsules B, C1, C2, C3 & C4 were
smaller ones with only 6 mmm dia. Capsule A with a volume
of 8 cm3 was filled with Lithiumorthosilicate-pebbles for
measurement of the thermal conductivity of the pebble bed.
As can be seen in Fig. 1 (A) the pebbles were found molten
after dismantling the capsule at KfK Hot Cell FKL. In the
melting zone near the central thermocouple temperatures of
> 1250 °Cshould have been reigned (cif. Fig. 2). The contents
of the smaller (15 mm dia) capsules can be seen in Fig. 1: the
pebbles were intact. Fig. 3 shows a ceramographic cross
section of capsule A: it shows the molten center, surrounded
by columnar grains, in the outer clad near region we can
perceive a ring of intact pebbles,

The irradiation data for ALICE 03 are for the time being not
available at KfK. It was assumed that the maximum
temperature in the capsule was at least 1300 °C. With an
average thermal conductivity of 0.014 w/cm2 K in the pebble
bed [2] it was calculated by an analytical formula for the
temperature distribution in the capsule that the linear rod
power must have been at/or above 165 w/cm,

The measurement of T-release of the pebbles of capsules B
and C1 to C4 (Tab. 1) is performed. Results will be published.
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. Irradia-
Fabri- Capsule tion
cated p Material Action
b No. tempe-
v rature
schott A LigSiOs+ | 450°C | (&) T,K,
2,2 % Si0, R, P,
W, s, X
Schott B LisSiO4+ 650 °C ETe, K,
2,2% SIO, R, P
schott 1 LisSiOs+ | 650°C | ® Te,K,
2,2 % Si0O, R, P
+
1% Al,03
HITEC c2 LipZrOs 650 °C B Te, K,
R, P
KfK 3 LizSiO, 650 °C B
KK c4 LisSi0, 650°C | mTe,K,
R, P
Legend
[ ] dismantled
T T-Release Measurement
K Ceramography
R Scanning Electron Microscopy
P Mercury Porosimetry
w Measurement of thermal conductivity
S Strength against thermal shock
X X-Ray diffraction studies
Status of the Action
O  Specimen ready for examination
e Examination performed

Table 1: KfK-capsules of ALICE 03
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BSBR-D4  Tritium Release
In assessing the performance of ceramic breeders, tritium
release is an important aspect. KfK concentrates on lithium
orthosilicate and metazirconate. Purged inpile and out-of-
pile annealing tests are performed.

The main goal of the purged inpile tests SIBELIUS, performed
April to October 1990 at CEN Grenoble, was to study the
compatibility of breeder ceramics /Be/ steel in a neutron
environment. Results from inpile tests and from PIE
concerning compatibility and tritium release, especially from
beryllium [1, 2]lhave been discussed in previous annual
reports. Spare samples from the SIBELIUS irradiation are now
used to study tritium release from beryllium over long times
(12 months) at different temperatures (380, 450, 550 and 650
°Q) [31.

In the CORELLI-1 inpile test, performed May to luly 1991 at
CEN Grenoble, orthosilicate pellets with different grain sizes
(7 and 80 um) were tested by KfK. Whereas out-of-pile
annealing, performed before the inpile test, indicates a faster
release from the small grains, inpile testssurprisingly,
demonstrated a faster release from the large grains. PIE and
tritium annealing tests of the irradiated CORELLI-1 samples
firstly proved that the samples have not been mixed up
during handling and confirmed the inpile observation of
faster release from the large grains [4].

In the second joint European medium-burnup (3 % total Li)
inpile test EXQTIC-6, performed at the HFR Petten from May
1991 to March 1992, reference breeder materials of the
participating laboratories were tested {5]. Both KfK samples,
Li4Si04 and Li,ZrO; pebbles survived the 200 FPD irradiation
without visible damage. Because of the pretty large radial
temperature difference (up to 180 °C) between the center
and the boundary of the samples, a careful estimation of the
temperature distribution and an iterative procedure is
required to determine relevant tritium residence times [6).
The residence times of both samples determined in this way
were found to be in acceptable agreement (factor three) with
previous low-burnup inpile tests (TRIDEX). In addition, there
were no indications that the residence times increased with
burnup to 3 % [6].

The high-burnup (up to 10 % total Li) joint European inpile
tests EXQTIC-7, to be performed at the HFR Petten 1994 with
samples enriched to about 50 % Li6 is in preparation. Mixed
beds of Be and orthosilicate spheres will be tested by KfK.

The extensive annealing studies with a variety of samples
from the joint European, closed capsule, fast/thermal
neutrons irradiation COMPLIMENT have been finished, a
reportis in preparation.

A closed capsule irradiation of Be and orthosilicate pebbles to
study irradiation-induced swelling and embrittlement of Be
and tritium release of Be and orthosilicate to be performed in
the first half of 1994 s in preparation at HFR Petten,

(1l
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BSBR-D5 Irradiation Testing and Post-
Irradiation Examination
1. Mechanical Properties

Compressive strength measurements were performed on
breeder pellets of the COMPLIMENT irradiation experiment. 3
or 4 pellets were available of each sample column examined.
Large strength reductions under neutron irradiation were
observed for all breeder materials. The damage dose which
was nominally constant (1.8 dpa) showed a wide variation
(1.35 - 3 dpa) which, however, had no obvious influence on
the strength decrease. Therefore the percentage strength
reduction of the breeder materials investigated (Fig. 1) is
presented in dependence on the iithium burnup, which was
different on purpose for ELIMA 02 and DELICE 03 (0.4 % and
1.4 % Li). The initial strength values were in the range of
about 200 to 300 MPa.

Fig. 1 gives an obvious ranking of the different breeder
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Fig.1:  Percentage decrease of the compressive strength

of ceramic breeder materials at different Li-
burnup.

materials concerning the irradiation sensitivity of their
fracture strength, and that in the sequence lithium
aluminate, zirconate and silicates, the latter compounds
being most sensitive. This may be due to the specific character
of the silicate lattice bonding. One could suppose that the
strength degradation of the silicates is mainly caused by
lattice damage, and thus not directly dependent on the Li-
burnup as indicated in Fig. 1. But the rather high homologous
sample temperature under irradiation (T;,/T,, = 0.45 and 0.6
K/K), suggests coarse defect aggregates being responsible
instead of point defects. Of course, the tritium supply from Li-
burnup could advance the formation of voids or even gas
bubbles in this connection. Such influence is more obvious
from the Li,ZrO; results, which show the fracture strength
being degraded with increasing Li-burnup as well as with
increasing irradiation temperature, now in the range of

Tir/Tm = 0.35 - 0.5 K/K where formation but no considerable
healing of coarse defect aggregates can be expected.

2. Corrosion Behaviour

Chemical attack of the Cr-Ni stainless steel cladding was
investigated on some breeder rod samples of the
COMPLIMENT irradiation experiment. Reaction rates derived
from the maximum penetration depths are given in Fig. 2. For
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Fig.2:  Comparison of the chemical attack of ceramic

breeder materials on Cr-Ni steel capsules under
neutron irradiation with that in annealing tests at
1 Pa H,0 partial pressure

most of them (like "Li4SiO4P" or even below 10-14cm2/s) it
seems probable that the cladding attack was limited to the
effect of tritium water generated by the breeding process, if
steel passivation and, on the other hand, local concentration
of the attack is taken into consideration. But for the four
samples with higher reaction rates additional influences have
to be considered. One could suppose that they contained
oxidizing impurities (H,0, CO,?) that intensify local attack
and render the reaction product layer more permeable, which
is especially indicated by a marked, deep diffusion zone with
distinct etching and hardening effects. Only the reaction rates
of these samples come into or near the band of results of
comparable laboratory annealing tests at 1 Pa H,0 partial
pressure (see Fig. 2) [2]. Consequently, one can expect tritium
water vapour pressures far below 1 Pa for similar breeder
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material/cladding configuration and temperature level, and
the annealing test results at 1 Pa H,0 can be regarded as
conservative data.
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BS BR-D 8 Thermochemistry of the Reaction of
Lithium Orthosilicate with Hydrogen

The formation of water vapor on exposure of lithium
orthosilicate to hydrogen was observed to occur at
temperatures such as anticipated in conceptual blanket
design studies. In the case of this lithium ceramic material
there is evidence that an oxygen deficient layer is formed at
the ceramic surface. This layer is capable of’ reducing water to
hydrogen. The following reactions are assumed to occur
between the lithium orthosilicate surface and deuterium

LigSiOg {cr) + x Dy(g) = x D20 (g) + LigSiOgx (cr) (@)
together with
LisSiO4(cr) + D,0 (g) = 2 LiOD (g) + Li,Si0; (cr) (b)

LigSiOgx (cr) + y D,0(g) = y D2 (9) + LigSiOgqyy (cr). (0

In this investigation the reaction of lithium orthosilicate with
hydrogen was studied by mass spectrometric analysis of the
effusates from a reaction Knudsen cell. Several long-term
experimental runs comprising the measurement of the partial
pressures of D,, D,0, Li, and LiOD were performed in the
temperature range 945 < T <1173 K and an average
deuterium pressure of (6.3 * 0.6)E-5 bar. The reaction of
deuterium with lithium orthosilicate causes first a rapid build-
up of the deuterium ode partial pressure and subsequent
slow decrease to nearly constant values. The omen partial
pressure, which is calculated from the D,0 and D, pressures
shows, of course, the same time dependence. inspite of the
very low partial pressures of Li and LiOD at this temperature,
the corresponding data were obtained with reasonable
precision. The partial pressure of lithium under the deuterium
pressure mentioned above is orders of magnitude higher
than that over lithium orthosilicate in the absence of
deuterium,

Since the steady state condition is approached very slowly, a
sample was pretreated with D, for 17 days at a temperature
about 48 °C higher than that of the actual experiment, i.e. 995
K. The average deuterium pressure of this experiment was
(6.4 = 0.1)E-5 bar. Under these conditions all partial pressures
remain essentially constant. From the result of this
experiment an estimate on how close equilibrium was
approached in the other runs was possible.

The equilibrium constants for the main sublimation process of
LiySi0, (Ky), for the formation of gaseous D,O from the
elements (K;), and for the reaction of gaseous D,0 with
deuterium-pretreated Li,SiO4 under formation of gaseous
LiOD (K3) are summarized in Table 1.

The measured partial pressures of D,, D,0, Li, and LIOD and
that of the calculated oxygen partial pressures are given as
function of temperature in Table 2 and Fig. 1. The
temperature dependence of the equilibrium constants
defined in Table 1 is also given in Table 2. The reasons for
conducting experiments at comparatively low and constant

log K = 2 log p{Li)/bar + 0.5log p(O,)/bar +
log a(Li,SiO3) - log a (LisSi04.,)

log K, = log p(D,0)/bar - log p(D;)/bar - 0.5 log p (O,)/bar

log K3 = 2 log p(LiOD)/bar - log p(D,0)/bar + log
a(Li,Si0;) - log a(LisSi0,)

Table 1: Definition of equilibrium constants

log Ky = - (42.067 * 0.757) E 03/T + (10.787 % 0.725)

log K, = (13.258 * 0.005) E 03/T - (3.021 * 0.004)

log K = - (20.381 = 2.070) E 03/T-(7.125 + 1.983)

log p(D,)/bar = (0.462 + 0.118) E 03/T - (4.641 £ 0.113)

log p(D,0)/bar = - (1.473 £ 0330) E 03/T - (4.974 £ 0.316)

log p(Li)/bar = -(13.437 % 0.155) E03/T + (4.049 =+
0.149)

log p(LiOD)/bar = - (10.927 + 0.870) E03/T + (1.076 +
0.834)

log p(O,)/bar = -(30.385 * 0.894) E03/T + (5.377 £
0.857)*)

¥} calculated

Table 2: Equilibrium constants (see Table 1) and partial
pressures as function of temperature

temperature as well as at constant pressure are the
following: 1) attainment of steady state conditions becomes
possible alter a sufficiently long equilibration time without
undue loss of material, 2) data can be obtained in or close to
the temperature region of operation of a blanket, and 3)
results of good precision and accuracy are achieved.

In this study on the thermochemistry of the reaction of
hydrogen with lithium orthosilicate experimental results
down to 945 K were obtained, i.e. 245 K lower than in
previous measurements. The equilibrium of the reaction
between H, and Li SO, with formation of water vapor and a
"reduced layer" is given by the stoichiometric coefficientx in
the activity of the produced solid and approaches
asymptoticallly steady state conditions. The data given in Fig.
1 and in Table 2 refer to this state and therefore apply to a
prolonged exposure of Li,SiO,4 to hydrogen in a blanket.

The endothermic reaction enthalpy for reaction (a) was found
to be low, which implies that the reaction between hydrogen
and lithium orthosilicate can play a role at temperatures well
below the range of the present measurements, provided the
reaction rates are sufficiently high.

The temperature at which the sum of the pressures of Li and
LIOD reach E-7 bar was found to be 1210 K; at this
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temperature the contribution of LIOD amounits to only about
10 % of the total condensable lithium bearing species.
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BSNN-D1 Helium Blanket Test Loop

The Helium Blanket Test Loop (HEBLO) was commissioned
without major difficulties in November 1992, it has been used
since January 1993 to test beryllium plates with cooling tubes
integrated in them. The test piece represented in Fig. 1 and 2
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TUBE SECTION @), @) and & : NOT WETTED BY BRAZE

Fig. 1. Beryllium plates with brazed-in helium tubes as
test piece for temperatur transient tests,

comprises twelve beryllium plates of 200 mm length each,
brazed pairwise with each other and with a leg of the cooling
tube coil. The test piece was manufactured by W.C, Heraeus,
Hanau, using a brazing technique which had previously been
optimized for this plate geometry and tested extensively. The
test piece accomodates ten thermocouples in total which are
in excellent contact with the beryllium bodies. Moreover, the
gas temperature is measured at the inlet and at the outlet.

The first test series Is designed to comprise roughly 1000
temperature cycles; 700 cycles of them have already been
completed. On the average, temperature amplitudes of 160 K
have been achieved at maximum temperatures of 440 °C. Fig.
3 shows the measured development of the helium
temperature and of the temperature in the beryllium plate at
the gas inlet side (broken lines) during a temperature cycle of
650 seconds duration. The beryllium temperature has been
plotted (as solid line) which was calculated with the ABAQUS
code assuming that an ideal thermal contact between the
cooling tube and the beryllium metal has been established

Fig.2:  Beryllium test piece during fabrication at W.C.
Heraeus.

through the braze layer. The agreement between the
measured and calculated temperature plots is very good.

It is indicated in Fig. 1 that for some tube sections - including
the area of cooling gas outlet - wetting of the cooling tube
by the brazing alloy was artifically avoided. It is intended to
determine in this way the thermal resistance in case of non-
observance of the optimum brazing conditions.

Figure 4 shows the gas and beryllium temperatures on the gas
outlet side (broken lines), also measured during one
temperature cycle. In the post-test calculation of the
temperature plot the heat resistance around the brazed joint
was subjected to variations until the best agreement was
reached between the calculation and the measurement, This
occurred at a mean heat transfer coefficient a=0.3 W/cm2K.
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Fig.3:  Transienttemperature plots recorded at the gas
inlet under optimum brazing conditions
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Fig.4:  Temperature plots recorded at the gas outlet in
the absence of tube wetting by the brazing alloy.

In the course of previous testing (700 cycles) the typical
development of all temperature values measured and hence
probably also the condition of the brazed connection
remained unchanged. After completion of the tests in HEBLO
the beryllium parts will be subjected to a post-test
examination with the manufacturing firm (including strength
and crack examinations and metallographic examinations).
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BSNN-D 2 Irradiation Experiments and Non

Nuclear Tests

Pebble Bed Thermal Conductivity Measurements with
Irradiated Pebbles

At IMF Il an equipment has been built for measurement of
the thermal conductivity on small irradiated pebble beds
which allows a direct comparison to be made of the values
applicable to irradiated and non-irradiated materials [1]. The
main feature which is typical of the measuring equipment
consists in miniaturisation; 3 to 4 ¢m3 of an irradiated
material are already sufficient for measurement of its thermal
conductivity. The equipment has been tested and is a proven
device which, following some modifications, has provided
thermal conductivity values on non-irradiated Li4Si04 spheres
which agree well with the values indicated in the literature
[2]. Meanwhile, the equipment has been installed in the Hot
Cells and is ready for first measurements to be made on
activated material.

14
2
g |y Test capsule
E T
~<
&y Referent':e capsule
l
I Schott spheres 90/1,
8 — 450,550 ym, p = 1,333 g/cme
g LDalle Donne, Goraieb, Sordon [2]
Schott spheres 90/1, 350...600 um
4
2 ;
| l
0 100 200 300 400 500 600 700 °C
Temperature
Fig.1:  Thermal conductivity values measured on LisSi04
spheres in helium atmosphere
Literature:

[1]  H.E. H&fner, K. Philipp, Apparatur zur Messung der
Wiérmeleitfahigkeit an kleinen bestrahlten Kugel-
schiittbetten, unpublished KfK report

[2] M. Dalle Donne, A. Goraieb and G. Sordon, Measure-
ments of the effective thermal conductivity of a bed of
Li45i04 pebbles of 0.35-0.6 mm diameter and of a mixed
bed of LiSi04 and aluminium pebbles, Journal of
Nuclear Materials 191-194 (1992)
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Heat Transfer and Technological Investigations on Beds of
Beryllium and Li4SiO4 Pebbles

1. Introduction

The Karlsruhe solid breeder blanket design for the DEMO is
based on the use of a mixed bed of 2 mm beryllium pebbles
and of smaller pebbles of either 0.1 - 0.2 mm LisSiO; or a
mixture of 75 % 0.1 - 0.2 mm Li;SiO4 and 25 % 0.08 - 0.18 mm
beryllium pebbles [5]. The packing factor of the 2 mm
beryllium pebbles is about 60 %. The bigger pebbles form the
structure of the bed. The smaller pebbles are poured in the
already settled bed of bigger pebbles and occupy about 50 %
of the remaining place available in the bed. The resulting
packing factor is about 80 %. This kind of arrangement offer
various advantages:

a) The volume ratio beryllium/Li,SiO, is between 4.3 and 3
and the mixing between beryllium and LisSiO, is very
thorough and without steel in between. This
arrangement is very advantageous from the neutronic
point of view.

b) The direct contact of the highly heat-conducting bigger
beryllium pebbles and the high packing factor, obtained
by the choice of two quite different pebble diameter
ranges, gives a pebble bed with high thermal
conductivity, The arrangement with the smaller
beryllium pebbles is used in the front of the blanket
where the higher power densities are expected, while
the other is used in back region.

¢) The neutron irradiation induced swelling of the
beryllium pebbles should increase the contact surface
between them and thus increase the thermal
conductivity of the bed. This has the effect to decrease
the bed temperatures and to reduce the amount of
beryllium swelling [S].

The blanket design for NET [6] and the previous DEMO-
blanket design [4] were based on the use of berylium plates
and LigSi0O4 in diameter range of 0.3 - 0.6 mm. This concept
remains valid and quite interesting in the case one does not
expect large beryllium swellings. However no information is
available for the behavior of the Be/LisSiO4 mixed pebble
beds. For this reason a series of heat transfer and
technological investigations have been initiated in Karlsruhe
for the 0.1 - 0.2 mm Li;SiO, pebbles and their mixtures with
bigger and smaller beryllium pebbles. The Li;SiO, pebbles
have been developed in collaboration between KfK and the
firm Schott-Glaswerke Mainz and the beryllium pebbles have
been made by the firm Brush Weliman.

The results of the experiments performed so far are reported
below. Namely:

a) Measurements of the thermal conductivity and of the
wall heat transfer coefficient of a bed with 0.35 - 0.6 mm
LisSiO4 pebbles, to extend the temperature range of
validity of the heat transfer correlation already available
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[4] (bed 1), of a bed of 2 mm beryllium pebbles (bed 2),
of a mixed bed with 2 mm beryllium and 0.1 - 0.2 mm
LisSi04 pebbles (bed 3) and of mixed bed with 2 mm
beryllium and 0.1 - 0.2 mm LiySiO4 +0.08 - 0.18 mm
beryllium pebbles (bed 4).

b) Thermal cycle tests for bed 1, 3, and 4.

¢) Annealing tests of Li,Si0, pebbles at 650 °C and
measurement of the failure loads of the Li;SiO4 pebbles
before and after annealing.

2.  Heat Transfer Tests

The experimental apparatus and the evaluation of the

experimental results have been presented eatlier [3]. In ref.

{31 also the results of preparatory experiments with 2 mm

aluminum pebbles in place of the beryllium pebbles were

given.

2.1 The bed of Li,SiO, pebbles

Fig. 2 shows the measured effective thermal conductivity of
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Fig. 2: Effective therma! conductivity of the bed 0f 0.35 - 0.6
mm Li;SiO,4 pebbles (bed 1).

the bed of LisSiO; pebbles versus the bed average
temperature. The average diameter of the pebbles is 0.456
mm and the void fraction 35.6 %. The density of the pebbles
is 97 % of theoretical i.e. 2.32 g/cm3. No effect was observed
on the measured data of the differential thermal expansion
between bed and the bed containment wall ("interference”).
Besides the data already published in ref. [3] other
experimental points are shown in the diagram. These have
been obtained in a smaller, but similar, experimental
apparatus which allowed to perform experiments at higher
temperatures [7]. The data may be correlated in the
temperature range 40 - 720 °C by the equation given in Fig. 2.
The data agree reasonably well with the Schlunder
correlation [8] for temperatures up to 380 °C, however they
are higher for the higher temperatures. Fig. 2 shows the
prediction of the modified Okazaki correlation [9] as well.

For the heat transfer coefficient at the bed wall a value of 0.6
W/cm2K, as predicted by the Schltinder correlation (8], is
recommended [3). The measured pressure drop coefficients,
which lay in the laminar flow region, agree very weil with the
correlation of ref. [10].

2.2 The beryllium pebble bed and the mixed beds

Preliminary tests were performed in a plexiglas annulus about
12 cm high and having the same cross section of the test
section (annular cross section with Ry = 0.8 cm and R, = 5.1
cm). These tests showed that , after vibration, a packing
factor of 63.3 % was achieved with the 2 mm beryllium
pebbles. Afterwards, the 0.1 to 0.2 mm Li,5iO4 pebbles were
poured into the bed. The small pebbles flowed quite well in
between the bigger pebbles, filling about half of the
remaining volume. The resulting filling factor of the Li;SiO,
pebbles was 17.5 % of the total bed volume. After filling
with small pebbles and slightly vibrating, the height of the
pebble bed did not increase showing that the contact
between the beryllium pebbles is maintained.

The actual heat transfer measurements were performed in
the steel test section which was filled up to a height of 483
mm. The test section was placed vertically so that no
separation between the two kinds of pebbles occurred. The
packing factors were the same asin the plexiglas annulus.

In the case of the mixed bed with small beryilium pebbles
(bed 4) the filling arrangement was the same; after filling the
test section with the 2 mm Be pebbles the previously mixed
smaller Be and Li,SiO4 pebbles {volume ratio 1 to 1) were
poured into the bed. The packing factors were about the
same as in Be/Li,SiO4 mixed bed (bigger particles 63.3 %,
smaller ones 17.6 %).

The ratio of the smaller Be and Li,SiO, pebbles was chosen 1
to 1 rather than 1 to 3 as in the blanket design of ref. [5], to
have a greater range of the total volume ratio Be/LisSiO4 (7 to
3 as against 4.3 to 3), in case the extrapolation from the bed
with aluminum pebbles to the case with beryllium would
produce too optimistic thermal parameters. The ratio 7 rather
than 4.3 gives higher thermal parameters of the bed but
prictically has no effect on the tritium breeding ratio.

Table 1 shows a resume of the heat transfer measurements
for the beds 2, 3, 4. The data are correlated with equations of
the tipe:

Al M
k,G=C0(1 +C1—|—)(1 + G Tm)

where k is the bed thermal conductivity and a its heat transfer
coefficients to the wall, T,[ °C] the average temperature of
the bed and Al/l the “interference”, i.e. the difference
between the thermal expansion of the bed and that of the
confinement walls, This is given by:
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Al RaTwz - R1Twi
— = 0Oge (Tm - TO) + aStTO - Agg
I Rz2-Ry

where | = R, - Ry is the thickness of the bed, Ry and R, the
inner and the outer radius of the annular cross section of the
test section, T, the room temperature, T, the average
temperature of the bed, Ty, and Ty, the inner and the outer
temperature of the confining walls and ag, and og the
thermai expansion coefficients of beryllium and of the
confinement walls of stainless steel respectively. The
coefficients Cy, Cy, C, are given in Table 1 for the three beds

8ed effective thermal conductivity (W/mk]

S [ vhet | o | o | a fanie| B | need
2 23 2,293 353 |6.358x104 10.6 30-590 0-0.24
3 21 4721 206.4 0 14 40 - 490 0-0.16
4 18 5.478 320.2 0 13 30-520 0-0.16
Wall heat transfer coefficient (W/am2°C}
2 23 0.06438 | 287.6 |3.379x 10-3 18.8 90- 690 0-0.24
3 ral 0.0932 196.8 |1.654 % 103 8.8 60- 550 0-0.16
4 18 0.2120 | 383.1 {9.239x 104 13 50-580 0-0.16

2: 2 mm Be pebbles; packing factor 63.3 %

3:2mm Be + (0.1- 0.2 mm) Li¢SIOs; packing factors 63.3 % + 12.5%

4:2mm Be + (0.1 - 0.2 mm) LiqSiO4 + {0.08 - 0.18 mm) Be pebbles;
packing factors: 63.3% + 8.8% +8.8%

For the definition of Cq, Cy, C; see eguation (1),

Table 1: Resume of heat transfer results

investigated. The linear dependence of the heat transfer
parameters on Al/i was already observed in the case of the
experiments with aluminum and aluminum plus LigSiO,4
pebbles [3].

As expected, both the thermal conductivity and the wall heat
transfer coefficients are considerably higher for the mixed
beds, especially in the case of the small beryllium pebbles
(bed 4).

3. Thermal Cycle Tests

A series of thermal cycle tests have been performed on the
bed 2 (2 mm Be), 3 (2mm Be + (0.1-0.2) mm LisSi0O,) and 4 (2
mm Be + (0.1 - 0.-2) mm Li4SiO4 + (0.08 - 0.18) mm Be). The
experimental apparatus has been described in an earlier
paper [11]. Fig. 3 shows the test section containing the
pebbles to be tested. The temperature of the pebble bed
center and of tube wall were measured during the test. After
a certain number of cycles the pressure drop of helium
flowing through the bed was measured. The pressure drop
increase gave an indication of the amount of broken
particles. Fig. 4 shows a typical temperature diagram during a
test. As the cooling is given by the quick immersion of the test
section in cold water, the temperature decrease in the wall is
much faster than that at the bed center.

TC wall TC center bed
. ﬂam%e1
gas outlet spring gas Ihlet
(flow & pressure
measuring)

Li4SiO, pebble bed

Fig. 3: Test section for the thermal cycle tests.

Temperature [°C]

1004 i V -

0 2 4 6 8 10 12 14 16

Time [min]

Fig. 4: Typical temperature diagram during a thermal cycle
test.

A test with 50 cycles was performed for the LigSiO,4 bed, at the
end of which it was found that about 2 % for the particles
were broken. As in previous tests, it was noticed that the
broken particles were on the periphery of the bed in the
region nearest to the outer wall, where the temperature
gradients with time are the highest. The measurement of the
temperatures at bed center and at the wall allowed to
calculate the temperature and the temperature gradient with
time in the bed during the cooling phase where the
temperature gradients are the highest (Fig. 4). The
determination of the amount of broken particles at the end
of the test allowed to calculate the critical radius beyond
which the particle are broken. Fig. 5 shows the temperature
gradient versus the temperature for various radii for the
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Fig. 5: Temperature gradient versus temperature at various
radii of the bed of Li,SiO, particles, r., = radius
beyond which the particles are broken. R, = outer
diameter of the bed.

LisSiO4 bed. The line for r = r. = critical radius gives the
combination of temperature gradient and temperature at
which the breaking of the pebbles would have occurred. With
the present experimental data is not possible to establish with
certainty which is actually the critical temperature gradient.
However, there are indications from irradiation experiments,
that the LisSiO4 become less brittle in a temperature range
between 450 and 650 °C.

Indeed, experiments performed in the OSIRIS reactor at
power densities of 215 W/cm3 (referred to pebble bed
volume), i.e. about 5 times higher than the peak value
expected in the Demo blanket [4], and in presence of strong
temperature gradients in time given by reactor scrams,
showed that a considerable portion of the particles irradiated
at temperatures of 400 - 450 °C were broken, while the
particles irradiated at 650 - 700 °C were intact. From Fig. 3 one
can see that this temperature range correspond to a
temperature gradient of about 38 to 42 °C/sec. The line forr
= 0.86 cm shows that in any case the critical temperature
gradient should be greater than 34 °C/sec. These gradients
are considerably higher than the peak values expected in the
KfK Demo-blanket (=~ 20 °C/sec).

A test with 1000 thermal cycles was performed with the bed
with 2 mm Be + (0.1 - 0.2 mm) LisSiO, pebbles (bed 3).
Although in this case the thermal wave propagated much
faster in the pebble bed due to its high thermal diffusivity,
the curve dT/dt versus T for the critical radius, i.e. the radius
above which the Li;SiO, pebbles were broken, was almost
identical to the one for the bed of LisSiO4 pebbles only. The
bed with 2 mm Be and the smaller LisSiO4 and Be pebbles
(bed 4) was subjected to a test with 500 cycles only, because it
was noticed that for the bed 3 a steady state situation, i.e. no
further break of ceramic particles, as indicated by the
pressure drop measurements, was established after 450
cycles. Also here the dT/dt versus T curve for the critical radius
was almost identical to the previous ones. This indicated that
the resistance to the temperature gradients of the bigger (0.3

- 0.6 mm) LisSiO, pebbles is about the same as that of the
smaliler (0.1 - 0.2 mm) ones. A further indication of the tests is
that what breaks the particles is not the outside pressure of
the constraining steel walls, but it is rather the temperature
gradient over the time. Indeed, the smaller Li;SiO4 pebbles
are affected much less by the wall pressure than the bigger
ones. In the mixed beds the structure of the bed is made up by
the bigger beryllium pebbles. which take the major part of
the wall pressure. Nevertheless, with or without beryllium
pebbles the breaking characteristics of the Li,SiO4 were about
the same. No failure of beryllium pebbles occurred during the
thermal cycles.

An important result of these experiments was that, although
the bed was kept in place by a wire net with mesh size of
about 50 pm, no broken particles were coming out of the bed
although some broken particles were as small as 10 pm and
the helium was flowing through the bed at velocities
considerably higher than those foreseen in the Demo-
blanket.

The results of these tests show a much better behavior of the
orthosilicate pebbles than that found in a recent experiment
by JAERI, where, after 50 cycles in the temperature range 400
to 800 °C and with temperature gradients of 20 °C/sec, 30 %
of the LiySiO4 pebbles were broken [12]. This poor
performance is probably due to the fact that these particles
were made by sintering and had a density considerably lower
than the present pebbles (93 % as against 97 - 99 % of
theoretical). Furthermore the present particles have a slight
excess of SiO,, which, after a proper tempering process, is
forming a sort of cement at the grain boundary, making them
stronger [7].

4. Long Term Annealing Tests

Long term annealing tests were started to examine the
behaviour of pebbles and pebble bed mixtures under
condition of reactor operation. A temperature of 650 °C was
chosen for the tests. Specimen were placed in a quartz tube
inside a little furnace of 30 mm tube diameter, which is
located in an inert gas box. The sweep gas in the quartz tube
is helium, containing 0.1% hydrogen. The atmosphere in the
box is kept at low oxygen (< 0.5 ppm) and water (< 0.2 ppm)
levels by cleaning systems. Heating and cooling rates are
restricted to 50 °C/h in order to avoid any possibility for
thermal cracking of specimen. Always after 6 days the
annealing process was interrupted by controlled cooling of
the specimen to room temperature for taking test samples.
Mechanical tests were conducted on 10 pebble samples of
each of the pebble charges contained in the furnace. Some
additional pebble samples were also taken for investigation
of structural changes that may have occurred during the
treatment.

The first test run started contains the samples listed in Tab. 2
with exception of charge 2. The uniform beds constitute only
of Li,SiO4 pebbles with the given specifications, whereas the
mixed beds consist of a mixture of beryllium pebbles and
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Charge | bed |[LigSiO4 pebbles [Li4SiO4 pebbles | Be pebbles
2 mm addition  mm
i uniform 0.10-0.20 + 2% SiOs -
2 uniform 0.35-0.60 + 2% SiO» -
3 mixed 0.10-0.20 + 2% SiOy 1.50-2.30
4 mixed 0.10-0.20 + 2% SiOy 1.50-2.30
+0.4% TeO,

Table 2: Specification of pebble beds for long term
annealing tests

Li4SiO4pebbles. Charge 2 was annealed in a separate test
with similar conditions but at 800 °C[13].

The mechanical strength is examined by a simple test, in
which a continuously increasing weight ioad is imposed by a
piston to a single pebble until it breaks. The load is made by a
water container that gradually fills with water. The pebble is
placed on a balance that measures the load. The force, at
which the pebbles break, averaged through 10 tests, is taken
as a measure of the mechanical strength. Detailed description
of the tests is given in [4]. Tests with samples of charge 1, 3
and 4 were conducted using pebbles of 0.2 mm diameter,
those with charge 2 by selecting pebbles of 0.5 mm diameter.
The definition of diameters is necessary because the force, at
which the pebbles break, strongly depends on the diameter
of pebbles.

The influence of the thermal treatment is described in Tab. 3.

Charge | before | 650°C|650°C 800 °C bed
annealing | 144h | 288 h | 1340 h[11]
1 1.6 1.0 0.9 uniform
2 6.4 - - 7.1 uniform
3 1.6 1.1 1.1 mixed
4 2.8 1.1 1.1 mixed

Table 3: Influence of long term annealing on pebble
strength (means values of force [N] out of 10 tests
at which the pebbles break)

The second column shows the mechanical strength of the
pebbles before thermal treatment, the next columns the
values after annealing.

The small pebbles show a drop to lower values during the first
step of annealing, but not so the larger pebbles that were
annealed before the test at 1030 °C to reduce the scatter in
the mechanical strength [4]. This annealing procedure was
not applied to the small pebbles because in this case a
reduction of mechanical strength was observed after the
annealing process. During annealing crystal growth occurs up
to a size of 10 - 40 pm, which reaches the order of the radius
of the small pebbles, and leads to early cracking of the
raterial.

In former long term annealing tests under the same
conditions it was observed that larger pebbles also show a
drop in mechanical strength to about half of the initial value
after the first annealing step, if those pebbles were not
subjected to proper treatment at 1030 °C before [13]. In this

case pebblies showed still the original dentritic structure
without grain growth. This structure is typical for the smail
pebbles also.

It is important to note that beryllium contained in the mixed
bed does not influence the mechanical strength of the lithium
orthosilicate pebbles. Charge 1 and 3 arrive at about the same
mechanical strength after 144 and 288 hours of annealing.
The annealing tests conducted so far do not indicate a further
decline of the mechanical strength with increasing annealing
time.

5. Conclusions

The resuits of the tests performed for the new design of the
DEMO-relevant Solid Breeder Blanket developed at KfK are
very encouraging. The new design is based on the use of
mixed beds formed by large (2 mm) beryllium pebbles and
either smaller Li4SiO4 pebbles or a mixture of smaller Li4SiO4
and beryllium pebbles.

The results of the heat transfer experiments have confirmed
what was already found be previous experiments using
aluminum pebbles. Namely that the heat transfer parameters
of the mixed beds (bed thermal conductivity and wall heat
transfer coefficient) are considerably better than those of a
bed of mere beryllium pebbles and of a mixture beryllium and
Li4SiO4 pebbles of the equal diameter.

The results of the thermal cycles tests indicate that, for both
the smaller and the bigger Li4SiO4 pebbles, the critical
temperature gradient over the time is about 38 - 42 °C/sec
which is considerably higher than the peak values expected in
the DEMO blanket (= 20 °C/sec). The results of the annealing
and failure tests indicate that the presence of beryllium does
not affect the failure load of the small Li4SiO4 pebbles.

[31 M. Dalle Donne, A. Goraieb, and G. Sordon, J. Nucl.
Mater. 191 - 194 (1992), 149

[4] M. Dalle Donne et al., Demo-relevant Test Blankets for
NET/ITER, BOT Helium Cooled Solid Breeder Blanket, Vol.
2, KfKK-4929 (1991).

[5] M. Dalle Donne et al., "Conceptual Design-of a Helium
Cooled Solid Breeder Blanket Based on the Use of a
Mixed Bed of Beryllium and Li4SiO4-Pebbles”, Proc. 17th
Symp. Fusion Technology, Rome, 14.-18. Sept. 1992, P.
1326

[6] M.Dalle Donne etal., Fusion Technol. 14 (1988), 1357.
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Kernforschungszentrum Karlsruhe, 1992.

[8] E.V. Schliinder, Proc. 7th Heat Transfer Conf,, Munich,
Vol. 1(1982), p. 195
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BSNN-D 3 Irradiation Experiments and Non

Nuclear Testing
Tritium Recovery from a DEMO Solid Breeder Blanket

The main task of a Tritium Extraction System (TES) for a
helium cooled LisSi0O4 DEMO blanket is the tritium recovery
from a purge gas stream of about 105 m3/d. On the basis of
several TES proposals published for a NET/ITER solid breeder
blanket, a new concept has been developed which is
especially appropriate to cope with large purge gas streams.

As tritium is expected to appear in two chemical forms (HT
and HTO) two specific process steps are needed for its
removal from the primary purge gas loop (cf. Fig. 1);

- a cooler to freeze out Q,0 at-100°C (Q = H,T), and

- a moleclar sieve bed to absorb Q, at-196°C.

Tritium Production Rate
Mass Flow of He Purge Gas
Average Helium Pressure
Swamping Ratio

370 g/d = 62 mol/d
0.22 kg/s = 4.8-106 mol/d
p(He) = 80 kPa

He: H, = 1000 : 1

Mass Flows and Concentrations

Purge Gas Component
TES Inlet TES Outlet
He 4.8106 mol/d  4.8-106 mol/d
= 99.9 % = 99.99 %
H2 4.7-103 mol/d 500 mol/d
=01% = 100 ppm
HT*) 93 mol/d < 10 mol/d
=19 ppm < 2ppm
HTO + H,0%) 31 mol/d 3 mol/d
= 6.5 ppm = 0.6 ppm

Only these components including some additional devices for
the gas preconditioning like com-pressor and precooler, are ¥)
subjected to the high gas flow rates mentioned above. All
further processing is done in relatively small secondary loops

It was assumed that 50 % of the tritium is released
from the breeder pebbles as HTO; by isotope
exchange, some of the HTO is further converted into

during and after warmup of the cooler and the molecular H,0 at HT
sieve bed. Two identical units of these components must be
available for continuous operation of the TES: while the first Table 1: Some parameters of the DEMO blanket and

cooler/molecular sieve is being loaded, the second unit wili be
in the deloading/regeneration mode.

requirements for the tritium extraction system
(TES)

Some operation parameters of the DEMO blanket and the
main requirements of the TES are compiled in Table 1.

> Blanket
Primary Loop f < He - CO
He A\
*l  MS1 |2f Cooler |2
e — CO,-Ads.
MSZ [) o7y QOtoon f
Imp. Ads.|] Q,-Loop 0, WGSR Ni-Cat
L He \ :
Diff [
1 fe D'ff‘
GB |2 o I
2 | .
two units ISS 66 {2 ISS
in alternating
operation

KK Proposal

Fig. 1: Schematic flow sheet of blanket tritium extraction system
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Short Description of the Secondary Loops

Q,0-Loop: The Q,0 released from the cooler during warmup
is transfered within the closed Q,0-loop to a water gas shift
reactor (WGSR) where it is converted to CO, and Q, by
addition of CO and by the use of a copper chromite catalyst
(T=200°C). The hydrogen isotopes are then removed from
the gas stream by a Pd/Ag diffusor. The back pressure side of
the diffusor is integrated into a small helium loop (diffusor
loop) which serves to continuously transport the permeated
hydrogen isotopes to a metal getter bed for storage.

The next component is a nickel catalyst bed (T=500°C) which
has the task to crack tritiated methane that can be formed
with a small yield by the reaction

CO + 302 g CQ4 + QZO

The CO, adsorber (e.g. modernite) downstream of the nickel
catalyst is used to remove the CO, formed by the water gas
shift reaction.

All chemical process steps occuring in the Q,0-Loop have
been verified in laboratory tests with hydrogen and tritium
[1]. In addition, the feasibility of the complete loop will be
demonstrated in a technical scale by the CAPRICE tests in the
Tritium Laboratory Karlsruhe (TLK).

Q,-Loop: When the molecular sieve bed containing 5400 kg
zeolite 5A is heated up the co-adsorbed helium (22 Nm?) will
be released first, then the hydrogen isotopes (max. 54 Nm?),
and finally a small amount of gaseous impurities which are
unknown with respect to species and quantity. These gases
are transfered into the buffer vessel B1 (volume: 150 m3,
prepressurized with 400 mbar of helium) and then circulated
through a Pd/Ag diffusor. At the same time the gaseous
impurities and eventually some small amounts of residual
water are removed by the molecular sieve bed MS2.

The cycle time of the molecular sieve bed MS1 is expected to
be 24 hours, with 12 hours for sorption and 12 hours for
desorption, regeneration, and cooldown. Further details are
described elsewhere [2].

Conclusions

The main feature of the Tritium Extraction System described
here is that only two main components are subjected to the
large gas flow rate of the purge gas: the cooler and the
molecular sieve bed. The process steps of Q,0 reduction and
Q; separation from helium and gaseous impurities are
carried out in secondary loops, where the technical
components as well as the gas flow rates can be much smaller
than in the primary purge gas loop. Future work will be
concentrated above all on the technical aspects of the large
molecular sieve bed, of the cooler, and of a Pd/Ag diffusor for
gas flow rates of up to 50 Nm*/h.
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BLDE-D 1 Liquid Metal Test Blanket Design
Subjects of this task are the design of liquid metal blankets
for the application in a DEMO reactor, the development and
the design of blanket test modules in NET/ITER, and, for both
cases, the conceptual design of suitable external loops for
heat- and tritium extraction.

In the past, work concentrated on a self-cooled PbLi blanket
with a poloidal-toroidal-poloidal flow geometry /1/. The
main challenge of self-cooled blanket design is to overcome
the high magneto-hydrodynamic (MHD) pressure drop and a
degraded heat transfer caused by the influence of the
magnetic field on liquid metal flow. Although recent results
in the MHD area (compare BLMH-D-1) show that MHD is no
longer a critical issue for the pursued self-cooled concept,
other criteria have led to a change in the reference blanket
concept. As described in the previous annual report /2/,
reliability is considered as critical issue because the operation
of the tokamak reactor requires that all segments are
functionable. Malfunction of one segment requires an
exchange and causes a long downtime of the machine and
has to have, therefore, a very low probability. The desire to
improve the reliability of blanket segments have led to a
novel design employing helium as coolant for the First Wall
(FW) and using Pb-17Li as breeder and coolant for the bulk
structure, the "Dual Coolant Blanket”. This concept was
described in detail in the previous annual report /2/. The
design work on this concept, which is considered now as
reference concept, has been continued.

Dual Coolant Blanket for a DEMO reactor

With support from industry the detailed design of the
inboard and central outboard segments was elaborated
including the design of the supply tubes at the blanket top.
Of special interest were manufacturing issues.

Work also concentrated on a comprehensive thermo-
hydraulic layout for inboard and outboard blankets for a
mean neutron wall load of 2.2 MW/m2 and a mean/-
maximum surface heat flux of 0.4/0.5 MW/m2.

Compared to the design described previously 72/ the
following modifications are proposed (see Fig. 1):

- Use of two independent helium circuits for the FW
cooling to avoid that the malfunctioning of one loop
with a delayed plasma shutdown results in unacceptable
temperature increases in the structural material which
necessitate a blanket exchange.

- Integration of the helium supply ducts in the grid
structure of the blanket box (steel plate design with leak
detection systems using).

- Demountable support and shielding structure in order to
minimize the masses of structural material to be
discarded after a blanket segment exchange.

Leak Detection System
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Leak Detection System

“— Demountable
Shielding Structure

Cross section of the outboard blanket segment for
a DEMO-reactor

Fig. 1:

- Minimization of the helium pressure losses in the first
wall by varying the velocity in each pass corresponding
to the increase of helium temperature,

Alternative Convertible Blanket for ITER

In response to recent blanket proposals from the Joint Central
ITER Team which were not acceptable for several reasons for
the European Home Team, an alternative European design
(CEA-KfK-ENEA) was proposed which aimed to combine
important requirements of the European blanket
development strategy with some features of the more
advanced ITER design.

A “convertible” blanket was proposed which allows to switch
from the shielding configuration of the Basic Performance
Phase (BPP) to the breeding configuration of the Enhanced
Performance Phase (EPP) by simply changing the liquid metal
without replacing the blanket structure. Pbli is proposed for
the EPP and PbMg or PbBi, depending on the coolant, for the
BPP. As structural material the stainless austenitic steel 316 LN
is used for an average neutron wall load of 1 MW/m2.

The blanket box has many similarities with that of the Dual
Coolant Concept: the stiff blanket box, the toroidal FW
cooling using two independent cooling circuits, a double
containment of the liquid metal to the plasma, a leak tolerant
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design (each weld is allowed to leak without requiring an
immediate shutdown of the reactor).

The essential difference to the Dual Coolant Concept is that
the liquid metal is not recirculated for heat removal but is
cooled by hairpin-type coolant pipes (pool concept). Both
helium and water are considered as coolants for the FW and
the Pbli pool.

Different design options were proposed for the FW ducts and
poloidal coolant tubes (single-walled ducts, double-walled
ducts with and without leak control). Due to different
characteristic features of the coolants the preferred design
solutions differed for the two coolants.

Figure 2 shows the version developed in more detail by KfK:
helium is used as coolant and, again, the similarity to the Dual
Coolant Concept design is obvious.

Figure 3 shows the temperature distribution close to the FW
near the blanket top where the highest FW temperatures
secure. The highest value is 441 °C which is below the
maximum tolerable value of 450 °C.

Assessments were performed for the topics listed below. Due
to the limited time period (about two months) for the
elaboration of these concepts the analyses are by far not
complete.
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Fig.3:  Temperature distribution close to the FW in the

blanket top plane

- fabrication: According to industry, the fabrication of the
FW structures and other pretentious parts is feasible.

- tritium breeding: Neutronic 3d calculations show that
the Tritium Breeding Ratio (TBR) is 1.16 for the water-
cooled version and 0.96 for the helium-cooled version.

- shielding efficiency: The water-cooled blanket easily

fulfills the shielding requirements. For the helium-cooled
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blanket adequate shielding is ensured by optimizing the
vacuum vessel.

tritium control: The tritium is removed from the Pbliin a
process unit outside the vacuum vessel. In order to
reduce tritium permeation into the coolants permeation
barriers are highly desirable for both blanket concepts.

power excursions: The ITER requirements of 10 power
excursions at 170 % of nominal power for 10 sec cause
temperature increases which do not result in
inacceptable stresses.

LOCA conditions: First assessments show that a failure of
a FW cooling system is tolerable for a delayed plasma
shutdown, see also the contribution for BLSA-D2.

plasma disruptions: Calculations for ITER specific plasma
disruptions show that electrical box currents in the
blanket cross-section are significantly reduced if the
blanket segments are electrically connected at the FWs.

reliability: The principle of double containment or
double welds is applied to reach a high degree of failure
tolerance. Single failures do not necessitate the
immediate blanket segment exchange nor lead to severe
damage to other components.

ferritic/martensitic steel as structural material: The use
of ferritic/martensitic steel could extend the operational
regime to much higher reactor values (average neutron
wall load = 2 MW/m2, neutron fluence = 5 MW a/m?2) if
the DBTT shift is no longer an essential draw back. An
assessment of the current and planned R&D work
indicates that the corresponding database could be
provided in the required ITER time schedule.
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BLPC-D2  Active and Inactive Impurities and

Clean-up of Molten Pb-17Li

In a molten Pb-17Li blanket impurities may cause safety and
operational problems. The aim of the work is to characterize
the different impurities, to study their transport behavior in a
blanket, and to find methods for the removal from the liquid
metal. While corrosion products are the main impurities,
attention has to be given also to the behavior of lithium.

1. Behavior of Lithium

More studies were done concerning segregation effects of Pb
and Li in the eutectic [1]. Capsule tests in temperature gra-
dients were performed. If the initial Li-concentration was
below the eutectic composition, a lead phase was formed.
With an initial concentration higher than the eutectic, a Li-
rich phase is formed. Fig. 1 shows an example, Capsules with
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Fig.1:  Li-distribution in capsules, heated in a thermal

gradient for 760 hours

different initial concentrations were heated horizontally in
thermal gradients. The experimental program will continue
to find the boundary conditions for segregation effects.

2. Pb-17Li Loop TRITEX

TRITEX is a pumped Pb-17Li loop from ferritic steel [2]. After
run V, the loop was completely dismantled. More than 100
samples from different parts of the facility were analyzed.
The total amount of corrosion products was 100 grams. 90 %
of these were deposited in form of particles at following posi-
tions:

- ferritic core of the electro magneticpump  26g

- crusts at valves and experimental
volumes of the loop 12¢

- crusts from the drain tank 504g.

Crusts contained 5 to 20 % particles. Only 10 grams corrosion
products were found in 100 kg Pb-17Li, corresponding to 100
wppm. This fraction was partly dissolved. Several kinds of
magnetic and non-magnetic particles with different
compositions were identified.

Fig. 2 shows crusts in the drain tank. Corrosion products

Fig. 2:  Photo of the drain tank with crust deposits.

found there indicate, that a large fraction was floating in the
Pb-17Li and drained to the tank. It should be possible to re-
move these particles from the moiten eutectic.

3. Cleaning of TRITEX

Draining the eutectic at temperatures between 300 and
400°C, from a ferritic stainless steel system or from Mo sur-
faces leaves 200 to 500 grams per square meter adhering at
the surface. This corresponds to a layer of 20 to 50 microns. Of
course this is not a homogenious layer.

In preparation of experimental phase VI, the complete facili-
ty TRITEX was cleaned. A mixture with 1 to 2 % acetic acid
and less than 1 % hydrogen peroxyd was circulated through
pipes and expansion volumes at 80 °C for several hours. The
purification process was controlled by analyzing the solution.
This mixture does not attack fresh ferritic steel. But in case of
TRITEX a thin surface layer was dissolved. A report describing
this purification is under preparation.
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BLEI-D 1 Electrical Insulation and Coatings

In order to reduce the magneto-hydro-dynamic pressure drop
the duct walls of the liquid metal (Pb-17Li) breeder blanket
must be electrically insulated. Two methods are developed:

- Use of so called Flow Channel inserts (FC!) consisting of
an insulating ceramic layer sandwiched between two
thin protecting metal sheeths and

- the direct coating of the dust wall by insulating
materials.

Development of electrical insulations includes choice of
materials, manufacturing methods, thermomechanical and
compatibility tests and the assessment of irradiation
behaviour. (Subtask BL Ei-D 1 includes former subtasks BL PC-
D 1and BL CO-D 1).

1. Flow Channel Inserts

Flow Channel Inserts (FCl), a laminated element (steel-
ceramic-steel), shall be fitted loosely into the coolant ducts of
liquid metal cooled blanket. They avoid electrical short
circuits through the steel structure of the blanket. The
electrical potential is induced in flow channels arranged
perpendicular to the magnetic field.

Work on fabrication and testing of flow channel inserts (FC1)
was continued. In the field of fabrication, the following
activities were performed:

- In addition to the coating of the steel sheets with a
ceramic layer by plasma spraying [1], thin ceramic
layers were generated by CVD. On the base metal sheet
first a layer of Ti(CN) was deposited by CVD, followed
by an Al,Os-layer of about 10 pm thickness as the
insulating layer.

- Diffusion bonding of the metal-ceramic sandwich
structures with the plasma sprayed ceramic layers was
successfully performed at a bonding temperature of
1050 °C and bonding pressure of 200 MPa.

In the field of testing, the following work was done:

- A device for performing thermal cycling as test of the
bonding strenght of the FCl-structures was completed.

- Nondestructive testing of bonding quality of the FC!'s
was performed by high-resolution ultrasonic testing of
the diffusion bonded samples. The bonding looks well.

- The bonding strength of the ceramic layer on the base
metal was tested by bonding tests, where the ceramic
layer was on the tensile side of the bonding bar. No
flaking or cracking of the ceramic layer could be
detected during up to 100 bonding cycles. The tests

were not continued beyond this number of cycles
because of the plastic deformation of the steel sheet.
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2. Direct Electrical Insulation

In a liquid metal cooled blanket the MHD pressure drop has to
be reduced by electrical insulation of the blanket walls. The
development of direct insulating layers on MANET steel with
the ability of self-healing was started with the so-called hot-
dip aluminizing process and the optimization of the thermal
treatment. The adhesive strength between the steel and the
formed intermetallic Al-Fe layer is good. The Al content is
around 60 at% and the layer has a thickness of about 70 ym,
see Fig. 1.

10G. T L

——{-—

\,
(=]
—
]

17

Composition / at.%
o
o

30
sl L | |
o i X
1
0 4""), ! s
0 10 20 30 40 50 60 70 80
Depth /um

r—o—Al —— Cr —=- Fe —x—MT‘

The concentration depth profile of hot-dip
aluminized MANET steel which was measured with
EDAX on the polished cut of the specimens

Fig. 1:

An Al,03 scale is foreseen as electrical insulator which is
compatible with Pb-17Li and is produced on the Al-Fe layer by
high temperature oxidation of the alloy. Compatibility tests
in flowing Pb-17Li at 450 °C were carried out on cylindrical
MANET steel specimens which were hot-dip aluminized and
oxidized. In the test section of the PICOLO loop six of these
specimens were mounted in series. After the exposure up to
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8000 h no corrosion effects on the surface of the layers could
be observed and the adhesive strength between the steel and
the intermetallic layer is still good. However, the formation of
the oxide scale has to be improved in order to get uniform
and sufficiently thick layers.

In the case of oxide cracking or peeling off self-healing is
expected by additional Al,03 formation on the free Al-Fe
alloy. Therefore, thermodynamic studies in the Al-Fe system
were started to predict the conditions for this desired
reaction. The system is characterized at 800 °C by a broad bcc
a-Fe(Al) solid solution range followed by AlFe, a CsCl-type
superlattice structure with a homogeneity region of 25 -
51 at% Al, and by the compounds Al,Fe, AlsFes, and Al3Fe.
Gibbs energy measurements are being made in the Fe rich
region of this system by the EMF method on solid galvanic
cells of the second type with CaF2 single crystals in the
arrangement:

(-) AIXF91_X, A|F3 '!r CEFZ 1}' A”:g, Alpd2+x, Pd (Al) (+)

Preliminary experiments yield stable cells between 873 and
1073 K. AlPd,, - Pd (Al) was selected as the reference
electrode which is thermodynamically stable and remains
solid in the applied temperature range. The thermodynamic
activities of Al were measured as a function of temperature
so far for three concentrations which give at 1000 K: a, =
0.00026 for x4, = 0.20, a5, = 0.0026 for x4 = 0.30, and ay =
0.0032 for x5 = 0.324. The activities of Fe will be calculated
by integration of the Gibbs-Duhem equation when sufficient
experimental data for other concentrations in the Al-Fe
system are available.

Electrical conductivity measurements on aluminized and
oxidized specimens in the stagnant Pb-17Li alloy are prepared
to start.

An electrochemical oxygen meter with yttria-stabilized
zirconia electrolyte was already tested in stagnant Pb-17Li
between 470 and 830 K and is at the moment applied in the
expansion chamber of the PICOLO loop at 550 K,

The lithium content of vanadium based alloys was assessed.
First tests to plate vanadium alloys with aluminide gave
encouraging results, layers of sufficient thickness and
excellent bonding on the substrate were achieved.
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3. Irradiation Behaviour of Insulating Coatings

The studies of the radiation induced electrical degradation
(RIED) of alumina have been continued [1]. The results of a
comprehensive review of related publications are represen-
ted in Fig. 1. Electrical conductivity of Al,O3 is plotted versus
an equivalent neutron dose, which also allows the represen-
tation of irradiation experiments with electrons and protons,
as well as versus the dpa values calculated for Al,0; (accor-
ding to U. Fischer, KfK).

The range of the diagram is limited by the line of 4 x 102
(Qm)- on the one hand and by the line of 7.2 x 1022 n/cm?
(corresponding to 45 dpa) on the other hand. Both lines
indicate the range of maximum acceptable increase in the
conductivity of an Al,O; insulating layer of 10 ym in thickness
in a liquid metal blanket channel for the prevention of MHD
pressure loss and the maximum neutron dose reached of the
DEMO-LM blanket after an operating time of 20000 h. The
conductivity values may not exceed the conductivity limiting
lines before reaching the neutron dose limit.

The Al,03 experiments taken from recent publications and
shown in Fig. 2 were carried out at temperatures ranging
from 347 to 797 °C and voltages (d.c. and a.c. voltages of 100
Hz) applied of 50 - 5000 VV/cm. As is obvious, a maximum neu-
tron dose of about 102! n/cm2 (which corresponds to about
0.5 dpa) is reached. The curves cannot be interpreted system-
atically, as not all important parameters are known. Never-
theless, some important information can be obtained from
the curves:

— At comparable electric fields and damage values,
increase in electrical conductivity strongly depends on
the irradiation temperature. A maximum value is
found to exist at 530 °C (curves 5 - 7). Even at 590 °C
(curve 6), saturation seems to occur before the conduc-
tivity limit is reached. For this reason, there is hope that
the conductivity limit will not be exceeded at the wall
temperature of 450 °C assumed for the DEMO blanket.

- The irradiation resuits obtained with obviously similar
parameters vary by several orders of magnitude (curves
3and 4).
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Fig. 2: Al,O3lrradiation Experiments

- Influence of the type of radiation on the results cannot

be defined clearly. It is excluded by the curves 1 and 10.

Curves 2 and 8, however, indicate that the effects i d of Particle Displacement

produced by irradiation with protons are greater than Facility K"fd ° Energy Rate

those achieved by an irradiation with neutrons. Radiation [MeV] [dpals]
Accordar?g. to the‘present k‘nowledge, the increase in electrical HFR-Petten neutrons =0.1 3.0E-7
conductivity during irradiation and in the presence of an
electric field is caused by colloid formation. In the damage KfK Dual- protons 40 2.4E-7
zone between 103 and 0.5 dpa, this colloid formation exhibits Beam fac.
a certain saturation character and tends to decrease. For
damage above 0.5 dpa, it is not sure, whether this property is KfK Dual- alphas 104 2.68-7
preserved. It is therefore necessary to penetrate into damage Beam fac.
zo'nes .above 0.5. dpa. Such e>:(penments can be carried out CIEMAT- electrons 2 1.6E-8
with different kinds of radiation. The following possibilities Madrid
have been considered:

Taking into account the capacity of the irradiation facilities in
question as well as the boundary conditions with regard to
time, the following irradiation strategy is invisaged:

Long-term irradiations up to DEMO-relevant damage will be
carried out at HFR/Petten. The following arguments speak for
this decision:

- Irradiation with fast neutrons is fusion reactor specific;

- the maximum fast neutron fluxes of the HFR and the
DEMO blanket are of the same order of magnitude;

Table 1:  Al,0; irradiation possibities

- the ratio of ionization rate to damage rate nearly
corresponds to that obtained under blanket
conditions;

- HFR has a good availability time ratio;

- HFR will probably also be available for irradiation
experiments for a long term.

At first, use of two irradiation capsules with about 3 spe-
cimens each is planned. Pure Al,0;5 serves as the reference
material. If available, some of the specimens may be made of
alternative materials, e.g. Al,03 with specified impurities or
directly coated manet. Irradiation temperature of all speci-




-124--

mens amounts to 450°C. The axial neutron flux distribution
leads to a small variation of the damage rate over the capsule
height. With the experiments being prepared and carried out
swiftly, damage values considerably exceeding the values
available at the moment may be reached by the end of 1994.

At the KfK Dual-Beam facility, 20% of which is available only
for the irradiation of insulating ceramics, no high damage
values will be attained within acceptable periods of time.
Therefore, this facility should be applied above all for
fundamental and parametrical investigations using proton
and alpha radiation, where generally smaller damage values
are sufficient. Direct access to the facility and direct
availability of the results allow the test programme to be
conceived in a flexible manner. Possible test parameters are
the material composition, the irradiation temperature, and
the damage rate.

To study material degradation as a function of the type of
radiation, additional experiments to be performed at the KfK
Dual-Beam facility using protons and at the CIEMAT facility
(Hodgson, Madrid) using electrons, respectively, will be
planned if founds will be granted.. Special attention must be
paid to the conditions prevailing which should be nearly
identical (material, temperature, damage rate).

Literature:

[1]1  G.Schmitz, K. Schleisiek, IRS; H. John, IATF;
"Proposal for the Irradiation of Al,0; with High-Energy
Particles for the Determination of the Variation of
Electrical Conductivity in the Presence of an Electric
Field”, Internal Note, KfK-IRS, July 93
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BL MH-D 1 Liquid Metal MHD

in designing a self-cooled liquid metal blanket based on the
poloidal-toroidal flow concept, the magnitude of the MHD
pressure drop and the character of the velocity distribution in
the first wall coolant channels, that result from 3-dimensional
MHD effects associated with the required right angle bends in
the coolant flow, represent important design issues. To
address these issues and to verify the relevant models used in
the design, MHD experiments were conducted in order to get
basic information about pressure drop and velocity
distribution in the cooling channels of this concept and to
validate numerical codes developed at KfK to describe MHD-
flow in complex geometries.

Additionally, advanced blanket concepts based on flow in
parallel poloidal channels are investigated (compare the
contribution to BLDE-D1). The advanced design concepts rely
heavily wether or not the heat transfer in MHD flow can be
improved by turbulence.

Muitichannel U-bend Experiments

In electrically coupled multichannel ducts with a U-bend
geometry MHD effects cause strong uneven distributions of
flow rates Q; and pressure drop Ap;. In order to investigate
these multichannel flow effects screening tests were
performed in Riga with InGaSn as liquid metal at the end of
1991 and detailed Experiments were conducted in the
MEKKA facility with NaK at the end of 1992. The
documentation of the screening tests was recently completed
[1], first results of the detailed experiments are described
below; for details, see [2].

A test section with 5 parallel channels was used, see Fig. 1.

valves R
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gyrostatic flowmeter

Fig. 1:  Schematic set up of multichannel test section

These channels were electrically coupled because of the use
of dividing stainless steel walls.

Figure 2 shows the redistribution of the individuel flow rates
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Fig.2:  Flow rate for increasing magnetic field; k = 5;

Apy* = const.

for the case that the magnetic field B (respectively the
Hartmann Number M) is increased, starting from zero. During
this experiment, the pump power was kept constant and the
throttles in the individual channels were completely opened.
With increasing M, the flow rate decreases (due to increasing
MHD pressure drop) and with this the Interaction parameter
N, defined by N = aoB2/(pQ), increases (a is the half channel
width, o and p the electrical conductivity and density of the
NaK and @ the average duct velocity). For a negligible
influence of the magnetic field the normalized flow rate in
each of the five channels is about 0.2, as expected. With
increasing N, the flow rates redistribute such that the values
in the outer channels become significantly larger than those
in the inner channels. This redistribution is terminated in
these experiments at about N = 1000.

Figure 3 shows characteristic results for the case that the flow
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Fig.3:

rates Q; of the five individual channels was kept constant. The
pressure drops are the smallest in the outer channels and the
largest in the middle channel. The values decrease with
increasing N. The values predicted by a theoretical analysis
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based on the Core Flow Approximation (valid for N—x) are
not reached yet in the experiments. However, the predicted
ratios of the pressure drops in the individual channels agree
well with the theoretical results. A correlation is developed
presently to describe the pressure drop for arbitrary values of
Mand N.

Figure 4 shows first results of measured and caiculated
electrical potential distributions on the outer wall surfaces.
These distributions reflect the electrical current distribution
inside the liquid metal. With the additional knowledge of the
pressure distribution, the flow rates in the radial ducts and in
the first wall layers can be determined. A good agreement is
observed in the radial ducts with respect to the existence of
fully developed flow. From the resuits for the toroidal ducts
one can presume that less fluid than predicted is flowing in
the first wall layer and more fluid flows in the side layers at
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the outer channel walls. More detailed analyses will be
performed in the near future.

A measure to reduce significantly the multi channel effects is
to decouple electrically the individual channels in the radial
parts of the U-bend. This method was applied in the design of
the KfK self-cooled PbLi blanket and the effectivity of this
measure was proven previously in the screening tests. Again,
more detailed experiments with such a test section have just
started in the MEKKA facility.

Poloidal-radial manifold experiments

The KfK self-cooled PbLi blanket uses large poloidal ducts for
distributing/collecting the liquid metal flow into /from
perpendicular radial channels. A significant fraction of the
total blanket pressure drop (=20 %) was estimated for these
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Fig.4: Topography of surface potential distributionin KfK multichannel experiment
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flow geometries. In order to predict these pressure drops
more accurately, screening test using Hg as liquid metal were
performed in cooperation with the Latvian Academy of
Sciences in Riga. Figure 5 shows schematically the test section
with flow directions for the case of flow distribution.
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Fig.5:

Experimental parameters were Hartmann number M,
Interaction parameter N, number of radial channels, wall
conductivity, flow geometry in the poloidal channel and flow
direction (distributor and collector case). Although the
maximum achievable values of M and N were quite low
compared to DEMO conditions, the results should be suitable
for extrapolation.

The MHD heat transfer experiment WTM-1

The goal of this experiment is to get a deeper understanding
of heat transfer of MHD flow in cooling ducts perpendicular
to the magnet field direction, to confirm the model of
laminar heat transfer used in our design calculations up to
now and to investigate measures to promote heat transfer of
MHD flow in a parameter range relevant for fusion
application [3].

In this experiment the side wall (wall parallel to the field) of a
rectangular test section is heated over a length of 500 mm
using a radiation heater (Fig. 6). The test section with a cross

Fig.6:  Radiation heating the duct side wall of the WTM-
experiment

section of 80 mm x 40 mm is made of stainless steel, the
Hartmann walls are 1 mm the side wall 6 mm thick.

With the radiation heater a homogeneous heat flux of up to
20 W/cm? can be reached. The design of the test section
allows to move the heater along its axis thus enabling to
investigate heat transfer at least at two positions without
removing the test section from the liquid metal loop. At the
first position, heat transfer of a simple rectangular channel, in
the second position, heat transfer of a channel with electrical
turbulence promotors will be investigated. These turbulence
promotors are copper stripes embedded in the Hartmann
walls. The temperature rise along the heated wall is
measured by thermocouples.

The fabrication of the test section is almost finished. The
experiments will start end of 1993,

The GALINKA facility:

To explore the potential of an enhancement of the heat
transfer the new facility GALINKA (GALium INdium facility
KArlsruhe) was designed and built in which the different
methods to produce turbulence in MHD-flow and the effect
on heat transfer will be studied systematically under fusion
relevant condition. This facility is a horse track design, where
all components of a liquid metal loop, pump, flow through
meter, heat exchanger and the test section itself are housed
in a box, which is placed within the magnet. The eutectic alloy
Indium-Gallium-Tin is used as liquid metal, the box is made of
electrically insulating material.

Since MHD-flow in electrically insulated ducts is of high
interest in the frame of a self-cooled liquid metal concept for
ITER first experiments are conducted in the electrically
insulated test section of GALINKA,

Pressure drop and velocity fluctuations were measured as a
function of the Interaction Parameter N for different
Hartmann numbers M (Figs. 7 and 8).

The results show that the MHD pressure drop agrees rather
well with the prediction and that strong velocity fluctuations
at rather low frequencies exist indicating a strong vorticity
character of the flow.

MHD - Theoretical Work for blanket relevant flows

All theoretical methods for describing MHD-effects in liquid
metal blankets for fusion relevant parameters are based on
an asymptotic theory, which is valid especially for strong
magnetic fields. Several numerical codes have been
developed on the basis of the assumption that M, N> >1.The
most general one for calculating MHD flows in ducts of
arbitrary geometry in locally variable magnetic fields is
described in [6].

The special case of MHD flows in conducting radial - toroidal -
radial U-bends, which are important elements of any toroidal
blanket concept has been analyzed in [8]. The most
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interesting feature of the flow structure is shown in Fig. 9.
The core of the toroidal duct has no component of velocity in
magnetic field direction (the main flow direction) due to the
strong interaction with the magnetic field. The whole volume
flux is confined to thin boundary layers along the four
toroidal walls, which are aligned with the field. However, the
core in the toroidal duct is not stagnant, but shows a motion
in planes perpendicular to magnetic field lines. The
interaction of the toroidal core with the layers finally leads to
a kind of helical motion as sketched in figure 9 for the
streamline E—M. Theoretical results for a single 90° bend
have been compared to experimental results. The

Fig.9: Isolines of potentials and flow structure in a part of

a U-bend

comparison, which shows good agreement for wall potential
and pressure drop at large M and N is given in [9].

The electrical coupling of several channels, which are
separated by conducting walls has been analyzed in [10]. The
analysis shows interesting flow structures near the dividing
wall and only minor increase in pressure drop due to multi
channel effects.

MHD effects in ducts with insulating coatings [7] have been
considered in order to provide materials scientists with
sufficient data for required insulation properties.

Three-dimensional heat transfer calculations have been
performed on the basis of assumed fully developed laminar
MHD flow in ducts of circular and rectangular cross section
[11]. Figure 10 shows that the thermal conditions in a poloidal
concept of blanket are of boundary layer type (T, « £113)
since the dimensionless wall temperatures are restricted to
values of T,, < 10-2-10'') depending on the used liquid metal
and wall material.

The full numerical simulation of MHD-flows describes the
complete flow structure including inertia and viscosity.
Straight rectangular ducts and 90° bends can be calculated
with the current version. Fig. 11 shows the pressure drop due
to inertia in a straight insulating duct with decreasing
magnetic field at x=3 for M= 100, N=25 and N=1000. In Fig.
12 velocities in several cross sections of a bend are presented
atM=50and N=100.
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entrance of a heated section. A fully developed
laminar MHD velocity profile is assumed.

B =) |}

Fig. 11:
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Pressure drop due to inertia M=100,N=25(left),
N=1000(right)
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BLSA-D1 Reliability Assessment

Helium Cooled Solid Breeder Blanket

The solid breeder bianket consists of 48 outer and 32 inner
blanket segments. The cooling system for the outer and for
the inner blanket are composed of two 50% systems each.
Every 50 % system is further subdivided into independent
redundant cooling cycles. The redundancy is 2 out of 3 for the
inner cooling system and 5 out of 6 for the outer system. That
means one system in a 50 % system can fail without the
necessity to shut down the plant.

The availability analysis [1] takes into consideration all pipes,
collectors, valves, steam generators (SG) including vessels and
blowers. The size of the SG's is 180 MW for the outer and
170 MW for the inner cooling cycles. For this configuration
the availability determined is > 98 %. The result is influenced
with more than 99.9 % by the inner blanket cooling system.
That means the unavailability for the outer blanket cooling
system is in the order of magnitude of 103 lower than the
value for the inner blanket cooling system.

The overall availability of > 98 % is sufficiently high at the
present state of the project, but in general there exists a
certain potential for further improvements in the availability
if necessary.

The Dual Coolant Concept

The blanket system according to the dual coolant concept is
also based on 48 outer and 32 inner blanket segments. The
energy from the LiPb cycles will be transferred by double-wall
steam generators according to the concept of the liquid metal
cooling system {2]. The medium in the gap between the inner
and the outer tubes is NaK.

For the 32 cycles of the inner blanket LiPb cooling system a 1
out of 2 redundancy is foreseen. This leads to a power of 30
MW per cycle. For the 48 cycles of the outer LiPb blanket
cooling system a 2 out of 3 redundancy is planned. This results
in a power of 35 MW/cycle.

For the inner blanket He-cooling system four systems are
assumed according to the 1 out of 2 principle, and for the
outer blanket He cooling six systems according to the 2 out of
3 principle. The power per redundant cycle is equal for the
inner and for the outer blanket cooling and considered with
80 MW. The main SG data are listed in the Tab. below [1].

By an additional consideration of the SG vessels, pipes,
collectors, valves and pumps, the overall availability will result
in a value of 96 %. Here is also a special potential for
improvements of the availability if necessary.

Data for the LiPb and the He Steam generators

Primary Medium LiPb He
Blanket inner | outer | inner | outer
Power per unit [MW] 30135 80
Redundancy per segment 1721273 12123
toin °cl 425 350
tpout [°cl 275 260
Ppin [bar]) 2 80
ty,0in rc 250 170
tHy0 out {°cl 286 286
PH,0in fbar] 70 70
Steam quality [x] 0.7 0.3
Tube OD-ID [mm] 24/20-30/26 23/19
Tube material Austenit Incoloy
Transfer area [m2] 4221 492 2275
AP peim [bar] 0.11 0.1 0.16
Apy0 {bar] 1111 1.4
Failure rate  {106/h] 58168 11.0
Literature:
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Reliability investigations and improvements of the
cooling system of a self-cooled liquid metal breeder
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Probabilistic analysis of welded joints in blanket design

A crucial point in the reliability analysis of blanket systems in
the influence of the failure of welds on the system reliability
of the whole blanket. Input data e.g. failure probability of
welds per unit length for the different welds are necessary to
perform a system reliability analysis. Non-destructive
inspection is used to ensure proper quality of the weldments.
It is well-known that detecting, locating and sizing of flaws in
welds can only be performed with some uncertainty
depending on the welding procedure, the geometry of the
weld, the flaw type and the material. These uncertainties can
be assessed with the help of probabilistic fracture mechanics.
As a result, the reliability of a certain weld can be given in
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terms of a failure probability which depends on the
uncertainties in the inspection procedure (detecting, locating
and sizing uncertainties), on the loading conditions of the
weld, and also on the sensitivity of the inspection procedure.

Preliminary calculations were performed to etablish a
reference example which can be updated if real data are
available. The reference weld was chosen to be the double-
weld between two segments of the seif-cooled liquid metal
breeder blanket with helium cooled first wall. Typical results
are shown in figure 1. The acceptance level indicates the
sensitivity of the inspection procedure and has to be chosenin
such a way that the probability of false acceptance (i.e.
accepting a weld which contains a prohibitively large flaw
which may cause failure) is minimized as well as the
probability of false rejection (i.e. rejecting a weld which does
not contain dangerous flaws which results in unnecessary
costs for repair). Figure 1 shows that these two requirements
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Fig.1:  Influence of the sensitivity of the inspection

procedure on different probabilities.

are contradictory. The choice of an adequate acceptance level
can be performed using critical values of false acceptance and
false rejection probabilities.

The numerical values of the calculated probabilities in Figure
1, however, serve only illustrative purposes because
important input quantities for the analysis are yet unknown
and therefore have to be assumed or taken from the
literature. In order to obtain realistic values, sample weldings
which are presently produced will be evaluated and used to
update the input quantities of the fracture mechanics model.

With the resulting probabilities of failure for individual welds
itis then possible to perform a system reliability analysis for a
whole blanket system.
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BLSA-D2 Safety Analysis of Self-cooled

LM Breeder Blankets
a) Electromagnetic Forces

Investigations for a rigidly fixed seif-cooled liquid metal
blanket have shown that the eddy current damping effect
may be neglected {1]. The stresses calculated for the
outboard blanket segment are in an acceptable range. For
these calculalations the design disruption (linear decay of 20
MA within 20 ms) and perfect insulation of each blanket
segment have been assumed. Furthermore, the inductive
coupling with the vacuum vesse! has been neglected.

In another study the behaviour of the liquid metal blanket
with a gas cooled first wall during a plasma disruption has
been compared with that of the gas cooled ceramic breeder
blanket. Here the inductive coupling with the vacuum vessel
has been taken into account. Special attention has been given
to the influence of the electrical connection of the first wall
segments and to the question whether an internal insulation
of the liquid metal blanket is necessary.

For the eddy current computations the 3D FEM code CARIDDI
has been applied. The same initial and boundary conditions
have been chosen for the different blankets. Again the design
plasma disruption has been assumed. The same vessel and
shield has been used and the inboard blanket has not been
modelled. The resulting eddy current is split into two parts.
One, the box current, is circulating in the blanket box, the
other one, the toroidal current, flows in the first wall in
toroidal direction. Because of the alignment of the toroidal
current and the time constant magnetic field this part of the
current does not produce any Lorentz forces. So the
mechanical loading of the blanket during a plasma disruption
is mainly depending on the magnitude and flow pattern of
the box current.

Firstly it proofs that the results for both blanket concepts do
not differ significantly. The internal insulation of the liquid
metal blanket has no significant influence on the maximum
of the box current. Because the insulation emphasises the
resistive behaviour of the blanket, the maximum box current
is occurring a little bit earlier. But his may be neglected with
respect to the mechanical loading.

The electrical connection of the first wall segments and its
electrical properties are strongly influencing the magnitude
of the box currents. The maximum current - and consequently
the maximum forces - are reduced by a poloidally continuous
connection of the first wall segments to the factor 3 and even
more. Furthermore the maximum occurs later. For these
results the global electrical resistance of the first wall in
toroidal direction has been adjusted to approximately 0.5
mQ.

Assuming a rigidly fixed blanket the electrical connection
yields a decisive reduction of mechanical stresses in the

blanket caused by the disruption. Nevertheless a more
detailed stress analysis is needed.

b) Blanket Selection Criteria

Safety and reliability related criteria for the evaluation of
different blanket concepts have been elaborated [2]. They
refer to the procedures proposed by the European Blanket
Coordination Group for the "DEMO Blanket Selection
Exercise” in 1994.

in the report a short survey is given of important studies on
criteria for the comparison of different blanket options. Since
these previous studies give a very wide picture when taken all
together, an attempt has been made to elaborate a
consistent list of criteria and to outline an evaluation
procedure. Hence, for the evaluation of blanket concepts the
following tasks are being proposed:

- Characterization of the toxic inventories and potential
source terms including tritium, activation products, and
chemical toxins

- Characterization of the possible energy sources for
mobilization of toxic materials, including high pressure
fluids, the decay heat, and possible chemical reactions

- Identification of the fault tolerance including the
response to mixing of different media, loss of coolant
accidents, loss of flow accidents, plasma disruption, off-
normal magnetic loads, loss of vacuum accidents, loss
of site power, earthquakes

- Assessment of the radioactive effluents under normal
operation and accidental conditions

- Quantification of the recycling possibility and waste
hazards

- Quantification of reliability and availability.

In two ad-hoc working groups (one group for safety, and one
for reliability/availability) with members of CEA, ENEA and
KfK the activity in establishing blanket selection criteria was
continued in the framework of the European Fusion
Technology Program. Due to the still existing deficiencies in
the blanket designs and the limited resources special effort
was undertaken to reduce the amount and depth of the
investigations considered to be necessary for a comparison of
different blanket concepts. The elaborated proposals were
submitted to the Blanket Project Leaders and the Blanket
Coordination Group.

o) Accident Analysis (ITER Blanket)

On request of the NET-Team an alternative blanket concept
for ITER has been investigated based on austenitic steel (316
L) as structural material, a Pb alloy as shield/breeder material,
and helium as coolant (s.BL DE-D1). The first wall which is
similar to that of the DEMO dual coolant concept is designed
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for an average neutron wall load of 1 MW/m2 The
rectangular first wall cooling channels of 2.5 x 2.5 cm? in size
are connected to two independent helium systems, The quasi-
stagnant Pb alloy inside the blanket box is cooled by helium
flowing in an array of hairpin-shaped tubes.

For this blanket concept a preliminary analysis of the first wall
behaviour during loss of coolant accidents (LOCA) has been
carried out using the General Electric code TIGER V. This code
allows to calculate the temperatures in complex structures
with internal heat sources and convective heat transport in
arbitrary internal channels. To limit the input and
calculational effort, the real geometry was transformed into a
simple 3-dimensional model in the following way: The
rectangular first wall channels were turned by 90° into the
poloidal direction, thus the coolant is flowing upward like the
overall direction of the flow in the single passages of the first
wall. Only the first row of the breeder cooling tubes is
included in the model. The flow direction of the He in this
channels is downward. Heat conduction and surface heat
transfer is taken into account in the radial and toroidal
direction, convective heat transport in the cooling channels in
the poloidal direction. The helium inlet ternperature is 250 °C,
the outlet temperature of the first wall channels 329 °C. The
surface heat load amounts to 20 W/cm2 with a local peak
value of 25 W/cmz2.

In the calculations it was assumed that at the start of the
LOCA cooling of the first wall is instantaneously interrupted
either in one or in both helium cooling systems. According to
the “Safety and Reliability Related Blanket Selection Criteria®”
plasma shut down was assumed 1 s after LOCA occurrence. At
that time, the neutron power in the blanket disappears
instantaneously, and the first wall heat load decreases
linearly down to zero in 20 s. In a first step the poloidal
position of the maximum first wall temperature was
determined with the average surface heat load of 20 W/cm2,

Then the calculation was repeated with a local peak heat load
of 25 W/cm? in that area.

As a representative result of the analysis, Fig. 1 shows for the
two LOCA cases the history of the maximum first wall
temperatures during the LOCA. The peak values are reached
12 and 15 s, respectively after the start of the LOCA. The
difference between the peak values of the two cases is only
about 11 K. This means that heat transfer between
neighbouring channels does not play an important role.
Consequently, the concept with two separate cooling systems
will not induce significant advantages in the case of a LOCA.
Of course, this conclusion applies only to the design
investigated, i.e. to a channel pitch of 3 cm and austenitic
steel as structural material.

In the case of a LOCA in both cooling systems the maximum
first wall temperature increases to about 520 °C. The stress
analysis of the first wall for theses conditions has not yet been
carried out, but it is expected that the transient will not cause
severe damage to the blanket.
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Development of ECRH Power Sources
Introduction

The major goal of the gyrotron development program at KfK
is the design, construction and test of high-power gyrotron
oscillators for electron cyclotron wave applications in
thermonuclear fusion experiments. For the next generation
of fusion devices such as ITER, millimeter wave generators
operating at long pulses up to cw with an rf output power in
excess of 1 MW per unit at frequencies around 140 GHz are
needed. In order to fulfill these requirements development
work is still necessary. The ECRH development is the subject of
cooperation between KfK Karlsruhe (power generation and
millimeter-wave diagnostics), IPF University of Stuttgart
(millimeter-wave transmission and diagnostics) and IPP
Garching (plasma experiments).

Measurements at IPP Garching

A new Russian 140 GHz, 0.5 MW, 1.1 s gyrotron with a built-in
quasi-optical mode converter and radial output coupling was
installed at the Stellarator W 7-AS and tested together with
the Russian group. Radial output coupling of the rf power ina
Gaussian (TEMg o) mode has three significant advantages for
high-power operation. First, the linearly polarized TEM;q
mode is directly usable for low-loss transmission as well as for
effective interaction with the fusion plasma; thus no further
mode converters are needed. Second, the converter separates
the electron beam from the rf wave path, so that the electron
collector is no longer part of the output waveguide as in the
¢ase of an axially arranged tube. Hence, the collector can be
designed especially for handling the high electron beam
power. {n addition, energy recovery with a depressed
collector becomes possible. Third, the influence of rf power
reflected from the output window and the load (long-line
effect) is significantly reduced, especially for modes rotating
in the opposite direction from the design mode. The KfK
gyrotron diagnostics system (100 MHz resolution) together
with a frequency-time-interval analyzer allows instantaneous
frequency measurements during a single pulse [1]. The
measurements show a very stable single mode operation of
the Russian tube (Fig. 1). No frequency hopping owing to the

140.15

UGHz —P

100 MH2/Div

139.65

0 t —P 700 ms

Fig.1:  Frequency of the 0.5 MW gyrotron versus time. The

50 Hz rippel is due to the cathode heater,

long-line effect has been observed.
KfK TE,o 4-Gyrotron with Axial Output Coupling

Within the first KfK superconducting gyrotron magnet with a
100 mm bore hole only a tube with an axial output coupling
could be installed in a reasonable way. Therefore, the first
experiments had to be done with an axially arranged tube.
The high power density due to the electron beam hitting the
surface wall limits the maximum pulse length to a few msec.
As rf-output windows an adjustable double disc saphire
window (DDW), a single disc sapphire window (SDW1) and a
fused silica single disc window (SDW2) have been used. The
electrical thickness of all the window discs is 5 half
waveiengths at 140 GHz. The relative permittivity of sapphire
is 9.4 and of the fused silica 3.8. Two different resonators with
quite different quality factors have been investigated
experimentally. The longer resonator with the length of
the cylindrical section equal 12 mm has smooth transitions
towards the input and output taper in order to reduce mode
conversion [2]. The influence of the curved transitions
increases the effective resonator length to about 16 mm. This
resonator has been optimized for an average velocity ratio
a=1.1 (the shorter one for a = 1.5). Both resonators are
designed for maximum efficiency at an rf-output power of 0.5
Mwe [3], [4].

Fig. 2 shows the calculated power reflection coefficient as a
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Fig.2:  RF-power reflected from different output

windows

function of the frequency for the three different windows
used. The distance between the discs of the double disc
window is 4.41 mm, a value for which single mode operation
of the TE;o4-mode was possible. As a consequence of the
higher reflectivity of the sapphire windows, resonator modes
located as far as the TEy, 4, at 147.4 GHz appeared to be
competitors of the TE;, mode. The mode competition
problem was significantly reduced when the gyrotron was
operated with the fused silica window. All modes indicated in
Fig. 2 by arrows appeared as competitors when operated with
the sapphire windows. However, only the underlined ones
hav been observed as competitors with the fused silica
window.
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in contrast to the design of the first tube the maximum
achievable velocity ratio was limited to about 1.1. Above that
value instabilities of the electron beam and a strong increase
of the current to the modulation anode appeared. A reason
for that seems to be an unusually large velocity spread
leading to electron reflections already at this low value of the
velocity ratio. One possible contribution to the enhanced
velocity spread has been identified as a fabrication error,
With the short resonator a maximum output power of 520
kW has been measured. However, in this case above 450 kW a
slight contribution of the TEy 4 mode was observed. Fig. 3
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Fig.3:  Output power and efficiency for the TEq 4-mode

(long cavity) versus beam current

shows the rf-output power and the corresponding efficiency
as a function of the electron beam current measured with the
longer resonator. The optimized magnetic field distribution
with a field strength of 5.6 T at the resonator was kept
constant, whereas the beam voltage and the voltage of the
modulation anode,which determines the velocity ratio have
been adjusted for maximum output power. Care was taken to
ensure that single mode operation occured. A maximum
output power of 690 kW was measured at 87.0 kv with an
electron beam current of 30 A corresponding to an output
efficiency of 26 % [5]. When the internal losses in the
resonator (~ 5%), the uptaper and collector (~3%), the
output window (~1%), the external waveguide line (~1%)
and the beam energy reduction due to the voltage depression
(~5%) is taken into account, then the electronic efficiency is
calculated to be about 31%. A maximum output efficiency of
even 28.6 % has been measured at an electron current of 23 A
and an rf-output power of 560 kW. The corresponding
electronic efficiency is about 33 %. The achieved efficiencies

are in reasonable agreement with the calculated values, [6)
[10) when velocity spread is taken into account.

A measurement of the mode content of the waveguide
modes with a wavenumber spectrometer resulted in a purity
of the TEyo 4 mode better than 98 %.

Frequency Step Tuning

One of the main advantages of ECW-heating of fusion
plasmas is the well localised energy deposition of the
microwave beam. By tuning the frequency of the generator it
is possible to heat and stabilize different well defined areas of
the plasma. In gyrotrons the frequency can be varied by
changing the operating mode. Different modes can be
excited by (fast) tuning of the beam voltage or (slow)
variation of the magnetic field. Azimuthal neighbouring
modes are suitable for frequency step-tuning in a gyrotron as
their radial structure is very similar to that of the main mode.
Subject to this condition the coupling of the electron beam
and the rf wave in a gyrotron resonator is comparable for
these modes. This behaviour is shown in Fig. 4 for the TEyg,
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Fig.4: Coupling coefficient for beam-wave interaction

mode and its neighbours. Although the frequency spacing of
approximately 7.4 GHz of these modes is probably too large
to fulfill the requirements for fusion plasma applications,
investigations with respect to single mode operation and
output power can be performed. A necessary broad band
window is developed [11].

By increasing and decreasing the magnetic field (~ 5.3 %) we
optimized the tube to oscillate in the TE;, 4 (147.4 GHz) and
TEg,4 (132.6 GHz) mode respectively. In the TEg4 mode we
achieved 420 kW rf power at 25 A (to be compared with
TEyg,4: 600 kW). We observed strong mode competition with
the TEg, (124,96 GHz) and TE,; ; (126.24 GHz) modes. It is
assumed that this effect is supported by a high amount of
reflection of these modes at the window (up to 35 %) which is
tuned to 140.0 GHz. Taking realistic beam properties and
window reflections into account the measured peak output




138

power of the TEq4 mode is in reasonable agreement with
numerical calculations [10].

Fig 5 shows the oscillating area of the TE; 4 mode in the
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Fig.5:  Oscillating area of the TEy; 4 mode

Umod-Ubeam Plane. Several frequencies spaced by
approximately 60 MHz have been observed for the TEy,4
mode, corresponding to different longitudinal modes of the
long-line cavity formed by the gyrotron resonator and the
(reflecting) window. The maximum output power in this
mode was 300 kW.

TEp,4 gyrotron with radial output coupling and advanced
quasi-optical mode converter

In the next version of the modular TE;g 4-mode gyrotron the
rotating TE,q 4 cavity mode is converted to a linearly polarized
Gaussian beam by an advanced mode conversion system
designed according to [7]. It consists of a helically cut quasi-
optical aperture antenna with a deformed feed waveguide
and three beam-forming mirrors (see Figure 6). The rotating
mode is converted by the feed waveguide section into a mode
mixture that assures an almost sidelobe-free radiation
pattern when launched through the antenna aperture. After
being refocused by a quasi-parabolic mirror, that corrects the
phase in the transverse plane, an astigmatic Gaussian beam is
obtained. Two further mirrors remove the astigmatism and
direct the rf beam through the output window. The beam
waist has a radius of 22 mm (1/e2 drop of power density) and
is located about 12 cm outside the window. The single disk
window is made of pyrolytic BN with a permittivity of about
4.7. The transmission capacity of the edge cooled disk is
estimated to be around 500 kW for up to 0.3 5. The electron
gun and the beam tunnel from the axially arranged tube are
used unchanged. The collector and superconducting magnet
have been fabricated and tested. After assembly and bake-
out of the tube, first tests are expected in September 1993,

Coaxial Cavity Gyrotron

The main advantages of coaxial gyrotron cavities compared
to conventional cylindrial cavities are lower voltage

Photograph of the gyrotron tank with the
advanced quasi-optical mode converter

Fig. 6:

depression in the electron beam (i.e. 2.1 kV instead of 8.4 kv
in conventional cavities) and better ability of mode selection.
Very high operating modes can be utilized leading to lower
ohmic losses in the cavity (= 1.5 kW/cm2 at 2 MW output
power). Therefore,a 2 MW cw gyrotron employing two 1
MW cryogenically cooled windows for ITER seems to be
feasible. KfK has started in collaboration with IAP Nizhny
Novgorod the design of a first experimental 1.5 MW 140 GHz
short pulse coaxial cavity gyrotron with axial tube output for
studies on mode competition (use of different mode selection
schemes) and cavity output mode purity. Table 1 summarizes

Inverse electron gun

U = 90 kv Raviy =~ 29.8 mm

I =50A R/R; ~4

n =233% Rbeam = 10mm

p ~ 1.5 MW Q =~ 2000

a ~ 1.3(=v,/v) Qo =75000

v < 30 % (operating Prax < 1.5 kW/cm2
regime)

Pulse length: 1=300 ps

High order cavity mode: M= 90 (Bessel zero)

Table 1: Parameters of first experimental 1.5 MW, 140 GHz
short pulse gyrotron with coaxial cavity (1994)
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the main features of this tube. The inverse electron gun
allows support and cooling of the inner cavity rod from the
gun side and thus opens the possibility to install a dual-beam
quasi-optical mode converter with an advanced dual-cut
launcher together with two output windows in a later phase
of the development (see Fig. 7). The two coherent Gaussian rf
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Fig.7:  Schematic arrangement of the coaxial cavity
gyrotron

output beams can be combined again to a single beam for
low loss transmission to the plasma torus.

Measurements of the Properties of Electron Beams

The measurement of the real properties of the electron beam
is necessary not only for checking the limits of validity of the
available numerical codes but also for a better understanding
of the behaviour of a gyrotron tube and for being able to
perform a reliable gyrotron design. The method of retarding
fields is used for measuring the velocity distribution of the
helical gyrotron electron beams. This method requires a
special experimental set-up [8] as shown in Fig. 8.

As a consequence of the high power density of the electron
beam, the measurements have to be performed at scaled
down parameters. In order to prove the validity of
extrapolating the measured values towards the operating
parameters the experimental arrangement has been

Dhotlow eleciron beam — }
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Fig.8:  Schematic arrangement of the velocity spread
analyzer

modified to allow measurements over a wide range of scaling
factors k,. The scaling factor k, gives the value by which the
voltages applied at the gun are reduced. In addition, to have
unchanged electron trajectories the beam current I, and the
magnetic field B(z) have to be scaled down by (k)!5 and
(k)05 respectively. The retarding field method can be applied
to measure the distribution of the current in dependence of
the longitudinal and transverse velocity, By and B, because
the motion within the retarding region is adiabatic and
therefore the retarding field acis only on the longitudinal
momentum leaving the transverse momentum unaffected.

Out of the measured current distributions the experimental
values which are of interest for the gyrotron operation, as the
relative transverse energy t |, the average velocity ratio a and
the velocity spread 63 |, are evaluated.

Two guns of the MiG-type optimized for a 140 GHz, TEy;-
gyrotron have been examined. One of the guns has been
designed to have a laminar and the other one a non-laminar
electron flow [9]. Both guns are designed for an electron
current of 8 A at 70 kV.

The experimental value of t, and o are somewhat higher
than the value calculated with the EGUN code. However, they
are still within the estimated error margin of * 10 %. At low
beam currents the experimental value of 6§ , is quite close to
the numerically calculated value of about 5 %. The spread
883, increases with the beam current and attains at a beam
current of 8 A a value of about 10 %. In order to prove the
validity of extrapolating the results up to the gyrotron
operating region, tests have been done at scaling factors of 5,
10 and 20 for different gun parameters. The experimental
result of 53, as a function of beam current are given in Fig. 9.
These results indicate that the measured 53, is, within an
estimated accuracy of about +15 %, independent of the
scaling factor. This is a strong indication that the beam
parameters measured at scaled down parameters can be
extrapolated up to the gyrotron operating region. Up to
about the design value of the electron current both guns
have a similar velocity spread. Above about 10 A the non-
laminar gun shows a significantly stronger increase of 63
with current than the laminar gun. This confirms the results of
numerical calculations that the non-laminar flow is more
sensitive to space charge forces than the laminar flow.
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Fig.9:

5B, beam current for both guns measured with
ky=5,10and 20
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High Power Windows

The actual candidate material for gyrotron windows is
sapphire. In order to assess the resistance with respect to
spontaneous failure the inert strength is necessary. In a first
test series 4-point bending bars 3.5 x 4.5 x 45mm were cut out
of an original sapphire disc. Whilst the disc surfaces remained
polished the side faces of the specimens were only ground as
usual in testing ceramic materials. The measured strength
data are shown in Fig. 10 in Weibuil representation (circles).
The two Weibull moduli g; and m are given in the plot. In
order to estimate the influence of the cutting and grinding
procedure during preparation of the bending specimens a
second series of strength tests was carried out with discs of
25mm diameter and 2mm thickness in a ring-on-ring testing
device (inner ring 11mm outer ring 22mm diameter). In these
tests only the original polished surface can contribute to the
strength. The results are entered in Fig. 10 as squares. A
possible influence of the residual stresses generated during
grinding and polishing was checked by measuring additional
specimens which were annealed before the tests. The
strength values (open squares in Fig. 10) show no significant
influence of annealing.
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Fig.10: Strength data of sapphire bars (circles) and discs
(squares)

As the consequence of these first strength measurements
with different types of tests it is recommended to perform all
future strength measurements in ring-on-ring test with
unannealed specimens.
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Plasma heating in nuclear fusion reactors by feed of
millimeter waves from gyrotrons calls for effective and
reliable high-vacuum tigth window systems with preferably 1
MW power transmission as a major prerequisite.

At KfK the concept is being pursued of a single-disk window
made from monocrystalline Al203 (sapphire) with edge
cooling by bubble boiling in liquid nitrogen (77 K). The
relevant development work has been continued by IMF il
according to schedule during the period of reporting.

The design calculations have been performed with the
ABAQUS finite element programm supported by the CAD
program BRAVO for network preparation. In an extensive
study the influence of different parameters on the
transmitted power has been analysed [1, 2}.

Three different power distributions have been chosen for the
calculations (Fig. 11):

1. a profile of a fundamental Gaussian wave beam;
2. a distribution flattened by a phase-modulation mirror

in order to reduce the peak power density in the center
of the window [3];
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Fig.11: Distribution of power density.
3. an annular shaped power distribution [4], which

becomes possible by a coaxial gyrotron cavity.

With a power absorption factor tan 6=3.15x10-12x73.3 (at
140 GHz) presently availabie for a Ti-doped sapphire (5], and
a thickness of the disk of 1.76 mm (6 mm at the edge) the
maximum transmittance obtained for the window is shown in
Fig. 12,i.e.

about 500 kW for a Gaussian mode,
700 kW for a flattened profile, and
1 MW for an annular shaped power distribution [6].
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Fig.12: Central temperature and heat absorption as a

function of transmitted power.

It is actually not the heat transfer to the coolant at the edge
of the window which sets the limit, but it is the radial heat
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conduction in the disk itself which causes the so-called
thermal runaway.

40 tests series have been performed in the meantime using
the test equipment built in 1991 which served to test the
concept and to verify the model computations: 22 of the test
series with an electrically heated copper simulator and 18
with an original sapphire window also heated electrically.

In experiments with an electrically heated copper disk we
found a very good agreement of the measured with the
calculated temperature distributions. By contrast, deviations
appeared in the tests involving sapphire disks - see Fig. 13 -
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Fig. 13: Radial temperature distribution in the sapphire

disk.

which allow to conclude that the thermal conductivity of the
sapphire used is little as assumed. All the resuits obtained
during the tests are contained in two internal KfK reports (7,
8].

In addition to development work on single-disk windows
with edge coocling by liquid nitrogen a study was performed
at IMF Hll which related to a gas-cooled double-disk window
[9]. It appeared from that study that expenditure for this
alternative window concept would be considerable.
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TRIT-1  Tritium Supply and Management

One gram of tritium was delivered to KfK in December 1992
and stored in the Institute of Radiochemistry.

From end September to the beginning of October 1993 a
total of 3,5 g T, will be delivered to KfK in batches of 0.09; 0.9
and 2.5 g. These batches will be measured with the newly
installed calorimeter, built by the KfK Engineering
Department.

A final batch of 5.5 g T, will be delivered to KfK during
April/May 1994 completing the total order of 10 g given to
Ontario Hydro, Canada.

First filling of tritium into the process systems of the tritium
Laboratory Karlsruhe is planned for October/November 1993,

A starting protium/tritium mixture with 0.09 vol % T, will be
used for leak tightness measurements. Lateron tests with
higher tritium concentrations will be performed.
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Studies for ITER / NET
Introduction:

By granting study contracts to KfK, ITER/NET draws
upon special expertise available in the laboratory. in
contrast to the technology tasks which extend over a
longer period of time and consist in most cases of
experimental work, study contracts are agreed on short
notice and are of limited duration. In the year under
review the KfK has spent approximate two manyears
for this kind of arrangements. Subjects scatter widely
according to the need arising from the design activity
for ITER/NET.
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Extended Jacket Material Characterization of the
Model Coil

The current material testing program under the framework
of the NET contract No. NET 92-287 covers the efforts done in
conjunction with the cryogenic crack growth tests of small
cracks and the preliminary investigations about the impact of
the insulation layer on an existing surface crack. The
investigations concerning with small cracks required the
manufacturing of small surface flaws on the specimens
surface which may serve as a crack starter under cyclic
loading. Two type of holes were introduced in this context.
Firstly, machined holes of 0.1 mm diameter with a depth of
0.2 mm could be achieved by high speed mechanical drilling.
Secondly, by electro discharge method (EDM) a smail hole of
0.3 mm diameter could be produced. These two type of flaws
were the initial step of the present cryogenic crack growth
tests. Crack propagation and the microscopic examination of
the broken halves of the specimens were completed within
this work. In addition, the simulation of the "“short crack”
propagation were investigated according to a conservative
measurement at constant high K-max value, which at near
threshold AK range eliminates the unknown amount of the
crack closure, This is believed to represent a conservative
approach for the crack growth rate in engineering
components, thus important for the cyclic loaded jacket
material of the future superconductors.

in this context we believe that fatigue crack growth rate
(FCGR) studies of small cracks is of special importance since in
material fatigue, when crack size approaches that of the
microstructure or the extent of local crack tip plasticity, or
when cracks are physically small (typically smaller than 0.25
mm), crack-tip field characterization models may no longer

apply.

The emanation of cracks from small surface defects was
simulated with the small hole mechanically drilled into the
surface. A pin holded flat specimen C-1 (316LN plate material)
with a 0.1 mm hole was cycled at R=0.1 with a peak load of
20 kN at 12 K. No crack initiation could be observed up to
625229 cycles and at a corresponding peak stress of 714 MPa.
After warm up, the specimen was removed and the cross
section reduced to 20 mm2. In this way higher stresses could
be applied to the specimen in the next run. After cool-down,
cycling of the specimen was continued at a peak stress of 900
MPa. No crack initiation could be observed until a sudden
specimen failure occured at 555860 cycles. The hole remained
intact up to this final cycle number and no sight of a crack
initiation could be detected after microscopic inspection of
the fractured surface. it is assumed that failure start occurred
from the corner of the rectangular cross section.

A similar behaviour was shown by the test carried out with
the specimen C-2 and an EDM-machined 0.3 mm diameter
hole. After 600000 cycles with a peak stress of 714 MPa
(R=0.1) the stress was increased to 950 MPa. After additional
90000 cycles crack emanation was observed and crack growth
of this specimen could be determined with the usual
procedure [1]. According to these results it appears that

higher stresses are necessary for the crack initiation from an
already existing flaw such as manufacturing related scratches.
An EDM type flaw, however, simulates a most severe defect in
a structure. These investigations figure out in principle the
structural safety potential of cyclic loaded material when the
nominal stresses are below 2/3 of the yield strength.
Practically to emanate a crack from a preexisting very small
material defect high cyclic stresses are necessary (in the range
of ca. 1000 MPa) to achieve AK levels of about 6-10 MPaVm.
This stress intensity factor range is on the other hand
necessary for substantial crack emanation in a life period
below a million cycles.

A quite different behaviour can be expected for very small
already emanated cracks. To simulate this “short crack”
behaviour on the basis of the proposal [2] given by R. W.
Hertzberg, the specimen C-6 was tested with constant K-max
= 20 MPaV'm at 12 K. Figure 1 gives the cyclic load control
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Fig. 1:  Peak load vs. crack length c of the 316 LN plate

material test procedure carried out at 12 K. The
dotted line gives the step by step changed load
levels during the test. The solid line gives the
calculated AK-line of the specimen for 20 MPAVm.

procedure of the specimen. After decreasing the AK level to
ca. 7 MPaVm the AK level was increased again to check the
base line FCGR of the 316 LN plate material at R=0.1
determined recently [1] by measurements with C-2, C-3, and
C-4 given in Fig. 2. Figure 3 gives the results of this testin form
of a dc/dN vs. AK diagram. The lowest value of the stress
intensity factor range indicates a R value as high as 0.63,
corresponding to a high crack growth rate. In Fig. 3 the line of
the plate material findings at R=0.1 is also given and the
drastic increase of the FCGR can be seen with such a variation
of test method. The curve determined at constant K-max, AK
decreasing procedure indicates the absence of the crack
closure effect and gives the detrimental impact on the 316LN
plate material FCGR properties.

The second important problem about the influence of an
insulating layer on the surface crack propagation were
investigated with the same material at 12 K. These tests were
performed under four-point bending mode. For the four
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Fig.2:  dc/dNvs. AK plots of two 316 LN materials with
different conditions determined at 12 K and ata
load ratio of R=0.1. The runs B3...B15 give the
results determined with the cold drawn U-section
material. The runs C2...C3 are the tests with the
solution treated and quenched plate material.
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Fig.3:  dc/dNvs. AK of the 316 LN plate material “short
crack” test obtained by constant K-max, AK
decreasing method at 12 K

point cyclic bending tests, bars of size 110x17x5 mm were
used. The upper and lower span length positions were 40 mm
and 90 mm, respectively. To manufacture an insulation layer
around the cyclic bend sample, a 6 mm wide standard glass
fabric tape was overwrapped with two wet layers around the
bar covering the already initiated crack on the metallic
surface. The two component epoxy resin (type EA-2, Tokyo
Sokki Kenkujo Co., TML) was cured at 295 K for 24 hours.
After cryogenic cyclic loading the bond between fabric and
metal showed no detectable failure.

Results of surface FCGR at 12 K produced by cyclic four point
bending tests are given in Fig. 4. For comparison, the cyclic
tensile data of 316 LN plate material are also shown. The
higher FCGR of the cyclic bend bar loading results from the
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Fig.4:  dc/dNvs. AK of the 316 LN plate material for bend
and tensile load tests at 12 K. Solid square point
gives the result of the influence of an insulation
layer.

high load ratio (R=0.3) necessary for this test. The influence
of the insulation layer processed on an alread initiated crack
is shown by the solid square point. During the cycling, the
crack beneath the insulation layer propagates with almost
the same rate as in the case of the specimen without an
insulation layer.

Literature:

{11  A.Nyilas, B. Obst and A. Uibricht: Simulations on jacket
material failure of NET-superconductors by surface
crack growth in 316 LN type materials at 12 K, To be
published in the proc. of ICMC held on July 93 in
Albuquerque, USA

[2]  W. A Herman, R. W. Hertzberg, C. H. Newton and R.

Jaccard, A re-evaluation of fatigue threshold test

methods. “Fatigue 87", EMAS, Ltd. (1987) UK pp. 819-
828

Staff:

A. Nyilas
H.P. Raber




-147--

Crack Growth in the NET First Wall

The first wall (FW) of a fusion machine operating as a pulsed
Tokamak reactor as planned during the CDA-phase of the
ITER (International Thermo-Nuclear Experiment Reactor
programme (and former in the NET design studies) is
subjected to perodically changing high heat fluxes. These
loads are inducing a changing inhomogenous temperature
field in the component. As a part of whole blanket box, the
FW is prevented from free expansion and free bending.
Hence, global and local thermal stresses are applied. Under
normal conditions one load cycle may be defined as the time
span from start-up operation to the end of shut-down/dwell
time. As some 50.000 cycles of operations are planned to be
performed, fatigue of the FW has to be considered. The
dominant failure mechanism of the component will probably
be the interaction of some fracture and fatigue mechanism.

On the one hand, there will be fatigue growth of existing
cracks under repeated load. The respective flaws may be
generated in the fabrication processes during machining or as
defects of welds. On the other hand, the FW is subjected to
severe loadings under off-normal conditions (plasma
disruptions, run-away electrons). During these events new
cracks may be initiated, that will propagate further as fatigue
cracks. Failure of the component has to be defined, at least, if
any crack penetrating the wall under stable crack growth
reaches the plasma facing surface of the FW. Due to the high
vacuum conditions needed in the plasma chamber, no leak
whatsoever can be tolerated.

Furthermore, cracks of a critical size wil! fail spontaneously. If
the FW is subjected to overloads as they are applied under the
dynamic conditions of disruption events, spontaneous failure,
even of small cracks, cannot be excluded.

The study was performed for a water-cooled austenitic

stainless steel FW at low temperature and pressure (ITER-CDA
design). Schematically the geometry is shown in Fig. 1.
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Fig.1:  Sketch of FW geometry

Problems of fatigue/fracture interaction have been
investigated. Within the first part of the Contract linear
elastic fracture mechanics (LEFM) was used. Within the second
part two different approaches of elastic plastic fracture
mechanics (EPFM) have been applied together with several
inelastic material models.

Fatigue crack growth has been investigated parametrically:
e at different critical locations
® and for starter cracks of different size and shape.

Upper and lower bounds on the life predicted have been
found by the application of different fracture mechanical
approaches and different material models. Depending on
some assumptions (to be made in the models) life assessment
by EPFM may be more conservative than by LEFM. The
lifetime predicted varies by a factor of two. However, the
location identified as most critical with respect to fatigue is
different. From the EPFM approach location C (at the heated
surface) is identified as life limiting, whereas from the LEFM
approach cracks located in the cooling tube (either at A or B)
have the shortest fatigue life. Fig. 2 summarises the lifetime
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Fig.2:  Final failure off FW under different approaches

predicted under the assumption of various starter cracks and
for different approaches.
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Impact of ITER Liquid Metal Blanket Design
Options on Safety Level and Licensing in
Germany

Inside the ITER-EDA different coolant media and structural
materials are under discussion for first wall, blanket, divertor
and vacuum vessel. There is a preference at present for liquid
lithium as breeder material and coolant medium for the first
wall and blanket, with vanadium alloys as structural material.
Inside the EC Fusion Programme, however, liquid lithium has
been excluded so far as coolant and breeder material due to
its potential chemical reaction hazards. To qualify from the EC
point of view the ITER-EDA options presently under
discussion, five design options for blanket/first wall cooling
concepts have been assessed in a NET study (Table 1),

Table 1: Blanket/first wall design options assessed in this
study
Option Component Coolant | Breeder | Type
| Blanket/FW Li Li self-
Divertor NaK cooled
Vacuum Vessel NaK
il Blanket/FW He Li tube
Divertor He in
Vacuum Vessel H,0 poo!
h Blanket/Fw He Li tube
Divertor He in
Vacuum Vessel He pool
v Blanket/FW He LiPb tube
Divertor He in
Vacuum Vessel H,0 pool
v Blanket/FW H,0 LiPb tube
Divertor H,0 in
Vacuum Vessel H,0 pool

The study covers the following topics with respect to the five
blanket options: (1) Literature survey on chemical reaction
processes of the liquid metals involved, (2) layout of the liquid
metal blanket options with an assessment of the coolant and
breeder inventories, (3) assessment and discussion of the main
radioactive inventories, (4) review of the confinement
strategy and concepts with view to necessary modifications,
and (5) definition of safety and design issues and discussion of
their relevance to the five options, leading to a ranking.

The literature survey focused on the chemical reactions of the
liquid metals included in the five blanket options assessed,
i.e., lithium, Pb-17Li and NaK. As possible reactants the most
common environmental media were considered, namely air,
nitrogen, carbon-dioxide, water and concrete. Several basic
design rules can be derived. (a) Lithium-water reactions must
be avoided by not allowing lithium and water carrying
components in the same compartment. (b) Concrete must be

protected by leak-tight steel liners against potential lithium
pools, catch pans are insufficient. (c) Nitrogen must be
excluded for inertization in rooms containing lithium
components. (d) For components and rooms carrying Pb-17Li
or NaK no extra safety measures beyond common practice in
liquid metal technology are deemed necessary.

The layout of the main circuitry led to the following results:
The total breeder inventory for the helium cooled lithium
blankets (options Il and 111} is on the order of 2.6 * 105 kg. For
the self-cooled blanket it is doubled. The total breeder
inventory for options IV and V (Pb-17Li) amounts to 5.7 - 106
kg. The total helium mass in options Il - IV is = 1.4 104 kg,
most of which (90 %) is in the loop and components. In option
V we have = 6.6 ' 105 kg of water in the circuitry. The main
pipes of the helium loops in option It - IV are = 1.1 m in
diameter when assuming 8 parallel systems. An extreme
design challenge will be the helium feeders, where 5 inlet and
5 outlet pipes of = 0.4 m diameter per 1/24 sector are
needed.

The assessment of the radioactive inventories implies large
uncertainties. For the options with lithium as breeder the
tritium recovery process becomes a key feature in reaching
the ITER target value of < 200 g of tritium in the whole
lithium circuitry. For Pb-17Li permeation constraints and
extraction techniques strongly determine the inventory,
which is expected to be about 20 g. Tritium extraction from
helium to sufficiently low levels (= 10 g) is not seen as a
critical issue. Maintaining low levels in the water needs
improvements. An inventory range of 30 - 100 g in the water
cooling system of option V seems to be feasible but implies
safety concerns.

The triple-barrier confinement concept employed by NET is
regarded as appropriate for the five liquid metal blanket
options, as long as the primary circuitry is entirely enclosed
within the 2nd barrier. A first layout of the primary (breeder
and coolant) and secondary circuitry showed that the
required space is mainly dictated by the piping rather than by
the size of the components. For the primary circuits
compartments on the order of 5000 - 13000 m3 are needed
for one quarter of the machine, not including
depressurization volumes. Compared to the volume allotted
for the steam generator compartments in NET (with lower
fusion power), this is a factor of 2 - 5 larger.

A three level ranking scheme has been adopted to the five
blanket options, based primarily on engineering judgement
and to some extent on the quantitative results obtained in
this study. The ranking is done with respect to (a) safety
relevant design aspects including technical feasibility, and (b)
safety concerns relevant to licensing. Two classes of issues
have been identified, i.e. 11 design issues (like vanadium alloy
qualification, tritium inventory in breeder, high coolant
pressure, MHD pressure drop, first wall cooling effectiveness,
etc.), and 12 safety issues (like potential breeder-H,0
reactions, potential lithium reactions with environmental
media, tritium extraction from breeder, Be-water reaction,
etc.). Within each class a ranking level A or B or C was then




assigned to each of the issues relative to the ranking criteria

defined in Table 2.

Table 2:

Ranking levels and criteria

Ranking
Level

Ranking Criteria for

Design Level

Safety Level

Option seems to be
feasible with respect
to the issue within
ITER time schedule, or
issue is not applicable.

Option does not raise
major safety concerns
beyond current NET
safety measures, or is-
sue is not applicable.

Option seems to be
feasible within ITER
schedule but requires
substantial R&D effort
or entails design com-
plexity or threatens
availability and reli-
ability goal.

Option raises severe
safety concerns but
defense-in-depth con-
cept can mitigate con-
sequences to guaran-
tee the safety rules.

Option is judged to be
technically not feasi-
ble within ITER time
schedule with proof
of reliability.

Option raises severe
safety concerns leav-
ing risk, at present un-
certainties, to fail the
safety rules.

The ranking procedure shows, that each option has at least
one issue (design or safety) ranked "C" (critical) and, hence,
no one would be viable for ITER according to this ranking
scheme. Yet, there are differences. Options | and Il are
penalized by four "C” each and are by far the less favorable
solutions. Option Iil and IV received two "C”, both of them
with the vanadium alloy qualification issue as the dominating
one. If this problem could be solved, e.g. by chosing steel
instead of vanadium, both options were attractive, especially
option IV, where the Be-water reaction issue could be by-
passed by eliminating water from the vacuum vessel. Option
V has one critical issue only, the Be-water reaction hazard,
and has otherwise the highest number of issues ranked “A”.
However, unless it can be shown that the Be-water reaction
problem in combination with the high water pressure in the
blanket can be coped with, we would rank option V after IV.

In conclusion, the five options have been ranked from the
feasibility and safety level point of view in the following
order: IV, V, Il}, |, . The modified option IV with steel instead
of vanadium and NaK or He instead of water in the vacuum
essel seems to be a viable option.
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Appendix: Allocation of Tasks

Task Title KfK Departments
No.

Plasma Facing Components

PSM 3 Low Cycle Fatigue of 316L and Welds IMF I

PSM 8 High Emissivity Coatings on 316L IRS

PPM 1 Development and Characterization of Graphites and CFCs IMF1

PPM 3 Off-Normal High Heat Loads INR

PPM 4 Ceramics for Heating and Current Drive Systems IMF |

PPM 6 Erosion, H-Retention, Gas Interaction INR, IRCH
PDT 1 First Wall Mock-up and Tests IATF, IMF Il
PDT 2 Divertor Mock-up and Tests IRS
Superconducting Magnets

MCO! Model Coil TP

MCON Full-Size 40 kA Conductor TP

MTOS TOSKA Upgrade for Model Coil Testing ITP, HIT, HPE
MBAC High Field Operation of NbTi at 1.8 K ITP, HIT, HPE
Vacuum and Fuel Cycle

TPV 1 Mechanical Vacuum Components HIT

TPV 2 Optimization of Cryogenic Vacuum Pumping of Plasma Exhaust HIT

TEP 2 Permeation und Catalytic Cracking: Alternative Options IRCH
Nuclear Engineering / Basic Blanket

NDB 2 Neutronics Data Base - Benchmark Experiments TU Dresden
Remote Handling / Maintenance

RHB 1 RH Common Subsystems 1Al

RHT 1 Articulated Boom Transporter HIT, |AlL HVT
RST 2 Cutting and Welding Tools HIT
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Safety and Environment

SEA3
SEP 1

SEP2

Analysis of Reference Accident Sequences
Radioactive Inventories and Source Terms

Environmental impact of Tritium and Activation Products

Long Term Program for Materials Development

LAM 2.1
LAM 3.2
MANET 1.1
MANET 2.3
MANET 3.2
MANET 3.4

MAT S

Low-Activation Fusion Materials Development
Development of Low Activation Martensitic Steel
Characterization and Optimization of MANET-II-Steel
Diffusion Welding

Pre- and Post-lrradiation Fatigue Properties

Pre- and Post-Irradiation Fracture Toughness

ion-Beam Irradiation Fatigue and Creep Fatigue Tests

Test Blanket Development

BS - Solid Breeder Test Blankets

BSDE-D 1
BS BE-D 1
BSBR-D1/D2
BSBR-D 3
BSBR-D4
BSBR-D5
BSBR-D8
BSNN-D 1
BS NN-D 2

BSNN-D 3

Solid Breeder Test Blanket Design

Beryllium

Preparation and Characterization of Ceramic Breeder Materials
irradiation Testing and Post Irradiation Examination

Tritium Release

irradiation Testing and Post-irradiation Examination

Thermochemistry of the Reaction of Lithium Orthosilicate with Hydrogen
Helium Blanket Test Loop

Irradiation Experiments and Non Nuclear Tests

Irradiation Experiments and Non Nuclear Testing

BL - Liquid Metal Test Blankets

BLDE-D 1
BLPC-D2
BLEI-D 1

BL MH-D 1
BLSA-D1

BLSA-D 2

Liquid Metal Test Blanket Design

Active and Inactive Impurities and Clean-up of Molten Pb-17Li
Electrical Insulation and Coatings

Liquid Metal MHD

Reliability Assessment

Safety Analysis of Self-cooled LM Breeder Blankets

IRS
IRCH

INR

IMF I

IMF 1, IMF I
IMF 1, IMF Il
IMF HI

IMF I

IMF I, HVT/HZ

IMF

IMF Hl, INR, IRS
INR

IMF 1l

IMF HY, HVT/HZ
INR, HVT/HZ
IMF |

IRCH

IMF Il1, INR
IMF I, INR

IRCH

IMFIN, INR, IATF, IRS

HIT

IMF 1, IMF HI, JATF, IRS

IATF
IRS, IMF Il

IRS
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Development of ECRH Power Sources ITP, IMF 11

Tritium Supply and Management ' HVT




Appendixll: Table of NET Contracts

Theme

153

Contract No.

Working Period

Extended Jacket Material Characterization of the
Model Coil

Crack Growth in the NET First Wal}

Impact of ITER Liquid Metal Blanket Design Options on
Safety Level and Licensing in Germany

ERB 5000 CT 920044 NET

ERB 5000 CT 9100 72 NET

ERB 5000 CT 930028 NET

10/92

11/91

6/93

9/93

10/92

8/93
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Appendix Ill: KfK Departments Contributing to the Fusion Project

KfK Department KfK Institut/Abteilung Director Ext.

Institute for Materials Institut fr Material- und I. Prof. Dr.K.-H.Zum Gahr 3897

Research Festkérperforschung (IMF) Il. Prof. Dr.D. Munz 4815
Wi, Dr.J. HauBlelt 2518

Institute for Neutron Physics Institut fir Neutronenphysik Prof. Dr. G. KeBler 2440

and Reactor Engineering und Reaktortechnik (INR)

Institute for Applied Thermo- Institut fir Angewandte Thermo- Prof. Dr. U. Miiller 3450

and Fluiddynamic und Fluiddynamik (IATF)

Institute for Radiochemistry Institut fur Radiochemie (JRCH) Prof. Dr. H.). Ache 3200

Institute for Reactor Institut fur Reaktor- Prof. Dr. D. Cacuci 2550

Safety sicherheit {IRS)

Central Engineering Hauptabteilung Ingenieur- Dr. H. Rininsland 3000

Department technik (HIT)

Institute for Technical Institut fur Technische Prof. Dr. P. Komarek 3500

Physics Physik (ITP)

Central Experimental Hauptabteilung Versuchstechnik Dr. Schubert 3114

Engineering Department (HVT)

- Hot Cells - HeiBe Zellen (HVT-HZ) DI Enderlein 3650

- Tritium Laboratory Karlsruhe - Tritiumlabor Karlsruhe (TLK) DP.Jourdan 2514

Remote Handling Handhabungstechnik- Dr. Schol! 2942

Laboratory Labor (HT)

Central Safety Hauptabteilung DP.W. Koelzer 2660

Department Sicherheit (HS)

institute for Applied Institut fir Angewandte Prof. Dr. H. Trauboth 5700

Informatics Informatik (IAl)

Institute for Nuclear and Prof. Dr. K. Seidel 035101/8982

Atomic Physics of the
Technical University
Dresden
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Appendix IV: Fusion Project Management Staff

Head of the Research Unit Dr. ). E. Vetter
Secretariate: Fr. 1. Sickinger
Fr. 1. Pleli

Fr. V. Lallemand

Project Budgets, Administration,
Documentation BW G. Kast

Studies, ITER / NET Contacts Dr. .E. Vetter

Blanket Development
and Test Facilities DI H. Sebening

Superconducting Magnets,
Development of Gyrotrons and
Transmission Components DI H. Knuth

Tritium Technology
Structural Materials Dr. H.D. Réhrig

Safety and Environmental
Impact, Remote Handling DI A. Fiege

Address: Kernforschungszentrum Karlsruhe GmbH
Nuclear Fusion Project Management

ext.

ext.
ext.
ext.

ext.

ext.

ext.

ext.

ext.

ext.

5460

5461
5466
5466

5462

5460

5464

5468

5463

5465

Post Office Box 3640, D-76021 Karlsruhe / Germany

Telephone No:  07247-82- Extensions....

Telefax No: 07247 - 82 - 5467
Telex No: 17724716
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