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Abstract

A conceptual design has been completed for the divertor plates of the Large Helical Device
(LHD, R=3.9 m, ap=50 ~ 60 cm, By=3 ~ 4T / superconducting coils of NbTi) and the detailed
technical design is now in progress. The design concept and the status of research and
devel (R&D) prog: are described.

[Key Words : LHD, helical divertor, divertor plate, graphite, C-C composite, OFHC,
brazing, active cooling, R&D, ACT]



1. INTRODUCTION

The Large Helical Device (LHD) hax been designed as a heliotronfiorsatron type fusion
plasma experimental device with toraidal and poloidal pitch numbers of m=10. =2,
respectively (ref. 1-63. The major and minor radii of the plasma are 3.9 m and 0.5 - 0.6 m,
respectively. The magnetic $icdd sirength is 3 - 3 T on the plasmiaxis. A pair of the helical coils
and three pairs of the potoidal coils are all superconducting magnets made of NbTi.

The objectives of the LHID project are to achieve high wemperature, high beta plasnias with
good confinement, o imsestigate energy and particle ranspont of such plasmas, and to obtain
the basic data necessary for steady state operations. For these purposes, a divenor configuration
is reqaired for the LHD devace (ref. 12200 A heholronftorsatron configuration has an intrinsic
magnete limater configuration. In LHD. thas property s utdized 1o accomodate o closed disertor
contiguration cret. 2.5 Inorder o achieve goad pecformances ol the dis enor, the divertor
region 15 disigned to be sepatated from ogun Chamber surrounding the core plasma region by
baltle plates. Tnorder to achiese safficiently low recyeling of hsdrogen isotopes, pumping i
the divertor chamber v afso under considerstion, The maghietic contiguration, the convepisal
design of the divertor chamber and the divertor pumping are discussed inret. 5.

In ths papet. a conceptual design at the disentor plates is deseribed. At the initial stage of the
experanett, carbon bised niatersals are the primary candidate tor the plasma- facing part (armor)
of the divarior plaies. The status of the rescarch amd development (R&11Y for C-Che brazing unis

samples is also desenbed.

2, CONCEPT OF DINERTOR PLA

Figure 1 shows g schemitie view of the viacoum vessel cross section, the closed magnetic
surlavces and 1he disertor fegs at two ditferent woroidal angles of the wrus, The magnetic
coligaration i topologcally simiar o double-null configurations i tokamaks, namely. both
fane two X points and four disertor legs running tarowdally. AN the legs and the X points are
not ving in a tka plane, but running helically wong the helical coils, which s quite different
trom tohamiths. Due (o this complenity, it is aot casy 1o design the divertor plate with a
contiiwaus-plite structere, On the other hand, i the LHD magnetic configuration. the poloidal
magnetic field B,, in larger than topoidal ficld B, arround the striking point (ret.S), meaning
thiat the direction of the hear Now is also poloidal there, which is not the case in tokamaks.
Thus, in the LHD contiguration, it is easy 10 avoid heat concentration o the edge of carbon tiles
due 10 misalignment. which is ang of the severe problems in large tokanaks (ret.7). From
above Iwo reasons, e divertor plate is desigaed to be a helically running discrete-bar array. not
as a continuous plate.



A schematic view of the divertor unit and the amrangement of the divertor bar array is shown
in Fig. 2. Each unit of the divertor is designed as a straight, cylindrical bar, in which several
picces of cylindrical carbon armor is directly brazed to a copper cooling tube. The typical size
of the unit is 30 - 40 mm in diameter and 300 - 400 mm in length. The armor thickness is [0
mm and the inner diameter of the cooling tube is & - 10 mm, The divertor units are attached to
the headers made of stainless sicel as is shown in Fig. 2 b). The gap between the two
neighboring units is 3 - 8 mm. which must be adjusted to prevent the plasma stream passing
through the gap and reaching the inner surface of the vacuum vessel. As is seen in Fig. 1, there
are four divertor legs and cach has a helical line of striking point with ~40 m in length. Then
approximately 300 units are necessary in total. The incident angle of the magnetic lines of
force to the surface can be designed to be lasger than 60 degree for all of the divertor units,

As is mentioned in Sec. 1. one of the aims of the LHD project is to sustain a high
temperature plasma in u steady state, i'.c.. more than 1 hour with a heating power of as high as
3 MW For this purpose. the divertor plates must be actively cooled. Morcover. it is also

quired to maintain pi discharges for 10 seconds with a heating power of 20MW. The
maximum heat foad on the divertor plate is estimated 1o be 5 MW/m2 for the 20MW/10s
operation. A total heating power of more than 30 MW is planned lo apply in the later phase of
the experiment, which results in the heat load of around 10 MW/m? for 5 sec. The requirement
of the heat load is summarized in Table. 1. On the other hand, the surface temperature of the
carbon armor needs to be kept below 1200 °C in order to avoid enhanced sputtering by the so
called radiati h d sublimation (ref.8). From these requirements. direct brazing of the
carbon armior to the copper cooling tube is adopied for the divertor units.

Both isotropic graphite (1G) and high thermal conductive carbon-carbon compasite (CC) are
considered as candidates of the armor. Oxygen free high-conductivity copper (OFHC) is
adopted as the primary candidate of the cooling tube. A preliminary result of a two-dimensional
steady-state calculation shows that the surface temperature of the armor is less than 600 °C with
a CC armor, Jess than 1200 °C with an 1G armor for surface heat load of 10MW/m2, In this
calculation, the velocity and the inlet p of the cooling water are d to be 10 m/s
and 5MPa. respectively. The thermal stress in the divertor unit has also been calculated. The
result shows that this is tolerable for both IG and CC armors. These results suggest both
isotropic graphite and C-C compusite are acceptable as the armor for the heat load expected in
the LHD experiments.

3, RESEARCH AND DEVELOPMENT OF THE DIVERTOR UNIT

In order to achieve & heat removal rate as large as 5 - 10 MW/m2, brazing between the
carbon armor and copper cooling tube is y. Mechanical joint of these componcnts




resuits in insufficient heat transfer cocfficient, which would make the surface lemperature of the
armor intolerably high level in terms of erosion. One of the key issues is to develop reliable
brazed materials for the divertor plates. The devel is in progress in with
several companies, and high heat load tests on the brazed samples have started in the new site of
the National Institute for Fusion Science (NIFS). which is being built in Toki-city located 30
km from the old site in Nagoya.

An electron beam facility named the Active Cooling Teststand (ACT) has been used for the
heat Joad 1est. The main aims of the test are (1) to investigate the heat- al capability and

Itamt surface temp of the divertor unit and (2) to know the limit of the heat load and

life time of the brazing for repelitive heat Joads, The ACT device consists of an electron beam
system (JEBG-00OUB] manufactured by JEOL Ltd.), a test bench for samples. a vacuum
chamber, a viicuum pumping system and a cooling water system. The beam cnergy is 30 keV
and maximum available power is 100 kW/dc. The beam radius is less than 10 mm and the
maximum scanning arca is Smm x S00mm. The geometrical pattemn of the beam can be
controlled by a 64 step beam controller (ST 64 DCM / JEOL). The pressure of the cooling
water is 0.4 MPa at the entrance of the irradiating chamber, and its typical operating temperature
in 30 C. The maximuns flow-velocity of the water in the test unit is 10 m/s. The electron beam
is ex Iy cc fled atically by utilizing a digital thermo-controller unit with a beam-
current monitor as a sensor. The time sequence of the beam power is programmed witb this
controller system. A typical scheme of the repetitive irradiation is. to raise the beam power
from sero 1o the aimed value in 20 seconds. maintain this power level for 20 seconds, and then
cut off the beam pawer in 20 seconds. Thus the irradiation test can be done without an operator
with a repetition rate of 1 shot /minute, which enables mare than 1000 irradiation tests in a day.

The test samples have heen supplied from several companies. Three types of the geometry
have been considered for the heat-load test. which are ittustrated in Fig. 3. The first is the so
called "Flat-Plate Type (F-type)”. which has the simplest geometry but probably the severest in
terms of residual stress after brazing. The last is the "Monoblock Type (M-type)”, in which the
carbon amor surroundds the copper tube without any bruke, Concentration of the thermal stress
is much lower than that in F-type sample. but the manufacturing process for this type is not as
easy us that for F-lype. The second type is intermediate hetween F-type and M-type, and called
as the "Saddle Type (S-1ype)”. Two types of brazing method have been proposcd, namely (a)
direct-hrazing between the carbon und copper materials (DB), and (b} gradiemt functional
brazing (GF). in which some interfuce inaterials are inserted hetween the carbon and copper
materials i order to relax the residual stress.

Imadiation tests have staried for GF samples fubricated at Toyo Tanso Co. Lid. and for DB
samples at Kawasaki Heavy Industries Ltd. Some preliminary results for the GF samples are
presented here. The brazing method for these samples is hased on a technique called as

"dissolution and depuosit of base metal”, which is based on the ism of forming coll
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Fe-Cu-C alloy on the carbon surface (rel. 4. The precise brazing provess is described in
ref. 10,

The surface temperature of the armor is shown in Fig. 4 for two extreme cases. that is. for a
M-type sample with IG armor (M/IG) and for a F-type sample with CC armor (F/CC). Isotropic
graphite of 1G-430U and C-C composite of CX-2002U were used for these samples. Among
three picces of the anmor tile in Fig. 3, only the central one was irradiated by electron beam. The
flow velocity of the cooling water was 2 m/s in this test. The heat load is AMW/m? for M/IG-
type. and 10MW/m?2 for F/CC-type. The surface temperature was determinied with a pyro-
meter, where the emissivity was assumed to be 0.9. The thermal conductivity is 140 W/mK for
1G430U and 390W/mK for CX-2002U at room temperature, It is clearly seen in the figure that
the surface temperature of the FACC sample is around 1200 °C and close to equilibrium in 10
seconds after the beam on even though the flow velocity of the water is as small as 2m/s. This
result is promising for the LHD experimeats. On the other hand, the temperature increases
slowly afier the beam on for the M/IG sample. Surface temperature reaches 1500 °C with a heat
load as low as 4 MW/m2, This is partly because of relatively low thermal conductivity in the
armor compared with the F/CC sample and also because of the monoblock type of geometry. in
which two-dimensional heat diffusion inside the armor causes slower heat transfer to the
cooling tube. The surface lemperature of this sample is also below 1200 °C at 10 seconds after
the beam on, showing that this type is also acceptable for the LHD experiments, especially for a
hest load less than S MW/m?2,

A repetitive imadiation test has been conducted only for the F/CC sample so far. Up to 2500
shots of irradiation with 10 MW/m2, no serious damage nor deterioration has been found in the
brazing part of this sample. The flow velocity of the cooling water was 7 m/s for this
experiment.

Although the results are still preliminary. these are alt promising for the LHD application.
More sysicmatic tests are in progress for various types of samples. The first goal of the
experiment is to find out several combinations between the anmor materials, geometrical types
and brazing methods which salisfy the LHD requiremem. The limiting heat load will be also
investigated for these samples in terms of heat removal and brazing reliability.

4. SUMMARY

(1) The divertor plate of the LHD device is designed 10 be a helicully ing di ba
array. The unit of the plate has a cylindrical carbon armor directly brazed to a copper cooling
channcl. The units are attached to a header made of stainiess steel and actively cooled by
pressurized water in order 1o keep the surface temperature befow 1200 °C for a heat load of 5 -
10 MW/ m2 expected in the LHD experiments. Approximately 3000 divertor units are
necessary for covering all four divertor legs.



() Bath isotropse graphite and carbon-casbon composites are candidates for the annor material
of the divertor unit. Brazing technigue of these materials to OFHC are under development in
collaboration with several companies, Two types of brazing method have been successfully
applicd, numely, direct bonding between carbon and copper. and gradient functional bonding
in which interface materials are inserted in the bonding section.

(3) The heat load tests for various types of the divertor unit sample have started using an
electron beam Facility named ACT. The surface temperature of a FACC 1ype samplewas around

1200 °C for 10 MW/m2 in a steady state. which satisfies the heat load requirement of the LHD
divertor. The surfuce temperature for an M/IG type sample was not in an equilibriumat 10
seconds after the beam on, but below 1200 °C for 4 MW/m2.  This type is possible to be
applicd for a heat-load condition less than 5 MW/m2, After 2500 shots of irradiation with 10
MW/m2, no serious damage nor deterioration has been found for the bonding region of a F/CC
sumple. Although these results are still preliminary. they are promising for application of the
brazing materials to the LHD diventor plates.
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Table 1. Heat load condition in LHD

total heating heatload  duration

power (MW)  (MW/m?)  (sec)

3 0.75 steady
20 5 10
>30 10 5
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Fig. 1 Cross sectional view of the LHD device
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