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As the second stage of research and development (R&D) for fusion experimental reactors,
recent three large tokamaks, i.e., JT-60 in japan, JET in the European Community, and TFTR
in the United States of America, were designed and constructed. Break-even plasma condition
which is defined that an output fusion power produced by D-T reaction is equal to an input
power have been achieved in JET, Equivalent break-even plasma condition in hydrogen plasma
operation has also been achieved in JT-60, These positive results elevate the importance of R&D
efforts on the next stage of experimental reactors. These R&D effotrs are currently being car-
ried out under the International Thermonuclear Experimental Reactor (ITER) program, which
is a collaborative enterprise between Japan, the European Community, the Russian Republic,
and the United States.

Since the ITER will be designed to the nuclear fusion power from the nuclear fusion of deute-
rium and tritium (D-T), reactor engineering R&D issues are very important for the ITER
program, In particular, development of plasma facing components, of which the surfaces di-
rectly face the ITER plasma, is one of the key issues for the design of ITER. The plasma facing
components will be subjected to more severe heat loads not only during steady state normal op-

eration but also during off-normal events such as plasma disruptions than those for the existing
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fusion experimental machines. Especially, divertor plates as the most important plasma fac-
ing components. Each divertor plate will be subjected to the steady sate heat load of 15 to 30
MW, of as radiation heat loads, high fluxes of energetic particles, and high
energy neutrons from the plasma. During plasma disruption, the divertor plates will also be
exposed to heat loads as high as 600 to 200,000 MW ,“nf, corresponding to a deposited energy of
around 20 MJ,nof.

For high performance operation in ITER, it is necessary to use low-Z materials such as high
performnce carbon-based materials with high thermal conductivity and strong mechanical prop-
erties as the armor tiles for plasma facing components. Furthermore, to facilitate the conduec-
tion of heat from the armor to the actively cooled heat sink structure, it is very important to
develop the braze technology.

The ITER R&D program for the divertor plates is summarized in Fig. 1. R&D issues can be
categorized into four developmental items: 1) the armor, 2) the heat removal structure, 3)
the braze technology, and 4) the integrated performance,

With respect to developing the armor materials, the most important issue is erosion damage
by the tokamak plasma.

This issue can be studied in parallel with other developmental issues because the erosion proc-
esses effect only the near surface region of the structure from the analysis.

The second experimental issue is development of heat removal structures for the divertor
plates under one-sided heating condition. The following thermal charecteristics becames
important;critical heat flux (CHF) of the cooling structure, critical heat flux (CHF) corre-
lations, and heat transfer along the circumference. There are many experimental and analyti-
cal studies on critical heat flux under uniform heating condition, but only a limited amount of
literature under one-sided heating condition. Since there is little literature for one-sided heating
condition, systematic experimental evaluations based on experiments are necessary.

With respect to the third and the fourth experimental issuse, carbon-based materials with
high thermal conductivities are brazed to a metal cooling structures because high thermal
response of the divertor plate is required to handle the intense heat loads. However poor com-
patibility of thermomechanical properties between the carbon-based materials and the metal
will lead to residual stresses. Also the adhesive properties of the bond strongly depend upon
braze materials, surface treatment before brazing, and configuration of the bond.

Since the divertor plate experiences periodic high heat flux variation, an evaluation of the
thermal fatigue of the divertor plate be important for the ITER design. In perticular, the ther-
mal fatigue induced in the bonds of the divertor plate, which is strongly affected by brazing
process, 1is critical and therefore some experimental study is required from the viewpoint of

lifetime evaluation, It is also very important to investigate applications of special techniques,
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such as separatrix sweeping which can be used to reduce the surface heat flux of the divertor
plate, from the lifetime point of view.
In view of the above statement, this thesis focuses on the following subjects :
(1) critical heat flux experiments of various cooling tubes under one-sided heating condition
{2) evaluation of critical heat flux correlations under one-sided heating condition,
(8} evaluation of the thermal response of the divertor plate under large numbers of cyclic
high heat loads,
(4) analytical and experimental evaluation of sweeping effects on the reduction of the

surface heat flux deposited to the divertor plate.

{Critical Heat Flux Experiments)

High heat flux components such as the divertor plate and beam dumps for NBI are subjected
to particle and radiation heat loads under one-sided heating condition, which induces
thermomechanical probleems such as bending of the tube and large thermal stress. Further, ex-
tremely high heat flux is loaded on striking points of the divertor plate. In order to develop the
cooling system, therefore, high heat flux removal system will be needed. Among many heat
removal concepts, a swirl tube is considered one of the most promising candidates for the cool-
ing system of high heat flux components and an experimental study to develop high heat flux
components for the next generation of fusion experimental reactors has been started, using an
ion source developed for JT-60 neutral beam injector (NBI).

In this study, a modified swirl tube, namely an externally-finned swirl tube, is developed
and compared with a simple smooth tube. The major dimensions of the externally-finned swirl
tube are 10mm in outer-daimeter, 15mm in external fin width 700mm in length.

To evaluate quanitatively cooling capability of the swirl tubes, burnout heat flux is intro-
duced which is defined at the tube outer surface in this study because of one-sided heating
condition. The burnout heat flux, which also indicates incident critical heat flux, of 41% 1
MW _/nf is achieved in the externally-finned swirl tube under the condition that water flow
velocity, inlet pressure and temperature were 13m,”s, 0.9 MPa and 20°C, respectively, The
burnout heat fluxes of the externally-finned swirl tube and the internally-finned tube increased

linearly with increasing the flow velocity.

{Critical Heat Flux Correlation)

The ability predict the crirical heat flux (CHF) with highly subcooled flow boiling is one of
the key issued in the design of plasma facing components for the ITER and FER. In particu-
lar, the divertor plate is subjected to severe heat loads under one sided heating conditions, Be-

cause there are no correlations predictimg CHF for highly subcooled flow with heating on one
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side, experimental data obtained under one sided heating condition have been compared to vari-
ous existing CHF correlations for uniform circumferential heating conditions. Incident critical
heat fluxes for various tubes were translated into the heat flux values at tube inner wall by ap-
plying heat transfer correlation with highly subcooled boiling.

Experimentally determined CHF data for straight tube show relatively good agreement with
some correlations within an accuracy of T 209. On the other hand, all of the existing
correlations systematically underpredict CHF values for over the range of the mass flow
investigated in the present experimental conditions, The heat flux profile along the circumfer-
ence of the rectangular faced tube inner wall is found to be similar to that for the straight
tube. Thisis mainly attributable to the high degree of sensitivity of existing CHF corrrelations
to the inner diameter,

For the externally-finned tube, no existing correlations are available for prediction of the
CHF, although this tube geometry more closely approximates uniform circumferential heating
conditions. Further experiments are necessary to evaluate the applicability of the existing CHF

correlations under one sided heating conditions.

{Thermal Cycling Experiments)

From the engineering point of view, divertor mock-ups with different armor tile materials
have been prepared in order to investigate their overall performance. In particular, the adhe-
sive property between the armor tile and the heat sink metal was concentrated in this study.
Thermal cycling tests of the divertor mock-ups have been carried out under ITER /FER relevant
heat flux conditions in a particle beam engineering facility at japan Atomic Energy Research In-
stitute (JAERI),

Results of these tests confirmed fhat bonded carbon-fiber-composite,copper (CFCOFHC-
Cu) divertor mock-ups have withstood 10.0MW  nf for one thousand cycles without cracks.
Some bonded CFC,”OFHC-Cu samples have withstood 12.5MW,“uof for one thousand cycles
without an increase of the surface temperture, although a small crack was observed at a corner
of the bonded layer.

Residual stresses from brazing have also been determined using three dimensional models.
The analytical results confirmed the results of the test sample manufacture efforts, thatis, no
cracks or detachments were observed. Since no thermal plastic fatigue evaluation codes are
available for the prediction of the lifetime, experimental data were correlated with numerical

thermal stresses during heating.

{Evaluation of Separatrix Sweeping Effects)
Magnitude of the heat flux on the surface of the divertor plate of the ITER is one of the
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most limiting constraints on its lifetime, A technique for sweeping the separatrix across the
divertor surface will be applied to reduce surface heat fluxes and erosion damages due to intense
fluxes over 15MW _“nf. As the first step for evaluation of the sweeping effects, thermal re-
sponse of the divertor plate has been analyzed under ITER relevant heat flux conditions.

The analytical results show the application of the sweeping is very effective for reducing the
surface temperature of the divertor plate. To realize these benefits for ITER, the divertor
separatrix must be swept with a frequency of higher than 3.0 Hz over a distance of £10cm.

Based on the analytical results, thermal response experiments with a divertor mock-up are
carried out using the JAERI Electron Beam Irradiation Stand (JEBIS). The condition for this
experiment was a peak heat flux of 30 MW, “nf with a sweeping frequency of 1.0 Hz over
adistance of * 10 cm for a 30 second long cycle. Experimental results show that the divertor
mock-up has successfully endured for) 1000 major thermal cycles without increase of the sur-
face temperature, Therefore, it has been experimentally demonstrated that application of the
sweeping tecnique is very effective for improvement in the power handing capability of the

divertor plate. Experimental results showed good agreement with analytical results.
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