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The present report describes the design of calorimeter
of the neutral beam injector for JT-60.
The calorimeter is an inertial cooling type, and is
composed of many dumplinglike lumps on skewers.
It is safe from thermal and mechanical troubles and
its fatigue life is estimated to be lO6 cycles for

0.5 beam pulse.
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1. Introduction

The beam line of the neutral beam injector for JT-60
contains a lot of hardwares necessary to treat intense ion
beams and concomitant gasses in a limited space as shown
in Fig.1l. Therefore there are many complicated problems
in the design work of the beam line.

The present report describes the design of calcorimeter
of the neutran beam injector (NBI) for JT-60.

The calorimeter is located at a distance, about 3.5 m, from
the accelerator grid of the ion sources, and 1s illuminated
by two neutral beams simultaneously. It is used for

- the measurements of the total neutral beam power, the beam
profile, and is also used as a beam target in the case

of source conditioning or f£lashing. It can be retracted
from the beam pathes by a movable mechanism, when the neutral

beam is being injected into the JT-60 plasma.

2. Calorimeter Design

The calorimeter receives the total neutral beam power
of 2.4 MW for 0.5 sec with a duty cycle of one pulse per
every thirty seconds when the ion sources are being conditioned.
Since the maximum power density perpendicular to the beam
axis is as high as 6 KW/cm2 as shown in Fig.2-1, it is
necessary to reduce the heat flux by tilting the dump surface.
There are two kinds of cooling systems to remove such a high
heat flux. One is the forced convective cooling system
for the continuos heat flux which relys on the large heat
transfer coefficient in the nucleate boiling region, and
the other is the inertia cooling system for the pulsed heat
flux which relys on the large heat capacity of dump surface.
In the calorimeter of JT-60 NBI, it is difficult to reduce
the surface heat flux to less than 1 KW/cm2 due to
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limitation of the allowable space in the NBI chamber.
The burn out heat flux of the forced convective cooling system
1ike those adopted in our beam dump and beam target lies around
1 Kw/cmz. 1) However, the design heat £f£lux should be
chosen considerably less than this value. Thus, we are
forced to limit the beam pulse  length so that we can adopt
the inertia cooiing system. The inertia cooling system
is safer against burn out, and can save the amount of cooling
water. However, one should worry about the thermal
fatigue on account of large thickness of the dump surface.
To decrease the thermal stress thereby reducing thermal fatigue,
the dump surface was divided into a lattice-like structure.
Several types of structures like those shown in Fig.2-2,
are considered and evaluated. We adoped the type 4,
the dumplinglike structure on skewer, because of advantage
of the relief structure for thermal stress, ease of support
and manufacturing techniques. The oxygen free copper
with 0.2 % silver content is chosen for the dump material.
It has high qualities of thermal and mechanical properties
up to 300°C.

The shape of the dump surface along the beam axis
is shown in Fig.2-3. This surface is exposed to the
beam with an egual heat flux of 1 KW/cm2 corresponding to
the peak power density profile of Fig.2-1. It can
afford to handle 2.4 MW beam with up to +0.3° displacement
of beam axis from the center of the calorimeter.
A view of the complete structure and a cross-sectional
view of the horizontal plane are shown in Figs.2-4 and 2-5,
respectively. The dump is composed of about 800 lumps
like a dumpling, which are fixed by 27 arrays of skewers.
Each skewer which is also made of 0.2% silver content
oxygen free copper, is connected to the pipe bend section
to relief thermal expansion. The curvature of the
bending section was determined from the stress analysis of

the cooling pipe.
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3. Calculation of Temperature Distribution

The calculation of temperature distribution of the dump
has been performed to confirm the limit of beam pulse
length. On the three dimensional calculation about a
dumplinglike lump of the dump, the heat conduction code

HEATING-3
code is shown in Fig.3-1, and the boundary conditions of

2) was used. The calculation model for this

calculation are tabulated in Table 3-1. Since water
velocity in cooling pipes is 2 m/s, the heat transfer
coefficient,n, of the turbulent pipe flow is given by,

N = 0.023 r 08 p 0-4
11 e Y

and o= Nu A/da
, where Nuis the Nusselt's number, Re is the Reynolds number,
Pr is the Prandtle number, X} 1s the thermal conductivity of
water, and d is the pipe diameter. The modified
heat transfer coefficient was used in the calculation
taking account of the different cooling area between
calculation model and actual pipe geometry. The thermal
properties of the oxygen free copper with 0.2% silver
content are tabulated in Table 3-2.

The calculated temperature distributions are shown in
Figs. 3-2 and 3-3 at t=0.5 sec. The transient temperature
evolution at the surface center of the lump is shown in
Fig. 3-4. The temperature rise of the lump reaches
218 °C after 0.5 sec and 314 °C after 1 sec from the beam
initiation for every pulse, while the equilibrium temperature

of the lump for a duty cycle of 1/60 is about 100 °C under

the water temperature of 42 °C. Thus, the maximum
temperature of the lump is 318 °C after 0.5 sec beam pulse,
and is 414 °C after 1 sec pulse. Since the maximum

temperature of lump must be less than 300-350°C which is
a safty limit of the material, the beam pulse length is

limited within 0.5 sec.
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4, Thermal Stress Analysis

The thermal stress analysis of lumps of the dump was
performed to evaluate the mechanical strength. The thermal
stress was analyzed in three dimensional space using stress
analysis code SAP-5 3). The calculation model is shown
in Fig.4-1. The only load condition ig the thermal lcading
which is origenated from the temperature difference across
the lump cosequent on recieving 0.5 sec beam pulse with
1 Kw/cm2 heat flux. The boundary condition for stress
analysis were given by,

fix for x-direction at x=0 plane,

fix for z-direction at z=0 plane,

and all other plane are free
as shown in Fig.4-1. The mechanical properties of
0.2% silver content oxygen free copper are tabulated in
Table4d-1.

The displacement figure of the lump due to the thermal

lcad is shown in Fig.4-2, and the displacement of dump surface

are following. a
A y
b
P4
zZ

Ax  (mm) Ay (mm) Az (mm)
a 0.0 3.5x107 2 0.0
b 0.0 1.2x1072 4.9x107%
c 4.7x10"% 9.1x10> 4.8x10 2
d 4.8x10 2 1.4x1072 0.0

The distribution of "stress intensities"” are shown in
Fig.4-3, where the stress intensity is defined by the
difference between maximum principal stress and minimum
one. It is equivalent with the two times of the maximum

shear stress. Stress intensity has its maximum in the
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center of the lump surface, and its value is 11.6 Kg/mm2
In the next place, the safty factor for the stress

4)

ig evaluated based on ASME code-sec 3 According to

the ASME-sec 3, the safty criterion is given by
Pm + P, + Q < 3Sm , Where Pm is the membrane stress,

b
P. is the bending stress, Q is the secondary stress, and

b

Sm is the allowable stress. The value of Pm+Pb+Q, which
is calculated in the Appendix, is 3.079 Kg/mmz.

Since the value, 3Sm at 300°C,is 9 Kg/mmz, refering to the

>) which shows the allowable stress, together with the

Fig.4-4
values measured of yield and ultimate tensile strength of 0.2% silver content
oxygen free copper, the relation, Pm+Pb+Q<3Sm , 1s
satisfied, and the safty factor is 3.

The fatigue life of the calorimeter is then discussed.

The fatigue life curve as a measure of the design according

to the ASME code is shown in Fig.4-5 >) together with the
measured curve of the fatigue life. This fatigue curve
is the result of a half cycle stress test. On the other

hand, the value of summing up the primary, the secondary
and the peak stress, Pm+Pb+Q+F, is about 13 Kg/mm2
according to the above mentioned analysis. However,

a half value of the Pm+Pb+Q+F should be used when we try
to evaluate the fatigue life using Fig.4-5, Dbecause this
figure is the result of the half cycle stress test.

Since Pm+Pb+Q+F is 6.5 Kg/mmz, the fatigue life of the

calorimeter 1s estimated to be 106 cycles.

5. Conclusion

The inertial cooling type calorimeter for the JT-60 NBI
has been designed. It is safe from therml and mechanical
troubles, and its fatgue life is estimated to be 106 cycles

for the 0.5 sec beam pulse.
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Appendix

To estmated the mechanical safty factor, the stress is
evaluated based on ASME code-sec 3 4).
The following assumptions are made.
a. The primary stress which is generated from the internal
pressure of cooling water was ignored because of its smallness.
b. The secondary stress was estimated as an equivalent linear
stress which is calculated from the results of stress analysis.
It is then assumed that ox,cy,oz are the principal stress,
xy:Tyzszxzo
The stress was evaluated at the two sections, namely,

A : x=1.5, 14.0<y< 36.0, z=1.5

B : x=1.5, 21.0<y<36.0, 2=6.0

and T

Case A:
a) Primary stress, Pm+Pb‘; 0 kg/mm2
b) Secondary stress, Q H refering to table A-1,

the membrane stresses are given by
0 =1 OXAY/Z Ay =0.697 Kg/mm2
UZ=Z UZAy/E Ay =0.145 Kg/mm2

, the bending stresses are given by
0X=tZ GXAY 1/AL =%0.896 Kg/mm2
oz=i2 OZAy 1/AL =+%0.507 Kg/mm2

where AL=242/3

Ssumming up the membrane stress and the bending stress, we obtain
gx=0.697+0.896= 1.593 Kg/mm2
OZ=0.l45+0.507= 0.652 Kg/mm2
Uy=0
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The secondary stress is then given by
gy = 2
Q—ox Oz 1.593 Kg/mm"“.

Case B
a) Primary stress; 0 Kg/rnm2
b) Secondary stress; refering to Table A-2, and in the
same way as case A, 0=3.079 Kg/mmz.
As a results of case A and B, the secondary stress is
given by Q=3.,079 Kg/mmz, and hence
Pm+Pb+Q=3.079 Kg/mm2
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Table 3-1 The boundary condition of heat conduction

calculation.

Heat f£lux ; 1 Kw/cm2
Water velocity 2 n/s
Heat transfer coefficient; 0.657 w/cm2.°c

Cooling channel diameter; 1 cm

Table 3-2 The thermal properties of 0.2% silver content

oxygen free copper.

Thermal conductivity 20°C 3.86 w/cm°C
100°C 3.77
300°C 3.66

Specific heat 20°C 385.2 J/Kg°C
100°C 397.8
3oo°c 414.5

Density 0.00896 Kg/cm3

Table 4-1 The mechanical properties of 0.2% silver content

oxygen free copper.

Young's modulus; 12500 Kg/mm2
Poisson ratio; 0.33
Thermal expansion coefficient; 1.68x10 > 1/°C
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Fig.2-2 Cooling methods of the inertial cooling type dump.
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