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Effect of proton beam profile on stress in JSNS target vessel
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Abstract

A cross-flow type (CFT) mercury target with flow guide blades has been developed for JSNS that suppresses the
generation of a stagnant flow region near the beam window where the peak power density is generated due to the spall-
ation reaction. In addition, a flat type beam window has been applied to the CFT target that suppresses dynamic stress
caused by pressure waves, that have been estimated with an elastic model for mercury.

Recent experimental results obtained by using a proton beam incident to mercury targets suggested that using a cut-
off pressure model for mercury would be appropriate for predicting a dynamic stress behavior in a target vessel.
Dynamic stress analyses were carried out with the cutoff pressure model in which the negative pressure less than
�0.15 MPa could not be sustained. The dynamic stress generated in the flat beam window became much larger than
that in a semi-cylindrical type window as a result of using the cut-off pressure model. Regardless, even the stress gen-
erated in the semi-cylindrical type beam window exceeded the allowable stress of SS316L under the peak power density
of 668 MW/m3. In order to decrease the dynamic stress in the semi-cylindrical beam window, the incident proton beam
was defocused to reduce the peak power density down to 218 MW/m3. Although the dynamic stress could be sup-
pressed to less than the allowable stress, the high power density generated on the end of the flow guide blades due
to defocus of the proton beam caused high thermal stress exceeding the allowable stress. Several shapes of blade ends
were studied analytically to decrease the thermal stress, that did not affect the mercury flow distribution. A simple thin-
end blade showed low thermal stress below the allowable stress.
� 2005 Elsevier B.V. All rights reserved.
1. Introduction

The Japan Atomic Energy Research Institute
(JAERI) is developing a Japanese spallation neutron
source (JSNS) with a mercury target in corporation with
the High Energy Accelerator Organization (KEK) under
Japanese Proton Accelerator Research Complex (J-
0022-3115/$ - see front matter � 2005 Elsevier B.V. All rights reserv
doi:10.1016/j.jnucmat.2004.08.032
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PARC) project. Fig. 1 shows a schematic drawing of
cross flow type (CFT) mercury target that is used in
JSNS. In the CFT mercury target, mercury flows across
the proton beam along flow guide blades so as to avoid a
stagnant region near the target beam window where the
high power density is generated by the spallation reac-
tion [1]. The size of the beam window region of the
mercury target vessel is 80 mm in height and 260 mm
in width. The target vessel is made of 316 L stainless steel.

Mechanical requirement of the target vessel is to
withstand the design pressure load, steady thermal stress
ed.
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Fig. 1. Schematic drawing of Cross-Flow Type (CFT) mercury
target.

Fig. 2. Analytical model of CFT mercury target: (a) Analytical
model of CFT mercury target for dynamic stress, (b) schematic
drawing of flat type beam window and (c) schematic drawing of
semi-cylindrical type beam window.
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and dynamic stress caused by a pressure wave in mer-
cury. The pressure wave was predicted to cause the huge
dynamic stress on the beam window. We previously
chose a flat type beam window because the generated
dynamic stress was lower than that in a semi-cylindrical
beam window when an elastic model was assumed as
mercury dynamic behavior. In the elastic model, the
pressure and the volumetric strain are proportional even
when negative pressure was generated [2]. However, it
was later announced that the analytical results using a
cut-off pressure model represented experimental results
well. In the cut-off pressure model, negative pressure less
than certain value is not generated even though mercury
continues to expand [3].

Ultimately, the generated stress had to be reduced in
order to achieve the structural integrity. The analytical
results obtained by using the elastic model showed that
the stress caused by the pressure waves was decreased
with the maximum power density though the total depo-
sition power keeps together [4].

Subsequently the mechanical analyses with the cut-off
pressure model were carried out under the various max-
imum power density conditions to reconsider the shape
of the beam window and proton beam profile.
Fig. 3. Mercury model for analyses.
2. Pressure wave and proton beam

Fig. 2(a) shows the analytical model for calculating
the dynamic stress. Fig. 2(b) and (c) show schematic
drawings of the flat type and the semi-cylindrical type
beam windows, respectively. The target vessel wall is
mainly 10 mm thick for structural integrity. However,
the target beam window is only 2.5 mm thick to suppress
thermal stress and absorption of the proton beam. The
upper and lower sides of the vessel near the beam win-
dow are set at 7.5 mm thick as a compromise between
reducing the absorption of generated neutrons by spall-
ation and to keep secure structure. 10 mm thick blades
function as both the flow guides and as structural mem-
bers. The dynamic stress analyses were carried out by
using the explicit FEM code, LS-DYNA. The analyses
were carried out for 1/4 model as shown in Fig. 2(a) con-
sidering the symmetry. The vessel was divided into
52000 shell elements. Mercury inside of the vessel was
divided into 663000 solid elements. Fig. 3 shows mer-
cury models for dynamic stress analyses, that is, the rela-
tionship between pressure and volumetric strain of
mercury. The thin dashed-line shows the elastic model
behavior and the bold line shows the cut-off pressure



Fig. 4. Power density distribution in mercury on and above
proton beam axis.

Fig. 5. Stress response at flat type beam window: (a) By using
elastic model and (b) by using cut-off pressure model.
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model. In these analyses, a cut-off pressure of �0.15
MPa was used based on [3]. Fig. 4 shows a power den-
sity distribution in mercury on and above the proton
beam axis caused by a Gaussian-profile proton-beam
incidence. The maximum power density of 668 MW/
m3 is generated at 30 mm in from the beam window.

Fig. 5 shows the stress response of the vertical com-
ponent in the flat type beam window comparing effects
of mercury model between (a) elastic and (b) cut-off
pressure. The generated stress and stress range (the latter
effects fatigue life) obtained by the cut-off pressure mod-
el shown in Fig. 5(b) is considerably larger than that by
the elastic model shown in Fig. 5(a). Stress and stress
range obtained by the cut-off pressure model are over
the allowable value for the flat type beam window whit
Gaussian beam profile. The following reason is consid-
ered; the deformation of mercury with the elastic model
was constrained due to the stiffness of mercury when
mercury tries to expand. Conversely, mercury with the
cut-off pressure model does not have stiffness when it
expands and continues to load the beam window beyond
where the elastic model would. More load into the beam
window and vessel results in larger stress and stress
range with the cut-off pressure model.

The stress and stress range should be less than the
allowable values, even if the assessment of the structural
integrity is carried out with the cut-off pressure model.
Preliminary analyses with the cut-off pressure model
showed the stress caused by the pressure wave decreases
with decreasing maximum power density just as the
elastic model does. Defocusing the proton beam was
then tried to decrease the maximum power density, while
maintaining the total deposited power, with aim of
decreasing the dynamic stress and stress range. Fig. 6
compares the horizontal distribution of the power den-
sity in mercury obtained by the defocused proton beam
incidence, otherwise called an expanded uniform profile,
with that of the Gaussian profile. The maximum power
density was decreased to 218 MW/m3 from 668 MW/m3

by changing the beam profile. Fig. 7(a) and (b) show the
maximum stress and stress range versus maximum heat
density, respectively. Note that JSNS beam pulse fre-
quency is 25 Hz. Fig. 7(a) and (b) also show the effects
of both the shape of the beam window and the mercury
model. The generated maximum stress and stress range
of the flat type beam window was lower than that of
the semi-cylindrical type when the elastic model was
used for mercury as mentioned in elsewhere [2]. How-
ever, the maximum stress and stress range of the flat type
was higher than that on the semi-cylindrical type when
the cut-off pressure model was used.

Based on the results using the cut-off pressure model,
JSNS decided to use the semi-cylindrical type beam win-
dow and the expanded uniform beam profile so that the



Fig. 6. Power density distribution in mercury in horizontal direction.

Fig. 7. Maximum stress and stress range with the maximum heat density: Relationship between (a) generated maximum stress and
maximum heat density, (b) stress range and maximum heat density.
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generated stress and stress range will be less than the
allowable limits.
3. Thermal stress and proton beam

The size of the footprint of the expanded uniform
proton beam is 180 mm in width and 80 mm in height.
On the other hand, the minimum distance between the
inlet and outlet flow guide blades in the target vessel is
only 150 mm because it was designed for the Gaussian
proton beam which size is 130 · 50 mm2. The proton
beam now directly hits the flow guide blade and the
power density at the front end of the blade becomes
higher as a result of the defocused proton beam as
shown in Fig. 6. This would lead to large thermal stress
generation at the front end of the blades. Thermal stress
analyses were carried out to assess the structural integ-
rity of the flow guide blades with the expanded uniform
beam profile. Fig. 8 shows the half symmetry analytical
model for the thermal stress analyses. The half model of
the target vessel and the blades were divided into about
64000 tetra elements with second order. The analyses
were carried out by using the commercial FEM code,
ABAQUS-Standard. At first, heat transfer analyses were
carried out to calculate the temperature distribution in
the vessel. The heat transfer coefficient between the
target vessel and mercury was set based on the thermal-
hydraulic analyses [5]. For example, a heat transfer coef-
ficient of 10000 W/m2/K was set on the beam window,
which was not affected by changing the shape of the win-
dow to the semi-cylindrical type from the flat type.



Fig. 8. Analytical model for thermal stress.

Fig. 10. Distribution of thermal stress normal components: (a)
Horizontal direction component, (b) vertical direction compo-
nent and (c) beam axial direction component.
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Based on the temperature distribution calculated by the
heat transfer analyses, thermal stress analyses were
carried out.

Fig. 9 shows the thermal stress distribution (Tresca
stress) with the flat type beam window caused by the
expanded uniform proton beam. The maximum thermal
stress at the beam window decreases from 273 MPa [6]
to 175 MPa due to the reduced maximum power density.
On the other hand, the thermal stress on the front end of
the blades increases from almost 0 MPa [6] to 370 MPa
which exceeds the allowable stress of the vessel.

The shape of the blades was reconsidered to reduce
thermal stress while not effecting the flow distribution
of mercury. Fig. 10(a)–(c) show the thermal stress nor-
mal component in the horizontal, vertical and proton
beam axial direction, respectively, for the same condi-
tion shown in Fig. 9. The tensile stress of the vertical
component is obviously higher than the other compo-
nents at the front end of the blades. This is because tem-
perature on the front end of the blades is lower than that
inside of the blades as shown in Fig. 11. To reduce the
Fig. 9. Thermal stress distribution caused by the expanded
uniform profile of proton beam.

Fig. 11. Temperature distribution caused by the expanded
uniform profile of proton beam.
temperature difference between the front end and inside
of the blades, the blades were made thinner as shown in
Fig. 12. Temperature in the blades is the highest at
10 mm from the front end on the mid-plane as shown
in Fig. 11. Ten millimeter blade thickness near the vessel
wall is required because the blades will be connected to
the vessel by bolts. Away from the vessel wall the thick-
ness is reduced to 6 mm. Fig. 13 shows the thermal stress
distribution in the target vessel with the thin front-end
blades as shown in Fig. 12 and the semi-cylindrical beam
window obtained by the expanded uniform proton
beam. The maximum thermal stress on the front end



Fig. 12. Improved blade – thin front-end blade – (a) Analytical
model and (b) schematic drawing.

Fig. 13. Thermal stress distribution with thin front-end blade.
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of the mercury outlet side blade decreased to 197 MPa
from 370 MPa.
4. Structural integrity

To assess the structural integrity under the design
condition, the all stress categories, including the primary
stress, dynamic stress and the thermal stress must be
considered. The structural integrity is assessed by
following conditions:

P < 1.5Sm

and

P þ Qþ P d;max < 3Sm;

where P is the primary stress such as the stress generated
by the design pressure, Q the thermal stress, Pd,max the
maximum dynamic stress and Sm the allowable stress
intensity. In this case, the allowable stress intensity is
115 MPa because the design temperature of the vessel
is lower than 150 �C.
The maximum primary stress, P, of 170 MPa was
generated at the connection region between the vessel
and blade, which is lower than 1.5Sm. The maximum
primary and thermal stress in the blade, (P + Q)max, of
197 MPa was generated as shown in Fig. 13. In this
study, although the primary and thermal stresses are
analyzed simultaneously, the dynamic stress was ana-
lyzed by another code. Then the primary and thermal
and dynamic stresses, P + Q + Pd,max, was calculated
by adding the primary and thermal stresses, (P + Q)max,
and the dynamic stress, Pd,max. The maximum dynamic
stress, Pd,max, of 80 MPa was generated at the connec-
tion region of the vessel and front end of the front blade.
Then (P + Q)max + Pd,max became 277 MPa which was
lower than the allowable stress, 3Sm.
5. Concluding remarks

Mechanical analyses were carried out to assess the
structural integrity of the mercury target vessel, espe-
cially the flow guide blades. The major results of the
analyses were:

(1) The dynamic stress and stress range caused by the
pressure wave decreased with decreasing maxi-
mum heat density. The defocused proton beam
is advantageous for dynamic stress as well as ther-
mal stress at the beam window.

(2) The defocused proton beam caused high thermal
stress of 370 MPa in the flow guide blade.

(3) Thinning the blade made the temperature differ-
ence low between the front-end and inside the
blade because the thermal conduction path to mer-
cury became shorter. This thinning also reduced
the thermal stress to below the allowable level.

Based on these analyses, JSNS will develop the target
design using the semi-cylindrical type beam window and
the expanded uniform profile proton beam.
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