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The Japan Atomic Energy Research Institute is developing a 5SMW-spallation target
system under the Neutron Science Project. A cold source moderator using supercritical
hydrogen is one of the key components in the target system, which directly affects the
neutronic performance both in intensity and resolution. Since a hydrogen temperature
rise in the moderator vessel affects the neutronic performance, it is necessary to ensure
the smooth flow of hydrogen while at the same time suppressing the recirculation and
stagnant flows which cause hot spots. On the structural strength side, it is necessary to
maintain the strength of the moderator vessel under supercritical conditions of 1.5MPa
and 20K. The flow patterns of the impinging jet flow and the jet induced flow were
measured using a PIV system under water flow conditions with the simplified moderator
model. The hydraulic analytical results obtained using the STAR-CD code agreed well
with this experimental result. Preliminary structural analysis was carried out to
clarify any technical problems regarding the concept of a thin-walled structure for the
cold moderator vessel. - Structural analytical results showed that the maximum
stress of 112MPa occurred on the moderator surface, which exceeded the allowable
design stresses of ordinary aluminum alloys. The above-mentioned results are

assumed to be a base of the structural design for a moderator vessel of the future.

Keywords: Spallation Target System, Neutron Science Project, Cold Moderator,
Supercritical Hydrogen, Temperature Rise, Flow Pattern, Jet Flow,

Recirculation and Stagnant Flow, Structural Analysis, Aluminum Alloy
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1. Introduction

The Japan Atomic Energy Research Institute (JAERI) is progressing in the
design and R&D of a high-intensity proton accelerator under the Neutron Science
Research ProjectY. In this project, a neutron scattering facility will be constructed
in which high intensity neutrons are generated toward a target by a spallation
reaction between the target material and a proton beam of 5MW of power. Then,
high intensity neutrons are divided into three energy levels - cold, thermal and
epithermal - by moderators which are placed close to the target. In order to select
cold and thermal neutrons, supercritical hydrogen will be used as the moderator
material (with its excellent pulsed neutronic performance both in sharpness and in
high intensity). However, the supercritical hydrogen moderator (cold moderator)
has not yet been applied to a MW-scale spallation target. To secure the neutronic
performance induced by neutronic analyses, it is necessary to solve technical issues
regarding both the structural strength and the thermal hydraulics. The structural
strength of the moderator vessel under a supercritical hydrogen condition of 1.5MPa
and 20K also needs to be maintained. With thermal hydraulics, it is necessary to
reduce the recirculation and stagnant flows in order to maintain the uniform
temperature rise within 3K.

The representative structure of the cold moderator is that operated at the ISIS®
using liquid hydrogen. Figure 1 shows a concept of the cold moderator based on the
ISIS moderator. Supercritical hydrogen flows into the vessel through the inner pipe
inserted in the vessel. Then, it flows out through the outlet channel between the
inner and the outer pipes. To prove the feasibility of this concept, structural and
hydraulic analyses as well as flow pattern experiments using a water loop were

carried out. This paper introduces analytical and experimental results.
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2. Hydraulic Study

2.1 Flow Pattern Measurement and Hydraulic Analysis

The cold moderator using supercritical hydrogen is one of key components in the
target system, which directly affects the neutronic performance both in intensity and
resolution. Since a hydrogen temperature rise in the moderator vessel affects the
neutronic performance, it is necessary to ensure the smooth flow of hydrogen while
suppressing the recirculation and stagnant flows which cause hot spots. Flow
visualization experiments were also carried out under water conditions to clarify the
flow patterns and to verify the analysis code.

Figure 2 shows the flow diagram and the outer view of the experimental
apparatus for the flow pattern measurement. The water loop was composed of a
tank, a pump and a flow meter, supplying water to the test section. In the test
section, which a simplified moderator model consisting of acrylic pipes was used.
The jet flows out of an inner pipe of 25mm into an outer pipe of 60mm. The flow
patterns of the impinging jet flow and the jet induced flow were measured with a PIV
system. The PIV system is a particle image velocimeter using a laser pulse sheet.
In this measurement, small amounts of fluorescence micro particles (10um) were
mixed with water as the tracer. By processing a series of 100 pictures taken at
around lms intervals using the PIV system, the velocity distribution in the vessel
was effectively visualized.

The hydraulic analysis was carried out with the computational fluid dynamics
code, STAR-CD, for use with the steady, incompressible fluid flow under water flow
conditions. The turbulence model used the standard k-¢ model equations, and the
boundary condition was the standard law-of-the-wall boundary condition, and a
steady state solution algorithm was used the SIMPLE. Figure 3 shows the
analytical model. The model used was the same as the experimental model of a
simplified two-dimensional type with dimensions of 25mm of the inner pipe diameter,
and 60mm of the outer pipe diameter. The nozzle height was changed from 2mm to
30mm, and the inlet water velocity was from 0.5m/s to 3m/s under room temperature.
Figure 4 is an enlargement of the analytical results. This shows that a recirculation
flow caused by the jet blowing out from the inlet pipe nozzle is generated around the

inner pipe. A recirculation flow length, shown in Fig.4, is a height from bottom of
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the outer pipe to top of recirculation flow region where is a boundary of upward flow
and downward flow.

Figure 5 shows the relationship between the inlet velocity and the recirculation
flow length. The height of the nozzle from the bottom was fixed at 10mm (the same
distance as the concept shown in Fig.1) and the inlet water velocity was changed from
0.5m/s(Re=14,000) to 3.0m/s(Re=84,000). The experimental results agree very well
with the analytical results, and were about 50mm without dependence on the inlet
velocity. Figure 6 shows the relationship between the height of the nozzle and the
recirculation flow length. The inlet velocity was fixed at 3.0m/s, and the nozzle
height was changed from 2mm to 30mm. The experimental results confirm the
analytical results when the nozzle height is more than 10mm, and the recirculation
flow length is about 50mm. However, below a 10mm height, the measured lengths
become lower than the analytical results produced. This variation is caused by the
vibration of the inner pipe, which was observed in the experiments. From these
results, flow induced vibration could be effective in suppressing the occurrence of the
recirculation flow, which may be due to flow perturbation caused by the pipe
vibration. Figure 7 shows some of the experimental and analytical results. The
measured flow patterns reveal the recirculation flow clearly and agree very well with

the analytical results.

2.2 Preliminary Thermal Hydraulic Analyses in the Cold Moderator Vessel

Preliminary thermal hydraulic analyses were carried out for the moderator
vessel estimated now using the STAR-CD. Two analytical models shown Fig.8,
which were drawn based on Fig.1, were prepared for the analyses. A transfer tube
connecting the components of the moderator system has two vacuum layers at both
the inside and outside of the return supercritical hydrogen in order to insulate the
heat from the outside and to maintain the cryogenic condition. In model A, the
innermost vacuum layer is installed to a section where is connected with the flat
moderator vessel. Alternately, the vacuum layer is installed to upstream of about
50mm from the section connected with the vessel in model B. In both models the
moderator vessel is the same size, while the diameter of the transfer tube of model B

is larger than the one of model A in order to get the hydrogen flow rate to increase.
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The analytical conditions are as follows; liquid hydrogen flowing at 20K, inlet velocity
was changed from 1.0m/s to 9.0m/s, Re = 1.53x108 - 1.37x107(model A), 1.91x108 -
1.72x107(model B). The heat deposition that was obtained from the neutronic

calculation in the hydrogen shown Fig.9® was entered as following a fitting function;

Heat deposition (W/cm3) = -0.00223x3+0.083787x2-1.1606x+8.3729

x : The distance from a bottom surface of the moderator vessel (cm)

The distribution of the heat deposition of the horizontal direction and the thermal
conduction of the inner pipe were not considered estimating to the safety side. The
heat generation of an aluminum alloy that is the vessel material was not also
considered to simplify the analyses.

Figure 10 shows a example of the analytical results of velocity and temperature
distributions, when the inlet velocity was 3.0m/s in model A. Similarly, Fig.11 shows
model B. Both results of the velocity distributions reveal the recirculation flows
clearly. From the temperature distributions, hot spots where the hydrogen
temperature rises were generated in the center of the recirculation flow. The
temperature rise was 4.7K in model A and 3.9K in model B when set at 3.0m/s inlet
velocity. This is because the flow rate of model B is more than model A’s due to a
difference of the pipe diameter. Figure 12 shows the relationship between the inlet
flow velocity and the temperature rise. From this figure, it is necessary to secure
the velocity for 4.7m/s or more in order to suppress the temperature rise within 3K
for model A. In the case of model B, the velocity only has to be 4m/s or more. From
these results, we clarified the hydrogen flow condition to suppress the uniform
temperature rise.

Another method of suppressing this temperature rise is made possible by
installing small holes in the inlet pipe that blow hydrogen to the recirculation flow
region, which causes the temperature rise. A twisted tape used to generate an
intense swirl flow in order to maintain high transfer rate on the bottom surface of the
vessel is also installed into the inlet pipe. Some experiments and analyses to

confirm the effect of these means are being prepared at present.
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3. Structural Study

Maintaining the structural strength of the moderator vessel while under a
supercritical condition of hydrogen at 1.5MPa and 20K continues to be one of the
major technical issues in the design of the cold moderator. It is necessary for the
wall thickness of the vessel to be as thin as possible in order to maintain high
neutron transmission rates in relation to a high neutron yield. Forged aluminum
alloys are generally used for the vessel materials, both for the cold moderator as well
as the thermal or epithermal moderator, because they both absorb neutrons at a
lower rate. To obtain a clearer idea of the allowable thickness in forging aluminum
alloys, stress analyses were carried out for the thin-walled structure shown in Fig.1

under the following conditions :

Vessel size: 120mm wide, 120mm high, 50mm long and 3mm thickness
180mm in curvature radius of vessel surface

Temperature: 20K

Internal pressure: 1.5MPa

Vessel material: Forged aluminum

The structural analysis code ABAQUS was used to analyze the distribution of stress.
Then, a structural model was divided into 4800 elements using the 3-D quadrilateral
shell element.

Figure 13 shows one of the analytical results of the distribution of stress on the
inner and the outer vessel surface. As a result, the maximum Mises stress is the
sum of the membrane and bending stresses generated on the ridgeline. The
maximum value was 99MPa on the outer surface and 112MPa on the inner surface,
respectively. Table 1 shows the design stresses of candidate materials for the vessel.
A6061 (Al-Mg-Si-Cu-Cr) and A5083 (Al-Mg-Mn-Cr) are used widely for cryogenic
vessels. A2014 (Al-Cu-Mg-Mn-Si) is used as a structural material for liquid
hydrogen/oxygen fuel tanks used for rockets. The design stress of each material is
63MPa of A6061, 68MPa of A5083 and 110MPa of A2014¥, which is lower than the
maximum Mises stress of 112MPa. To keep the structural strength, the vessel wall
needs to be thickened as per this table. However, the wall needs to be as thin as

possible when factoring in the neutronic viewpoint. Figure 14 shows the neutron
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transmission ratio to the required thickness against the allowable stress. As seen
in this figure, A2014 reveals a good performance for the vessel material, so we plan to
use A2014. In addition, as the design stress of A2014 is lower than 112MPa, a new
vessel structure is being proposed here. This is a structure in which the thickness of
a face that is produced the neutron beam leaves 3mm, the ridgeline which generated
the maximum Mises stress is thickened around 5mm. We are preparing the
structural analysis for this vessel structure, and planning an experiment for strength

under high pressure using water.

On the basis of stress analysis and flow visualization results, the moderator
vessel was modified as shown in Fig.15. The vessel materials used are the
aluminum alloys such as A2014. Dimensions of the vessel are 120mm wide, 120mm
high, and 50mm long and 3-4mm thick. A twisted tape is installed inside the inner
pipe in order to keep high heat transfer rates on the bottom surface of the vessel by
the swirl flow caused by the twisted tape. Following this, most of the supercritical
hydrogen flows through the inlet pipe towards the bottom of the vessel, but small
amounts of flow bypass through small holes located at the bottom half of the inlet

pipe to suppress the recirculation flow.
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4. Conclusions

The cold moderator using supercritical hydrogen, works as a filter of the high
intensity neutrons generated at the spallation target under a 5MW proton beam.
Flow patterns of the impinging jet flow and the jet induced flow were measured
under water flow conditions. The hydraulic analytical results agree very well with
the experimental results. Both results clearly indicated the recirculation flow.
From the results of preliminary thermal hydraulic analysis for the moderator vessel,
it was verified that the recirculation flows were generated in the vessel and the hot
spots were generated in the recirculation flow region. We clarified the hydrogen flow
condition in order to suppress the uniform temperature rise. Since the cold
moderator has not yet been applied to a MW-scale target, preliminary structural
analyses were carried out to clarify potential technical problems regarding the
concept of a thin-walled structure for the cold source moderator. Structural
analytical results showed that the maximum Mises stress of 112MPa occurred on the
moderator surface, which exceeds the allowable design stresses of ordinary forged
aluminum alloys under the supercritical condition of 1.5MPa and 20K. The
moderator vessel should be redesigned in its basic structure while at the same time
maintaining the compact, thin-walled and flat surface structure. Based on the
analytical and experimental results, a new moderator concept using the thin-walled
structure has been proposed to maintain its strength and to suppress the
recirculation flow. We will keep improving a new concept in order to successfully
construct a high neutronic performance with good mechanical and thermal hydraulic

performances so as to complete the MW target system.
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Table 1. Design stresses of candidate aluminum alloys

Endurable thickness

Material Design stress for the stress of
112MPa
A6061 63MPa 5.3mm
Ab083 68MPa : 4.9mm
A2014 110MPa 3.1lmm

Supercritical hydrogen

Outer pipe:38(1.D.) :1.5MPa, 20K

Moderator vessel
‘Aluminum alloy

Curvature radius : 180

120

Inner pipe:25(1.D.)

Fig.1 ~ Concept of the cold moderator.
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JAERI-Tech 2000-011

.

-
o
8 g
© = m o
@ el o« - D
M L=y %1% JCNR1OGW
= oz LA GZmuQIANA
w < 001L1A0TOOOD
o 3= owE =z =
T oY =z 2 x
g o~ > < a (&) (¢}
-
(=8
o
—
o
N
9,
[2)
<

Bottom \>Nozzle height

Analytical model of the test section.

Fig.3

S uiBue| moj} uoneNoIoeY

Yrreyevervsesr oo n

ORI

,,,,,,,

[EEERNEEE

EE NN NN

Cavssna el

Test section

1618y 8fzZON

R e
> K
Ly =
S &
% = iR
PR PR -
K S R DI
K O RIS
M O XRDODEEAEIK]
b @ &
o

Bottom

Recirculation flow and recirculation flow length.

Fig.4

_wll.w



JAERI-Tech 2000-011

120 R
€100 - --------------------- ® Experiment}......
E ——Calculation] |
N F : - - -

D 80 Foodeeiend SO AU SRR .

C L :

) §

2 i

g 60 R e -

§ | oo o * o o

e I :

-5 40 '-" """"""""""""""""""""""""""""""""""""""""""""""""""""""""" -

O I

.8 :

& 20 [ ]
oL i i i i i i

Inlet velocity (m/s)

‘Fig.5  Relationship between the inlet velocity and the
recirculation flow length.

120_"”!”1'!""!""!""!'
[T 0 ) S — ..... ® Experiment}i ... ]
i 5 i | —Calculation | ]

LI I
H
i
.
i
i
i
i
i
i
'
h
.
3
i
i
.
.
i
'
i
.
i
i
.
.
-
.
.
i
.
.
.
i
.
.
2
'
'
i
‘
'
i
i

T T
:
H
H
H
H
P
H
H
H
H
H
B
H
)
H
H
H
H
S
h
H
H
H
H
H
H
H
H
H
H
H
H
H
-
H
H
H
H
H
H
H
H
H
H
H
H
:
4
H
H
H
H
H
H

D
o
—
\
Lo
|

Recirculation flow length (m

T T T
:
)
H
H
H
H
+
H
H
H
H
H
H
H
H
H
.
:
H
H
H
H
H
'
19
h
H
|
H
.
H
H
‘
H
H
H
H
3
-
H
h
'
1
H
‘
1
H
H
1
H
|
1
'
H
H
H

o 10 TTT20 30
Height of the nozzle (mm)

Fig.6  Relationship between the height of the nozzle from
the bottom and the recirculation flow length.



JAERI-Tech 2000-011

3 34
W w
o E B
S £ S8z =
g £mo 3
£ % g.S5% -ns esras a5 N
T 2.s< 5355398338L58%a —
B o= 2XzS $238%33389835383
v 8r TEIE coefoRoARSTalnER |
c 39 .MN_..M t
& 28,258% } § 5
Sm2uldgs 3
C>EET358 H Pi

w -
a oL
2 we
o ce
& £ g3% -
< a wHo <
£ I %% H ~N
K3 T Juan< =
b o®> SXZe kS
8 Pk  =Ez p
2 20 wood
< 2o << N
Z22aE99c {
eLTWooE i
->ERL ot H

s|.
g st
w WL
s ¢85
E g
2 z 0z -
5 5 @ng s
. ¢ 2 888 :
WQ&A 5 8.3k 3sngssgsgesisis o
igl L s> RXZ5 GRERRSSRGRIRDRS
: ¢ sr Szz S58REGRTRRERsss
fric® & 20 uJuH
2 Q0 <<} N
z294800 H
au2Wocd ;
F>=EES5¢% H

=
=

: yiBus| Mol LOKEBINIDBY

JL

B e A
bt - ¢

RPN e N
R aane d it

4

=2mm

{1)h

wwg ! ybiay ajzzoN

wwep : ywibusy moy uonendoey K

foarmt i ot s oot o

i e o VS
on&\ﬁb\Aub«Aﬁ\Adllanor

B B L L L T T T

z". __)L_

tataamen it

AR

S D Lk 2 R b Lk Bk e P S SRR
PSRt A AD R

=10mm

@h

N8 € G G R T
D R B R e e
esmiaas ey ;Zsiaf,as\}l..lze

EEREES
//{,,;:...yx\\\

N o e et
_./,,..,.:.v¢1éfv...

RN N

e asasaar

iy AN A AR R N T ..eltt.sb.,in,
A G 4 N 8% N G 04 e GG it

A bl i S

wwg} :wbiay sjzzoN

wwog : WBiay sjzzoN

ww i Ybus| Moy uonensoay

wwis : ybuaj Mol UoRENIdEY

wwgp : Yhua; mojj uote|ndHIAY

PEYIIIPR

PMIARIDEY

7t I

B R

R Tt

\V\V\ EEEEEA CRECE ! "> I

3 .vvvwii‘
3 S i3 e

FCCEE RO

355503 jetetececsdiand)

$5H55555555555 5550

S

SSSESssEeeaceeiva

55>
> V/V\vuvwlvvavaYYe »

et e audcatss YYYV:

v\«w.‘v.vv VV\v‘v».VI(uwlvvw*f&YvuvdTv‘lffY\il\(W v
R > > S D>

PSSP —— e g Q0 ?‘v«Y!Y\.(l»}; > .

ISEHEHEERSBSREEPEM AR

wwg : ybray sjzzoN

=2mm

(hh

=10mm

2) h

6.6

=30mm

(3)h

=30mm

3)h

| results

(b) Analytica

Its

(a) Experimental resu

ions obtained by the experiments and the

ibut
analyses when the heig

1str
was (1)2mm,

Velocity d

Fig.7

ht of the nozzle from the bottom

(2)10mm and (3)30mm.



This is a blank page.




JAERI-Tech 2000-011

A |
N il
- Vacuum layer gg

£
R
]
L
o
N
(*]
r4

A

120
E@ :

120

(a) Model A

m %- 36
J 1 44

Vacuum layer

)

N\

29
28
38

e

3

120

(b) Model B

Fig.8 Structural drawing of the model A and B




JAERI-Tech 2000-011

9 T ¥ T l T T T I T T T ] T T ] I T T T I T T T
8 Target : Hg N
Reflector : Pb

. i Total beam power : 5 MW )

t')E L

L 6 F

s |

c

§e] 5 |

.*.cb‘.'

a X

o 4

9 -

= !

(D)

r 3}
2 - _
1 1 1l 1 I 1 1 1 I 1 1 L i 1 L 1 I 1 1 1 I 1 1 i

0 2 4 6 8 10 12

Distance from moderator bottom (cm)

Fig.9 Heat deposition in the cold moderator using liquid hydrogen.



JAERI-Tech 2000-011

%}I'Aﬂ

PROSTAR 3,00

PROSTAR 3.00

19-JAN-09 19-JAN-99
VELOCITY MAGNITUDE TEMPERATURE
ABSOLUTE

ITER = 384 KELVIN

LOCAL MX= 3.237 WER= 384

LOCAL MNx 0.8863E-02 LOCAL MXx 24.72
2287 LOCAL MN= 20.00

T 3007

= 22 e
2535 2405
2318 2301
2004 2397
1854 22,04
1.623 2270
1392 2235
1462 2202
09313 2165
a:7007 2135
0.4701 2101
0238 2067
0.08638.02 03¢

20.00
x x
’
Z z
STAR

PROSTAR 3.00
PROSTAR 3,00

19-JAN-99

VELOCITY MAGNITUDE 19-JAN-99
M/S TEMPERATURE
ITER = 384 ABSOLUTE
LOCAL MX= 3.235 KELVIN
LOCAL MN» 0.3823E-01 TER« 384
LOCAL MX= 24.48
3205 LOCAL MN= 20.00
T a0
T2 2448
. 2550 2446
s aaag 23.84
2,093 2352
1.888 23.20
1.636 2228
1.408 22556
$.180 2224
09515 2192
T o232 2160
N 0.4949 21.28
oo 288 2096
ST 0.3823E.01 20,64
2032
20,00
X
X

STAR

PROSTAR 3.00 PROSTAR 3.00

19-JAN-99 19-JAN-99
VELOCITY MAGNITUDE TEMPERATURE
M/ ABSOLUTE
ITER = 384 KELVIN

LOCAL MXw 3.233 ITER = 384

LOCAL MNx 0.3005E-0% LOCAL MX= 24.45

LQCAL MN= 20.00

0.2568
0.3008E-01

{Section B-B') (Section B-B')

(a) Velocity distributions (b) Temperature distributions

Fig.10  Analytical results of velocity and temperature distributions
for the model A. (the inlet velocity : 3m/s )
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Fig.11  Analytical results of velocity and temperature distributions
for the model B. (the inlet velocity : 3m/s )
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Temperature rise AT (K)

Fig.12
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Inlet flow velocity (m/s)

Relationship between the inlet velocity and the temperature
rise from the analytical results for model A and B.



JAERI-Tech 2000-011

93MPa

(1) Outer surface

Fig.13 Stress distributions on inner and outer vessel surfaces.
(Vessel thickness : 3mm, Inlet pressure : 1.5MPa,

(2) Inner surface

Material : aluminum alloy)
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Fig.14 Neutron transmission ratio to the required thickness against

the allowable stress.
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Supercritical hydrogen
(1.5MPa, 20K)

Twisted tape
(to generate an intense
swirl flow)

Inner pipe dia. 25mm
Outer pipe dia. 38mm

Vessel size :120mm (L)
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50mm(W)
Blowing hole Thickness : 3-4mm
(to suppress the generation Material : Forged
of the recirculation region) aluminum alloy

Fig.15 New concept of the cold moderator.
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