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SUMMARY

I . Project Title

Transmutation Technology Development

II. Background of the Study

The final disposition of spent fuel has been, and continues to be,
an important issue of nuclear industry. In addition to the uranium and
shorted-lived fission products, spent fuel contains TRU and other
long-lived fission products that have half-lives of thousands to millions
of years. Spent fuel, therefore, has caused lots of socio—political
problems and has prevented the nuclear power from being one of
sustainable energy source for the future. A spent fuel problem is
expected to have a solution, though not perfect, by developing
transmutation technology that converts TRU and other long-lived
fission products into 1sotopes with more favorable characteristics
(stable or short-lived). Transmutation gives additional benefit by
producing the energy. As results, it is very much desirable to develop
transmutation technology in terms of providing a solution to spent fuel

problem as well as the reuse of waste.

ITII. Scope of the Study

The conceptual design for the accelerator driven transmutation
system HYPER is scheduled to be completed by the year of 2006. As
the first step for the conceptual design, a study to determine
1)sub-critical core characteristics, 2)fuel concept, 3)coolant system

concept, 4)spallation target concept for the HYPER was performed from

- vii -



1997 to 2000. Most of concept studies were done on the literature

basis.

IV. Results of the Study

1. Core Concept

In order to minimize the burdens from non-technical factors, it
was determined to transmute 1)whole TRU without any separation of
actinides except uranium and 2)two most toxic long-lived fission
products (Tc—-99, 1-129). The HYPER system is designed to be a fast
neutron system for the effective burning of TRU. The target zone for
Tc-99 and 1-129, however, is specially designed to have localized
thermal neutrons that are more efficient for the transmutation of fission
products. The support ratios of TRU and FP are expected to be about
4.5.

The HYPER core is supposed to employ pyro—-chemical process for
the removal of uranium from the spent fuel. The recovery factor of
the pyro—chemical process can be assumed to be 99.9% for uranium.
The HYPER core, thus, includes uranium to a certain extent.
However, that much of uranium can not make any contribution to
compensate for the reduction of reactivity due to the transmutation of
TRU. A burnable absorber utilizing B-10 was developed to reduce the
amount of burnup swing. The designed burnable absorber results in

the reduction of swing by 40%.

The HYPER core has four different TRU enrichment zones in
order to make the power distribution as flat as possible. The HYPER
core can not have equilibrium status in real sense because it adopts
scattered  reloading  scheme. However, the core reaches

pseudo-equilibrium status in terms of nuclide concentration. Pu-240
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becomes the most dominant nuclide and the weight fraction of uranium
in heavy metals is 209 in the pseudo-equilibrium status. About 258kg
of TRU 1s expected to be transmuted to produce 1000 MWth for a
year in the HYPER system.

2. Fuel Concept

TRU-Zr form was chosen for the HYPER fuel because it has
good irradiation experience and compatability with the pyro—chemical
process. The HYPER system is a subcritical so that the amount of
heavy metal(TRU) inventory in the HYPER is much less compared to
that of a critical LMR system. Therefore, the metal fuel data from the
existing LMR can not be used for the HYPER design directly. Two
metallic fuel forms are under consideration; one is alloy type (TRU-Zr)
and another is dispersion type ((90TRU-10Zr)-Zr). A comparative
study has been performed to decide which one is better. More

experimental data are needed to have the final decision.

The Zr weight fraction has to be more than 50% because of the
phase stability and the mechanical stability for the alloy type and the
dispersion type, respectively. HT-9 is used for the cladding material
in both types. The density of fuel is designed to be 75% of theoretical
density and large upper plenum is installed for the minimization of rod
deformation due to the swelling in the alloy type. On the other hand,
the dispersion type does not have smear density and gas plenum
because it is believed to have good resistance against swelling. Both
types are being designed to achieve about 30at% discharge burnup at
least. The concept of 331 fuel rods per assembly is being implemented

for the core analysis tentatively.

_ix_



3. Cooling Concept

Pb-Bi was chosen as a coolant for the HYPER system because it
1s chemically less reactive and i1s able to be used as a spallation
target. The system operating temperature was preliminarily determined
as 340/510°C. The result of simple analysis of the economic impact on
the system operating temperature showed that if the operating
temperature is reduced by 100TC in order to increase a safety margin,
thermal efficiency of the plant is reduced by about 2%. Total system
flow rate is about 40,000 kg/sec and the flow velocity in the core is
preliminarily designed to be about 1.5 m/sec which is relatively very
slow compared to those of normal LMR. The corrosion and erosion
characteristics of Pb—Bi limits the flow velocity below 2 m/sec. The
maximum temperature of the cladding outer surface was calculated as
634C, which is below the design limit 650°C. The maximum allowable
power peaking factor was calculated about 2.0. A forced circulation is
inevitable during a full power condition since natural circulation is not
sufficient to cool the core with reasonable system pressure drop and
reasonable system height. However, a natural circulation can be an
excellent method for decay heat removal when the height difference

between the core and the heat exchanger is above 10 m.

Too much Pb-Bi within the reactor vessel can load high pressure
on the vessel wall because of its high density. In order to avoid such
high pressure loads especially around the bottom side of the vessel,
loop configuration was chosen rather than pool type for the HYPER.
The number of loops was optimized to be 3 by accounting for the
pressure loss and the achievable flow velocity in the system pipe. The
simplification of cooling system and high system efficiency are attained
by removing independent target cooling system and intermediate heat

transport system. A superheated rankle cycle was chosen since it is



technically matured and its thermal efficiency 1s reasonably high.

4, Spallation Target Concept

A comparative study for Pb-Bi, Pb, and W, Ta was performed to
determine the spallation target material for the HYPER system. Pb-Bi
was decided to be the spallation target for the HYPER system. The
beam guide tube is a shape of cylinder with the radius of 40cm and
has a circular type end(window). 9Cr-2WVTa with the thickness of
2mm was chosen as a beam window material in terms of its good
radiation stability due to high energy particle irradiation and its good
corrosion resistance. The beam having a parabolic distribution i1s
injected from top to bottom with a diameter of 35cm and the spallation
material(Pb-Bi) flows from the bottom to top with the flow velocity of
1.1m/sec. The target zone is located at the center of the HYPER core

with the diameter of 66cm.

The current design concept is expected to afford 1GeV, 13mA
protons which can produce 24 x 10" neutrons/sec without violating
temperature, material design limits. The activity of spallation material
is increased due to the protons and it reaches at 3.3x10° Ci after one
yvear irradiation. The maximum beam window and spallation material
temperatures are 534°C and 499°C, respectively. The maximum thermal
and mechanical stresses are evaluated to be 104MPa and 155MPa,
respectively. The window material damages due to the irradiation of
1GeV, 13mA protons are predicted to be 76dpa/y and 3598 appm/y.
The micro—hardness is estimated to be increased up to 1.4GPa due to

the irradiation.

V. Applicability of The Results

_xi_



The major objectives of the study is to give a guide-line for the
second stage research which will be performed during 2001 - 2003. In
addition, the technologies related with TRU-Zr fuel and Pb-Bi coolant
can be utilized for the future nuclear reactor development such as

Generation 1V.
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A9 4 (3.1.8-1)3 4] (3.1.8-2)° PJA HHE H&etH, 4 (31.8-1)
o Z8wW3zlgol 0o Ha, WEHE 4 (318D 4 3182z st

o Agstd a3 2o

d%zt = a;,C; + (b;+4d) i=1,2,,6 (3.1.8-3)
_ .Bz' _ )
A7, @i~ (= 1) 4o
’ —o( A
d;= (t)(Z/l C,i—2; C)

ZhEA A" A (318-3)% E3 C.(0, POE AYshd ol
ragel

- S(#) -

bzﬁhdi _ b,~+Ad,-[ e 1]+ Cio e ¢ (3.1.8-5)

wa 4le 54 BN Y WeEY FrE ten o, 27]

i [e]

S A3 27 7 Doppler &3, Wz ¢ Volume Expansion, Z12]i1

[e]

Void Effectoll 23 W3 =a3 5& iestd 74U
o) = po + apdTet acdTe + 0 (3.1.8-6)
714, P(H = A" F £9 [MWth],
C(H = AEFAA ZdF 93 &= [MWth],
S(p = YEMAYe o3 == [MWth],
p(t) = AA &L,

A = 2z Ja B A7 [sec,
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g: =ivT ATFAA £&
og = R7|WEE,
o = A7 2EAHREE A5 [drho/ °Cl,

&= A [d_rho/ °C],

— =] [e] o)
P = JFTEE AU

T/H 2o Ads a2 dngdr|71x¢] 7]7]d 4 - odyx o

g YAANE olgetel ofest 2 Hg FATALL

My Cy —CjﬁT_f=P<f)_ 5L T/(0— To(d] (3.1.8-7)
dTC] 1 1
/ { dt R ‘ f ] R . J (31 8_8)
M. c. e - L0 T (0 T.O)-2W (D Cl To(d~ T.(D]
‘ (3.1.8-9)
r=—te L (3.1.8-10)
dThi _
My Co —=W@ C.L T,(t— t,)~ Tu(n] 31811)
dT;
My Co —5=W@ Cl Tyt t)— Ti(H)] (3.1.8-12)
Tt Tu
Tp,;*—’7——h (3.1.8-13)
dT,,
My Co — =W Cl Tu®— TwOI=hAI[ T, ()~ T4(]

(3.1.8-14)
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E 3.1.9-1 HYPER XM=& AofAel TRU 55 ¥ o= M2 Het
) %) TRU $%% Ul erEjvhel = A s
= k-eff
T W) w/o (kg) TRU
d (BOC) _
LiM|H (LL,L/M/H) BOC EOC ik (kg)
0.97903 4480.7 43374 TRU=127.3
13113 25.7/36.8/46.6 629.314
(0.0010) (U=1005.0) | (U=989.0) U=16.0
097701 4480.4 4337.1 TRU=1254
421214 30.0/36.4/46.2 632.543
(0.0010) (U=1001.9) | (U=9859) U=179
0.97502 44866 4342.7 TRU=127.8
15/3(3]|5 30.4/36.8/465 | 604.590
(0.0010) (U=1000.2) | (U=984.0) U=16.2
0.97908 4500.8 43575 TRU=127.4
160446 05.7/36.8/46.6 622.979
(0.0010) (U=1000.1) | (U=984.2) U=15.9
0.98378 4503.2 4359.9 TRU=1276
1705157 29.8/36.1/46.2 624.403
(0.0010) (U=997.7) | (U=98L9) U=158
0.97837 44872 43432 TRU=128.0
1811161 25.2/36.4/46.2 627.653
(0.0010) (U=991.6) | (U=975.6) U=16.0
0.97874 44835 4339.0 TRU=1285
1902|112 29.9/36.1/46.1 631.087
(0.0010) (U=988.3) | (U=972.3) U=16.0
0.98970 44763 43317 TRU=1285
20(3]23 30.0/36.1/46.1 620.662
(0.0010) (U=983.9) | (U=967.9) U=16.0
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3192 &gt F7| AR2=M (S|, w/o)
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Nuclide Charge Discharge LWR Feed
U-234 0.188597E+00 0.232123E+00 0.177880E-02
U-235 0.736514E-01 0.722745E-01 0.795615E-01
U-236 0.841427E-01 0.948405E~01 0.382271E-01
U-238 0.202858E+02 0.229404E+02 0.889183E+01
Np-237 O.193709E+01 0.141268E+01 0.418791E+01
Pu-238 0.304436E+01 0.347337E+01 0.120302E+01
Pu-239 0.224494F+02 0.166255E+02 0.474460E+02
Pu-240 0.282218E-02 0.297729E+02 0.215643E+02
Pu-241 0.655179E+01 0.599722E+01 0.893207E+01
Pu-242 0.824376E+01 0.921189E+01 0.408346E+01
Am-241 0.238758E+01 0.233297E+01 0.262197E+01
Am-242 0.153483E-02 0.189242E-02 0.516934E-07
Am-242m 0.196036E+00 0.240703E+00 0.432142E-02
Am-243 0.247404E+01 0.287374E+01 0.758524E+00
Cm-242 0.163776E+00 0.201922E+00 0.511796E-04
Cm-243 0.226481E-01 0.274098E-01 0.221062E-02
Cm-244 0.232527E+01 0.282710E+01 0.171395E+00
Cm-245 0.724261E+00 0.891301E+00 0.731348E-02
Cm 246 0.624440E+00 0.769728E+00 0.851910E-03
F 319-204 2 £ dFo], PWR AgFdHA Pu-2397F




U-238°] °F 20% H==2A FFv|7F F w) 7l7te] Zrbebgich U-2389)
T%HH F7l= TRUY dAEE gaAde 2x=Z sded. &y
U-2389 F7le =494 e WH3lE X7 x4 v)ate] ok 74

i 319-1914 EXeol, IGW €% HYPER :=4& {7k oF 258 kg
|k ok 288kgol

kr
je2ad
o)
é
1o,
o
£V
2

(e}
—
=

F 3.1.9-3 HYPER M= TalolMe 28 SMX 52 U Jia7|

52
_ 92 FYA | FAR AR

=] U] (AAR) | k-eff =Z oz (mA)

(BOC)
L |M|H BOC EOC BOC | EOC
17 5 | 5 | 7 | 098378 31.3 11.3 10.6 32.4
18 1 6 | 1 | 097887 25.0 10.5 13.4 34.2
19 2 1| 2| 097874 28.3 10.8 11.8 334
20 3 2 | 3 | 098970 27.3 11.2 12.2 32.3
V1 GeV A, FHA G A5 2R = 2926
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F 3.1.9-4 20F7[0lMe] =2

ote|Ltol = Z et st

gz A (kg)
BOC EOC zo]
U-233 0.2144E-02 | 0.1902E-02 -0.0002
U-234 0.9166E+01 | 0.9215E+01 +0.039
U-235 0.3203E+01 | 0.3121E+01 -0.082
U-236 0.3949E+01 | 0.3986E+01 +0.037
U-238 0.9675E+03 | 0.9516E+03 -159
Np-237 0.7585E+02 | 0.6977E+02 -6.08
Pu-238 0.1456E+03 | 0.1432E+03 -2.40
Pu-239 0.8774E+03 | 0.8082E+03 -69.2
Pu-240 0.1299E+04 | 0.1270E+04 -29.0
Pu-241 0.2797E+03 | 0.2674E+03 -12.3
Pu-242 0.3898E+03 | 0.3845E+03 -5.3
Am-241 0.1049E+03 | 0.1010E+03 -3.9
Am-242 0.7905E-01 | 0.7898E-01 -0.0001
Am-242m | 0.9818E+01 | 0.9773E+01 -0.045
Am-243 0.1191E+03 | 0.1182E+03 -0.9
Cm-~-242 0.8502E+01 | 0.8498E+01 -0.004
Cm-243 0.1090E+01 | 0.1081E+01 -0.009
Cm-244 0.1142E+03 | 0.1142E+03 0.0
Cm-245 0.3564E+02 | 0.3571E+02 +0.07
Cm-246 0.3084E+02 | 0.3072E+02 -0.12
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Fresh Fuel
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of 27331 W, HYPERA 29l ddz Fdzre 2293 Jo7)
Mg ATES T & AN
I 32.1-1 HAZ YeElH Ity X2H|E
Fuel Cost Clese-couple 1000MWe Plants Close-coupled 3000MWe Plants Central 10,000 MWe Plants
Type Componeat Aqueo"us Volatility: | Pyrochem 1 ‘Aqueous | Volatility: | Pyrochem :| ' Aqueous | Velatility | Pyrachem.

Ox’ide Processing 0.53 0.35 0.44 0.29 0.21 0.25 0.16 0.14 0.18
Waste Disposal 0.15 0.09 0.09 0,12 0.08 0.08 .10 0.08 0.07

Inventory 0.17 0.12 0.12 0.11 0.06 0.06 0.109 0.079 0.079

Shipping - - - - - - 0.050 0.066 0.671

1% loss 0816 0.016 0.016 0.016 0.016 0.016 0.016 0.016 0.016
Total 0.87 0.58 0.67 0.54 0.37 0.41 0.44 0.38 0.42
Carbide | Processing 0.62 0.43 0.46 0.33 0.26 0.26 0.19 0.17 0.19
(] Waste Disposal 0.15 0.09 0.09 0.12 0.08 0.08 0.10 0.08 0.07
loventory 0.17 0.12 0.12 0.11 0.06 0.06 0.109 0.079 0.679

Shipping - - - - - - 0.050 0.066 0.071

1% loss 0.016 0.016 0.016 0.016 0.016 0.016 0.016 0.016 0.016
Total 0.96 0.66 0.69 0.58 0.42 0.42 0.46 0.41 0.43
Metal Processing _0._59 0.39 0.29 0.32 0.24 0.17 0.18 0.15 0.12
Waste Disposal 0.15 0.09 0.06 0.12 0.08 0.05 0.10 0.08 0.05

Inventory 0.17 0.12 0.12 o.11 0.06 0.06 0.109 0.079 0.079

Shipping - - - - - - 0.050 0.066 0.071

1% loss 0016 0.016 0.016 0.016 0.016 0016 0.016 0.016 0.016
Total 0.93 0.62 0.49 057" 040 0.30 0.46 0.39 034

* Data from ANL-7137

* Cost(Nitride/Carbide)=~0.818/0.750 [BNWL -606]
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th to Selecting a Nuclear Fuel from Level:Level 3

Metal Molten Salt Oxide Nitride

2 321-3 H|mAXH J|{=E DHE xS UHE
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TopEndCap———=
Top End Cap —f
Gas Plenum ———— 1~ Gas Plenum ——————
a———— Cladding Tube «+———— Cladding Tube
Sadium Bond
Fuel Stug Fuel Slug
Shielding Shielding

|
. |
Bottorm End Cap Bottom End Cap —_—
3 Key Way <§———‘§:? Key Way

HT9 cladding
TRU-Zr fuel core (TRU-Zr)-Zr fuel core

Na gap

(@) et=d (b) 4+
08 3222 BB U A B He
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E 322-2 HYPER 283 #xg =28 (BIHZ) dA7Md oy X2
T = = ERE
o oAl TAME 50wt%TRU 45wt%(TRU-10Zr)
-50wt%Zr —55Wt%Zr
o dem=Ex HT-9 HT-9

(0]

Na 28 F=

engineering gap (0.1mm)

- =" 22 Na 2% 7=
o & atctoly 20 mm 20 mm
o E4 AFE Zed 1440 mm 600 mm
o AZAN Zo| 1200 mm 1200 mm
0 & StFAH 600 mm 600 mm
o & stetobrl 4 keyway 30 mm 30 mm
o Hg&E & 20| 3290 mm 2450 mm
o HA=mp HYF 5.0 mm 5.14 mm
o dzul=a S 0.68 mm 0.68 mm
o HBF 23Y4 6.7 mm 6.7 mm
o 92 F pitch 10.05 mm 10.05 mm
o P/D 15 1.5
» Bt R 8o AL sodium filler height & &t

kH

322-3 HYPER =d2 &=x& 28 (16970=2) AAIZNE o8] X2
T & g=d =g

o olzAl TAMAME 50wt%TRU 45Wt%(TRU-10Zr)
T s ~50Wt%2Zr ~55WI%Zr

o ARI S HT-9 HT-9

o dBAl @ = A Na Hel mx engineering gap (0.1mm)

ZE2 Na 24 7=

o & ATopf 20 mm 20 mm

o AN AF Eed 1440 mm 600 mm

o 9iz4l 20| 1200 mm 1200 mm

0 & SHFAHH 600 mm 600 mm

o & stetobal & keyway 30 mm 30 mm

o g &E & 20| 3290 mm 2450 mm

o oz p Y 7.4 mm 7.48 mm

o HArRu=a T 0.68 mm 0.68 mm

o g & 284 9.038 mm 9.038 mm

o M7 F pitch 13.56 mm 13.56 mm

o P/D 1.5 15

~ gz 8 % sodium filer height &
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(7h) 33170% EFA J&EA AR7d As

B3zl AgA] A o Hd=e 19 322-33% 2tk
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11187
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rir
[
o
[O6]
09
W
=
&
Yo
e
=

ool ute}

T 322-4 2Yz3 mEA 331718) HANE ofd] A2
T T a9 AR
Rod triangular pitch (mm) 10.05 10.05
Number of Pins per Assembly 331 331
Channel Tube Material HT9 HTY
Gap Distance between Assembly (mm) 40 40
Assembly Lattice Pitch (mm) 1996 199.6
Overall Assembly Length (mm) 3660 2820
Upper Nozzle & Handling Socket (mm) 50 50
Elongation Allowance (mm) 270 270
Fuel Rod (mm) 3290 2450
Top End Cap (mm) 20 20
Plenum (mm) 1440 600
Fuel Slug (mm) 1200 1200
Shielding (mm) 600 600
Bottom End Cap & Keyway(mm) 30 30
Bottom Nozzle (mm) 50 50
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H* 324-1 U-Zr g8 €822 (WmK)

Temp, K Uranium |U-15wt%Zr| U-5wt%Zr | U-20wt%Zr | U-40wt%Zr
293 27.0 226 19.0 11.0 7.0
373 29.1 24,0 21.0 13.0 8.0
473 31.1 26.0 23.0 150 100
573 33.4 985 25,0 17.0 120
673 35.8 31.0 28.0 20.0 14.0
773 38.2 34.0 310 22.0 170
873 406 37.0 34.0 25.0 20.0
973 432 405 37.0 28.0 24.0
1073 45.7 445 41.0 31.0 28.0
1173 483 no data 44.0 34.0 330 |

A Pud FAREE 33~41W/mKelghn Yey YA @I
5 9 & Puol O3 GAEE ARE o}F e AAoln
[211). a Pue €AEEe HAZE & olfv AA 7tE€Ed 2 A2rt
o Rolety #udt p Pud A=

140Coll A 154 W/mKZ4 &4 5 31}, '

AN
o
Ol
L
38
~

ols} o] Pue AEEE AAAA AZsar] 7 W ole e AH

ol ofF AL ko] Ale] ¥X3H Pu-lwt®AlY dHEEE Puy <&
AEEZ 714slo] Puzridel AAEES fFdT. 19 32412

U, U-20wt%Zr, Pu-1wt%Al, Pu-28wt%Zr® <Ed=x=E YEdHT
[2.11,2.12].
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Temp.(K)
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8 324-1 U, U-20wt%Zr, Pu—1wi%Al, Pu-28wt%Zrel €8 =

a9 324-1914 BE bl Zo], U Pu-lAlY dA=EE A3
A GAT ojud HER Ul F Jeoerz FFIHA e U
AAEEZS Bl 20TANA oF 27/95=03512 fFstgen, oE
AEEE A U-Zr &5 viz7ix 2 2% & 35agn aud
1 ¥ 3.24- 101] Ueld U-Zr 33 9dE%] 03518 #3519 o

=2 PuZr 59 EHEER 1A o] S E 324-29 2t}

E 324-2 Pu-Zrgtg 43 EZE o & (WmK)

] Temp, K Plutonium Pu-1.5Zr Pu-5Zr Pu-20Zr Pu-40Zr
293 9.5 7.9 6.7 39 2.5
373 10.2 8.4 7.4 4.6 2.8
473 10.9 9.1 8.1 5.3 35
573 11.7 10.0 8.8 6.0 4.2
673 12.6 10.9 9.8 7.0 4.9
773 13.4 11.9 10.9 7.7 6.0
873 14.3 13.0 11.9 8.8 7.0
973 15.2 142 | 13.0 9.8 84
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—&— TRU~50Zr metal {lin. pow. 21.6)

- (U-10Pu-20Z1)-2r dispersion {lin.pow.21.6)

——&— (TRU-20Zr)-Zr dispersion, (linear pow. 21.6)
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Fuel swelling strain and cladding strain

0 input Data
- T/H data
— Neutronic data

— Node numbers and Position
- material property

e

3265 &8 &4 A

+fue| sWelIEné for TRU at 613K e c!ad&?né strain for TRU at 613K
fuel swelling for U3Si at 413K

0 Initialization Calculation

- Volume of Zr-matrix per unit
meat volume

— Voiume of initial pore per unit
meat volume

~ Fraction of matrix in fuel meat

- the volme of fuel particle etc.

1DATA,
iteration loop
of power
history

'

0 Vol. change due to solid
fission product build up

- solid fission product buitd-up

- transformation to higher Zr

phase

O Vol. change due to interfacial
layer formation

— low density product (interfacial
layer)

0 Vol. change due to gas bupble
nuclea. and growth

— gas atom production

— bubble nucleat. and growth
(muiti-bubbte)
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0 Input Data
— Temperature distribution

- Fuel swelling

- Node numbers and Position
~ material property

0 Initialization Calculation
- Swelling strain rate
— Thermal strain rate

Assuming a radial stress at
_.._center

Application of Boundary
conditions at fuel center

\

0 Caiculatioﬁ fof fuel meat
— Strain rate distribution
- Stress distribution
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interface :
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10 X —e—volume change for TRU at 613K /I

.. - -- volume change for U3Si at 613K

~-- 4 -- volume change for U3Si at 413K

PAREaY

volume change(%)

0 10 20 30 40 50 60
burnup(at%)

% 3.26-10 H4xol M2 45wi%(TRU-10Zr)-55wt%Zrel £ aj #H 5}

- 154 -



U EobA]

7. AFA TN 7| EAA AL
HYPER

e Al .
usee g K AR
° mw S o w WO W F X
%mxx 2T g D ﬁmzﬂrsx_u?%ﬁ x =
o O Do Py T Koo F oy — X o B
® XU 2P oy TRferes T U ET
ﬂﬂi Km;uwm %%ﬂﬁ.ﬁ%mﬂﬂ Eaﬁﬁl
m — m K A P S A
1 no~ T, W N = do R o == k) < 7N o
B N NoE T £ N o T o R Ui o
= ooy XX S I T B R — T W
i T T mo Sy = M ow B ® - <
e B R E U 2N D, e B
o3 ) = 50w g L ~ T
5 © & m O W g ﬁ.ﬂlm»%aa&&ﬂﬁ weos o
TR = g Z S S IV
T = O o X S o M < a)a - Y = - &)
IM@ @Hmﬂﬂ yza %ma‘ﬂz_@ Mo W
= E R o &g ™ m;%ﬂjmw%%w o2
ﬂ_m,owﬂ Loy T m@%_mlorﬂmw A
) K = N T = ) 3 YR
) o m_wm%mﬂ %%imﬂrﬂ@%ﬂmﬂ% m%ﬂ;
L RoQ Y] o € og BT S W R T SRR
oo Mﬁwﬁimﬂ wﬁmdﬁﬁmﬂz*’ce_lﬂ] Wguﬁomr
~ T R Ird 1 — > 1| 03 o ©
B ox B T B %quﬁma7ﬂ§ 2 5 e
o u Mo aamsﬂmﬂagi < UK
= o X = B R < e " o
w o= . ™ EATE g T W s ox A oA = % 7 ok
= " zr o B El&lﬂzwx © o< -7
oy M_M o W,M ol w2 20| Is m ™ M_ _ Ll WM I ﬂ = O S AR dp
mo of & W o B , &% TR E LR % AL
e Ao o oo N R — B- ot o =
qodﬂ]rﬁl e 5 S WCT?@‘H = NEFT 2 o~
_V%ﬂe_mc Acﬂﬂ1§,zc§ﬂrNsﬂmz_
T TN g iy 1 r M SN 5KoREOBY ) M L o S 9 Ho r
m_. WP o Nr ® oS o B m M ok M Ew E R (S z B W
om0 U o W 3 W o M @K
e RO omh W 0N ,@Eﬂﬂ%%.i% mxiﬁo,
— = (o] [H
,AU ,,Wu” ,oﬁl ) wmu = w U# &O M H;l d
£ o] W £ o oo
O

- 155 -

el 1, 24 27 5

P2s

o g, 9

| -
i



CONFIRM R &2 ¢jo £< f89&E S sy olgf ZF HANMSF
g e olg el 3l }
HEADING R &A=

o
#A5]i= FYo] postscript language® I o]
ooz ZHE 7} postseript o]

) Ve &+ YEF e A oYy
g weTh om 2¥sE MdRe e, AN 5o Fur} veReo
goizit,

ELEMENT ESoAd: ddzgs mldne 7|2 a9e & & Ide
dAgy 7HAHNSS s postscript AojdA AET FE=

[e)
(Sub-routine) & A & 3t}

e

DRAWING ESolAE dds%e] 9442 7 2E

o Aoy Rrzade 1 AAd AdEEe 1T oW HABL

Aol wel AR A7 gPAmw BAA ] 92 Aee] 1Y
=

o] BEA Bed BAE ¥e & AR

2
_9‘15
i
td
—
£
<
o
Z
ﬁ

Ol

OUTPUT EEAE postscript 49 R ES UHEEE Hojdo.
ol&a A A ¥ postscript Y-S postscript moded] THEZ

P A~
AR E WIES UE 5 9

w
o,
o.
ot
R =2
1o

Mro b

- 156 -



QOQQQ&QO/
OOOOOOOOQ/
oooooooooa/
OOOOOOOQOQQ/
OOOOOOOOOOOQ/
OOOOOOOOOOGOO/
OOOOOOOOOOOOO >
OOOOOOOOOOOOOOO
/OOOOOOOOOOOOOOO
OOOOOOOOOOOOOOOO
OOOOOOOOOOOOOOO
, oooooooooooo
OOOOOOOOOOO
OOOOOOOOO
OOOOOO
Q OO
o

,,OO

260

/boo

.@Oooo
,@oommoom

~)
2

. \\\\\ ps

(b
) 16074 &

(a
) 33174 =

(O;")

Ui
ol

|

Sh3 b

K
__Oﬁ

ol

Ho

j—a

2

39

27
1

KAFA

ONO

l [e)

__I

]

1}
N
UB
N

OD

=

oz ]
=/
A
N
Lel
NUBOW
oD

1o = o
"‘O
KA
E
RIY
7

e
T A

o
T—

N
U
BO
W
oD-
KMODI2

-22]

1
T

il
ol
U
B
A
OD

[e]
£

; A
asti
1C
(2.23]
=
= faw &
— O
2=

2z}

A

@.

d.
{lation

I
J_H]
E’

ZH Zo]— .

o

L
o

s

}g
7;1] _E;H O]:U}.
U ]_q-

i

o1}
21
O]%

_/‘[:

Ui

157 -



NUBOW2D-KMOD+ Zg=z % ﬁ@—&Oﬂ o3t IS AAakst=

NUBOW2D-KMOD+= CEE X 9% 24 3 AN @ ZIYZ
2 WFol ofgk wyg AL
bulging (Y E 7t 7J7—3|) Al Ak
AEO o3 & AL ® & d =
2 Ba A @ Ao AAE WHE, A Ao g ZAE )43

® o
m 14
Hu
2,
[
Lo
_?L
o
o

N
N
)
2
B
2
1o
_?L
i
it

olof w2t row averaged force, row averaged displacement,
pre-bowed shape ¢ ZIAE AL 4 Ao, row-average valueo| =
= YE9 o/ He g z+zhe] & AY = oy 54 4

24g 2
Aol Eol g W, 33, 3L AL + gk

ol

NUBOW2D-KMOD¥ 2x4¢ 2Ed (x-y) ol2=2 3 W =
row-averaged #f 2= A grt ojwf FA} A Z P HFo] o3 gHL
F4A%Y 2 W wWe NRA B2, row-averaged S
& Axte7] HaiMe 384 dd, A 2 HHEIS HIgS AL
A4S stojob gt} o] ZFWolA  NUBOW2D-KMODE A4 A7
g A== olYAT 339 ZEE Y3 inelastic coding module
Bt 3 debuggingol]l =i-¢- F&3H, 3] 14 Azte] =3 wdo] 7t
st7] wiizel sA HHY Hg mgE Ao s A7

A 2] NUBOW2D-KMODE ZAAZA 2d +=AZ A Tz 13y
Aol 7ted Aoz EAFHAUY F 7|E2 NUBOW2D-KMOD:E
AA EZF nZHA Qi 7HAst AFAGE] g8 EXd g

H
1} HYPER =412 target zone W&o 2~370¢ 9EZ nAHo qvha

ofo
Ol
L

T <}

AU

- 158 -



/
\

eflect Shield

HTILKU R

(
|

lu Saf
row

.
~.

RU LTRU MTRU MT

Target LLT

5000

4000

3000

2000

(Wwyysiey

1000

-1000

T8 3.2.7-2 NUBOW2D-KMODo| 2] &+

N
K

xO

—

X
~J
KA

ES

ol
oo

NI

ol

T

Hlo

A =AY

wK

o

Njr

ey

%87

el A 2571 o] £7] dEd, d8% g 4ERY ¢ 2

A

B

2 By

t

ol

5 o

Ao}, whetA

"
-
o}

21,

. bundle/duct interaction) ©]g} -

s 28 (BDI

b
o

oF
o

4
o

—

O

iy

g

(hot

"

W

A d

7}3

=
[}

cha o

To
s
B

spot) ©]

- 159 -



=3

= 9y

2o] Zobx]

=
=

oA A

o

.
No

deformation) 3}

84

s

[e]
T

g ©| &3t

e ANSYS

)

o wher

P eH2.211.

K]

o)
wde s

I )

1& & & = ANSYS-BDI

zg2ad

ANSYS 9]

o}
N

or

ln

‘WO

pl
o

Ar
—_
TO
Njo

H
i

op
7K

0
Tl
%

ruse]

ol

==
"o

)

o
=<
3

el

NUBOWZD-KMOD =

T

e A =

1 o] A

o

of 2

r
|
T

o}

i
T

&
B

L
file]

HK
AL

;OO
=0

A
i

£
g

25
i)
|

s
ok

B
pilg

A
—_

[5S

BN

A1
oy

3

A5 %/9E(BDD

Els

0. =

[e]

al

—
1o

=

17t de =

A
ful

s B2 A

1
A

gk gyal deformation

& [e]
Bl

wire wrap®| o} space gridel] <

1)

AR

=9

=

o} 18 32.7-39

- 160 -



l

Problem Title=ANSYS Mo

T8 32.7-3 Static deflection of the 37 pin bundle for helical

loading(odl)

el

i

05

o

Aol ol YA B

9E A}

= ¢
T

it BDI €4 #4912 s34

tH, o]

Al
A
<]

A=
T

NUBOWZD-KMOD A &

1=
L
9

TAGeEA 7 F gl

i KAFACONE

stu, o]

Sl

]

O
C}:o

X

R

1

DIMAC #Z=& KAFACON¢]

- 161 -



Duct Oval
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a) Slag deposits in a tank.

b) Slag depesits in a heat exchanger,

¢) Slag deposits on recuperator tubes.
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240 NYAZ FHAAOE AYHD B + YOUE o ALFH

=24 g A7 Eesty. aEy o

EAYE Pb Pb-Bi W Ta
composition element P]_D(45%) element element
Bi(55%)
2 = (g/cm’) 114 105 19.3 16.6
Z/A 82/207 82.5/208 74/184 73/181
29 2 (x10% cm *) 3.31 3.01 6.32 5.54
S AT H(n/p) 26.7 26.1 22.0 19.2
|83 C0 327 125 3422 3017
v 5 A (°C) 1740 1670 5555 5458
A A2 A (W/emK) 0.35 0.14 1.74 0.58
v 4 (J/g.K) 0.14 0.15 0.132 0.140

* LCSE ol &34 A& 10 cm, 1 GeV F4AME A E 30 cm, ¥°] 50

[
cm dYHEHA =AES A9 100MeV olst AR A4 #F

e Pbho} Pb-Bit B 2L FaddS 7Ix 1 gloh

FA4 AA Z49oA Pbe HALEZF 331 x 107 cmPez
Pb-Bi¢] AL E 301 x 10% cm™ Bt} Eof wredge Zvlz B} B
& F4AE A 5 BsuwHo] Po-Bint thd Fol FAEA
A A9 Hlzsith. LAHETE ©]&3 A& 30 cm, %°] 50 cm A%
HEAC 1 GeV AR S 2A7E A B IS 5
FEA 1 Y 267 JHe] SA4AE, Pb-Bis 261 Hel F 4;4# AHOZ
A]?]% ?_il— :": ol ]

T A_
T = AR AR
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ferritic/martensitic, advanced ferritic/martensitic®] 3 T/ Z UEF A=
o zZ+ze] giF A AFE£Eow 316SS, HT-9, 9Cr-2WVTa & & T+ 2

I OE 342-38 7 BFHe) 2AEo|Y

Cr Ni C Mo Mn Si W v Ta
31655 173 | 137 | 0.05 2.3 16 0.6 - -
HT-9 120 | 05 0.02 1.0 0.5 0.4 0.5 0.3 -

9Cr-2WVTa| 9.0 - 0.1 - - - 2.0 0.3 0.1

BH HAE Gl (97
0% $UFL Ytk FAAES BRHL Gavt A Hob §

]
U4 1252 7]l HYPERS 1@ wf SA4AF olvA #HEol 2 5

T 342-4 S4XEH EM
| 3% AEs | s
S8 B . commercial advanced
= A austenitic " " " .- .
= (3165S) ferritic/martensitic | ferritic/martensitic | tungsten | graphite
(HT-9) (9Cr-2WVTa)
FAAES 0 0 0 - +
moderation 0 0 J 0 + -

(2) 2#d 54

E 342590 MY d8d SEAXES JEsdy. ®H2d

= =4
graphitet™ %:i=%4lol rong Aol w2 gANAgor A AERyg
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austenitic
(316SS)

commercial
ferritic/martensitic
(HT-9)

advanced

(9Cr-2WVTa)

ferritic/martensitic

tungsten graphite

R

(W/mK)

155 24

26

1950411

174 5.7(02)

A B (1/K)

1.7x10°”

1.1x10°

1.2x10°°

-0.5x10 °(1)

45x%10 ° -
x 2.7x10 3(-1)

1A
e

A3
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+

‘—1-1
[N o

(()C)

1250 1470

~1500

3422 3550

I 342-6 Aot AAEHE

H| 1

se i

AL E(A)

AAHTx DAL =
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b

26

0.1012

2.6312

W

74

0.0632

4.6768

graphite

6
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3.4.2-79
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2a5e) emol WE AFFE HEX7E ehtek
E 342-7 7|HH EHM
EE A AFE
1A A . commercial
= 13 austenitic " .. .. .. .
o (3165S) ferritic/martensitic | ferritic/martensitic | tungsten | graphite
(HT-9) (9Cr-2WVTa)
Young's 1
9.7x10° (D
modulus | 2.1x10" 2.1x10" 35x10" | 7
3.4x107 ()
(Pa)
ductility 0 0
(4) 332 54
Pb-Bi 43 ##HEA ezl AL [ = = i3
e Bi7l PhrET} dntygon KA
e Nio] Pb-BidlA & Homz Zo| A Ni o] Lo
austenitic steel< ferritic/martensitic ol B3] £ 2
e 2% FINEFE R F 500-600°C 744

ferritic/martensitice Pboll A} H-2] & Al
e HT-9& 500°C PbollA 1 : 15 g#m

® austenitic steel 700°C PbolA 13 : 1.3 mm

j=]
LS

e Pbell Ti, Mg, Zr& H7FstAd Hel Mo, Al Zr I8 & st¥ 74

Ao =%

e W2 Phd

e graphitei= Phell 500°C, Biel] 1000°C 7}

T

278 A] 9 &

[e] PA
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FAAE FAAE PALAC] B JAH F43 BeE £ 1 9
& 2 7HAE vs 7 Y= displacemente] ol g A H/He A4 ((p,
@), (na)d <933 HJHAA FHo] AT ZZd  did]  dpa
(displacements per atom) = 04¢®@t, Crent = o1nen®@t® B HIAZA 4+ 3
U&= 2 247 dpa, appm AHE) o WHEEHd, 0= flux, t&
ZAPA ZEoj T, HESE A A2 AR FFH(FAAA, A2, YR ®], &2
W thEo. 7ol ghe 9n 2AEAY TR SRS ow NUAR
7V EAT A5 FJEHY SAY HE AEE Y+ AT

F 342-8 dAatsEH EY
=g HEAFS | vEF
HlAls BE B4 Atstenitic commercial advanced
(3165S) ferritic/martensitic | ferritic/martensitic| tungsten | graphite
(HT-9) (9Cr-2WVTa)
SAEE oAl mm F7A 2 A9 ¥ beam power?) 0.01% (R1Fu] g9
) 196)A =2 1 2k3h20 MWe] 0.01%E 2kW)
kAl sl 2 Ak 7k 7)
A A« 0 0 0 - *
AL gbe] o gt
A A 9)o] 3EHEA AT Ea
B 3«

wrabgto] o gt A7 dg

NAREA wgs -
WA (np)el o

. - 0 + 0

NAHEA g
T A e YPabatof
o) g FH A A e A+ o
SR E A W Bl

xF2E o] whatgl w4 A7 HAd

wx 252 o] displacementtt H/He A2l o&) A7+ d4b

wrx @A A 7L WhALEE A ]
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¢l olf = $olA A3 displacemets}

H/He #4%F HAolgo] 2 #Foltt. H/Hee 249 &
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I
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A W g A & YeElUEd I $£7F 2+ Hardening, Creep, Growth,

Void Swelling, Embittlemet %] 21t}

;g'o}o

At ow  void swelling®  creepl A= CMFS(conventional
martensitic/ferritic steels)”} austenitic® Ut} £ 1 embrittlement(dpatt He
of &) A= austeniticolyt advanced martensitic/ferritic A% ©]
CMFS Ertt Ft. CMFS+ 300°C o]42 = oF DBTT(Ductilt to Brittle
Transition Temperature)E A4 o7t glu AFEo] BAEH 43
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HYPER 7139l AAZ AFELS oF Hoa A2lEZ dAdo] Ho
glth. ol2l¥ HYPER Alzdleld %A AFe olswd 4727 4
A7 gleA o 2784 AR disid AEE skt

J'ProtonBeam
13.5 7 )
Cover Gas
12.5 - h Outlet
Nozzle

Pronur P T
os — J3TTILTTIL
2L ———I Cgre L" Care I
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kﬁ P11 %
o —— - Noesie
00 —0 | Lower T e
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22 34.2-4 HYPER AlAE 7H2FE(21Z A= meter &)
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=
Hixo] ord 2 g2k AL YA form lossE L#HSHA ¥ friction
loss? 1&#H3 laminar flowel ZA$ He3d HAIZJHL Jp=(fLPp

- 254 -



vO/8A)E  AAtEh o714 Liduct Z0])=22.1m, P(duct ©d =
#)=608mm, o (Pb-Bi ¥ XE)=10.5g/cm’, v(Pb-Bi £%=)=2m/s, A(duct ©
W #)=1200mm’, £=0.184Re **=0.015 (Re=4p vA/Pp, p=viscosity)e]tt. 7
AstAE Ap=971¢t, FEL 25kg/s ALolt} Tl £5 7} 5m/sE F7}E)
A Ap=57714e 2 Frtete=d AA agstal e =AYAA 37 F=
o] 7+ &80l 15000kg/s, BZ ¢+ a7F 10-2071¢F A= AL 7Heks)
H duct Zolo] ®H3E FX Fe=vhd duct ©Ho] 3-68 AZ=2 Ao}

@ Wl Fate= g™ gt hHA

g 2lo] 213 mechanical stressE ¢olHE 7] $3iA
‘%1 FES AUy WA TERE JHA T UF Jdee tEAL 5
719t 9] mechanicl stressE AArs] Bokedl 1™ 43.2-59 1 A3
7 Uy dd. FAE 15mm=E P& W EA A Ho 6420MPac]
Ul FAE 2mme e W Ho 919MPaz g},

A A}z 3

ANSYS 5.5.1
JuL 5 2000
17:11:41
NOPAL SCLUTION
STEP~

. »

X =, 8428410
JAT4E+08
729409

< 144E+10
L215E+10
10

o
_<3|_
9
Jal
10

a8 3425571t ZE s TS B &9 mechanical stress Al At

AA WAl FetEE gEe dolE® Pb-Bio] FHol| 9§ static
FHENAA ] Po-BiE dl7Igelstn A
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Neutron Flux per Incoming Proton

Neutron Flux per Incoming Proton
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ole{ gt FAFAE Lotrrl HMA Eo] S0cm HYUCE FHTEE
LAHET A4S 839 H(1GeV, A& 10cm W), HA AR E
2 3 Z3dd iF 343-104 F 255747 FAHES ¢ F Uth
34.3-29 ZAAF 50cm Bl F 281707F A= 30cm 7E 9 H]
A uf 26707F SIS & F Aok o] F7hE 30cm E A G A
AEE nolvA] F42 2 FAAR 23 Az Vst Aoz 71
W E 34.3-1914 100-1000MeV F3te] 99 F4 zyx FA4A
£ 0.2870°]31 & 3.4.3-39 100-1000N"eV +3te' 3oy x] XA A= 0.14

A FYAE U EEF FHARG 2oBT A3y FFo] Hol

5]

218 9 =
gk FHAst FHAA A% 23 FHA A Hgo] Wz APY
F Ak 3E 343-2914 EWe] 100-1000MeV 3+ FAAE 01374, &
34.3-49 49 100-1000MeV T3t FA4AH= 0.0047H0] 22 50cm EH e
F42 Ang w4 A ol§T W nolUA FHAE EFAA @7
wEe] 0674(FRW) WA LOAEZE 9) d=e] FAA Aol under

estimate ®Th ol HA FAzG 28179 2-4%°] et Lo LA
FHAE A @7 WFeol under-estimate Hv FAA A F&
SR 0042 A FAZ ¢ dov siHoer uduyx PRI 32
A, obedld ez 037h7F A HoY of2fst FAAl A& FAAA A FA
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ANEF7A FAR BAFH AP LAHETZ A4tAlole Pb-Bid

2 oo WEel 105g/cm’E AMEFTH AA Pb-Big 2::&
W ATola AlTAldE I oJdE JMESER 25 AsAY 2k
stol Q3 AR AAHE WIHE ALS Btk AF S0cm A€UE ®
|49 A7E 400°C (A= 102g/cm® 2 1000°C(ZE 9.4g/cm’)

g3 —{) ue

)

Nastch Ao 74 FWMY S FHEEE A W

sl
37F 9 FAHEHE 400°CoA A 29 99%, 1000°Cl A &2 97% A
2

T 343-1 X[& 30cm EXH2| ZMA 4y

surface : side

energy(MeV) number/proton
1. 8.26579 42.
10. 9.78116 50.
100. 112762 6.
1000. 0.27600 1.

total : 19.45058

surface ' top

energy(MeV) number/proton
1. 1.83995 37.
10. 2.80543 57.
100. 020229 5.
1000. 0.01000 0.
total : 490767
surface : bottom
energy(MeV) number/proton
1. 0.43153 40.
10. 050342 46.
100. 0.09199 8.
1000. 0.05933 5.
total : 1.08627
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I 3432 X & 50cm EXM2o| &Y

b A4 A

surface : side
energy(MeV) number,/proton
1. 0.23433 56.
10. 6.45524 39.
100. 0.55594 3
1000. 0.13419 1.
total : 16.37969
surface : top
energy (MeV) number/proton
1. 402338 47.
10. 4.22362 49.
100. 0.29991 4.
1000. 0.01010 0.
total : 8.55701
surface : bottom
energy(MeV) number/proton
1. 1.65414 53.
10. 1.22188 39.
100. 0.15735 5.
1000. 0.09050 3.
total : 3.12387

¥ 343-3 X|& 30cm EANe| UMK MM
surface : side
energy(MeV) number/proton
1. 0.00000 O.
10. 0.00308 2.
100. 0.05090 26.
1000. 0.14288 73.
total : 0.19686
surface ' top
energy(MeV) number/proton
1. 0.00000 0.
10. 0.00580 0.
100. 0.02222 0.
1000. 5.80894 100.
total : 5.83696
surface @ bottom
energy (MeV) number/proton
1. 0.00000 0.
10. 0.00052 0.
100. 0.02658 5.
1000. 0.51114 95,
total : 0.53825
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¥ 3434 X|§ 50cm EXH2| AdA M4

surface @ side

energy{MeV) number/proton
1. 0.00000 0.
10. 0.00026 2.
100. 0.00593 56.
1000. 0.00438 41.
total : 0.01056
surface @ top
energy(MeV) number/proton
1. 0.00000 0.
10. 0.00335 0.
100. 0.01313 0.
1000. 3.22359 99.
total : 3.24007
surface : bottom
energy(MeV) number/proton
1. 0.00000 0.
10. 0.00026 0.
100. 0.01636 5.
1000. 0.29451 95.
total : 0.31113

Zt. Pb-Bi &9 FAA A4 54
194 3% HYPER A2A x4 Aol AF&37] f8iA A& 62cm,
=o] 50cm Pb-Bi A#8 o] A& 35cm parabolic & FASE Al E#ol A
S Fysgr 1 A= 28 ‘EH NG AA FoA ‘bl 1dA HF
L

Aol FAA 2 547 sHAUS
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4. FA S ARE =X AN

._1

28 AddHe] Hadom MHAFYPEY AL TAHE WIS
(0.13%), W182 (26.3%), W183 (14.3%>, W184 (30.7%), W186 (286%) =
gof ot EA el 94 50 cm, F°] 100 cn. o HHGPoz HF
g W 30 mA FAAYNE 94 40 cme] 9% Jelz BH o FY
ZA S EE Foh YA o dAE 08 GeVY 1.5 GeVeY F7HAE A A 4
ol 2 Hlms] Hau ¥ AP Ve 1doR HAPon HXA FUF
180 2,2, 20 9, 100 d Fo AAYALe 2 T2 PAs) dFd A}

& Audo,

rf

Ae Fdsed Qo] 2
@)

g AS FeMEe MERA J1he AP A7 Frew L}Toi 3 T
o A¢] B utgof «W} FHBAL AAHE Og TR AN 1
of EPE} gy 1 Qho]l WAl 717F 5o BHEHe] v dFow
FsE PR I3 YRPoln WHE AF Wg GuALA 1P
ZHXP 2 FAatele] Hbg FEo] Yo BEAREH wF F3] HAFE
Hol Foga AFHE U] A dagle]l LCSol o8 whAbst
Aol AAE ABE o] o] AAHES] Aol ARl dAHsH= A
ORIGEN2¢] YA A HZHq F7t2 dTdo=H o

Astoll AAHES
st Aas 48 5 Ak
LCS 4 20 MeV ©]3te] F4 &= LAHETZE obd HMCNPOlA o
2 Alite]l =35 =d HMCNPE LAHETS €2 %239 &4 AHE
A2g AFsHA 4 o9 AskE ¢siA = CINDER'90l ol&sioF &
o2 CINDER'Q0E o] &3t &3 20 MeV oldt FA4Aol o3t AHE
AS 8171 YA E B Al ORIGEN2E &-&38of 3=t ORIGENZ 7]
° o] e FAAY AUA BEE VEY AFEY FFE
o

glomz el HA Hgd wE duHs A olE

i

(e
2

=t
=2
olo
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ORIGEN2el }ZA|A Folof grt. o] AP FHTo|Y of2 &45HA
kgtom@ 20 MeV o|at FAAb] o8 WalstE ol ZA

Feth wEtM 2 BaAe] WAt ARE FAAT sddAe 20
MeV o]4el FAdxtete] Bgol o7, & F=2 el o3 YA
T Aot

AQ GeVe FdAS w4 50 cm, =°] 100
b S ARl 2 3t
A E AET}

;w% z«]z F a7
FA S

_,_,
(o
HU
:.: o

% 15 Gov o A Aol e ABAGAE AU 49 AF
o RERNN AUAEL 2=74, F 92U A8 ol Ay Pau
BFo) A Wgo] A FHAS PEHE AL FUSoR = B
qol oa) ge] Wad BHY FAALT AHAYLY] WO A4
g FAA4Y AFAsED] FHA 1A YA AAHE BT 9
T 08 GeVS 15 GeV EF WI82 Fo] 0.3070 I 0.7043 7H= 7}

d Bl AdEHNeH AAE W BT F47h 20201 3 43913 olE=
W182& o5 15%%t 16%& ==&

W sH9LE T3 T 44 A5 08 GeVY 3% 36 7, 15
GeVel 4574 ME W sddLE olF 56 % 9 59 %E AA gttt 15
E

GeVel A% 08 GeV ASET o 2 Wl 7% o we dAzo] 44ES

& & gl
W ohgos 7-73, 7290 Ta, Hf 59 #1F0] AxME7} Rold5%
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A AAFHEY o= e AxMFE sbd AES AAs] Qe =

Aol o PR FAAY FEFTE Bobdop e 1N Be

o] Yo HEo| Woixy] wWolth 08 GeVe A§ Z=50 A TE 2
4RSS} LA MBS 2718 molt 2535 $Eo1A ATE o

Al gradts A%E Boled ol U4 A9 nouA MEE

-

= oz gELe o5 44 Ao & ¢ ded AHES W T4

Ao B3] 1000 ®i o]stZ Hoxlt,

—
L ]
) ]
L ]
13 W 08Cev u EL
c q ® 15GeV -
o ] - ]
g_ 01 3 ] 3 01
& ] 9# 3
2 1 \" L] ]
o 001 o 4 001
g 2% u E
= ] * Mol . ]
S - e o
o 0001 " F1Y ” » 3 0.001
o 3 wey® - 3
2 1 es " n ]
£ m e 1
Z 00001 Emoe m 4 0.000t
0.00001 — — T T ———— ——1 000001

o
=)
[N
=3
[}
t=
FS
E=
o
=1
[=2]
t=1
~
=
=3
S
=3
S
=
3

8 344-1 Mol o5t HAH EAe| duisf MMz FXHZ

15 GeVe] Z-%oll= Z=74FH AT} dopdrE 44
T7t FAaEE BE7F 08GeVY A-¢HTh ¢hubghd] o=
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ZAE WAbsol 90 dF 12 x 10° Ciol 228 =747t 2315

T+ 7] wi&olm A

A F2 7]qste dZo] W 9 Ta 9 AL 1 AZFE59 44

Eo] T3 wZV|E WISL € 1210 ¥, Tald3 = 51 9, WISE 751
o, Tal82 = 1150 92 wwa 7] wior},

ot
ol
rir
o
o
tlo
N
S
N

ojelo] ZAEe] WAsOl AT ¢ E AFOE WIT8 ( Ty -
215 €), W179 ( Tiz = 380 &), Tal78 ( Tip = 93 &) Tol d&d ]
2 dFe Wt AL ol 44EE AN Be WSS 35

L} ORIGEN2 decay libraryell 1% ¢o} WhAbE Alabo] E &= 2] @ksko),

—
xR
rz O
e
Do
iy
[\)
(-
gt
ju—
<
(]
i
lo

H 7L7]7} 7o AL Al 7F

‘?_%}7101] H] 6H WIS1 1210 92 Adixor Zojx zAE AA wA}
ol sl AR HFo] 09T 46% oA FAMEH AZE 56 %2 F
7het ¥ Tal832 23 % oA 13 %2 ZAskdth

o WIZHHIZY 21 AF o g HFIS2 (T = 9 #vhd) 7} &=
Hf182% 432 1 7 FAFA] 00019 79 &Fo] HAHER B4 3=
Aou 100d 7HA = w77 Wi 2o JdmTF gl A

qElu ok 3717 AR WAE A oBAY 5 2le Aol

15 GeV, 30 mA®-& ®H2dd ZAAHS 4ol ZAFF WAls &

90 YF 27 x 10° CieZ 08 GeV, 30mAQ £ Bt} 2 u] 7} =24
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d8 #AE <7 AsME 08 GeVelr 15 GeV 9] tr& Wyt
Ao A3eEs ¥olob gk 19 344-2% 08 GeV, 30mA% 1.5 GeV,

mAY EAZET 2AFEY AA WAERSS LAZE we RHold

100 1000 10000
10000000 q—r—r—r-rr — . e r————— 10000000

| S r
1000000 4 n * < 1000000
E . ® 08GeV E
] ® 15GeV ]
100000 . - 100000
5} 3 3
g 10000 4 § 4 10000
5 : s
L 1 1
3 1000 4 1000
8 3 - ]
100+ Ly 4100
3 E
10 ; T — 10
100 1000 10000
days
8 344-2 §AH”H THo| AMX dlof oFh M| wAls #5)
(M ™MF 30mA, 2+ 50cm/=0| 100cm HAH EX)

. Pb-Bi &3 wAL3}
LAHETZ A& 50 cm, =°] 75 cm® A&ty Pb-Bid] A& 10 cm

e ZAHE W s dFH20 MV oldt AR o8 AAH
HAF v T, fission X o8 AAHE Fe w2 ofF whr] 30
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L

ofr

£

tjo

o] A9 7‘:}4\—‘%‘5 Fo G AN T 4 FZAFTH ZALE
2 wAb A (decay heat)S ORIGENS o] &3] A4t WA
o)t Aol 1% olsteld 3 20 MeVelsdt FAAF
¥ o8kl decay libraryE 7R g A3t Aqke]l Zasin
10
. "
::3:‘) ] _.,.,l" "-v_.,?.,,.
O 1E-3
3 o
2154 | ]
1E-5 + T T T T 1
0 20 40 60 80 100
atomic number
% 344-3 Pb-Bi & grAls MM HE 23
F 34.4-1 Po-Bi EX dhAls EsddlE § AFe MY
(BF2| 304 o4t 404 F)
3l = HL7E7) () A = (g/y) 942 FP.
| (20mA ) | (10 9 cooling% g/v)
Po-209 10° 1.2
Bi-208 3.7x10° 183.3
Pb-205 3x10’ 233.3
Cs-135 3x10° 0.02 9400
1-129 1.7x10 0.2 5800
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E 34.4-2 ORIGEN2 Z H&HE Pb-Bi EX YAts R 2HAA

(L5 3Z decay libraryoll o| =g

HYPER
ESS
(1GeV, 20MW, Pb-Bi -
_— (1.3GeV, 5SMW, Hg £%%)
3
YA (Cl) | AR (kW) | BIALS(CH) | BAFE (KW)
ZALE
45x10° 2.8
90
180 47x10° 29
270« 4.8x10° 29
3654 4.9x10° 29 3.2x10’ 10
AL .
3.2x10* 8.2x107°
1804
2 1.5x10* 3.2x10°*
200d 6.9x10° 1.3x107° .
100 d 41 7.2x107° 38 1.8x10°°

9o Eol et FHEL 1GeV, 20mA W] Asolw 1Al HE
47 ARF 1BmAdl BF 45 28 HA AW AA FoIA W 19

=
HF AdAle BAANEE SAC 7= I
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5. 9% WAL &4 A

7} dpa R Fd Al ¢ He 44 o=

dpat 040t 2 AXHEY o4& dpa ¥HEEHE 0= flux, t& F
ARA[ZFOl T}, HES T A S ARFF(FAA A, TAAD, AR, & A

uet o2

1 GeV $A A 23 dpa Aol 04 = 082T)or & FAAE
] T4 displacement threshold energy, or: damage energy cross
section®|t. opE LAlUXA] AlEdeld =g ol &l ANT + U=d
A7 71EY A BIRE olg&dth. FAA g dpa cross
section( o ¢)<= 600-1600 MeV Atolell A W37k gl o= 2750 barn B %
& 7tk E 345-191 1 g A/em’e] MAFA S dpa AXEHE Yde
k.

E 345-1 1 uAlem?e| BlMEAle| dpa A AZ T}

o) /Ké Z]- oﬂ & A2 = dpa/year
1 (MeV)
600 31655 0.55
1200 31655 0.55
1600 3165S 0.55
1375 HT-9 0.55

HYPER® 7% WZE&dZ 9Cr-2WVTas A& e dgS
Aoz # 34519 ZHE o8& £ Uz 7iAEHE (055
dpa/year)x(255 pA/em)=140 dpa/year ¢ AFHE AL5 Yt o)W

< 20mA, A& 10cm, uniform A FEHEE 2= AS=Z ).

FA AL 38 dpa AAME s E WA 7 RYgEER FAAAAE
B FAR} AUAREE dolop 3hv}, 13d Ao} wiAAE FA A}
o LA ¥ dpa cross sectione T3A FAAA ol AR X s HadH
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Ag A T BAAAEE FHY A IS YA wmmi

¥ 3452 Sty AKXl 2t dpa AlAH ZBHYIAF=1 wAlom?)

F4 Aol | A t2a - ER PN /
FAEE | =2 dpa/year
(MeV) (n/cm’.s)
800 SS W 42x10" 88
1200 ss | Hg 4.2x10° 91
1600 steel [ W 42x10™ 58

¥ 34522%¥ HT dpa cross section® 3400 bammo 2 FAH3I}A
HYPERS] ®Helre ZHAHAEL 10Pn/cmis 2 7FASHE 106
dpa/year®] AAZA#AE AL & 9itt. w4 HYPERY % dpat W®

140+106=246% 3% 4 Ut

Wl 9B E F Y= HoHO AAF= Aol Begv HY 73
S 9 °ColA diffusiono] Jolutmz ¥om W& AUHoR He
of M WAFE FFL vIAA - Heo) #$% Wadaol o

AT AAGEY 1 GeV FAAQ FeolAe He AAuSUHAL
056 barnelZ 2 20 mA, AE 10cm, uniform HAFEE W A&

25200 appm/year?] HeE AJAd3stAl Ht}

& Al="ae] v
# 345-3°] th& Al2¥79] dpa, He A4 HlZE 3ttt
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FE 3453 2t A|lAHE2°] dpa & He MM din

i dpa
i3 - appm(He)
F3A | ¥R total
fast fission (steel) 50 50 10(0.2 /dpa)
fusion (steel) 20 20 400020 /dpa)
ILL
ISIS S(steel) 1000(steel)(170/dpa)
(0.8GeV, 160kW) 11(W) 1100(W)(100/dpa)
ESS 80(steel |  10000(steel)(170/dpa)
(1.3GeV, BMW) 150(W) 15000(W){100/dpa)
SNS
24
(1GeV, IMW, steel)
EA
250 16000(64/dpa)
(1GeV, 10mA, W)
HYPER
106 140 246 25200(180/dpa)*
(1GeV, 20mA, steel)

* FAAl o ARt AL

oA HYPERS #13 WAl Ao didh a=2 glou xpAs 74
S EaA o2 Aol ojd rhE F7 3 A

g Zolth AT WA 4 Ao
el
=

:[o
Mo
Do
=5}
—
il
1o
)
>
i
i
Nlﬂl
nN'

U A7t o] Qb
HA] Wl A o] xRt @ FAAY AL Z UREEZE dolok
b H2 20mA, AE 10cm 98 Wor AAFu W HAFULEE

1.6x10® p/cm®sec (uniform beam)
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M( 52— 7% p/cm”.sec (parabolic beam)
F429 A= LAHET® MCNPE AR&3s|A Astdch. 13
S &7 H8l A cello] HeolHo a7zt
Aol Ueht ook A& 9ol o 27x10°
n/cmsec AEQ A4S Ho|3 unifrom U parabolic ¥ 3e] ol
Ao gl & F AT a¥ 34520 FAHAAY AYUAEEZIE vERY
2l+=d] window center(cell 5)4 beam edge(cell 4)XE.t} window edge(cell

Dol A ol qAZE7}F 97 soft ;S & 5 AUk

Flux, [nfem’s]x10"®

T -
| —m&— uniform proton beam

| —Q— parabolic proton beam
T

T T T T T T T
[ 1 2 3 4 5 6 7 8 9 10 1
Cell number

Zocell L7 2 HE celld SMX ME

a8 3451 &

FRAE FAA] A% B UALES dpa, He 44 HEHARL
(49] Aol 147 Wde] dpa % He 44 XS ANT & ATk #Sw
WAL AET W WAL 100% FeZ 7M. WA dpadl A4S, 54

Z4ol 9l A window centero) A 78(uniform beam), 82(parabolic beam)

[e] =
T, &

dpa/yE %1 window edgeolA 25(uniform % parabolic beam 2-7)
dpa/yE 25 & F ddvh FAA oA = uniform beam®l 7%
150dpa/y, parabolic beam<® 7% window centerol|* 300dpa/y= AlAt5]
Atk wEbA total dpas WA FYelA HDE 228(uniform),
382(parabolic) dpa/yZ WeElth ¥ 345-39 W% 4 xE dpa AL
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o] teu i

10
Uniform proton beam
1 ﬁ,‘gﬂwrﬂ B =
> 0.1 /?
Q
=
@ 0,01
e
S 1E-3 —m=— window center
< -——o— beam edge
2 1E-4 :
=4 —a— window edge
- .
x
< 1ES
=
L ks
1E-7 4 T T T T T
1E-3 0,01 01 1 10 100 1000
E. MeVv
10 ry
Parabolic proton beam
1 looitiemratit 2t
22
> 01 b)
[
=
7 0.01
~
§ .
s B3 —mn— window center
w - —o— beam edge
Sy 1E4 -
= —o— window edge
¥ 1ES
=2
Y ies
1E-7 T T T T T
1E-3 0,01 0.t 1 10 100 1000

a7 3452 HEoMe SHA of|HX 22

400 - .
1 - uniform beam

350 | 2 - parabolic beam | /]

300

250

200 4 window

center

Kn‘p, dpaly

150 H

100 4

50 -

T
0 5 10 15 20 25 30

O3 345-3 Y& XY dpa H AL
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He #4d& F4A0 deire B FYoA4 HAE 410appm/yel
3 9 edgedl A S0appm/yE PobATh gy kA xbe] QA
uniform  beam® -  30000appm/y, parabolic beam A$E
60000appm/y°l Ho} FAA el o1& He AL At vl FAE &
=

0ll= =201 8 o 2=
}J\L. T’LE‘\:]!E_' E.}T

¥o,

gt 1dA HF ZAANA 9 dpa 2 He A4 F A

194 HE AANA WA AE 40cme ¥HFHoli, W &L
3B/ecmzZ AAHAUE. W AFE 13mA)
ot A5 A28 v 194 HE AA B
o},

WX 3= parabolic Fefz 3§
2

g 54 ZleHo 3

2
I

2

Al
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2 FrHHe A 2 346-1%
d 23 7tol= 7B 9
& 2 Wy 944 ERE Fristm o)FWA E@ﬂﬁ%~L€ﬂHﬂﬂ
A olth. Casel® Case2e WHol ©d2 7 -$-(adiabtic wall)ol™
Case3 & ul% dAlAlo] 9+ 79(conducting solid)elth. Casel? Case2
2 23 57 sloj= BH9 dFL Hotstux UL Case2d Caseds
s W3 444 178 2A%nA stk o]F WA Mol Casedd
AFE o] $3AT. = Case3® BgWF ANZFE o|FWHARA of
q= W AAZACT Agth 1%A FozH o]FWF FHAMA
ERARES A9stm 1Y 346-29 o|FWUFT SJAA AT & Ao
Fo] ok

e

10 cm 10 cm
- e ~ e
Outlet E Outlet :
& [a : : A
! I © 10em 10 crd : '
( Beam {f LR
} v [[i15em
z T }
| 9 v
| | ﬁ
! Window Steel |
! g (2 mm thicknessl
im l| !
i 10 cm)
[ 75 cm J
i /
Heat '
| !Generation:
i Region ;
| . . C
A | A A A H
S 10cm“‘?T? : 100m | © 0 ‘
RN LI A y ity
Pb/Bi. Pb/Bi Pb/Bi .
Coolant Inlet Coolant Inlet Coolant Inlet
Case1 Case2 Caseld

a2 346-1 EX 2 oy

o3t

Wzt AlMof AFSE 37Kl EA PXE
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ol gt ALt WAo® gy e 2UE o &dA AAEAH.

o Az H 1 1GeV, A& 10cm, uniform/parabolic

o ¥ zid Pb-Bi: 27]2% 340°C, 2714% 11, 1.35 15, 2.0m/s
o WA B4 AR : A9 HT-9 A&

o YA x}o] Phb-Bi : 7] % 340°C

Az AN NS WAE ZAEN AwAe Lojobsim
") 3 x}o] o] Pb-Bi 27|EEE AAS ok stEd, ol AL FstHA
Aol HAHY F =S I &S A YR S

Coolant Coolant
—Inlet _Outlet

9Cr~2WVTa Window
Thickness : 2 mm

Coolant Flow Path
Width t4 mm

50 cm
Inner Window —»

Quter Window

——14.2 cm
le——14.8 cm

X p——15.0 cm -

Proton
Beam

a7 34.6-2 ol E AL Geometry

LCS IE=E ol&dA ETAL AASA=d 20mA W ZAMA
uniform/parabolic 237} % 3.4.6-17 3.4.6-29] Jely ot
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¥ 3.4.6—1- 20mA, uniform M XIElol| o|st 2FZHIEoli el dM Mzt
(Sh2l:W/em®, 3|Af st50| 2i/otall wl & AlO]7} Pb-Bi, Z+ZH 1mm)

5cm center 5cm

4177.4 | 4535.3 | 4628.3 | 4437.8 | 4337.8 | 4337.8 | 4437.8 | 4628.3 | 4535.3 | 41774
41774 | 4535.3 | 4628.3 | 4437.8 | 4337.8 | 4337.8 | 4437.8 | 4628.3 | 4535.3 | 41774
4578.0 | 5119.2 | 4904.0 | 5034.8 | 4777.6 | 4777.6 | 5034.8 | 4904.0 | 5119.2 | 4578.0
4578.0 | 5119.2 | 4904:0 | 5034.8 | 4777.6 | 4777.6 | 5034.8 | 4904.0 | 5119.2 | 4578.0
4578.0 | 5119.2 | 4904.0 | 5034.8 | 4777.6 | 4777.6 | 5034.8 | 4904.0 | 5119.2 | 4578.0
4578.0 | 5119.2 | 4904.0 | 5034.8 | 4777.6 | 4777.6 | 5034.8 | 4904.0 | 5119.2 | 4578.0
4578.0 | 5119.2 | 4904.0 | 5034.8 | 4777.6 | 4777.6 | 5034.8 | 4904.0 | 5119.2 | 4578.0
41774 4535.3 | 4628.3 | 4437.8 | 4337.8 ; 4337.8 | 4437.8 | 4628.3 | 4535.3 | 41774
41774 | 4535.3 | 4628.3 | 4437.8 | 4337.8 ; 4337.8 | 4437.8 | 4628.3 | 4535.3 | 4177.4

F 3.4.6-2 20mA, parabolic B ZAMA] X ! HEo| AL whEaf

Proton Beam l l l l i
Injection
‘ ( x10° Wim’)
10cm _9cm 8cm 7em _6cm_Scm 4em 3cm 2cm Icm

10cm 002 | 003 [ 006 | 0.12 | 0.26 | 1.94 | 486 | 7.14 | 873 | 9.64

10cm 005 | 007 (012 ] 019 | 042 | 1.39 | 3.01 | 430 | 523 | 568

10cm 005 | 007 | 0.10 | 0.19 | 039 | 092 | 1.63 | 226 | 2.71 | 2.98

10cm 0.04 [ 0.06 | 0.10 | 0.18 | 031 | 055 | 0.82 | 1.08 | 1.29 | 1.36

10cm 0.04 [ 0.06 | 0.09 | 0.14 | 0.22 | 032 | 042 | 0.50 | 0.60 | 0.64

Proton Beam l l l
Injection
x10°W/m®*)
10cm 9cm  8cm 7cm  6ecm  5cm_4em 3cm 2cm lcm

2mm | 0.004 | 0.006 | 0.009 | 0.019 | 0.071 1.90 529 720 9.0 9.64

WSS Pb-Bi SIFHEolAde wdeko] uj&dte o £ 9gx
parabolic®] 7% uniformel B &)A] ZFFF A <k 29 7}
o 4 Q) B ge d AFuro dld st

=
I/xR® ©] 1 parbolicd Z$9 AFUEE o

ofd
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a4 20mA W FAMAC SEEXE A

6-3°] stdolM Aedt= £H Pb-Bio SxHE 7
_]

I 34.6-3 20mA H EAA S z L2 AsHE DG

(parabolic J)

ottom Velocity
1.1 m/sec|1.35 m/sec| 1.5 m/sec | 2.0 m/sec
Cases
Casel 1592TC 1361°C 1259C 1030C
Case?2 808C 722°C 634°C 598TC
Case3 2277°C 2086 2003C 1808°C
o5 3 9= | 1597°C | 1597°C | 1597°C | 1597°C
(Pb-Bi : 6m/sec) | ofal} &3 | 1077°C 1027°C 997°C 927°C
olF % A& 1257°C 1257°C 1257°C 1257°C
(Pb-Bi : 15m/sec)| ol} %% | o47°C | 897°C 877°C 827°C

(uniform %)

ottom Velocity
1.1 m/sec|1.35 m/sec| 1.5 m/sec | 2.0 m/sec

Cases
Casel 1014°C 890C 83T 711TC
Case?2 615TC 564C 542°C 491°C
Case3 1678°C 1583C 1541°C 1443°C
o)=H] = &3 888°C 888°C 888°C 888°C
(Pb-Bi : 6m/sec) | o} &3 | 652°C 632°C 622°C 597°C
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S
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=
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gt

A

=1
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7 $-9F &2 parabolice] A-$+

=7} 6m/sec’} & o

i

rmer

Zo] 7499 uniform?

] Pb-Bi F9

A

Q
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Ten 08 2000

Tempercture (K] Fluent 4.47
Mox = 2,08IE+03 Min = 6.130E+02 Flusnt Ine.

Jon 10 2000

Temperoture (K] Fluent 4.47
Mox = 1.B33E+03  Min = B.130E+02  Time = 2.000E+01 |Fluent Inc.

a2l 3.46-3 20mA, 10cm, parablolic & ZAMAl £kl 81 ZHCasel) 2t

oEURe 2zEE

(EX Pb-Bi : 2m/s, Bl ZHALOl Pb-Bi : 6m/s)

—

B stresse= 25 WH 727 dAHer fAHEAE ¢
= X2l stressi= A 2EAolo] 213 thermal stress®t & &

~ 298 -

&

ol



9] 9o Fo] 93 mechanical stress®E UE 4 Ut udAZ UAa
Zol nEH Yo x=299W 71 A7 2 4+ Y= Ao] thermal stress
olm & o]ZW A9 thermal stress AAFS S8 3k}

i

Stress A4S Y= 339 28 ¥y o322 WX FLUENT

2 o]j&3 HFo 3xYd EEIXE AT o] ZAIE inputl
ANSYS codeEg ©|&3llA stress AAFS st Uniform B 735
ol £l e &%+ parabolico] B3] w2 Aol ATk Ho] xA}
T FEH ZAMEHA @8 FEY AALAAM 2EAI7F Wol YRR
thermal stress7}F A & # A7} A webA| parabolic B #Hel7l vt
@23} parabolic ¥ 4% thermal stress& Al4ts] 2o =702 &
X e} olFH G A+ ALt Z&H Pb-Bix 2m/sec® A YA W
AF+E 20, 10, 2mA%l Aol Alaks sttt =3 339 FLUENT
25 ALAe] Askdel HOE HsiA I¥ 34.6-49F Zol A channel
& 427 2E MU E 44% 7HF) o Ao v E el

A channel®] Pb-Bi }J_Tl% = Pb-Bi¢ SEHIAR(FYY L5853 F

==

S

-+

=

s FHs L,
OJZRE L& LEEIE ANSYS dFAZAT. 2R EL
Abol  HQa3% AFZEZ  Young'’s modulus, Poisson ratio, thermal
expansion coefficient, density 5°] ¢ +=d 9Cr-2WVTae 7
£ 95 77 glolA FAbe 22 HT-99 A2dA9 g
th ol A8E ol &AM W HFL WAALe] Pb-Bi & H
A ANSYSZ Al4kst thermal stress A4F A3 FoA AAg g 72t
= A% 9 AF 2mA, WFAY] Pb-Bi £5% 6m/secd F$7F 1¥
3.4.6-6° et ATt

l—rl i ox
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Protop Beam

—1- -~ Beam Window

100 cm

i
|
i
!'
|
|

Pb/Bi l’Target

a8 346-4 3AHH & AL Geometry

T | amews 5.5t
ansys 5.5.4 i JAN 1G 2000
JaN 13 '5300 02:45:28
Ul:l’ll{: . NCDAL SOLUTION
| NODAL BOLUTION STEP=1
SUB =1
TIME=1
BFETEMD (AVE)
B DX =.001333
c £ SMN =612.986
. :r:{! -345-025 SMX =705.246
-, o1z ] 2;3333
627.562 £33.488
5 sreu B e03' 759
656,656 [ ppaey
871,251 664.241
£ s.1e (8] .
=5 00317 0 S
o £ 484.743
BB (29503 m fNY
744.066 8. 208
|
I
CSeubie Window 2 Doubie Windov 2
O}Z HIX} @ = HIZZ BlXt 25
e O oA E" OoC

kd

a7 346-5 FLUENT 3%t 2Z 74 ZIHE ANSYSO| A7 H2

o (3 M/ 2mA, BIEHALOl Pb-Bi & Xt 6m/sec)

Uy
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ANSYS 5.5.1 ANSYS 5.5.1

2 19 2000 JAN 10 2000

01:10:5 02:49:00

NODAL SOLUTION NODAL SOLUTION

5TEP~] STEP=1

SUB =L SUB =1

TIME=] TIME=1

SEQV (avG) SEQV (avs)

PouerGraphics PoverGraphics

FACET=1 EFACET-1

AVRES=Mat AVRES=Mat

DHX =,001355 DM =.D0L393

SMN 362448 SMN -331637

SMX =.1sii 09 SMH =.965E+08
362448 331637

. ZD9E+08 ] L110E+D8

[ 1156408 O -217m08

£ 5208408 g -324EH8

&) B26E+08 L431E+08

O -0l o -537Es08

= 120 = -seaze0s

£ -ladEe 7512408

B 165E09 LJ goeris
|185E+19 s

Pouble Window 2 Double Window 2 J
O}Z H|X} od 224 |:||.77I-ZE_ HI X} od 274
— T OO0 20 ET Ao 2o

T2 3.4.6-6 ANSYSO| 2| &t thermal stress A& Z 3}

(4 ™MF : 2mA, 2l EALO] Pb-Bi & & : 6m/sec)

ANSYS Z 3= Von Mises stress® ¢FHERI Aol Hdl 185MPa, v}z

AFol A 97MPa] S HAFRTh 550°Coll A 9Cr-2WVTag] 3

7| stress& yield strength® 1/3 A==Z Fow™ 180MPae] HEZ

AF7F 2mA olx, WAAtole) Pb-Bi FYEE7F 6m/sec?] Ag-ole

thermal stress© 7]&x <We] 5 & F I 28y 9A] Pb-Bi

£2 6m/st & FA)EE M AEF 10cm? A%l 2mAE thermal
1

A~
T
stress® nEE W #8357 A ARFIFL T & AUk

op I

ok

o 194 HF B8 AAY 448 9@ FE 4
(1) A%t Geometry 2 %4

A2 MEAdAS vl 194A HF 58 oA =AE 7]<sk o
2 HYPER AAA 2" A o]EWA1tzxE EAV oz 144 HE
grpele wry ddi P T2 st

3F 346-72 194 HF 23 A MFeold. dx= T4 AE
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Proton Beam

(1GeV, Parabolic, Radius

R, Current=I)

I

(t

Ly ICI-2WVTa
2mm)

i— 2R+5cm —p

?
R+2.5cm

f

f

f

Pb-Bi
(Vm/s, T °C)

A JH2tE

ZE T M
S /| =

O 34.6-7 1EHA &
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WAstdol A= Pb-Bi Aot AARE AHE cover gas Gl oA
oF 1671¢e] Fatdvtn 7M. o] g2 dEdAle] HYPER Al
A mHEHIT de gtoltt. 194 HF AA AitlAE ® 34674

¥ 346-4 259 Pb-Bi ¥ 9Cr-2WVTa material property

(Pb-Bi)
Heat C " Thermal Vi "
at Capaci iscosi
density (g/cm®) © p v Conductivity ] .y
(Cal/gC) . (Centi Poises)
(Cal/sec cm C)
10.46 (200) 0.035 0.022 (160C) 1.7 (332°C)
10.19 (400C) (144~3587C) 0.023 (200C) 1.38 (4507C)
9.91 (6007T) 0.024 (240T) 1.29 (5007C)
9.64 (8007TC) 0.026 (3007C) 1.23 (6507C)
9.36 (10007TC) 0.027 (320C) 1.17 (6007C)
(9Cr-2WVTa)
item unit 20°C | 100°C {2007 [300T | 4007 |500TC |600TC B
Young's Modulus Mpa 218 207 199 190 181 168 |9Cr-MoVNb
Thermal Exp. coeff. 10K 104 11.3 11.7 | 120 | 123 | 126 [9Cr-MoVNb
Poisson Ratio 0.29 029 { 029 | 029 | 029 | 0.29 (9Cr-MoVNDh
Density kg/m® | 7730 7680 | 7650 | 7610 | 7580 | 7540 |9Cr-MoVNb
Thermal
o W/m:* K| 26 28 28 29 30 30 {9Cr-MoVNb
Conductivity
Yield Stress MPa 650 620 610 600 | 560 500 | 9Cr-2WVTa
Heat Capacity | J/kg - K | 402 461 | 528 595 | 9Cr-Mo

(2) €&

LAHET IZEE o] &34 W 22} 814 T Ph-BiolAH Ast= o

& Axtstd e, ol ol TRl e EA AN " FFFAT @GE
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_ 2
T R

I= 3% (mA), R=419 w4 (cm), r= center 4 € A (cm)

Q=1.83x 10"%x —“ o x( R*— #%) wnit: (W/ m?)

Yo e A 2D Zol7F 10ecm oWl Pb-BiolA A& Zl o] 7}
10-20cm, 20-30cm, 30-40cm, 40-50cm<l Pb-Bi¢] 7 $ol&= Ztzh ¢4 9
kel 059, 0.31, 0.14, 0078 H3F S A1 &34 Tk e gL ou

Aol REH 23 Zlo]7} 50cmE T 2He ot &3t 1 o] 99

ol A wA| v@e] Fo] FHHYER duae] gt Ao ety

ol H31&EE FLUENTE ©] &3t Ats
Ad =719l D=50cm, Pb-Bi 2712%+& 250°CEZ 4A s FLUENT
ARt A7 F 346750 HErY Sl Pb-Bi 9

o 22 Wt WA F weE WY Hl 2= W
4 29 346-8% 2¥ 346-991 YT o

H A28t 5cm o & Aoz AASA & 30emz TR A AU
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Ral
7
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1
il
i
2
3
T
_kgj
Rl
1o
el
fnl
oz
o2t
ro
H
s
(@)

S
Hl A 5cm 10cm 15cm 20cm
Pb-Bi& =

5 ms 1675 644 431 353

10 %% 1654 634 425 349

Zn 15 ™ 1643 629 421 347
20 ™ 1632 624 418 345

5 ms 3100 1038 612 457

- 10 % 3058 1019 600 449
15 ™ 3037 1008 593 444

20 s 3015 998 587 440

5 m 4524 1433 793 561

- 10 ™ 4462 1404 775 548
15 % 4430 1387 764 541

20 4397 1372 756 536

5 mg 4726 1827 974 665

10 4726 1788 950 647

SuA 15 W% 4726 1766 936 638
20 ™ 4726 1746 925 631

(1.040.59+0.31+0.14+0.07) < 1.88x 10 ﬁzéz <UL (71 em®

b |3, o] #e ¥R 105g/em’ed WY 0146]/g°CE uFel FU
16431/VR2 °Co] &£x Apzo] doj}A A}
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—u—D:5¢cm, I:2ma
—A—D:5¢m, I:6ma
—&—D:10cm, I:12ma

——D:10cm, 1:6ma

—0—D:5cm, I:14ma
—v~— D:5cm, [:8ma
—3¢—D:10cm, :4ma
—0— D:10cm, 1:8ma

4800 — v =
4400 - & A A
Q 4000—-
o. 3600 -
GEJ 3200 ]
[ ] o o o o
X 2800
‘EV ]
2400
g ]
o 2000
£ 1 (_D o o
2 1600 4 = = " )
1 B> B - +
E 1200 -
o) E X —3 —3g 4
@ oo
5 &> % 2 3
400 <
T — —— — ¥ v T
5 10 15 20
Coolant Inlet Velocity (m/s)
—8—D:15¢cm, :l2ma —O0—D:15cm, l:4ma
—A—D:15¢cm, .6ma —v—D:15¢cm, |:8ma
—&p—D:20cm, I:12ma  —&—D:20cm, l:4ma
1000 . —b— D:20cm, :6ma —0— D:20cm, I:8ma
VX
1 V.
Ve —
900 4 v
9, 800 A—
o | Ao A A
g 700
- T ®
. 4 —_—
x o0 o
S 600 o0 5 o
Y
5 0] ” - >
-g 500
g 1 = 3z S <3
£ 400 -
g : & o < %
0 300
200 L T T d T T T
5 10 15 20
Coolant Inlet Velocity (m/s)
. = = - -
J% 346-8 Pb-Bi &= #Hzto| e YHE 2%
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Beam Window Max. Temp. (C)

Beam Window Max. Temp. (C)

g

3200 T — T
—m—1:2ma, V:5mis  —O— I:2ma, V:10m/s
2800 - —A—12ma, V:16m/s  —v— 1:2ma, V:20m/'s
—&— l:4ma, V:5mis ¢~ L:4ma, V:10mvs
—5— l.4ma, V:15m/s —0— l:4ma, V:20mvs
2400
2000
o4
1600 ~
1200 ~
800
400
1 v I T 1 M 1
5 10 15 20
Beam Dia. (cm)
4800 T — T
4400_ —m—[:6ma, V:5mis  —O— I:6ma, V:10m/s
] —A—:6ma, V:15mys  —v—1:6ma, V:20mvs | |
4000 - ~&— [:8ma, V:5mvs 3¢~ |:8ma, V:10nvs
1 ——1:.8ma, V:15m/s —0— |:8ma, V:20m/s
3600 -
3200
2800
2400 -
2000
1600
1200 1
800
400
T T 1 T T i
5 10 15 20
Beam Dia. (cm)
346-9 & X Hatof utE HEY X022 ¥
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1Al A HYPER AAIE Faqste FZAA AAE 374 ZA
bl o] A% HYPER Al 2H

U S d o 77t ] 352 BOC gE& EOCA H
ZHA o B AFE "oz 3 Aol HA HEg} &L YA
WA, Pb-Bi %71EE® WA Ak dxw o

e

b AALAMRA Ad &% < 600°C, Pb-Bi Fdl &% < 500°C, W% F
Y stress < 180MPa, Pb-Bi HU &&= < 2m/s)e 953t o F84
F7F37HA ¥ XE A EF e AFHRY FASS

25cm?] AFol+ Pb-Bi EUE£EE 27m/sE AALAL 2y} w
A WHAE THRA2"E HdAV H

E 3468 & XNEY & 7t o dRU AN
(ZHx'E X|E 50cm, Pb-Bi £7|2% 320°C

ZT71EE 15m/s, gl &t 167] ¢

Beam | Tube | Needed | Max. |Max. Window | Max. Pb-Bi | Max.
Diameter|Diameter| Current | Current | Temperature |Temperature| Stress

I5cm | 20cm | 10.8mA | 3.3mA 548°C 500°C 117MPa

20cm 25¢cm | 10.2mA | 5.4mA 5399C 495°C 123MPa

25cm | 30cm | 11.7mA | 8.2mA 542°C 500°C 124MPa
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th4.10]. S 1 GeVell 93t recoil Fe oW xE 1-2MeV 744 753t
U o] st 1} recoil FeZ} sub-cascade® Yo7|Z= 1-2MeV o] 39
UAE zZhe Fe AR Y58 @48 & 4 Aok mhebA 100keV Fe
He 7}&0] 7}s3 KAERIY ion implanter® WARA &4 HoAdg S
& 4 vl KAERI ion implanters 4 mA%Y taFolmz &2
A}Z HYPER dpa % He /‘ﬂ"q HAL7Y 7beskth @2 oy Ay
2 ZAb 4A7}F surfacedl ¥t HZF = A microhardness$f 22 ZHEY W
shub @z Thssirke Aot

a3 347-19 714715 o] &3]A 100keV HeWhs FAbste 4¥EE
F3stded FF Few EE Hu 2 dUx9 iong ZAtets 28S
AL FPg A Foloh X}%"d:ﬁi Tandem (3MeV/1pA), A&ddtw
Tandem (6MeV/10x A), 428 H Y cycloytron (50MeV/1 ¢ A) To] ol &
7best Ul 7hE7] Al Aot olE9 dRe HAFIE Aof AR 9
g Aele Aolv A2 xAF Zol7t Holxd TEM T 8% 7x2%
Ao] 7hssitke Aot
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a2l 3.4.7-1 KAERI ion implanter

ZAMEEE 337l Ao TRIM Codeol 93t 100keV He ZA} AlE
ZAF 0 10° Aem®) Fed BN AR
(Rp=346nm), ZHHEZo]HA(ARp=110nm), H He ¥ F (4200 appm—
dpa=0.38° &S dAvt. @A ion implanter® AFDEE 204
zAbEHE g 10° /em’s @& £ A3 10

T ZAFSE 42000 appm F Y] 7FedttteE AE € 7 dAh
ZAPAEZ S F74 03mm, 5em X 5cm 9Cr-2WVTa A Z<S ORNLE
HE A3 5X3mm, ¥4 03mm AZ 8/ME WE9] Argon #4917
1050°C ol Al 1534, 750°C oA 60% &<t EAEE et & 3.4.7-19

9Cr-2WVTasl zAo] e} ¢lvh

¥ 34.7-1 9Cr-2WVTasl =AM

Cr | W V Ta Si C Mo Mn N Cu Fe’
890 | 201 | 023 | 006 | 021 | 041 | 001 | 044 | 002 | 003 Bal.J

g7hel  AEE 2 B A FZAEIY Z2AMASFY



microhardness & 1034 &Ad=d 2 2347 # 34.7-291 YEeERY 2

i

Aduwtrog e dpad A 4o (vield strength)=AK"=1/34M.H. (A
#AGS, Kidpa, n=1/3)9] 4@ A7 434 =0 dpa SHAA
< 38dpa 7HA WetE® 9o #AZE Ay oF st Ao AA A
gapel] o8 Ao Aolm2 He &37F Xx¢d ol A¥de v
Atk wEpA oo g A7 o] BesL AMH.e K 99 MEE
A AHE i e o B 540 dasioh E=3 AMHY 409
#AE €71 9elA= Hes bulkel ZAsjoF gt 28y 4 o (vield
strength)=1/34M.H. 7} Qaldxd 383 HA¥= HLdAvty 713
O 42000appm He A4 5ol A9 yield strength= He AAJol <3l
250-450MPa A= F7tstttn & 4

o
¥ ol

A3

E 347-2 He ZAL A&

HE[HRUZ[ZAMZ] A2t [ 25 [He MA2|dpa| =AFH | ZALE | AMH.

(Alem?) | (minisec) | (ions/em? | (°C) (appm) MH. | MH. | (GPa)
‘ (GPa) | (GPa)

1 54 0:25 1X10" |25.8-37.1| 4200 (038 246 | 3.71 1.25

2 54 0:25 1X10"° [258-37.1| 4200 |0.38| 2.15 | 303 | 088

3 18 3:50 3X10"° |26.7-469| 12600 |1.14; 229 | 305 | 076

4 18 3:50 310" [26.7-469| 12600 |1.14| 226 | 304 | 078

5 27 5:50 7X10™ |275-72.9| 29400 |266| 216 | 3.06 | 009

6 27 5:50 7X10" (275-729| 29400 |266| 221 | 3.30 1.09

7 23 10:00 | 1X10" |25.0-99.4| 42000 [3.80| 2.18 | 337 | 1.19

8 23 10:00 | 1X10" |25.0-99.4| 42000 [3.80| 194 | 365 | 1.71
a8 3472 "9E FAS APZEAE o|¥d St H4F Ao
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