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SUMMARY

I. Project Title

Transmutation Technology Development
II. Background of the Study

The spent fuel coming from the PWR is one of the most difficult problems to be
solved for the continuous use of nuclear power. It takes a few million years to be
safe under the ground. Therefore, it is not easy to take care of the spent fuel for
such a long time. Transmutation technology is the key technology which can solve
the spent fuel problem basically.

Transmutation is to transmute long-lived radioactive nuclides in the spent fuel into
short-lived or stable nuclide through nuclear reactions. The long-lived radioactive
nuclides can be TRU and fission products such as Tc-99 and I1-129. Although the
transmutation technology does not make the underground disposal totally unnecessary,
the period to take care of the spent fuel can be reduced to the order of a few
hundred years.

In addition to the environmental benefit, transmutation can be considered to recycle
the energy in the spent fuel since the transmutation is performed through nuclear
fission reaction of the TRU in the spent fuel. Therefore, transmutation technology is

worth being developed in economical aspect.

III. Scope of the Study

This project has been carried out since 1997. We adopted the accelerator-driven
transmutation system as the main transmutation system at the beginning. HYPER
(HYbrid Power Extraction Reactor) is the name of the ADS developed by KAERIL
The period of the first stage was 1997 - 2000. The basic concept of HYPER was
established during the first stage of the development. The second stage of the project
was performed during 2001 - 2003 and this research report includes the results of
R&D activities during the second stage. The basic key technologies related to
HYPER was investigated during the second stage. The R&D areas were 1)core
design, 2)fuel technology, and 3)Pb-Bi technology

IV. Results of the Study



1. Core Design

In order to determine the optimal subcriticality level of the HYPER core, a systematic
process to determine a feasible domain of subcriticality has been developed. It was
shown that the allowable subcriticality of HYPER is 096 < k-eff < 0.991. An
optimization study on the external source multiplication reveals that a hollow beam is
the best beam shape and the optimal H/D (Height to Diameter ratio) is about 1.0 for
the source multiplication. The study shows that impacts of subcriticality on safety is
not mono-directional, i.e., a higher subcritically does not always improve the core
safety potential. Subsequently, a practical H/D ratio of an ADS is in the range
0.6<H/D<0.7, depending on the core TH design parameters.

Nuclear design of the HYPER core has been performed to transmute both TRUs and
LLFPs (Tc-99 and I-129) based on a metallic alloy fuel. Detail design values have
been determined for the core configurations including fuel rod and assembly,
spallation target, safety assembly. To minimize the accelerator power, B4C burnable
absorbers and control rods has been introduced and maximum required accelerator
power has been reduced to about 18 MW. TRU/LLFP supporting ratio of the HYPER
core are about 3.2. The HYPER core transmute ~282 kg of TRU, 27.2 kg of Tc-99,
and ~7.0 kg of 1-129, respectively.

A multi-dimensional time-dependent core analysis code, named DESINUR, has been
developed and has been used for transient analyses of the HYPER core. The
transient analyses shows that the HYPER core is rather robust against a reactivity
insertion accident. However, the core is susceptible to LOF (Loss of Flow) and
LOHS (Loss of Heat Sink) accidents. Therefore, a highly reliable accelerator
shutdown system is required for the HYPER.

For an efficient core design and analysis, a deterministic codes systems has been
setup. The code system is basically ANL's liquid metal reactor design codes. In the
code system, KAERI's KAFAX-E66 cross section library is utilized. In KAFAX-E66,
the maximum neutron energy is 20 MeV, which is much lower than the maximum

energy of spallation neutrons.

2. Fuel Technology

The MACSIS-H for an alloy fuel and the DIMAC for a dispersion fuel are being
developed as the steady-state performance computer code, respectively.

The existing thermal conductivity model for U-Pu-Zr was not suitable for the
HYPER fuel composition, so the thermal conductivity model was upgraded. The new
model has a reasonably good capability in predicting the thermal conductivity. The

241

generation of He gas during transmutation of “"Am may be a significant issue in the

design of the fuel. He generation rates were calculated, and then inserted into the
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codes. It was estimated the He effect will be a very important factor for both fuels.
The need for the gap in the dispersion fuel was analyzed by the insertion of the gap
module into DIMAC. The effective thermal expansion coefficient was also inserted. A
lower smear density for the dispersion fuel gives a very smaller total diametric strain
like the alloy fuel type.

The key design parametric analysis were performed to satisfy the HYPER discharge
burnup goal. It is estimated that the burnup limit for both fuels will be increased
depending on the plenum length, the gap, and the cladding thickness.

Metallic fuel TRU-Zr form was chosen for the HYPER fuel because it has good
irradiation experience and compatability with the pyro—chemical process. Two metallic
fuel forms are under consideration, one is alloy type TRU-Zr fuel and another is
dispersion type (TRU-10Zr)-Zr fuel. The blanket fuel cladding material is
ferritic-martensitic steel HTO.

In order to derive the optimum conditions of HYPER blanket fuels, dispersion type
(U-10Zr)-Zr fuels and alloy type U-Zr fuels, surrogate materials for HYPER fuels,
were fabricated and the fabrication characteristics was estimated. Also, thermal
properties such as thermal conductivity, thermal expansion and thermal stability were
measured. It is known that the destruction of the fuel core takes place due to the
interaction between fuel and cladding. A fuel and cladding diffusion couples are made
to analyze the reaction layers across the interface. Meanwhile, alloy type fuel is
immersed in lead for thermal bonding test with the cladding. In order to clarify
reaction and diffusion characteristics of Pb bonding between fuel and cladding, a

series of experiment has been executed with fuel and cladding in Pb melt.

3. Pb—Bi Technology

The existing SLTHEN or MATRA codes, which had been originally developed for
sub—channel analysis of sodium cooled fast reactors or light water reactor, were
modified and applied to the thermal hydraulic analysis of the Pb-Bi cooled HYPER
core. In the analysis of single fuel assembly having chopped cosine power profile,
quantitative and qualitative approaches were made for the modified SLTHEN or
MATRA validation. The results of the modified SLTHEN agreed well with those of
analytical calculations and of MATRA and the modified SLTHEN or MATRA can
provide reasonable simulations of sub-channel thermal hydraulics.

In order to assess intra—assembly heat transfer, sub-channel analyses using SLTHEN
were implemented for two types of 7 assemblies. The results showed that the
amount of intra—assembly heat transfer is not so large in HYPER conditions. The
capability of full core thermal hydraulic analysis was confirmed by the analysis of 45
fuel assemblies in 1/6 HYPER core at the first cycle. The predicted values are lower

than the design limit by at least 70°C. Thus, the reference design parameters are
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acceptable in terms of thermal hydraulic point of view.

A numerical design study was performed to obtain the optimal design parameters for
a 20 MW spallation target for a 1000 MWth ADS. The beam window diameter and
thickness are varied to find the optimal parameter set based on the design criteria.
Based on our design criteria, the maximum allowable current is calculated to be
about 24.1 mA. Especially, injection tube was proposed for the reduction of the LBE
flow rate at the target channel. The results of the present study show that a 30 cm
wide proton beam with a uniform beam distribution should be adopted for the
spallation target of the 20 MW power. When the LBE injection tube is employed, the
LBE flow rate could be reduced by a factor of 2 without reducing the maximum
allowable beam current.

It takes a lot of man power and effort to develop Pb-Bi related technology since the
various experimental facilities are needed. Therefore, KAERI joined MEGAPIE
(MEGAwatt Proton Irradiation Experiment) in 2001. PSI, CEA, CNRS, FZK, ENEA,
SCK.CEN, KAERI, JAERI and LANL are 9 members joining MEGAPIE. The
schedule is to complete the target fabrication by 2004 and start the irradiation in
2006. KAERI was interested in obtaining Pb-Bi related technologies such as
corrosion, thermal-hydraulics and radiation damage. Based on the results obtained up
to now, it can be mentioned that Pb-Bi corrosion is not a big problem up to the
temperature of 400°C and oxygen control should be applied up to 500 or 550°C.

Since the corrosion is the main problem for the use of Pb-Bi in the reactor, KAERI
has been developing its own test facilities. The static test facility was assembled to
start experiment in 2003. The loop is being constructed for the completion by 2004.
KAERI collaborated with FZK to perform experiment using FZK's test facility and

exchange information.

V. Applicability of The Results

The major objectives of the study is to investigate the key technologies related to
ADS and update the concept of HYPER. The results of this work can be a basis for
the third stage research. The objective of the third stage research is to complete the
core conceptual design and verification of the key technologies. Once the third stage
work is finished, the final results will contribute to the establishment of Korean back

end fuel cycle policy by providing technical guidelines.
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I
i Ultimate shutdown system ‘
| —800 cm
: Beam tube
: l/ Upper LBE plenum
j 7 — 585 cm
|
i /
|
i Gas plenuu /
i R
i e -
i f 330 cm
1
o _
...... - ] — 267 cm
t
0

Separator between
target and core

1

LBE guide tube

Lower [ BE plenum \ —

Grid plate
a2l 31.2-5. 18670 sid =& &H 7t ™ E HYPER =4 7=

AHE-FAAYL TEF S fdte] WA Hed AAstE AR FA M= THAE A FA
] gF=vh ¢, HYPERSF Zo] A&EFAAE o] &t wmAlollAe] Fagh dA g
Wy 9 shvtes FxEd dEd w$ =2 ST Ao bR o R &R
Al FHo SR AR =AY TR A s, AT A Y] FHAE A
st 31 Alelth. HYPER =AM e £33 2AMES #4717 &M 7194
A B /sl Cutback %99S AA|8E3Ath Cutback 9 Hol= B 7HAE ST
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Tie rod A
Cutback (30 cm)

-

. 50208030
5030
0208030
5030
#0303
208068080303030303!
1030R020202080:3030!
| 03030 |
0 0Z0
190 63030 |
0202020803080 .
1900 |
103020 |
10202020208020%0%0!
120802020303030:0!
0 |
103080808030803080!
\\\O O . Ooo . O O//’
S5O0 AORC. Cutback (30 cm)
020203020%
~R0808097

T Oa0>
S e
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B4C (90 cm)

Fuel rod
a2l 31.2-6. HYPER Al sidZEstA A

AARYFAL YEI ALEHA @AW WA R A FRAE G2 FFe) Ao
] A

HE7l Bastth ¥ 31278 HEJ e wAwg wAA 2 %

K

Fuel material Metallic alloy : U-TRU-Zr
Cladding and TR material HT9
Number of fuel pins 214
Number of TRs 13
Fuel pin diameter, cm 0.77
Cladding thickness, cm 0.060
Pitch/Diameter 1.49
Fuel smear density, %T.D. 75
Outer radius of TR 0.44
Inner radius of TR 0.36
Active length, cm 150
Inter-assembly gap (fuel to fuel), cm 0.34
Assembly pitch, cm 17.0075
Bonding material Lead (Pb)
Radius of B4C rod, cm 0.3220
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Shield (HT9)

Reflector Assembly Shield Assembly

a7 3.12-7. HYPER o dtAd kgl ghAbd & Apmld Hetd =

WA A A WRE WaAwer ASE Aol A FAA WAL BHA
Ao}, of A% Po-210¢] A4l HEstel el #4@ Wom ANW 16974e)

=

HT9 $o= AAsAth "o vl & W2A4<d LBE jteg A}
97t w5 714 Po-2109] el wig- AA #

ot WALA] Fooll RPN E FA o] FAHE A+
AR wiEe]l - gZo] HT9 BoZ HAASAew, 7
A Ao e HdststAh AAA F9e dYHFLS w
ol P/D < 1.00% astrigt= Wztels ¥ EA47F gtk %
Ae] AAAFE e AT

E 31.2-7. gtFeber ghAbA Fetd Abek (Pb-filed HT9 Tube)

Cladding material HT9
Number of fuel pins 169

Pin diameter, cm 1.0190

Cladding thickness, cm 0.055
Pitch/Diameter 1.15

Duct outside flat-to—flat, cm 16.7075
Duct wall thickness, cm 0.54
Interassembly gap (fuel to fuel), cm 0.3

Assembly pitch, cm 17.0075

I 3.12-8. gtAgrer AtmlA EetA A A Art
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Shield material HT9
Number of target pins 271
Pin diameter, cm 0.9420
Pitch/Diameter 1.00
Duct outside flat-to—flat, cm 16.7075
Duct wall thickness, cm 0.54
Inter-assembly gap, cm 0.3
Assembly pitch, cm 17.0075
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- F2 FHo] vk 2y F=He] 55T EA wom, FAgo] ArkE o] gtk
= A e 2o A Cul®l a2 (Decomposition)7t Aste] T 7k~ 944
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S7He Ed & Advk HYPEROIA = olo 22 dF5dxe] S WA $l8iA
LLFP H@A et A5HdGA7} At ZAE webs] 2dolAeh o] 7&EA 995
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ueka] Wit ARAAGE JAFAE A Gl FHE7] i HEE T+
Fefolth Tc-999F 1-1299] E& FA= ol dF 2 SR (Support Ratio) #ke] TRUS]
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Cladding material HT9
Number of target pins 217
Pin diameter, cm 0.9663
Cladding thickness, cm 0.055
Pitch/Diameter 1.08
Duct outside flat-to—flat, cm 16.7075
Duct wall thickness, cm 0.54
Interassembly gap, cm 0.3
Assembly pitch, cm 17.0075
Radius of moderator, cm 0.3480
Radii of Cal; target (inner, outer), cm (0.3530, 0.3894)
Radii of Tc-99 target (inner, outer), cm (0.3944, 0.4232)

HYPER Al=®1¢] U3l =4 A Alx¥le 7}
Safety AssemblyE AF&3tch 28y =4 ol 9
dettete F-FAALY FHlE FE5] W fe
© 2 USS (Ultimate Shutdown System)2 =933
54—4 BiC FFAEA FFAAAY SHlE &Y
¥ 312-100] USS Al~#le] A7 e Jejd

LBE Plenum®l ¢ %3t}

¥ 3.1.2-10. Ultimate Shutdown System AF2F

A

W AegR o], o]xbx o
A

-ﬂmx,

e €] 5401 o}i vﬂ% —’F AT
A A USSE w4l g

} Safety AssemblyE EF A
A3t7] AE7I HH"‘?*Oﬂ 5714

Lo

Cladding material HT9
Absorber 90% Enriched B.4C
Cladding thickness (inner, outer), cm 0.1, 0.1
Inner radius of inner cladding, cm 195
Inner radius of B4C, cm 19.7
Outer radius of B4C, cm 277
Inner radius of outer cladding, cm 27.8

og} ADS A9 €8 HYPER Al ZAH A& ¢HAR
TR on, =49 RkgE

gaTh m= ADSS A7 Adel = MAA §

AN A AAE A

gl Alns dm AFAA Y e
o wsn, oled AAE e A
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HAo 2% 31.2-99= HYPER <¢HAF A2 F+2E Z=A89 2 #F 31.2-11d= AA
AFFS YERR AT

HYPER =Aloll&= 670 HHARFA7E FdEH, o5& F7]x vEE AoE 9I8iA
AREE L QITE FAFFAE Ao R AMESE A AYE Alolwro]l B LA
o7 QEFHHHE 42 oHdd] A AEHE FAStES HYPER =41 AA €
% 31.2-9914 Hzo] FHAFA Y] 7 7IE nHRE Aojg JFAS} 2ol F
Ao HEE 74 169709] B.C & o2 T4tk HFAdAe] o5 YE= 14" A
ol R HEE A A H/EHER FeEn 234 TAAESFEE Y8
90% =% BC7F AHEEY, S48 1159 P/D #S 7FA 3 wjd o] vt
Inner duct

HT9 Clad

Outer duct

a3 3.1.2-9. HYPER ot & gHA| (Safety Assembly) +4

H# 3.1.2-11. HYPER ot & oA M At

Cladding material HT9
Absorbing material 90% enriched B4C
Number of pins 169
Pin diameter, cm 0.893
Cladding thickness, cm 0.055
Radius of B4C 0.3502
Pitch/Diameter 1.15
Outer duct outside flat-to—flat, cm 16.7075
Outer duct wall thickness, cm 0.54
Inner duct outside flat-to—flat, cm 14.6275
Inner duct wall thickness, cm 0.54
Interassembly gap, cm 0.3
Assembly pitch, cm 17.0075
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Reference . With B4C and
Parameter Core With B4C Control Rods
Inner core 32.0 38.7 40.0
Average TRU -
) ] Middle core 36.3 45.2 458
weight fraction
Outer core 39.5 499 50.2
Effective multiplication BOC 0.9802 0.9793 0.9796 (0.9896")
factor, Ker EOC 0.9416 0.9590 0.9688
Burn-up reactivity loss, %Ak 3.86 2.08 1.08
[lets, neutron generation time, psec | 0.00278, 2.33 0.00259, 1.43 0.00257, 1.28
Required proton beam, BOC 106 106 106
mA EOC 32.1 22.1 167
BOC 1.68 1.48 1.55
3-D power peaking
EOC 1.85 1.74 1.62
Linear power (average, peak), kW/m/| (17.6, 32.6) (176, 30.6) (176, 28.5)
Core average power density, kW/I 143 143 143
Average fuel discharge burn—up, a/o 25.7 19.0 187
BOC B-10 inventory, kg S 40.2 40.4
Peak neutron fluence, x10* n/cm” 3.9 3.1 ~31
Net TRU consumption rate, kg/yr 282 282 282
Active core void reactivity, pcm 938 3,578 3,337
Heavy metal BOC 4,019 5,702 5,802
inventory, kg EOC 3,868 5,551 5,650
1) EE AT AEA] k-eff
o] A% FHAHZA (Safety Rod)E Alol§& JFAA=Z &t om, AojE] AYeH
= )% BE Aol JEHYIHgE =49 k-eff zho] 09918 @4 EEE AAGHS
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23%<} 1-129 77%°] x=4< 7Hgskarh.
LLFP¢} TRU® SR 3 1 Fdstes a7 $l8lA4 HYPERAIAME A% oF 28 kg
Tc-999F oF 7 kge] 1-1295 Stsiof gt} o5 9aiM Tc-99 553 kg, 1-129 167 kg
of Z7lell A ojor vk LLFP H A7 13571 (eF 5d) ¢k &8 e
g Ao, FellA BTo], Tce-999 1-1299] Azt &2 747} 2729 7.0 kg/year

ojn], o] 59 WEALETE 32%% 27% AEE T3] =rh 3d, 5 FA7|zbe] st
o LLFP H3tAle]l Hu £F542F Fluencew AT HTE 4 A7) wiol] FAHS
TTHNE e Aem —&%-ﬂﬂ%, o] %ol LLFP WEdAaEE B} ol & d&
Aol tt.
E 3.1.2-13. HYPER =A2| Tc-99/1-129 s et M=
Parameter Value
Inner core 40.9
Wegﬁfr?iecéggl 9% Middle core 479
Outer core 55.2
Effective multiplication factor (BOC, EOC) 0.9797 (0.9893*), 0.9693
Burn-up reactivity loss, % Ak 1.04
Proton current (BOC, EOC), mA 10.6, 16.4
Ber, neutron generation time, Hsec 0.00263, 1.75
Core average power density, kW/1 143
3-D power peaking factor (BOC, EOC) 152, 1.63
Linear power (avg, peak), kW/m 17.6, 28.7
Average fuel discharge burn—up, a/o 16.9
BOC B-10 inventory, kg 375
Peak fast neutron fluence, x10® n/cm’ 3.1
LLFP loading (Tc-99, 1-129), kg 553, 167
LLFP transmutation (Tc-99, I-129), kg/year 27.2, 7.0
LLFP discharge burn—up (Tc-99, 1-129), a/o 32.0, 27.3
Net TRU consumption rate, kg/year 282
Heavy metal inventory (BOC, EOC), kg 6,010, 6,357
Active core void reactivity, pcm 405

* RE Aot 1EA] k-eff

ol w2, LLFPe] F7F el weba] HYPER =49 A A ozt Frhshm,
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Td AL AxkAtolth
2 (31.3-2)9 ®B&4E 4 B13-Del H&sa 0y & NEdFR sl HEsL
F,(0=(0%, FP= W73 otefet & wlA w=Ailel e 13 =d Fo3t wgds

o
Ads 4

b =MA(}) p<t>+71LO;Ak§k<t>+~ﬂLA(t),

L a0+ g0 o
o 71 A
(D= (0%, [F—M¥)|F(, (3.1.3-6)
(D)= (D%, xanCr)/ F (3.1.3-7)
()= (0%, S)/F;(H (3.1.3-8)

21 (31.3-6)2 " dA =49 &4 ¥kg%E (Dynamic Reactivity)E& YEUM, 93 =4
Zdo A MYee 2 (31.3-8)3 o] M A HY 99 T4 HSme= TS

of & LA (First Order) 22H& A= 540 des 44 B 5 sd=d, o=

¢

7t R AB13-49 A-mode TAAES ARE Y] wiiEolth wbeF thE FEH ¢
7tE3TE ol &S, RESE ALt A TS gk A ATt A AEA etk
Aok 22 14 =ARES AFSE Ag Ao tig e =49 w4 vhgeet
Aol 2 (8.1.3-8)elA sl ndd F Ues & F Utk A 2 (31.3-6)A
7] B HANA Y T4 WERe VS dAAARAY A9 AFA whEE (Static
Reactivity) ¢} 54 &S A 2d = Uth

A Fol 29 B4 =49 vhex Wels 27| SRS Fxeh BE AR

SoFoP — (@, [A4F =AM %)
© (0%, F¥,) (3.13-0)

A7 Y= Z7]1E b2 (Inhomogeneous) WA2S Zoj dojzl FAAEo w1

GO, gpst g WAl =E 4B om.
FAA FERAA0 oe 2ab Bwe] sl Adiabatic SAPES A AsE BA
gEE Tev o] wdHT
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A8 ¥, m 1.50
A 974, m 6.50E-3
W &4 W74, m 6.50E-3
54 974, m 7.70E-3
Pitch, m 1.1473E-2
YA 2 wE, m’ 7.3161E-5
Wb drex, C 340
g =9, W 26,354.6
724 4%, C 490
AF=9AAt 1.361
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E 3132 24 XME (L K
W7 dAEE, k(W/m - K) 6.8477 + 0.010169 T
WzhA W%, p(kg/m’) 11060.123 - 1.2159 T
W2k W, C(J/kg - K) 159.6373 - 0.02387 T
Wz A (viscosity), w 5.3728E-3 ~ 892E-6 T + 4.7137E-9 T*
HEF) dAdE%, k(W/m - K) 21.4
984 Ui, plkg/m’) 7,595.78
o &4 v 4, CpJ/ke - K) 570
A5 dAEE, k(W/m - K) 8.0
A8 9, p(kg/m’) 9,762
Az ¥4, C(J/ke - K) 224.6

_40_



gl Al et WJzbA Abole] dHYE A ofuiet o] AHejdrh ofe] AeA Nue
Nusselt Number ©]3 Dh += Hydraulic Diameter©] t}.

d¥rx o2 IBEel tidh Nu #e vhgFd Faao] AgH=d 2 dAddAs ofgf 9
Lyon-Martinelli 3#4& o] &38FAth ofdolA Ve WA =& 2on| st
Nu= 7+ 0.025P¢"*
D,VpC,
k
EEA RS A 27EE AuEAz BeS H¥EF7] HYPER Al olshe]

- =
Beta-K H4tz=g &&3sto] Fatdew, 1 A& % 31.3-34 Attt HYPER

Pe= Rex Rp =

fol TlU Bl

o e al 3} o Wew
H}E 7HHS gds = Q)

Adutd o2 uEHRME Ao TR ~2HdEY i dR =FY s vy
2 v w4 " dge] o] FE S Wk A ayE 2t HYPER =49
WA SEAFE 49 S 7HAAT AL oz AAHor A0 wsw sty

¥ 3.1.3-3. HYPER =4&l9 X|&UE M A=

Group Fraction Decay Constant (1/sec)
1 7.077E-5 0.0129
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3 3.909E-4 0.1346
4 8.733E-4 0.3443
5 4.738E-4 1.3764
6 1.551E-4 3.7425
Total 2.570E-3
Neutron generation time = 1.28E-6 sec
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(3.2.1-1)

21.73+1.591 x 10" 2T+5.907 x 1072

KU:

(2554 < T < 1173.2K)
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Phase Coef. (10 Temp. C

a 67 380-120

i 41 160-200

¥ 35 220-280

i -8.6 340-440

E 15 490-550
B
S —1 |
P l
B owf |
[ | N |
| 9 40 :
s owf |
: : 20 —e—case 1 (delta Pu upto 742K) :
I E *o-0 |
: o 10— —6—case 2 (delta Pu upto 762K) :
T |
] |
0 : l
! 0 100 200 300 400 500 600 700 800 900!
: Temp. (K) :

a7 321-9. Pu HE A+ HE Hel

0.00E+H00 5.00E-04 1.00E-03 1.50E-03 2.00E-03 2.50E-03 3.00E-03 3.50E-03 4.00E
Distance from center(m)

. 7.00E-05 |
| |
| —=—old data at coolant temp. 613K \ :
. [ . |
‘ 6.00E-05 —®—case 1 at coolant temp. 613K - ~
I —6—case 2 at coolant temp. 613K I I
L —aA—coolant temp. 713K |
| € 5.00E-05 | ‘
1= |
| GE.) |
| 8 4.00E-05 |
I ® |
| % |
| 5 3.00E-05 !
'S |
5 |
& 2.00E-05 ;
l l
| 1.00E-05 |
: ) Fuel meat Cladding :
| 0.00E+00 : : : |
! -0
| |
| |

Tk 7|EY E9Y Rde st A YAt 7Ixzke] A
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o] HQaslA Hr}. old we} ol B F& EHFAT MESE Y5
o211
N /K -1/ K))
a= a1+( aq— 0!2) (1/ Kl)_(l/ KZ) (321*16)
o] 7] A a - FIAIAST
K : 2 bulk modulus
K; @ 71#¢] bulk modulus
Ko @ 94AF9] bulk modulus
E
Ky 3(1—2) (3.2.1-17)
o] 7] A E : Young's Modulus
v Poisson’s ratio
ALY Az AlgEH = 929 Young's Modulus % Poisson’s
ratio= 3 3.2.1-29} #Zt}

2/ Xte| Young's Modulus 2! Poisson’s ratio

U-Zr U-TRU-Zr
E EJ(1+0.17W,)/(1+1.34W )] x EJ[(1+0.17W,)/(1+1.34W,)-W,] x
[1-1.06(T-588)/Tmul [1-1.06(T-588)/Tmul
vl (1+3.4W,)/(1+1.9W,)]x vl (1+3.4W,)/(1+1.9W,)]x
.
[1+1.2(T-588)/Tmul [1+1.2(T-588)/Tmul
o] 7] A E. : 588KalA e =4 U2 Young's Modulus
vy 1 58Kl A o] &=+ U9 Poisson’s ratio
Toe 5 U9 &84
T3 2 bulk modulust Y3 2 A& 7HX] A €



Klower: K1+ {2
(Ky— K)+3 /(3K + 4G ) (3.2.1-18.a)

Kupper: K2+ {1
( Kl_ K2)+3f2/( 3K2+ 4G2) (3'2‘1_18‘b)
o] 7] A f 2 A FaEE

G : shear modulus
~ 2(1+y) (3.2.1-19)
(2) M| I dol o3t J3F
(7}) U-Pu—Zr ¥4 A5 4943 A4 vl

Simple Mix Law % F& €33 A+ 2d& o]&3l U-PuZr 248 d=e E9%
AsE vkt (19 3.2

25

N /N
< \A\/ﬁ_~ﬁ——ﬁ
©
Io N
Z st "
g
©
8 1 —e—simple mix
[o] .
£ ---o- - effective (lower)
. —a— effective (upper)
0
0 200 400 600 800 1000 1200 1400
Temp. (K)
Oz 321-11. U-Pu-Zr 248 =29 Fdd 3 7% Hlw

Simple Mix Lawell o3t I3 A= 5 9% A9 HAL2A
o 78] FdsHA yEtwt ol we dlAAG Rl F3 49 A
Fo HPAE =Ydste] (U-PuZn)-Zr E4t8 <
2 EAskE Aol BYEd Aow Hridn
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3.50E-02
3.00E-02 %m\h
\
0 50E—02 || —*—thermal (lower limit)
—a——gas swelling
c -02 .
T 2.008-02 ---%---thermal (upper limit)
@ 1.50E-02
#
AN DMK > 3 - 4
1.00E-02 $-44—s eSS of
[ NN
5.00E-03 |
0.00E+00 : : : . . 2

0.00E+00 5.00E-04 1.00E-03 1.50E-03 2.00E-03 2.50E-03 3.00E-03 3.50E-03 4.00E-03

radius (m)

37 32.1-13. 2 E 15at%0 A L EA ol ofet 483 H[W

(A

t}. Swelling 22 (He X3

TRU 3¢ SAAg8A dad dd4d 2 98 vd 5= g *"Amdl 93 He
G 2 ES E38E Swelling RS /MEet7] $3te], He A4 2 W& 2d& A
A% 5 g5d 2 24 A8 swellings ¥ 7tskAt

(1) He A= At

T 321-3& Am 1g@ AAHE Hed S
e wpsb o] *MAm 1 g3 165U vt} of
715 o)

¥ 321-3. He dM2F
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el e Goneration

X501 39-45
SUPERFACT-1 33-63
EFTTRA-T4 45-60

Na point design (ORIGEN) 58
Pu-6Am-40Zr (ORIGEN) 47.2
Pu-20Am-40Zr (ORIGEN) 46.8
Am-20Pu-40Zr (ORIGEN) 46.6

ot

olo] we} HYPER 353 2 248 Az g5 “IAme] 42 At
T a3y dnk A IE MACSIS-H[23]9F B4+ Az A s34

= DIMACY| He A aHE AYstsd

kU

HYPER g4 1719 2A8sH= Heol A FS ¥ 3.2.1-49 2t
I* 3.2.1-4. HYPER ¢ o Am-241 Weights %! He MM &
o . He Generation Rate
Fuel Type Am Weight (g)
(ml/day)
U-TRU-60Zr Alloy 34 1.03
TRU-60Zr Alloy 3.8 1.15
(U-TRU-10Zr)-55Zr
Dispersion 45 1.36
(TRII)J'.flOZr_)*55Zr 51 155
ispersion




thar 7hgske], MACSIS-He dEd A7t~ AR E H7Hsks
olmf Am §&v dAA4Ed wel o] v By ow JdAsiva Tt
gste] He A &= Attt
Tty dR%E ATEAS 913 DIMACAA =, 24 A= 5ol A
= YZE7tE BEol vkal 7Hgetri24] wEel A ¥ He 7FA®=
Hu| stk g3 o] FrtE 63
Vie/Vee = (Voo + VpNy  +VT, + Vi, + Vie (3.2.1-20)
Vi the unit volume of the fuel meat
Vs ¢ the volume of a fuel particle which is treated as an

equivalent sphere of uniform size characterized by a
single equivalent radius

Vi . the volume increase per fuel particle due to the
accumulation of gas bubble considering the bubble size
distribution

Ny © the number of TRU-Zr fuel particles per unit volume
of fuel

VT, : the volume of Zr-matrix per unit fuel meat volume

Vi, ! the initial porosity per unit volume of the fuel

Vie : the volume increase per 1 g of “TAm
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2000

------- gas generated without He
§ 1500 gas generated with He
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—e— cladding strain with He (24.0kW/m)
—&— cladding strain without He (24.0kW/m)

cladding strain(%)
[6)] n

0 5 10 15 20 25 30 35
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- Smear Density 70%<%1 7% : 255 at%

=
3

- Gape] 1= A% °F 10 at%

o] ¢}#o] Smear Densitys A & A5, ¢F 156 at%e] AA%E AgX| 7}
WFeF Smear DensityES 70% % 3, HYPER A4 % AdkA] (2 20at%)=
AL Aoz Frte,

ofc
COMPUTE COMPONENT
HSAV = INITIAL DUE TO SOLID-SOLID
CONDUCTANCE ESTIMATE HEAT TRANSFER, HS

1

I

CALCULATE FUEL -
TEMPERATURES COMPUTE FUEL
CALL TEMP1D CLADDING GAP
COEFFICIENT
HGP = HR+HS
CALCULATE FUEL
OUTER RADIUS
CALL STRESS
COMPUTE FUEL

SURFACE TEMP., T

COMPUTE THE
FUEL-CLADDING GAP,

GAP

COMPUTE COMPONENT DUE HAS

TO RADIANT HEAT TRANSFER|

HR

TSTCHK
S SET SOLID
GAP LESS N SOLID
COMPONEN
THAN ZER( HS = 0.0
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GAP CONDUCTANCE
YES CONVERGED?
HGP ~ HSAV
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SOLID CONDUCTIVITY
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= 1T ==
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28 at%
- Smear Density 70% 2 3 E23 57 057 mme 499 Smear Density 75% %
5 F7 0.7 mmel B9 FrAF

------- 0.70 mm, 70% smear density
0.80 mm, 70% smrear density
---e---0.70 nm, 75% smear density
——0.80 mm, 75% smear density

strain(%)

05 r nn_."'
00
0 5 10 15 20 25 30
burnup(at%)
O3 321-19. "S5 mE 24 HeEg

olo wa} 9lo FrkA AYES AEEH HYPER 4% A= o=
H7tE o 18y Smear Density 70%+ A8419 2 7ol YN 7hsa1, dol7t dojA| 7]
&0l Smear Density 75% 2 35357 0.7 mm<!l A$7F A= = 2
o8 FerE

i
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2=}
A
>
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Smear Density, Plenum-to-Fuel F3¥v] % 3&83% FAZ ZA F+EF
7 9T}t Smear Density®] 2% 75%E A0S W =5

NATAHY BEIAE AT 5 7] wZol26], 5 Aol o3 &
A3 HAZE Aol= H AF A% Smear DensityE 75% % AAdte] A8
T AN S FHEES 5

=487 flgte] HEd FA "
?%ﬂﬁ4.1%321%%-ﬁﬁ&%
AN E et W3S 1%E 4

!
ololufgl FTFY AEE dixx ATFIAE
Plenum-to-Fuel #3°]& 118d ¥IE #4&
A E ZFed 29E 18 FEY A5 "I S
%] Sl =5

H (e}
2% AARZ AASGAESE A HAd daAEE v 2o
- Plenum-to-Fuel #3897} 1.8 ¥ &3 57 06 mm? 4% : 27 at%
- Plenum-to-Fuel §3 1|7} 1.5¢] djste] FE#A =7 0.7 2 0.8 mmSl 25 @ 7}



Z} 27 at% 2 29 at%
- Plenum-to-Fuel F3 8|7} 1.8 dlste] I E# 57 07 2 0.8 mm<S! ES5 : Z
ZF 30 at% % 30 at% °]
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oo uEA FA4 2 Plenum-to-Fuel 39 HE E3lo] 97 =¥
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20
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---8---0.8mm, 1.5 plenum
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—x—reference case (0.6mm, 1.8plenum) ] E
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Preliminary thermal creep strain limit
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Layer Thickness(um) Composition(at.%)
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Layer Thickness(um) Composition(at.%)
A 4~5 Fe,Cry;
B ~1 Uy, Zr, FegsCryy
C ~1 Uy, Zrg; Fe,,Cryg
D ~1 U,6Zr4sFe4,Cryg
E ~5 U,0Zrs7Fe,,Cr,
F UpeZI74

3 32.3-13. 750Coll Al 100A1ZF ¥ X2l U-557r &t d e Eel HT9

=R SMUSES EDS 2AZD
Z}. Pb Bonding =& 32 Hk-3-A

U-55Zr =3 d5¢9 HTI IEANS 2 mm F7 Zol2 Adk ¢Anpst & 9997% %

°] Pb &7] Wl H7FAIZ1th Pb Bonding A $5% A8 v&EA= dFrY =
kel F4E Pb el H7te & &3 &dFuy =Y AAE A ¥a I E
4%t S Box Furnace® 650TCel4 100, 200A]7F BondingXdS S33ct. Phb
Bonding 2% % SEM< o] &3] vbgAAd = 2 Pb G4tz olE SA o
Layer Thickness(um) Composition(at. %)

A U,oZr, FeggCryg

B Uy FezCrag

c U,Fe,(Cr,;

D ~3 U,eZr 5 FegsCrg

E ~0 U,,Zrgs Fe,qCrg

F ~2 U Zr,,Feg,Cr,

G ~5 U, ZrgsFensCr,

H UpgZ17,

I U sZrs,Fe,
g 32.3-14. 800 CHl A 10A1ZF d X2l U-55Zr &t28 A =Z2F HT9

o =X ek Eo EDS 24 A nt
a9 323-15, 16 650°Cell 4] 100, 200~ 7t Pbitd dx &gt U-55Zr =3 98

o] gakuk3-Zo] W SEM Azl 2 Line Profile 235 el U-55Zr 539 &8

- 127 -



ol

< Pb7} U-Zr

dAe g Al

=3

Pb

94

—_
o

B

1o

o ¥

)

<0

< FArx71e UZr,

3

K

i olok (2% 3.2.3-17). ©] Zr=9

3|

|

o] =4

}E]'

+ Zr Rich

3
pad

o] ¥

Al ®

35

e .
=2 g4

A Fwel A ololA Zr

st U-b5zr

a8 323

15. 650Coll A 100, 20041 ZF PhbE2Y L X2

i

PbMb

20
158
100

50

UMb

ZrLa1

300
200
100

r

gh U-55Z

2t Po2E 2zl

% 32.3-16. 650Col A 1004l

Line Profile

SER B

A2 $ HT9

9

b
ol Pbet HT9

P

|

1000+

200,

650°Cell A 100,

Kol
H&-Sol tis] SEMe=

3.2.3-18

a9

-
W=

e}

Ak

WA g,

- 128 -



Layer Thickness(um) Composition(at. %)
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SLTHEN =+ Wire-Wrape] & & dsso] Azmd Fe=
o ER =M YEF W7 IdAdsE I3 !
to|tt. HYPER®] 4 ddm JFA= dAdmso] Azmd du
Oﬂ SLTHEN ZX9] Algo F]7} ¢lx 7 HYPER Al2=®l9] dldg JgA 7 gE7}
Feets A% YAARA HA HGEEFe] ofd Pb-Bie AMEstH, dAAA=
ere—Wrapol = FERE AAs 7] wjFo] SLTHENS HYPER A|~#9] w4
Ao Mo A&7 A e old g Z=o] FAo] dasir) Ed FAFE] =
A g 611*“’ A HdEl MATRAS HYPER =4 58 4 2837 ¢
ME Fro 74, Bkl aFEm &2 v 2

“3 r—{u[

(a) Pb-Bi *éi : SLTHEN, MATRA®] 948 #t5olA Pb-Bi WZAlE A=t 4
Abgh 5 s AEd] Ph-Bi #¥ 2AA ddA e £3 StgivH4l-44].
QAEE : p(WmK) = 6.847740.010169 T (33.1-1)
Bl Cp(JlkgK) = 159.6373 —0.02387 T (33.1-2)
WA Pb-Bi L= p(kg/m’) = 11060.123—1.2159T (331-3)
4% u(Pa-s) = 5.3728x10 °—8.92x10 *T+4.7137x10 T *

(3.3.1-4)
EIHLE@EA): U 1670C (Bavith 279 2o] L)

(b) =743t 432 : Bare Rod?l 45 wl#3 oo wpzbet=dZbeto 23S
B A3lE Novendstern A#4 (M=1)o] A&=H =S F8 & 54319 tH4b].
2
| L oVji
= Mip = (331-5)

() FEEIEY : Wire-Wrap©] = Z$odE HFE Alo]e ¢+=

sl freitde 7F FaEo WA vlEsh= Novendstern F#2ls # &3t om,
Wire-Wrap¢] A= 7%= Novendsern, Chiu-Rohsenow-Todreas, Cheng-Todreas &
g9 F deEste] AR ¢ RS FHE T

(d fr& &% 294 (SLTHEN) : freE@das o 7h2 gos Fadstd § 4
x5 E Fittinggt o 24 ZAAE}, HYPER #4242 ¢34 Bare Rod Bundleo] 233
Rogers-Tahir[46], Dwyer[47], Nikurase[48], Rogers-Rosehart[49] J#4& 317
NE= FA3Ya AFEA7F Turbulent Eddy of Heat ( ey) #S A4 d8d = ¢l
L& T4

@ Rogers—-Tahir A32]

Wy K o, D \B/Em (1
R [1 + (_ﬂ) ](_DIL) (33.1-6)
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o] A#22 Reynolds$7F 5000 ©14, s;/ D7k 00328tk F W fEsteh o714 A

;B o= A A Bere A RERE UEdY, e A AR,

D.= 57 #8474, De d48% %, 183 s; = P— Dot aga K,
=

2AE = Addaeln. o duAe ol&sH dREFAT,

T e = BRIV, (3.3.1-7)

Dwyer 43212 W% Eddy Diffusivity of Heat, €g ¥ Eddy Diffusivity of Momentum,

ev & Ui B4 g F theat ol gewo,

?ﬁ _ fun _ 1 1.82
€M (Pr) (ey/v)hi (3.3.1-8)

2]
Nikuradse *S” A2 o 2ol ¢g/yE FY @ d JdHE Reynolds o wHEAF f

(3.3.1-9)
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b= 0.00885Re " (3.3.1-10)
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324 Hot 4%
Ttem (Fz=1.2, (Fz=1.2,
Fr=1.0) Fr=1.6)
Average Exit Coolant Temp.
. 510.0 612.0
[TC]
Peak Coolant Temperature [C] 524.2 634.8
Peak Clad Temperature [C] 536.7 654.7
Pressure Drop [kPa] 32.6 32.8
Inlet Velocity [m/s]
Average 1.433 1.433
Interior 1.449 1.449
Edge 1.382 1.382
Corner 1.097 1.097
Bypass - -
Inter Gap 0.000 0.000

[#11] Flow Split Model : Novendstern

Hot B&Ael 4% Ad dZ44 2% 6348CE AXEHAJEY oA Ht dzA =
T2 612Tol HsiA 228T (o 37%) =2 #old, Ad A8 FBA 9 2x&
654.7C= YElTh ofol whal] A% RS o] &3t Hyr Alde] B4 A= 523T9]
o, Hot Hd¢] #24 Aol 6338C¢ vlwajuw 2z 13.7C (°F 26%)9 209C (oF
32%) ¥L AnE FAu T3 dAe] HYPER =4 AA W3 JFE5ZHAA 1.92
(Fz=1.2,Fr=1.6)2] Chopped Cosine &3 3o thajA, 73t jX 7 2o uiz
o =7t AAZIERE 660C W RHS whEghthal o St A W e P ReE ddg
S 183 SLTHEN2 I5A Ho 227t AA7E#4S 47C 233t S§Fo =
A, e B8 9 R5E dA9s udd =44 2ads F BT

HYPER =41 A A #gk WzA] Pb-Bie] A3 A57F g17] wdel 4% SLTHENY
% Pb-Bi dHdYE AsS A8 HFst7l= E7bsstAN, 9 #327F Chopped
Cosineol &= 31X 4 4R FolA glomz Wzkx Hy AsS e 474 mdd
o&] va #HFT F Jom, 19 331-29 SLTHENZ 3145 ol o9& 3k Wzt
A &&= ALt AFE ¥l A A 2= A H

ZAEE T Al A3E §3te] SLTHEN
(e}

[S] LN
PHoR R sef eds] dAst dEe & ¢
O3 331-2. SLTHENZ} s Msff 2| grzidrer d24A) g7 2c vjuda
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700 T T T T T T T T T 700 T T T T T T T T T
650 650
—— Coolant Bulk [Analytic] Rod Dia = 0.67 cm .
6004 ®  Coolant Bulk [SLTHEN] T 6004 LHGR =12.152 kW/m
® Hottest Subchannel Coolant Bulk [SLTHEN] Flowrate = 173.6 kg/s
O 550 4 & 550 4
® e o Fz=12
500 4 5 4 4
2 2 %007 Fr= 16
ﬂé_ 450] Fz=12 aé‘ 250 Peaking = 1.92 ]
K Fr=1.0 o
4004 Peaking = 1.2 T = 400 T
Rod Dia = 0.67 cm X
350 4 LHGR = 12.152 kW/m 350 Coolant Bulk [Analytic] ]
Flowrate = 173.6 kg/s ®  Coolant Bulk [SLTHEN]
300 ® Hottest Subchannel Coolant Bulk [SLTHEN]
! T ! T g T 300 T T T T T T T T

T T T
T
05 04 03 02 01 00 01 02 03 04 05 05 04 03 -02 01 00 01 02 03 04 05

Relative Height Relative Height
(a) €& A (b) Hot & &l

HgA Atole] Gap el 9% A4S #8 AFA Aol Inter Gap &S H3HA A7}
WA SLTHEN Al4bs F3selch. 19 331-39] JEld AH 3 Inter Gap frdol 5
5 JYA Gap 2 FRe 2R7F sebds & 4 lew, ol +4¥ SLTHENO|
BrE dEe gUden mARs Z44eR welEe & 4 Utk EW Inter
Gap 92 HYPER =4 A7 =3 J&dA Duct A 4R 2Eont 43
= JAHA T4 FrRde 9% FA Xeue AHAE delstdon, F5 H A
FAdgs IS U JFAY d49 A cd = Inter Gap el HEA A
ol] e JdFE = F USs AR AdHn
580 1 1 1 1 1 1 1 1
560 -
540 -
E 520 Jo—0—0—0—0—0—0—0—0—0—0—D
2 500+
©
Q 480 —m—Gap Flow :V, =0.0 m/s
§ 4604 —e—Gap Flow:V, =0.5m/s
= —A—Gap Flow: V, =1.0 m/s
440+ —0—Gap Flow: V, = 1.5 m/s
420 —O—Gap Flow : V, =2.0 m/s
400
380 L—

—
1 8 7 26 2556 55 98 97 152 151 218 217 296 295 385 433
Subchannel Number

a2l 3.31-3. &EA ALOl Inter Gap Flowe| Biztol| w2 st st B2

4
u
=
i
o
(et
)
=y
¥
it
>
=
o
=
o
=5
D
)
=1
e
o,
(oN
<
=
—
=
25
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=
=<
m
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il
-
oo
ol
ol
=
X0

SLTHEN2 &
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= dl, HYPER®] 7Z$ Wire-Wrap<S A 88t A 7] wfiEo] ©@<= Bare Rod Bundle

of A&% 4 3= 47FA Turbulent Eddy Diffusivity % 2-& o]

ow 3% 331-3° 4714 dFEFHEF G4 S HYPER @ dAs (TRU) Al
&+ =5

st 9§ AP A<l Turbulent Eddy Diffusivity, ey gk 43t

E 3.3.1-3. Bare Rod BundledllA{ AFztAlof| 2 Turbulent Eddy

Diffusivity( €g)gt Bl (Reference Temperature : 425C)

Correla Rogers- Nikura Rogers—-Ros
. . Dwyer
tions Tahir dse ehart
0.1431E- 0.8121E 0.6769E
e 4 = 4 0.4E-4

3 3.31-3¢ YeEbdl miol o] ANE ey gt FdAd wek M2 gE S YEiia
AATE AL Adbs dgHor 107° x| Orders zton, dREgAFd g &

stal Aol Atte Hy o] AEQ FholMe

o

P me A4 Aol Aolx A

]
GRET AR BE PrE A09 93

of thate] SLTHEN Z4te $=88te] & 3.3.1-4°] Yelieh Case [& WFEg o] ¢l
= 4$-°lH, Case II, II, IV:= Z+2F Turbulent Mixing Parameter”} 0.001~0.191 74 -9-91
o 4F &3] gl Case [ FF=7F dddo] glo] 71 B4l Axer & 4+ 9l
=3

¥ 33.1-4°] yeEeRt uvpel o] Mixing ParameterZ 0.0914 0.017FA] ZS7FA1 A S W
HYPER =4 A7 2744 42 A &7 254 A 54 £2v A9 9IS

WA ksS4 gtk T3 a9 33.1-40] e wie} o] WFEG o] Frhete]
A T FeRel spgte] BeRe 2 Fujvt Ao 2 A, 4% SLTHEN®]
FH2 dREded o3t ddgs F BAY F de5S AdHoRE HAEss 4 & 3
t}.

Abzbeld 3 Ele] HYPER %3 A4 W5 ¥4 Rogers-Tahir A#2S #8359
Al2behd PWROIA 9] A8 3k 0.00359F BWRelA 2] A& =l gk 0.00484 Kt} v
°F B = 000225 A== FS ztom Bare Rod Bundle #EHl9] HYPER A= A
29| Turbulent Eddy Diffusivity®] #-2 tigfdox 107° A= e ZHA HE
2 Wire-Wrap® 2 47 &3S U7 +25& 18K &&= 3, 19 33142
FE dREste] 4R Uy ddgd nXE g A4 guE AS 94T & 3
t}.

- 147 -



#3314 HdREge I Fr2 dME ojxs g

(Flow Split Model : Novendstern)

sy, 2 dAFA=
St BEX =24 Hste] Bare Rod Bundle 7oA ¢ SLTHEN A4t 23
o 24, HYPER =4 €9 ddd wo Agst 3= AAES 98 Fo&5 719

- 148 -

HYPER ¥52 &9 4o Ab&etil 9= SLTHEN #=+ HYPER ¥d=
o] Alg= oA Grid Spacer ¥4 ®do] ol Grid SpacerZ 7Fd HYPER
AFgA EAe o go] gtk wEkA SLTHEN ZE=XHth dubAl
AAp A G40l JREte MATRA Z=2 HYPER &4
o}

B a4

c CA CA CA CA
ase SE SE SE SE
Item
I II I11 v
o 0.00
Mixing Parameter 0.0 ) 0.01 0.1
0.13 0.13 0.13
Eddy Diffusivity [m?s] 0.0 7E- 7E- 7E-
4 3 2
Avg. Exit Coolant 510. 510. 510. 510.
Temp.[TC] 0 0 0 0
. 524. 524. 524. 520.
Peak Coolant Temp.[TC]
2 2 2 7
. 536. 536. 536. 533.
Peak Clad Temp.[TC]
7 7 7 2
580 —+ 1 " 1 " 1 " 1 n 1 " 1 " 1 " 1
560 4
540 -]
g 520JW—i—i—i—.ﬁ._._:\.\._g\?:f<ﬁ\o
g 500 .\.N.§‘§ o—eo
g 480 .
g 1 |oaio0 ] A
A —0—e, :1.37E-5m’/s =0
440 —A—¢ 1.37E-4m’ls
420l | —®—&,:1.37E-3ms
400 4
WH+—T"—""7—"—T— T T T T T
1 8 7 26 25 56 55 98 97 152 151 218 217 296 295 385 433
Subchannel Number
a2l 33.1-4. Turbulent Eddye| Hstol| e F42 7 2% X
(2) MATRAE o] &3 v JA g9 a4 2 A=A 37t

HgA
Az
A=
2 3
H] L
t}.



MATRA sE+= Grid Spacer ZRE& 7HAaL Q= A 9ol =i e) AdEd & 7)
A glevg gF HYPER x4l 449 2

SLTHEN s=of Hla] 7z 2 Ab&o] E3}s}
o] Sl

MATRA FEE o]43}o] Bare Rod 274 HYPER ©d FgA 4= &4 s

st en, SLTHEN :=¢te] HlaE 93] SLTHENAAMA AFE3 H52 AAE ol &
sttt (19 3.3.1-1).

# 33.1-5% MATRA®t SLTHEN zZ=9 Al Azts wlwsle] ®WolFi t). Bare
Rod #2419 749 SLTHEN# MATRA® A4t A3= A9 X3S & + Aok

E 3.3.1-5. Bare Rodoll th&F MATRA 2 SLTHEN &4 =}

Age asseoibly Huk azssmbly
Itefm {Fr=1.2, Fr=1.0} {Fz=1.2, Fr=1.6)
MATHEA | SLTHEN | MATRA | SLTHEN

Welocry at chanme] mlet [mds)]
Average 1421 1431 1.421 1433
Int=ror 14352 1449 1.432 1449
Edge 1.3E9 1.382 L.389 1.382
Comer 1176 1097 L. 176 1097
Pressure drop [kPa] 4.0 2.6 30 2.8
Avesape o3 conlant tenp. [7] 5120 5100 &l03 &12.0
Feak coolant temperabes [“C) 3341 L4 2 6353 LR
Prak clad temgesature [*2] 5362 367 653 8 G54 T

= A 2 hot HFAel didt W 2= X ALATRE 46}
slo] WolFEu vk, MATRA AXA3= SLTHEN A4l Azt olu el a2 4

= Qo a9 331-62 F34 MATRA Z=9] Wi
WE SLTHENS 4R EFR SR F52 ddded &

700 T T T T T T T T T 700 T T T T T T T T T
650 650
Bulk [Analytic] Bulk [Analytic]
. 6004 4 Bulk[MATRA] E __ 6004 2 Bulk[MATRA]
08 ®  Bulk [SLTHEN] 8 m  Bulk [SLTHEN]
© 550 Hottest Subchannel [MATRA] - © 550 Hottest Subchannel [MATRA] -
2 ® Hottest Subchannel [SLTHEN] 2 ® Hottest Subchannel [SLTHEN
a%: 500 g 500 e E
£ -

E 4504 Fz=12 P 450+ Ef:1162 ]
5 Fr=1.0 € i
s =
g 400 Peaking = 1.2 1 S 4004 Peaking =1.92 J
o Rod Dia = 0.67 cm 3 Rod Dia = 0.67 cm

350 - LHGR =12.152 kW/m 350 4 LHGR = 12.152 kW/m i

Flowrate = 173.6 kg/s Flowrate = 173.6 kg/s
300 T T T T T T T T T 300
05 04 -03 02 -01 00 01 02 03 04 05 05 04 -03 -02 01 00 04 02 03 04 05
Relative Height Relative Height
hVE Xl Sx Xl Skx
(a) & 2k (b) Hot & &k
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|
o
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T
o1
A
0
0%
ro
Fn
Bl
H
x
[
I
H

580 —+ 1 I 1 I 1 I 1 I 1 I 1 I 1 I 1

560—-

540 -
R = = =
2 500 O\Otgko_
=} & Q
® 1 N\
g 480 —a—MATRA B =0.0 Ne—y
g 1 | —e—MATRA p=0.0001 \
@ 407 | _ao_MATRA B =0.001 _/

440 4 MATRA § = 0.01

1 | ——MATRAB=0.02

420 1 SLTHEN ¢ = 0.0

w0 | —O—SLTHEN = 0.01

380 ] T

T T T ] T T T T T r T T T T T T
1 8 7 26 25 56 55 98 97 152 151 218 217 296 295 385 433
Subchannel Number

Grid Spacerv= AR & F-F= A Qo] HFA FHAs 2 FF=2 dREF
=]
=

e F ZoE Adyr] die JEA dEAdeE W dREFHEA wE A
&S Aee] Hrkstr]l fal A= Grid Spacer®] @7 9 G AA EHofoRE ok
Grid Spacerd] W& 4#HF3E-S Grid Spacerd £A4A 4 Kol ugt dabxy, &4 44
Kol W& tg&ae A 2as 29 331-79 debd mkel 2o} Grid A9 49
16 m A8l s °F 3~5 77k Fad Fow oY ER HYPER A= JEA
Active ol Ao gEHEAF ~ 271 AEd 23 o= 7igHth Gride

2 15
Spacere] 93t 4RI AHEE AFHE vyt A9 AT ¥ 331-69] Hlule} Zo]
UHEEde] w2 vEA HuLr Wl Ao glonz ddA g Mo B
AlE & dvtkar Abs
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140 T T T T T T T

1209 —8—MATRA 7
| —e— SLTHEN

100 <

80 / i

| ‘

1 ‘\?_1/ -~ Without Grid Spacer

Pressure Drop (kPa)
3
1

20 T T T T T T T
0.0 05 1.0 1.5 2.0 25 3.0

K Cofficient of Single Grid
3% 33.1-7. Grid Spacer & &AA ol w2 FEhAl otd &M

Aot 9E Ako]l 74 A7]o| webA] Interior, Edge, Coner =2 A9 &kt vl &Fo]
AW MATRA #4723 % 331-6° YeldH vle} o] 24 A7]E 2~5 mm WA
]_

> ony pft oo
d,JHUé—“#E?E
o% -

ZFA A ETFSE7F 344 T 2ATS & F Aok w7 A7|7F oA
T2 dY 54E A HAN ol wmep JFA ] tHEH] Fteke @E .
b ¢ gle Aoz HFE F e AAXAS Folop & Aol dF
K=1 #2] Grid Spacer 3/l & 714 3& v dHEEHHF2 198 kPa 5 7F8kAl E ).
¥ 33.1-6. AEA Gap 7|2l ¥ MATRA 2AM41
Gap Inlet velocity | Pressure drop Max. outlet
width (m/s) (kPa) temperature (TC)
Interior 1.5263
2mm Edge 1.2898 72.9 514.6
Corner 0.9745
Interior 1.4318
3mm Edge 1.3887 65.6 524.5
Corner 1.1763
Interior 1.3522
4mm Edge 1.3985 59.0 534.6
Corner 1.2973
Interior 1.2764
5mm Edge 1.3956 53.1 549.0
Corner 1.3091
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150 Boral P i bon of inrar Coen Sy =3 SVEY
14
13k
13
E 11 F
u
i
= 1k
z
E.:.g._
3] )
ar
O =
a5 1 1 L I
. 025 =R el ] 1
Relat=n Height
O3 33.1-9. Peak HEtHel swte &4 2=

wEste] AA 21770 3 A= B2 1/1290 25719 dAdsgol U
2 4] stk Peak I A A+ 2 =74
oW, WA o] EF Hit HFEE 166 m/s, YA &
Ao =% 542TCeo|th. 27 33.1-10 (a)e 2 A%
s X = 7

2 &7 5 Ad 5ol AF¢A S GapelM 177 m/s
Hd 227} 644°C, 561CEHA =4 E594 dA 7+
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Assembly Number 1 2 3 4 5 6 7
Assembly Peaking Factor 1.6 1.0 1.0 1.0 1.0 1.0 0.6
Ave. Exit Coolant Temp.(C) |612.0 | 510.0 | 510.0 | 510.0 | 510.0 | 510.0 | 442.0

Peak Coolant Temp.(C) 634.8 | 524.2 | 524.2 | 524.2 | 524.2 | 524.2 | 450.5
Maximum Cladding Temp.('C) |654.7 | 536.7 | 536.7 | 536.7 | 536.7 | 536.7 | 458.0

ol

¥ 33.1-9. Az ATl EXfst

lo
:O'|=
x
)
B

4

I
rr

V)
w
IS
o3}
»
N

Assembly Number 1
Assembly Peaking Factor 1.6 1.0 1.0 1.0 1.0 1.0 0.6
Ave. Exit Coolant Temp.(C) |609.0|510.1|510.4 | 510.4 | 510.4 | 510.1 | 443.4

Peak Coolant Temp.(C) 634.8 | 524.2 | 524.2 | 524.2 | 524.2 | 524.2 | 450.5
Maximum Cladding Temp.('C) | 654.7 | 536.7 | 536.7 | 536.7 | 536.7 | 536.7 | 458.0

a9 331-12% JFAL ddde] EAY A dREde] A HF 2R F
A= FFS e Aok JFA AAlelA el dxgo] dAdHGA ] F¢r 2
S & 5 JANE JAFA AANAY dAES JFA HEF TR 2EE UEE A
7HA FEeHA e & 5 Atk
1 1 1 1 1 1 1
Turblulent Eddy = 0.0
700 - - - - - Turblulent Eddy = 8.29E-6 m’/s
L -~ Turblulent Eddy = 8.29E-3 m’/s
g - Turblulent Eddy = 8.29E-4 m’/s
5 0N
o 600
Q
£
o
}—
<
w
— 5004
9]
C
©
<
[&] .
5
D 004 Assembly 4 Assembly 1 Assembly 7
T T T T T T T
Subchannels
a3 33.1-12. 70 EEAM HREEel kel dE EMADt
o9 331-132 FHiHAArel A fES WEAAS wWé SLTHEN ALMA s KHoF
oA R Al FYRSRe] LRE WAL AER Qo] A4 $e2 & 5
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700 [T [T R L1
3
o 600
S
©
@
o
£
©
[ 500
=
Lu 3
© !
< " Assembly 4 Assembly 1 \
S 400 !
= Gap flow : Vgap = 0.0m/s
o =~~~ Gapflow: Vgap =0.5n/s
------ Gap flow : Vgap = 1.0m/s
300 T T T T T T T T T T T T T
Subchannels
a2 33.1-13. 770 HEtHolM 2 Rkl g EAHnt
HYPER A#A7 444 9 228 74 49 9300 9492 2gas 15z
A4 sl 19 3311401 ehd 771 AARAAAE skl Aee e 3t
Atk 28 FEEA = A 1577] BOCe EOCE 1#etdlem SLTHEN A4t A#+ %
3.3.1-10, 33.1-11°1 yeriAT. 74 770 J A ANA et npvbA = At 4
Age W44 27255 o WA @ Aoy 3 HAoEA 22 49 o
o F4 %3S o & 9tk mepd HYPER Sz a4 Rz addd v 13
A RS e f8Ee ¢ 5 2

\‘\\ \
A §
N

SN

% 331-14. M £ ExE I 70 HHE HEA AL dY

E 33.1-10. HYPER H 157| BOCol thsh 7 et F=2 Mz
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Assembly ID Number FA21 | FA28 | FA27 | FA20 | FA13 | FA14 | FA22

Radial Peaking Factor 1.2111 | 1.1188 | 1.1926 | 0.9220 | 0.9321 | 1.2030 | 1.1238

) 535.9 | 521.7 | 533.3 | 489.9 | 491.5 | 534.9 | 522.5

Ave. Exit Coolant Temp.(C) 53¢ 512 (501'6) | (533.5) | (489.5) | (491.1) | (535.2) | (522.4)

Peak Coolant Temp.(C) | 2330 | 5368 | 5498 | 5020 | 5037 | 5516 | 537.7
p. (553.0) | (536.8) | (549.8) | (502.0) | (503.7) | (551.6) | (537.7)

. 565.3 | 548.1 | 561.8 | 511.5 | 513.4 | 563.7 | 548.9
Max. Cladding Temp. | 553 | (54871) | (561.8) | (511.5) | (513.4) | (563.7) | (548.9)

“BEeY e PPN ARDS weldA e A%,
¥ 33.1-11. HYPER | 1F7] EOColl thet 7 Hetd 2 sfMAnt

Assembly ID Number FA21 | FA28 | FA27 | FA20 | FA13 | FA14 | FA22
Radial Peaking Factor 1.2715]1.0999 | 1.2319 | 1.0360 | 1.0600 | 1.2681 | 1.1175

Ave. Exit Coolant Temp.(C)| 5453 | 5184 | 5394 | 5082 | 5122 | 5453 | 5213
: P{Y) 1 (546.1) | (518.2) | (539.6) | (507.9) | (511.9) | (545.6) | (521.1)

) | 5634|5331 | 5563 | 5220 | 5263 | 5628 | 536.2
(563.4) | (533.1) | (556.3) | (522.0) | (526.3) | (562.8) | (536.2)

. | 5764 | 544.6 | 569.1 | 532.7 | 537.2 | 575.9 | 547.8
Max. Cladding Temp.(C) | 5764y | (544.6) | (569.1) | (532.7) | (537.2) | (575.9) | (547.8)

Peak Coolant Temp.(C

(2) A =4 45 fAeA) E+3 4

HYPER =4 AAWHTE
weh AAE el g#a Al gws}u} 0

j&
A
O+
ofk
Mo
off
of
S
o 0
ol
o
=
=
ol

o

2
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N

I
//,/1‘ ||| O Iﬂ‘ﬂel’ Zone
Cdly o

/ @ Target Zone
p @ FP Assembly
) @ Safety Zone
@ Reflector
() shietd

2 33.1-15. HYPER &==Mel 1/6 ¥4

HYPER w=4& #¥wile] £AA 97 did %5z dae 98 gzwmioz
HYPERY] Al 15%7] =A< A€ataet. 19 331-15% HYPER #2w=49 1/6 99<
vebd agolm, A4 Wil 16 =4 HYPER #x:49 dxids dxdca

2 4 gtk HYPERS :=4l3hdd A7) seblee & 331-12° 71&sgi
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a9 3.3.1-162 HYPER
£ e,
Z3o] AR g F7|wo|E= Inner Zoneol 2
FA6, FA14, FA23, FA31 F Aol g 51 6:}
AA AR e 71E9] AAH Z

,

E 33.1-12. HYPER 4! €3 EAZ et FAHAXE
Parameter Values
Core :
Core Thermal Power [MWth] 1000
Coolant Pb-Bi Eutectic
System Operating Temperature [ C] 340 - 510C
Cooling Type Forced Convection
Active Core Height [m] 16
Fuel Assembly :
Number of Assembly 237
Assembly Pitch [cm] 16.13
Inter Assembly Gap Thickness [cm] 0.3
Duct Inside Flat to Flat Distance [cm] 15.01
Duct Wall Thickness (cm) 0.26
Rods per Assembly 217
Nominal Assembly Mass Flowrate [kg/s] 173.6 kg/s
Spacer Type Bare Rod
Fuel Rod :
Fuel Rod Arrangement Triangular
Active Height (cm) 160
Nominal Linear Power Generation [W/m] 12152.6
Outer Diameter (cm) 0.67
Pitch/Diameter 1.48
Cladding Thickness (cm) 0.068

/\ 011’4—

F71 2=

Az A 1%-71 BOC 2 EOCelA e 1§

Middle Zoneodl|

WA=} 2k

)\)\ -
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FAJSFAAJ
1.1678 0.7910
1.0968,

0.7419/ FA44
FA26 FA33 FA40\ (
0.8990 10864 0.8470
FAI9\9 9714 10524/ FA34\g 7883
0.9845 0.9866
1.1750/ FA20 FA28 \ 9340
0.9220 L1188
10360, 10999/ FA29 FA36
10101 0.8709
0.9645,
FAG
09175
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FAL Assembly ID
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11759/ EOC peaking factor
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FAI9N 507.2

Legend

Assembly ID
Ave. exit coolant temp.
Max. cladding temp.

490.0
511.5
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50 4.6 .
5 3.7 / FALS 500.
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5450 / FAL6
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20.0
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4829
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HYPER Al&=gle] WzbA= AAs Pb-Biel @94 Ass Xty A% =42 4
£ dfA fF 4 Z=Qd CFXE Agsdon, 549 FZK/AKETA A 383 ISTC
4 & A3 Ane #F FREDE o83 CFX sidds va s S4ge=y, 14
7 s

FZK/IKET E243o| A&% ISTC £39 Geometry: 1% 332-1 (a)olA] &

T g+ HYPER 71% X349 Geometryet "5 #-AFstcoh. ulef

! FZK/IKET €43 238 CFX =5 &3 d5Fo=x CFX =9 g4
[eJKe)

1 H —

150.6 mm
130.6 mm

830 mm

600 mm

Water

—
R

130;mm

(b) Computational
Domain

(a) Test Section

a2l 3.32-1. FZK/IKET 8 A& Test Section

a9 332-1 (bt 549 FZK/IKET E4 g A&H ISTC %% A9 CFX S ¢
sk A F9E e, AAe] A4S 98l Axi-Symmetrical 2D E2& 1183}
o}, AE7|He Hybrid Schemes AFE3Fow, SIMPLEC Corrections ©]-83F
SIMPLE 41855 o839 1, SolverZ% Linear SolverE A eldle] & =
A AT

9 332-2% CFX #4423 de n

TF e fE AA el At
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(b) U Velocity at y
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® HYTAS Experiment
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L]
074 = CFX . 0.7 = CFX R
A FLUENT A FLUENT aAAA

064 ® HYTAS Experiment i 064 ® HYTAS Experiment i
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(1) Diffuse Plate =% 7}s4 a4

HYPER #F4A~de] 88 ) A7 Fds A 4o = Diffuse Plate =91 B34
B7HE S dag 54 S FdeRen 19 332-4= E4A2=H3 Diffuse
Plate®] 7Hef2Ql B&& HolFa glow, 17 332-56= CFXel 9 d2 &4
o] &% Axi-Symmetrical 23t AAF G HS HolFa 9t

Diffuse Plate® ¥ 3.3.2-50] ®¢l ule} o] A 749 718 E (Porosity)S 712 thaA
u] A (Porous Media)Z2 ZEAFSIGoH, WHF #&5 A 98] Logarithmic Wall
Functiond Zte %<& k- ¢ ZEE ARG 5 XA 7P 34 990 1% <
& Foll A y+ gs 30014 100 Atolddl EEE AXE BAToEZN Aol +HA
2 S gEETh
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= 2 m/sE WEAES slelHo]of G

1 GeV Proton Beam

Window
\ ] Spallation
Diffuse Plate \. /,,,f Region
Pb-Bi

a8l 3.3.2-4. Diffuse PlateE %= HYPER X

Window

Diffuse
Plate

O 332-5. CFX €3 sllA 2 |8 Axi-Symmetric 2xt2 2=
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Proton Beam
(EGeV,ImA,D,=D_,—-5cm)

—» Pressure (P atm)

lp 9Qr-2WVTa
(d mm)

Pb-Bi
(Vm/s, T °C)
I E— —_—F "

D,cm

a7 332-13. 71X EXA

ol g

Proton Beam®] ZA}el] wel HYPER FAYA|2de] Wy ¥4 B WA= A3

< LAHET[53] Z=E o|&ste] ALtstdth. HYPER EA Al &~Hle] ZALE = Proton
Beam®] Wk X+ AARIe] omof wet WA 4 drha duElA o, B AT
o] 4 = Parabolic, Uniform, Offset Parabolic Beam ¥% #¥& 1#3ttt. LAHET =
= Al A#E Fittingste] A W A7 A7) ®Astel e 4 SRS 2dd
e S EEdg o, 19 332-145 1 mAS ¥ AF AVE = 44 W 2%
Lo mE WA S YEUE AoEA, W A A o] 35 emdl A 5ot
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I 332-1. HEEHoR FHO Pb-Bi Zolof g M

(a) Parabolic

A4 C(x10Y)
Layer
Dw = 50cm 45¢cm 40cm 35cm 30cm
W4 2mm 2.22 2.20 2.20 2.18 2.17
Pb-Bi 0-2cm 2.55 2.55 2.56 2.56 2.54
2-4 2.54 2.53 2.53 2.52 2.52
4-6 2.42 2.42 2.40 2.39 2.36
6-8 2.30 2.28 2.27 2.24 2.22
8-10 2.13 2.11 2.09 2.07 2.04
10-20 1.63 1.61 1.59 1.56 152
20-30 0.98 0.96 0.93 0.90 0.87
30-40 0.54 0.53 0.51 0.49 0.46
40-50 0.31 0.29 0.28 0.26 0.24
50-60 0.16 0.15 0.14 0.13 0.11
(c) Offset Parabolic (R,=15cm) (b) Uniform (Dy = 40cm)
Layer C(x10" Layer C
W2 2mm 1.94 W3 2mm 23.6
Pb-Bi Z°](cm) Pb-Bi 4 °](cm)
0-2 2.48 0-2 25.9
2-4 2.39 2-4 24.7
4-6 2.29 4-6 235
6-8 2.09 6-8 21.8
8-10 1.88 8-10 20.0
10-20 1.37 10-20 15.1
20-30 0.73 20-30 8.8
30-40 0.35 30-40 5.0
40-50 0.15 40-50 2.9
50-60 0.06 50-60 1.2
@ Parabolic Beam
Q = C;2RL4( R*— 0%, (Wem?) (3.3.2-1)
® Uniform Beam
Q=CI, (Wem®) (3.3.2-2)

(© Scanned Beam
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Q = i { R,S*= (b= R,*}, (Wem?) (3.3.2-3)

714, I=91 AF (mA), R=% ¥4 (cm), Ro=Offset Parabolic Beam? %4 (R/2 cm),
p=Hl FAlA Eold AY (ecm), C& p? WEXEHSE FEC Pb-Bi ol w& ¢

kAl Abg=olt) (% 33.2-1 ).
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Max. Beam current
Flat, Palabolic(mA) 193, 101 196, 10.3
AT(Inlet Temp.=3407C) 155 31
Pb-Bi flow rate 4560kg/s 2281kg/s

¥ 3.3.2-332 Injection Tubell o] WH3lo] W& X
BolF=a3 9t} Injection Tubeo] i=ol7} F7hshs:

Injection Tube®] =ol7} F7tste] Wgo] {3 7
= (K2 m/s)E 2FHeHA Ho] Pb-Bi fFrdEE H4E

L
=
=
o
3

-~
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ARE 79 Wel 49 W3R ko] 50 ecmol A 221 mAS St
700 25
: % r ——@—— LBE Inlet Velocity inside Injection Tube (m/s) 7%
650 - 1 — -© — LBE Inlet Velocity outside Injection Tube (mis)
E\N—a’// e b T e e biion )
600 |- 1 z F |
= ] E
°3550:_ "_““—ﬁ\t\\‘ J1sz § 2L ./'/'/.’J\-\. 550
g > 1 & 5§ o
F Ol e--o--60-—0__ 1z ¢ ¢ 1%
'-450:— ‘§ [ §
F —&— Max. Vel. in the target system 1 § 10 r 7540
5 ——A&— Max. Temperature of Beam Window -10.5 5
400 — © — Max. Temperature of LBE B s L
i sk o
350 bt e [ 6--6--9-- 0--—-0-—-°9
O ey O AT
g R T ‘o.z‘H‘ rﬁfma“r be(zs) TR Y o
eig njection Tube (m)
17 3.3.2-33. Injection Tube =0| Bistof = THo P4z EM s
E 332-7. 7 Z2o wE Ao 2% 5} (Parabolic)
AY ] 0.6 0.2
Pb-Bi inlet velocity of R2(m/s) 5 05 |04 103 -
y 4.6 3.7 29 2.2 1.8
Flow rate ratio of R2 (%)
6 3 9 3 7
Total flow rate ratio of target channel 50 4.0 3.3 2.5 2.2
(%) : 7 3 7 1
\ . 52 52 52 52 52
Temperature (Beam Window, C)
9 8 7 6 5
AT 47 47 47 48 48
Temperature (Pb-Bi, C)
9 8 8 1 3
frig Wgte] mE ZAAAHS 2L ¥ £ WIlE ZAMEH7] §38te] Parabolic W&
Agste] 449 NS TP o, W 9 Pb-Bi Hd 2%& 3% 3.32-7° YER
it} Wo] Injection Tubed] AFH ZAlHE= AL 937 a4 Injection Tubed =7
I EFolE EF 10 cm® ¥t ¥ AF{F+= 123 mA°|H, R19 Pb-Bi ¢ 52 =
B9 W WS A4 195 msR ARG, RS 5 FPoEH EAA~Y
AA Y FH#HS FAaAAT ol RlolM e Pb-Bi #% #%2 156 kg/se]l™ HYPER =
4 AR S oF 034%eclth, EHAe] fee] HYPER w4 fel 280744 %
o] =AW Pb-Bid Hu) 2% W37} 4CUS & F
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m/s¥ W 143 mAS Hdl & W AFE F&
= M AFE HEATE Ao

¥ 332-8. 7 2o WE 5 & MF 2 HE2E 835 (Parabolic)

o ] 0.6 0.2
Pb-Bi inlet velocity of R2 (m/s) 05 |04 |03

14. 14. 14. 14. 13.
2 3 3 0 8
55 55 55 55) 54
7 8 6 1 7
50 50 50 50 50
0 0

The allowable Beam Current (mA)

Temperature (Beam Window, T)

Temperature (Pb-Bi, C)

(e)
(e
(e

E 332-9. 7% Zaof mE =i 2= {3t (Uniform)
/ _ 06 0.2
Pb-Bi inlet velocity of R2 (m/s) 5 05 |04 103 -

) 46 |37 129 |22 1.8
Flow rate ratio of R2 (%)

) 40 |33 |25 |22
Total flow rate ratio of target channel (%) 5.0

) ) /! 54 54 55 55 56
Temp. of inner beam window surface (TC)

Temp. of wetted bean window surface 50 50 51 51 52
(C) 0 5 1 8 3

a9 332-35 (a)-(c)= Uniform ¥ A &A] F3F 4o wE FH A 2H 9
HojFa glom 79 332-35 (e WE g2WdA9 Pb-Bi &% #3E
th 53] R29 fr&o] #oldFE WA T4 oflE 45° A =&
& 9 (Thermal Island)o] 433}
b dow, fFEFo]l Zagtel wet WA Hd vt A& FUkeal S
2t} o] x 7 Uniform ¥ 4-8A] Single Injection TubeZ+ ¢ |49 #3F #ihe
s

& g e, Ajzo] B fe AAl 79 fre AE HEA £ o

fz
, 2 A
T T AN

off
M[O o
2,

(<3} E
A =
o] Aol wet WFnuT £Es} %
s =]

[o
oy o 0 R

o

%
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ol wAEofo

a7 332-32. 7

S|
=

o

=

2

o}
=

700
675
650
625
600

Bi64s

410

1375

Temperature (°C)
o o (&1

o

(@) w/o IT (b) 0.62 m/s (c) 0.25

— — — without injection tube

———&—— LBE Inlet Vel.outside Injection Tube(0.62 m/s)
——=—— LBE Inlet Vel.outside Injection Tube(0.4 m/s)
——©6—— LBE Inlet Vel.outside Injection Tube(0.25 m/s)

|
|
|
|
|
|

a
o

J
o

ULARLE [ULLES LN AR LERAS LS AR Raaad iaans uau|
—

m/s

of g EXAAHO £ Fx M3 3

iAol Pb-Bi % % 3} (Parabolic)
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3. TAEFF AT MEGAPIE

Pb-Bit 1950 t1% 8 Aol Agsdel Axz WA AgE 35 el 4
o1 g8 F97k gl dAlololAe olg AW AN A& AGEE Bol T}
94 ekw ok wekA Ph-Bi AT BsA Be sSol of a3 o 913

AN FATEAF7E vE, 8 S A didd] a&4oleta & il
MEGAPIE (MEGAwatt Proton Irradiation Experiment)ol] 20013 %ol 7}435te] A
a3l gkt

292~ PSIZ7F EAATE FEH O R st CW g FAAY SINQE 1997 799
7VEak7] AlAsk e ATk A gl thae] st Aoy 27|y dAAzt

Ax TAEAS DOZ Yot WA BHA2ES 95tn ok 2ol Zr A

Jd

[e}
EA49 590 MeV, 12 mA AO)|FREZ A 7[&EyH = AR WS ZAMAAA (0.7
MW), E4A 25 cm FolZ A ™A 5 x 10” n/em” - sec?] FAAE dolA A&t
ZAHO R npHIl ol

4 JAE=d MEGAPIE:E 893 %45 ﬂilﬁ ol Al Pb-Bi A%
& Hl Power:s 1 MW=E 148 S7IAAA AgdE =42 4458 =
Eo|t},

wekA] MEGAPIE:= 7]&9 A Aol A AMES Al2glS e AEst A 34 A
A A Pb-BiZ vt Z2AEQUY Phb-BiE AAFH R 3= ADSE ATdh=
o =7k O dTAEo] Folstal
B

\l

7)1 Z=2 A

HEo 1 UeEld gtk MEGAPIE =tAl3 %A1 <

19 333-1° SINQ 7A=F= 3 %4 g
€ T34 KAERDF 7)ol #5e] SRS SR 2 s gl Foks 74, 459, 1
F AR £l Folar T 9je] Ph-Bi w9 R AR V%, 24 AN #Ex g

£
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concrete)

- | i
\ | |
skyshine shild : H
(stacked =2 o | _—
AN -

R D N N

U NN N N N

N N N, .
N N .
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tank

NERN N
\\\\\\\\\
\\\\\\

borated concrete
t deflectlon magnet

v beam N
T

steel shielding
neutron —
beam port

i

H A \\\ \ \\
_neutron iy
guide cave [l
v
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% 333-1. SINQ EXAIAH

7h AT

MEGAPIE= 199941
2006 o= W FANE A=S

i, ¥ 33320+

Ao MEGAPIE

T2 SR

w4 Azl AAH o] 2004
ARe PR

ol AlztE o} A A, Alzketa 2005l W
Hoz

e 9%
7 A4z 99 AgEol

715 o

v 24 %

HiEZ A48 Adow .

Wx AA Alzte] AL WPHL glom 2004 FR

27 ESNE= A
Ho] gtk ¥ 333-10] Ao ek} 9
Atk MEGAPIE| &= PSI,
CEA, CNRS, FZK, ENEA, SCK.CEN, KAERI, JAERI, LANL®] 97) 7]¥ko] o]

33.3-3¢ et d=d 72 A agdE EEd ?i

9o A B R s7hE Y] fs Zesh obd dd AR ES st o F
A A BaAMrE @3E o] kel AEHALL olF RAlEe® goE 73 Z
wAR e Aem yestoen ol Ao 4 4 A4 Zad <kd |
TS ¢5dA 4 LicenseE ¥& AlFolt},
E 333-1. MEGAPIE &3&

[MEGAPE Cvanvew Schadus, Decamber 200

A i) A e Lls] L] AN Axn

Fiums [ oH

liem O5-Feb 00 §aw

i 1] * il | gl F L. | (R00R slimcalrn

AT ¥ by Tk

Hamck Il -Ew @ L]

FMum Coreepisl Dwagn

e Bl - fEpl i LER TP RS TRy ]

Famd Ergney Cemgn

i i B FEER R

warn i Ny ® GAN mamwns

W M, 2OD " prll r g oy el of [180)

BTt I " il il - Sl

(a1 ] [l d Do el W gmla by

o 0 - iy T FEFEETEIIETEIEN

----- Fesviars rrimpeicr. Tedrg &0 Sorwwasndig

Wy T Pl 08 samwnmn

TEEERTEERNNER

W e ‘mmE " e an G AR

T 1 [[F2) 5]

ot el JAE FEEERdwEEEE

FaE FEE ] )T LR L]

EL L

33t Test W& Radiation Shield=

duEH W XALE 7] Ao sHE o] &gt S FAE o
S wAbElE 2 F A9 Integral TestE 3 o AFdd &
Fill&Drain

B

System, Heat Removal System, Cover Gas System, Thermal Hydraulic Function,
Operating Procedure 59 #HF 2oz o it}
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¥ 333-2. MEGAPIE tHAY

235l

T o LH%

Phase 1

Baselining

Specify goals of the project

List boundary conditions

Define technical options

Identify R&D-needs

Outline operational procedures and monitoring
Define post irradiation examinations

Identify requirements for final disposal

Phase 2

Feasibility
Study

Refine technical options

Establish design data base

Analyse anticipated load levels

Identify problem areas

Perform scoping calculations

Verify cost and schedule plans

Identify requirements to ancillary systems

Phase 3

Conceptual
Design

Select reference technical design

Select reference materials

Define instrumentation and controls for operation

Size individual components

Verify compatibility of components specifications
Identify possible sources of failure

Analyse consequences of individual components failure
Outline design for ancillary systems

Phase 4

Engineering
Design

Carry out detailed calculations to optimise system

Verify designs of all individual components

Analyse life expectancy and possible failure modes of components and system
Carry out overall safety and life time analysis

Design ancillary systems

Establish QA plan for manufacturing and testing

Produce final design report

Phase 5

Detailed Design
and Manufacturing

Produce drawings of individual parts for manufacturing
Procure and quality control individual parts of subsystems
Assemble and factory test subsystems

Provide test rigs and equipment

Phase 6

System Integration
and Testing

Assemble complete system from components

Carry out functional tests without beam

Demonstrate concepts for remote operations on irradiated target, in particular
draining of PbBi

Phase 7

Operation

Insert target in SINQ

Run target with beam

Continuously record relevant operation parameters
Make periodic checks according to monitoring plan
Remove target at end of irradiation period

Phase 8

PIE and

Decomissioning

Drain PbBi from target

Remove parts to be examined

Carry out PIE according to plan

Prepare remaining parts for disposal

Put conditioned containers in intermediate storage

¥ 333-3. MEGAPIEE 2%

=7
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X1
Steering Committee Project
Prof. R. Eichler, PSI Dr. P. d"Hondt, SCK.CEN Management
Dr. G. Gherardi, ENEA Dr. F. Goldner, DOE M. Salvatores
Dr. G. Heusener, FZK Dr. M. Lieuvin, CNRS F. Groeschel
Dr. W. Park, KAERI Dr. S. Tanaka, JAERI K. Thomsen
Dr. D. Warin, CEA
Proj. Assistant
Task X2 X3 X4, X5 X6 X7 X8 X9 X10 Xi1 P. Stiller
Project & Safety & | Fluid Dynamics, Heat Solid- Liquid Neutronic &| Radiation | Hardware, R. Bercher
Configuration | Licensing | Mass Transport, Removal Liquid Metal Nuclear Effects | Operations
Control Struct.Mechanics | Instrumentat. | Interface | Technology |Assessment &PIE  |Local
Coordinators
CEA c A. Bassi c c c J.C. Klein | J. Henry c G. Laffont
CNRS c ¢ ¢ ¢ ¢ ¢ ¢ Th. Kirchner
ENEA ¢ c C. Fazio c c c C. Fazio
FZK c ¢ c J. Konys c c c J. Knebel
PSI G. v.Holzen c B. Smith ¢ [ [ ¢ G. v.Holzen|F, Groeschel
SCK-CEN B. Sigg ¢ P. Kupschus
JAERI ¢ c c ¢ ¢ Y. Kurata
KAERI c c c c T. Song
LANL K. Woloshun
1.12.2001

| Project Steering Committee

CEA, CNRS, DOE, ENEA, FZK, KAERI, JAERI, PSI, SCK-CEN

Technical Advisory

Project Management

Committee | | Proj.Di Salvatores, CEA
G. Bauer Tech. Proj. Dir.: F. Groeschel, PSI
Ass. Dir.: K. Thomsen, PSI

Project office
P. Stiller, R. Bercher

r

[
General Tasks
K. Thomsen

I
Scient. Design Support

C. Fazio

Target System
F. Groeschel

Ancil

ry Systems
Jagner

Experimental Program |
H

Config. Contr. & Interf. Man.
G. von Holzen

A. Bassi

{ Target Reliability (X3)

Heat Removal System (X6)

L. Cachon

Cooling loops
Corsini

On-line Monitoring
H. Heyck

Budget and Schedule
G. von Holzen

Thermal hydr. & SM (X4,X5)
B. Smith

Pump System
A. Cadiou

Gas circuit
Corsini

Data Evaluation
W. Leung

Ch. Perret

J. Konys

Target Vessel and Hull
A. Cadiou

Vacuum system
U. Kalt

Post Irradiation Examin.
Y. Dai

Quality Assurance

Safety and Licensing ‘
|

LiSoR
T. Kirchner

{ Solid-liquid interface (X7) ‘

LM Heating System
A. Cadiou

Design Office
M. Dubs

Target Shielding

LM Fill and Drain System

MEGAPIE-Test
J. Knebel

Ligu. Met. Technology (X8)
C. Fazio
Nuclear assessment (X9)
J.-C. Klein
Radiation damage (X10)
J. Henry
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Experimental Program Ch. Perret P. Agostini ,—lwpt Target Development
System Integration & Test Operation Di ics & Target Th. Kirchner
W. Leung B. Sigg A. Strinning 1.1 Design
1.2 Design Support&Validation
Operations and testing Storage System 1.3 Safety&Reliability Assessment
H. Heyck Sample transfer &PIE ! A. Cadiou A. Strinning 1.4 Licensing
Adaption Hotcells WP2: Target Testing
F. Groeschel F. Groeschel

Adoption Beam Line
E. Wagner

Target Disposal
E. Wagner

L2.1 Component Testing
2.2 Integral Testing
2.3 Target Performance Assessmnt

WP3: Synthesis
G. Laffont

3.1 Feedback PbBi Target Design
3.2 Planning of Irrad. Phase

3.3 Planning of PIE Phase

3.4 Planning of Decomm. Phase
3.5 Beam-on Reporting
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a3 333-2. MEGAPIE & TA % & &, 5tet cfd

+ima! Enpfainge 04 -i- i I i.
10 Vi, 55 fuli | 1'
AT e 11y - - "
'r -I_'. Py | e Ewchanper
7 4l 0033 Waisin
B, g | f_ LR L .48 B
dle 17mh r:..*..i =l e | 1| S0 T vt
M | l_ [
1-.1 [ Hyzana Fumg
| il 028 1 02 mk
acude Tube | Fu g
iy, 13 ms
P
L ]
[a -y : 1, 1_ 14 0.3 s, Tl
170 e 03] mes '| | o i v
INRINPT I
| m
30T ouside B | - Wozzie 1.2 miy
e PP | = Baiwts Wredow 1 Fia

% 333-3. MEGAPIE E& 273 &HEx

#4 87 242 257} %& Upper Partt 316L< AH4313, Lower Part $ol4 DO

- [e)
2 Y7 = Safety Windows 7]& LAZANA AFEAA AlMgss AR&3Fal W32

Pb-Bi Flows 24 W§ Fx+= W73 7tsstn= HF fAe AA#GS A4 =HA
oyt Hi2k 350-400C ©lsh, H1EE 1 m/s otz T Aoty 19
3.3.3-4= EMP9Y 7% o]t} Main Pumps t&3 #2& EAS 7zt

e, f% 0271, 5 I/s

O

H T
- At A5, A9 1108 V, 303 A, 82 kW
- 2%, A% 0480T, 12 T

a2 33.3-4. EM Pump

Anscillary System-2 Interface Targethead, Cover Gas, Target Enclosure Cooling, LM
Fill and Drain, Target Exchange, Target Storage® 2o A3ES Asly 13
3.3.3-59 Anscillary Systeme] %43 dZA%+= TKE Regione] YWEY 31t} Anscillary

System®] +8 54L& oS3 2o}
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- Heat Removal System : LBE (Inlet : 330, Oulet : 230TC), Oil Intermediate

Loop (Inlet : 165C, Oulet : 1307T), HO Cooling Loop (Inlet : 40T, Oulet :

2597C)

Cover Gas System : EMP9] Cavitation 4] 3f 2= Cover Gase ¢3S %7]

o 02 bar A2 FA 7ls. weEbd Faw FdEvd H A AR A7HA]

Ventilation 2Z 8. wetr F4h FFAE A7 Folv 42 SF71 &

1-2<ol A Ventilation Z 8.

- Fill & Drain System : ¥ ZA} ¥ Drain W4l9] Freezing A1#AA Hot Cell®
o]

12l 3.83.3-5. Anscillary System & x|

MEGAPIE %% A Idea® HYPER X% XAdA &8 7}53Hd Pb-Bi Flow7}
Symmetry & W F%olA Stagnant7}F A AA Wzle] £x] ¢¢o= g Bypass Flow A7
E 3= o]= dA HYPER %4 AAld &§ 7Fesioy =3 W3 Ed=2 AA-"%E TI1
= HYPER ¥# 313 EZA9 9Cr-2WVTat A2l ZAlo] H|Z=3F 9Cr Steelo] 22
HYPER W& =22 g4 Aol 7Hsdt MEGAPIECN A= Tolol wigh A7 A
THo B& A7 5449 AolnE e AR &&o] Jlee TI91e= HYPER W%
=45 tAsteE A% 7hsstt

_4

(2) €4
(7F) ALt
PSI, CEA, ENEA, JAERI, KAERI So] #olstH MEGAPIE %49 o2 7FsAd A+
gApelel g A48 Ae 7z 7ol AFgdkE CFD ZER we BES AibgA o
291 aFe] EE&AQ YAlE & 4 Jd=E du. AlEskE CFD ZE=2Z+E CFX,
STAR-CD, FLUTAN G&°] °om Steady-State:= &% Operation A 2/FFE L AFILA|
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9] Transient AlAt%E =33k
HETRAF ZE=E o] &3 Y7
]:

= 5719 Benchmark AlAtE o] F o] =]l gl om

Mle] 9ith. o] MEGAPIE #7% A7 9 &4l F= A}%QL A+E CFD Z=9] 4l
AL v Brrelz] Yste] CEA, CRS4, KAERI, PSI¢] 4712 713o] Holdh Ao=
T 219 MEGAPIE A7qte] wiste] A= v& =g diRds olgste]l 531
A1 ALks Faeta vl Prielsdth A HE M-S FadsR o T AR
ofgfj ¢} Tk

Z 2l Heater/Instrumentation Rod7} & ZEFEZA DA (Z7]7F 10/30 mm
o] Bypass Nozzleo] 1 MEGAPIE #7%)

- Pb-Bi #% : 40.0 kg/s

- 7 Pb-Bi &% :230C

- PSIo| A A3k Heat Deposition 2] A&

- E}9Y ¥ Beam® 53} Guide Tube AWt o] F5o] HPst 49

Benchmark 712t 27 @AHoz 433 A3 A% ALe &+
i

MEGAPIE %4 A7 siAel gl Fdiw A
o2}
H

Bl E3 WAL M o
F A}t w4 High Reynolds W
A7l AAE Aok e & F
G Aol7t A HAF
A2t} Benchmark M1S %3}
= AR ASES HE 4 i HYPER 3 AA 2 &2 1% & ] Standard
5 A=4d HYPER %% CFX #4oA%= W3 o FAAe A AA
2 Z0]7] 93t Low Reynolds &5 R4 Aile] 93 ®Hl
o g e EIE o]lgd FAlE Heksty] 91dke] SST Whr
AHgEHE CFX5 mE2e Aol AFdths 428 =&sach o

2 3 Differencing Scheme®] @3 %7} Z3+= HYPER %4 CFX 4]
A AL F A= FguEdd A4 VExFAHAAME dFol A F%k
g 533 725 7H AF ol FFS vEA] Ay

R

o o lﬂ

Of
ol
=
;

)
52
O
-
o
-

(b 23

AAEA FHe 4494 AT CFD A 2= Ayete] HlwE 9s|A FZKOlA
KALLA AA% 3stuel 943 Loop THEADESE o] &3 23o] A3 Fo vt 1
3 Pb-Biol 9AA =& o8& Aol FdHAT. MEGAPIE W13 2 %% Active 9
Aol X o] FHsH AFES EAE7] HsiA FZK HYTAS (Hydraulic behavior in
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]

spallation TArget Systems) FA|& o] &% & Hgo] 5= 3=d HYTAS Fx& F

2 100 3/h= AN e Hd 4= oF 04 MPaolth. Test Section®]
dol= 35 mEA 29 33362 HYTAS A X9 Test Sections HFth =4
Ars v 2 A9 2294 Sxolm LDAE o] &3 FAl9 &% 9le Lazer Light
Sheet ¥ a1 &7hMetE o] 43 #G7|WE o] &3tk 17 33.3-72 Lazer Light Sheet
G4 oot

HYTAS HXE o]83t MEGAPIE %4 EX<9 Adeo A Geometry:= Bypass
Injection®] $12.W Flat Guide TubeE AW %A <d AgZA el vjus 934 CFX
FEE ol&d FAHHE et AR} FRrED wet A AHIE Ak A
ol Hole AE doludlen dAA thdst BYg E ulE (Arrangement)®] Bypass
Injection®l /‘1—4 AEE F3 =o v}t HZ Guide Tubed Cutting 2 %2} Bypass
SmR Sdey WA o wH

i

n?L'

g9 4= 2 eF4 Al Swirling fres 94 F o
APgHoR MD}.
gl 3.3.3-6. HYTAS Test gl 3.3.3-7. Laser Light

Section M4 Sheet Y

AA Pb-Bi €8 A& 93 X2l THEADES (THEmalhydraulics and Ads
DESign)E= KALLA®] A+ 3709 Pb-Bi X FoA 7} & 5] Pb-Bi 37} 4
mol i FE FH%E 4 MW Aotk Pb-Bi %< 100 m¥hz A== Ph-Bi
759 EM F=Z7F ofd 7[A1A 3z 94’3H WAst 5 5o glth. THEADES 744
E FIH2%E 450TC, Test Section H1 2% 550CE AAEIYeH 18 33.3-89 1}
A vkl o]l Al 7l Test Sectiong 7]-X]"7 2ATE Test Section HWxol= 34 m

Zolt}, M 79l Test Section FolA 3tu7F MEGAPIE Z2AE9] dsgloz w3
Az Ade) 2ol 9t Pb-Bi FAHAES 9 AxmE=ZAEAA (Oxygen
Control System)7} Ax|Fo] dom F7] WS FHZF Heat SinkZ A ASAth
THEADES #x+= W3 sldoae] df%& Ao o] HETSS (Heat Emitting

r

=

lhl

_I}'_lo}iﬂr



2L

Temperature Sensing Surface) &X 2 O]%S}bﬁl HETSSE the] X "izhsh
}= (Temperature-Sensitive Resistors, #A%W 24 5x5 mm?) 2 T4 ok W
.?

3=
B 25 W dfE FA Buk &%
N 3

5 I~
g

OPU‘rf‘d Wl Aol ddeArE

’
o Y WA df% S )

Z(Flow Rate)2 % EA4L ZAAE= Reynolds &= AN 2& F5EAHAFAA
VS

(ST ==
%"ﬂ AREE 7] wiEel AEStA Aok sh=d Pb-Bi ¥ 4 RlE=

J 2} 7]
&7 (Eletromanetic Flowmeter), E|W-f %74 (Turbine Flowmeter), %5 337
(Ultrasonic Flowmeter) 55 AM&3lx gt}
AR FdAE AR ALEeta ot Ph-Big A7|AEEw wjdued 449
AE A EAAY (Oxide Scale) E Pb-Bi EwEo wel 2etd 4 v A
Aol Bzl WMHor HYWFZAt 2eaFEFAE st dvh 53 257
F#AT Pb-Bid =H-AQ HRFAo] 7tsd Axlol o ofx7bA 200T m] v
Ao At #go] 7hedte] FF Ak e AT Mol %&f‘& H-itolth. THEADESS
o] & 8 A3 H%%OEH Heated Jet Ay 9 5 o] 9lt}. Heated Jet 2

L

E
oy
@)
o
9!
oﬂi

+ 300C A< Pb-Bi WEJJr Main Streamo®i] 4]
b-Bi & dFEFdS Hrislr] gk Al Test Sections 19
A =25 2 4 %Hﬂ Hroly IEA &

1, TS =

P

= 2 stal ofgd 2o SEAE A Estal %E}
KILOPIE 23S =19 333-100] X<l nte} o] MEGAPIE *?;zoloﬂxu dAGAS
Adeol KILOPIE AdolME HETSS E#% A7} @%QL
HETSS #A& d2%0] 140 W/em® 744 7bs38kt} Heated Jet 23 2 KILOPIE A3
S 98 59 FZK:E 20029 129 THEADES #3329 EZAZ9 7M5S AlZstg o 2
gl el Pb-Bi 74 AlZE ol A Ado] T Ao dAE F PH data
§]

BAE 4 Fo 9
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a7l 3.3.3-9. Heated Jet &S
Test Section 12l 33.3-10. KILOPIE &&
MEGAPIE €43 234 Xo] 22U Pb-Bi €58 FZ 9712 Pb-Bi d47ison
2 HYPER A&t sdddel lojx &&7FA7F =v w3 MEGAPIE W%
72 HYPER ®% W7 2713 A8 Heat LoadE 7FA 22 MEGAPIE W%
2 HYPER %4 AAETZ AIE5 1 glE CFX Z=
° A Azl #Fgo] 7tEdit A€ S 53] Pb-Bi fE 9
FEd A% dFo] 7FestEE HYTAS 249 A3 =3 2= #4352 A& &
el

=
2 4= 9t} Bypass Nozzleo] ¢+ Flat Guide Tube 342 HYPER

32,

'~ O

Boll =] #
EA43 728 Axi-symmetrical 2D TFZFo|t}h. wElA o] Holko] thik A uF 2
14 2d3= HYPER 34l A4 $82 F il 53] HYTAS 23S Ssfo] Apad
Aol ofeiM = o]l A MAH LAH SR Steady State AHA|7F FH =7 dEtt
i <}

fr e

Aol #EE A o= HYPER EHNAE §4drks 4€ 4% 287 vk

HYPER 7% A A ¢toll A 7}53lthd Axi-symmetric GeometryS €& €271 Qv

(3) F2/LME

3 333304 X7oll slEshe okl dwtdom HAGEe =Z¥ Pb-Birt 300-40
0T olste] AolA = Pb-Bizk EAS 54 £o2 35319 EmbrittlementE %27
I 2 olAte] 2o Dissolution AttackS 3= F2lo] @ Asttu deix Ut
MEGAPIE= 2] #AS AA8H7] 984 350-400C A& HI2ER 3t %4 A
AS et Jxu wEd MEGAPIEYIAE Pb-Bigt HEse= B4 FAx
Embrittlement 7ol =S 253y F24& giFfiEe Folrjde] AF4E Fa3)
1= 2~

3 913 Embrittlement A7 CNRSOIA F= sfa vk ® A 9 2 273 o
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o] HA g EmbrittlementE 97+317] 913 23S LISOREE olgo= F3sta 9l

%, 9
Oxygen Cantrol

CIEMAT ENEA

CEA FzK

CIEMATS AA F2 ZFA=2 A¥S FdFol® Pump’t g+ Natural Convection®ll
olgh A2 H-2 Loop® Hfrstil itk Al £35= Loop® Al o Golm F-2 o)
W ogE AAZHES o831 9l Oxygen MeterE 7WdsiA Alg&Fo|th A3 Az
2 600C, AHaxd Aol A 500A117HA] A FA AES g Zo] ded AES
Austenitic (3161, 304), Martensitic (F82Hmod, EM10, T91), Low Alloy (P22)Z A}-&3)
om AEAy BT F2A d@44S HolA] 2drh. Austenitic Steel®] Martensitic H.TF
Oxygen Layer fr#°] £ Martensitic Steel o4 = EM103% T91¢] F82H mod. Xt}
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S5 ¢ F A

(1) ENEA &+ dsk 31 23

HAA 2719 24 Pb-Bi loopél LECOR®} CHEOPEZ ¢ %9%¢lt] LECORE FHi 50

0C7HA 2%=7F 7Fsstal Flow Rate= 4 g%/h olth F2A A= Ataxd, 39S ALS
3t A AAZA7]|E L Oxygen MeterZS 7|EFolt}h A% ZAyz+= HZA 2 A9

S 200, 400, 550Col A, AFAZ  Saturation A7l ¥  Austenitic (AISI 316L)3}
Martensitic (MANET)S 5000 A|ZF7FA] Test k3ol d&=d 200, 400CAA = F2] o]
ot 550TCelA 274 A& 25 FAlzl o] EAH ST 19999 ol = CEA®9F %ol
IPPEe] Test2 <=t 300-470C, 1.9 m/s, A2 10°wt%ol A 3000 A|ZH74A]
Austenitic (AISI 316L), Martensitic (Batman, EM10)S HA~E#tl CEA A= 7o)
BAE Aue 300CoAAE F2 EA47F ¢l &4 Austenitic®] Oxide Layer7} © gFil
¢t A o) d k= A olth. Martensitic Steel®] 2] #3A4-& EP823 > T91 > Optifer IVc
> Batmen > EMI10 =o]%lth. 18]31 LECOR F2Z& o] &34 400C, 1 m/s, Atas®E
10" wt% =71o2 MEGAPIE W32l TI19 500041zt #4 A43& Fage=w

= F2 RateZb 19 &<t Z2ohal AAE o 7k 9171604 40-50 pm/yre] F-2S

HolA Fad dHds & ¢ AT

4
o

(th) CEA + &€ R 23

2001d FHE H2) Loop?! CICLADE 7Fsa<ldl CICLADE Pb-Bi Flow =7F
006 m/s2 dutEel UAZ &% 37 2AS e AZS AA7 = BHS AFE3
. FAA He R AAaxdS AFsta Jdovt Iy ofgh oA WHE a1y stal
AL AR E 7] Oxygen Meterv= & A 7 Folth. HZo TS 34 F2] A
2 o] 834 400C, 2 m/s (Rotating Disk 2200 rpm), b2 % 10" wt% =72 & 500
AE B2 AES Fyded 2ys AEe 3 e meEbA 1-80 pm/yre] A4S

HolE= Aoz el o229 Aste 35 g = 2 oA 300 um/yr A%
2 AAE ol d=x7F =A vErst 19999 Eo = ENEA$E 7o) IPPE] TestE 9 g

Pd+=d. 300-470C, 19 m/s, A& 10 wt2%ell A 3000 Al 7H7FA]  Austenitic (1.4970),
Martensitic (T91, Optifer IVc, EP823)S Test 331 Z3+= ENEA &34 7]sH »f
oF o}k g AT VT 2] A drgoA AAAEH= FARsE A Ee otk 72

o2

Fe A Fod AF B2 AAZ ol gl g WA Bo] Fao] ojwl J3FS n)
A =22 Agd) 80 ppme ZnE Wil 350°ColA o 6000 A 7H7hA] 316L% TI91 Al
Z9 daEE 107 < <10° wt%e] Fatah B9r|E A AdE Zne] EA4 &
ol #AGe] A = 9HA e

() FZK %4 A+ &3 32 23

A B2 Ae Xl COSTAE 4 Foly 2] 43 Loope! CORRIDAZF 2003 %=
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of Alzte] ¢km o] 7Hg Fo|th. CORRIDAE il 2% 5
53kl H|AE Section2 271 o™ 10,000 Az A¥FS Ex
CORRIDA E5F b4 248 H/H0 WHoz Fisiy Atazd FA

MeterE AH&3tal luh, A A7E2 Aazd 9d xS A ZUqEdS
SPAY B Ale® FIA7IE WHE AT Folth HAloF Loopg ol &3 A= &
gz dl IPPE?t PROMETEY 9] #2342 & o]&3ta drt. 420, 550, 600C o] 37F4] &
o disiA S e 420, 600Ce F9-+= Pb-Bi £=7F 1.3 m/s 3L, 5509
A9E 05 m/s Atk ArFEE 2R 10° wtw & A9 29 3.3.3-1290
Austenitic Steel?! 1.49709] 4] A7} veER Ql=d 420TC 9] 495 4000 AlZFH7EA]
Falo] gllon 550 4= 2000 Al ZH7EA] F-2J o] glehzl 4000 Algke] 7 s A]

ol vhepsiet.

420°C | 2,000 h

550°C / 4,300 h

E e BRE Lot ) g F ]

420°C | 4,000 h

ok 1 1. P gt

37 33.3-12. FZKe| 14970 MZ B4 24 Znf

18 3.3.3-13¢) Ferritic/Martensitic Steel?l MANET®] &4 A7} =t 420Ce 4
S-of HlEA 550TC ] AFelA dF oFgke] Aol Holup YubH o 14970K.th F-2
54& Hola it dA AL AddFoln Hd 8000 AIZHA & & o Aot

1% 3.3.3-14°] Austenitic Steel¢l 1.4970¢] 600C #2 A7} &=t 500C2 4%
oo AE7F o F5S ¢ 5 Ak o]ZFHE 500 = 550T o)A E Abazxd
o2 BA9A} eS¢ & Utk Wk ZY 5 F7FE FAodA Wyl

asht.

1A s
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42070 § 40000 S50°C { 4,000h
BT I =

2l 3.3.3-13. FZKel MANET

600°C [ 2,000 h BO0C / 4,000 h

T

77 333-14. FZKS| 14970 4E 600C 54
(Wh) CNRS 7 @ 2 A3}

Pb-Bi 150-650C W#$lolA Embrittlement % 218 ZAgch dwrd oz 300-400C
o]3ell A= Embrittlement”} L o] Aol A= HAo] A7 ¥ A
Oxide A7l 5o+ TI91 AEFA 23 350C 744 Embrittlement 2
500Cel A  Embrittlement7} eI 650TCol A= FAo] vetds &+ ATk
Embrittlement ¥ Aol A F2lo] JERLIA A2 dA#Age] e Aoz Azy

(Bh) LISOR x| o]& A7 d% %2 23

F

W ZAA O] Pb-Bist AlmEA3e] w8 548 ®7] fJeiA LISOR Adeol Alg ==
g MEGAPIE &A% <1 300TCelA 250 MPae] ~EHAE Fi3 ¥ ZAE IS
g LME 9 524 545 EAsts zlo] ZA ot Alf A&+ MEGAPIE ®W3&E#<]
T91 (Original and Coated)& A}&3taL 72 MeV HS ZFARSTE W ZFAbo] 2bA A 2001
Woll 1500 A7 5<F Pb-Bi Loop A8 ol AFdlom 2002 7€ %X W 2A 28

(
O

M



a4 FAZ Bde] o] Pb-Bi Leak Abazh wrAJste] 34 Aj7hyko]
1 2AE FEskTh 2003d ol B 2=AF AES 10d % 690l 2A 2 3o
L5 Leak Detector®] Q#hgo = F3bo] SHHAT 6ol A FAE A& 2271
MEGAPIE &%} frAbgh Ao 2 velytal @A Leak Detector®] iE41& 3l 4% o]

%N Bl
o
ey
[o
=
UE
FN

% 33.3-15. LISOR A& Zx|

(A} Ao}, 1%, Aol ¢

-
o
oldh
)
iin
A

50, 60 el Ao}, wl=me] #dE AFE IA=d HAloles I FdE AL AT Fol
H ou=e o] gAl AT E AlFHa dEE H o] Ay Fosta ok gAote
1950 -8 ko] Az WAAE Phb-Biz AH&SHHA frd ¥ Pb-Bi dAZ A
& APE BAfrata o Pb-Bi B4 A HAS A Adahed HHe HxE =
e A gAjololA F2 AdFggor AT Loopt IPPESF St. Petersburg?]
PROMETEY?lt]l IPPE Loop< 506 tHH-6 A57bA] 7hs¥ ol lom FHia 650C, 35
m/s¢] AElZ o] 7}s3ttt. PROMETEY Loops 70 tHy-E] A G744 75 FolH
3L 500C, 05 m/se] AEE o] 7bsatrh. 19 3.3.3-162 IPPE Loopel 7l o]
t}.
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[

o] it 4 bt T

Fadsfmalir p=p-ij=

1% 3.33-16. IPPE 24 A& |oop HEFE

Ao} B2 Ay Axto] mEH Lo 2SS FAle wEsE 600-650C, 2-3 m/sol
A A EA fles & F 9 < 3 15000 AIZHZEA] =), 2 Alof
= Oxygen Meter®= 723t}

- Si #7}3t Ferritic-Martensitic Steel AF8 (12Cr-Si Steel EP823)

- Pre-Oxidation

- Oxygen Control

=2 BNLS FAo® 1950, 60 el I+5 Fastthrt Sehdloy dA LANLA A
DELTA Loops %75_ % olt}. 50, 60 d o] m =2 Low Cr Steel?] CroloyE F=2 A7
o Fa oa whHo g Pb-Biol Zr& #H7b Zrol C T3 A F2 WA s g
S A7 E}

o € TIT# JAERIZ $4°% Pb-Bi LoopZE o] &3 #4 A7t 18 5
t} 19 3.3.3-182 TITS JAERI® Loop Z#SlH TITE 423 wdEo] Ph-BiE o
23 A Foln] JAERIE WA &0 @83 dAolth, TIT Loope Hi 550C, 2 m/s9
FlowE %5 4 23, JAERIE= F I 450C, 1 m/s9 Flows FAg 4+ U}
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Expansion
Recuperator Tank
ol T
L ! Materials
I = Test

- ‘_L&L_F‘ Section
t Tt |

.

IHDW Meter

a3 3.3.3-18. TIT(ZF)2 JAERI(FZF)2l Loop AR
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FuaF [
o

s

Tim [

a2 333-21. =49 £=Z7|2 ¢tadd| Hi5HA|

8 333-20. BilBOs %2719 7H§§7| Output Voltage2| s} (FZK)

FaoA e 4zl ZYrls /Y2 Al TiN, CrN, DLC =¥ &
Atk olelgh A A WHE ALt AL A AAES THHWE the
A 2 24 gle A4S
o ZEAelA 300, 400C 744 LME 7Fs. #2 #4 §15.

« 300, 400 T o)A : 2 FA H.

* Ni2 8}#3F Austenitic Steelo] Martensitic Bt} F-2]o # 23},

- b AW e A

o HEAHAA 300, 400C 7+ 1 LME {19, 32 &4 g1$.

« 300, 400C e]% 550, 600C °]sF : 500C AHEelA LME H<9.
F24 A4 8=
« 550, 600C o] @ F2 A4 #
o A AR 23S Wt=EE 9o & Austenitic Steel®] Martensitic H. T} &F
I QAL AbstE A
- upba] b 2ETO R = 600T o]/ &A= Fa WA o 9]

o HAJol= Si H7F AlgE B4 3142 650C 714 A4 (1)
« FZKE= Al &5 92 7149 (600C oA 4 92

o]y 3k oyl 7o B4 dF HZS HES KAERIY 5 H24 #d Ad the
I 2o Hes ggs 5 g
- PRISM AAl 2744 Claddingd vlRE 7144 mf= 23 10% o]stojof 3

of] A
HYPER d#d8 49o] 3do]1 Cladding 57+ 0.68 mm%. wlr F2 A=
= 23 um/yr °]ateloF 3 HYPER Cladding 2 2¢ HT-93 Aol 72 H4
AgE oy FAXER FdsldA FEA94 glol= Cladding A3Hx] 23um/yr
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|
- &4 HYPER Ph-Bi €% 7} ¥H9 3 0—650°CoﬂA1 B2 wx] Atk w2 E=7.
wela AbiEE Z2HS HYPERY E£4¢38tE 3o I,
- 55001t} 600TC ool A= Abazxd 9o 7 X da. A 48d Si T
ojuf Al WM AE Lol 7Med 7lE AT Za.

o AT TLF A ‘:‘r%jﬂr 2t
- 300C, 25 dpa°llA] DBTT= 97C=Z WALA £ Ao uvlsiAl 175C2] Shift7}
A 260Ce A= 10 dpaZt Hei7kd DBTT #ol Byol =g 22 diol
150C o]sloll A= WAy,
- Heell 9% Ductility 54 3= 2501 q 625 appm, 325ColA 1250 appm,
400CAl A 2500a ppm ©ldol UERE. We 22X A= ZS He ol oA
o o

% Ductility7} #4154 &3S &4 7 A+

S
@]
=2

D

316L9 A&m+= 9F 1000C 7hA19] Yol ==w3lo] th3k Elastic, Tensile, Fatigue,
Fracture Toughness, Creep?] W3} A5 5 X33t o WALA £449 7|48 &
Aol Waw ¥ttt} 3 7hA] a2 19 33.3-22% Stainless Steel 59 WARA &
A Ao tfdt Yield Strength® W3lE H o Ft)

A g3 PSIOlA 1997 5B ARES] gt LAl sEAo] W A i EES Yo

HJ

WA &4 A8S Fdsta e STIPe] +& ol Fi Ut} STIPLS PSI X2 FZK,
CEA, JAERL ORNL, LANLo] Zolsfix] oo MES 7IA4 H2=ES TEM 4
= ot Aow o7A d= ArEel AW 35 dpa 7HA e A WAMD &4 AEE A
a3 4 9tk STIP ¢l JAERI®| Triple Beam %A #32¢1 TIARAO A %= A=A}

o
He, Fe W& BAo] 2Alshs Aol #8 Foloj #4lo] g sivlz A%e 2§

= I~
EIEE =
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1000 | u—u N T
m
% 800 |
= i
& GO0
E -
o [ 31 /
u; 400 | > By~ | an4, m04L E}E‘:; —
= [l e T - 1
;'—f 200 Z}\M | | | . i~ ]
‘Unirradiated EMmperare:
ol 304 316, PCAalloys ., 257 350°C
00001 0001 001 04 1 10 100
Meutron Dose, dpa
13l 3.3.3-22. Stainless Steel 2 SAIM =4 M Tof Cfst Yield

Strengthe| 3}

1997l SINQ7} 7Fed ol = ofzh4 tizile] WA 3 7o) unAxZHE A3
o, 77 MARK-1 (19974), MARK-2 (1998-1999%), MARK-3 (2000-2001%3)&} 2L
HElal 2002-2003 st = & 1A B4& AME @ oA olth. MARK-2 45
HAFEA L] FAF oA Gl AR & HEE AES HolA W A A
o MARK-2, 3, 40 aidat= WAk &4 435 47 STIP-1, 2, 38t H
o} A AZS 7|AIA Bl ~E(Tensile, Band-Fatigue, Tear, Bend-Bar, Charpy, Shear
Punch)¢} TEM AlH o2 FA =T ¥ ZALSE 7| A HAES AMELS WA SR 213
A Hot Cellld #4241 338ty TEM Al#2 dutgtgelr L4o] 7hssirt. 1
3.3.3-239 A= FHejrl vEly ok AME 7/ += Austenitic Steel, Martensitic Steel,
Weld Materials 3 & #goz2 7450 oz ME9 A== 250-300 C Aol
™ 3 333-5°] Z STIP ¥ 54| yehy Sk 29 33.3-240] A} 2ol 2AME = T4
Abet F3AY] A FEIF Ak A AEEo] 7 o] HAA BAFolw 19
33.3-25%= STIP-19] A% A=A TI17 F82HO| Tensile ¥4 9 w42 Apzlojt),

& ©
dg

r?h 4 m o 1o

E 333-5. STIP-1, 2, 32| 54

AE 4 % dpa
STIP-1 1545 12
STIP-2 2080 22
STIP-3 675 30 - 35
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TEM/SP Bend fatigue

OfR =

Tensile Bend bar

AN
Tear Charpy : Z‘i:_x_. =

O3 333-23. STIP HAES MZE HE|
s e 1
1.8x10 T , - v v p py
1.6x10°} RT P e |
= 13 o
1.4x10° = ]
E % pd =
Z 1.2x10° - el ; .I
= ' iy 1
o 10x10°f R2 _-'é ¥ B [ L
5 son0t} & 1 W
g 6.0x10"} R3 g 10 & :" d
§ 4.0x10%f ¥ g
X ! |
" Re RT BB i
2.0x10"} r10 R® I
0.0 . " T | P I
300 350 400 450 500 550 wtow® owt o W owmt owt i W W
(a) Proton Energy (MeV) kil Pl I i | W]

a2 33.3-24. ¥Eo| Atz LdMAHa) X SHXHD) ol AR =2

Eng. tensile stress-strain curves of T91 (9Cr-1MoVND) irr. at SINQ

| T.=2220  T_=2502 T, =350 — i e oy A
1000 dpa T, @) 12.2dpa £820 appmltle /360°C
800 F .2 ~90
.0 ~190
E ~220
- .9 ~290 |
$ e
(2]
(%]
S 400t 1
o
200 .
0

0 5 10 15 20 25 30 35 40
Strain (%)

a2 33.3-25. T912| Tensile =M(ZHF) ¥ F82H2| = AX(2F)

o

STIP-1 A& =& WA &4 Hd 12 dpa, He 474 o 1100 appm, H A4
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) 1700 appme]al, Hel &2 250T ool e fle Aoz A=A TI19 dpa
Halo] ojsk Yleld Strength W37} 29 3.3.3-26° YEY Ao A23 250C EF
dpa &7l wehA Yield Strength’} 57FdS & 4 ) 250C ¢ Z4-$ol= 10 dpadl
TEdS u Ho 400 MPa 714 S7Fee & 4 Aok T91, F82He] 7 - dpa ¥ 3}l
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o1 Po #trle] Azl W& Extraction?} Confinement® i 4= 9=l Extraction

W o 2= Cerium, Tellurium, Selenium, Salt 53 #2& 38&E7 = ExtractiondhA L}

‘3Po + 6NaOH — 2Na,Po + NasPoOs; + 3HO'E o] &35+ H#W, 183 Po? Volatility

A& ol&alA 600-700TCNA 7IstA A FEFak= ol Aot Extraction 'H

& vaiA 2o AlAde] wa o A+ Bestth 1o 9e s g e
ot} x}= o] Confine A7l ol lev (IPPEY TIT7F AR&ske= W)

Pb-Bi & wl Hgstrh Po 5 EEEC Monitoring 2 24 7]&2 2] 1

g7 HYPER Pb-Bi FAH7le= vtz Abgo]l 7Fssdtth Pb-Bi FE4
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StressE <% % Strain W3lg&o] W3 W2 SAHIEd 17 3.33-280 1 A}
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o] AlL3lE= ThE F=o] U3 Benchmark 74]’*% FeYsto] KA
Benchmark #A4tel A= MEGAPIE £7 38 FxE WS 2AHS
Ape AS FPste] vluetgint £ A hAAI wEo] e

Aeko]l AbAl A 2 Hlw Q%= S=aegdrt. 18 333-31S =43

Ashz Ao Aol v AR HnA7t AR 158 Hw

Thermalized neutron flux in D20
2,0E+14

—— SPARTE (CEA)

—=—MCNPX (PSI) ]
MCNPX (ENEA)
FLUKA (PSI)

—x— FLUKA (Subatech)

—e— NMTC (JAERI)

——KAPROS (FZK)

——ATCHISON calculation | |
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T

olelol = WALEE SF dd Y/ TAS/eAd, TREEe WA
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O
O

- 223 -



t}. KAERI Contribution

o FZK$} 2 o]

A4 HYPER %% <43 Atel CFX

a5 A

EA

MEGAPIE

Benchmark M1 A%ke] &}

s

3} Wi

il
E]
T

3.3.3-6. MEGAPIE =2 ¥+

v
ar

- 224 -



Target |[-AA%

o) Engingering EMP A
o Design
T Anscillary |[-2A=
Safety Safety |-9Hd X 314

-FZK system AlAF H. 314

-FZK, KAERI 71 2F5. 314

-CEA AlxtH a4

ALk ~Summary report up to 2001. 12
-Benachmark A4t X 314

-RELAP W2z} A4 ANSALDO internal report
-3 ~E# 2~ A4 ENEA internal report

-KALLA®] HYTAS 23 Z3} Data, Picture, Videos
-ENEA pint test 23} internal report
-FZK KILOPIE % Heated Jet 2 & raw data

-TECLA annual report

-CIEMAT, ENEA, CEA, FZK 23l 23}

B2 -FZK OCS H.alA

5.4/ LME -AA/eH 4 249 24_34 CEA internal report
T At 4% =24 #d CEA internal report

-2 ¥4 A3 FZK internal report

-TECLA annual report

-CNR, CNRS A3 A7}

-T91 &4 A5

-316L &4 A=

WAL 4 STIP 48 A%

A3 -SPIRE annual report

-TIARA 23 2

-TECLA annual report

-CEA Po #d& }%ﬂJ_LIﬁSI :

. Y -Po volatility ¥& internal report
Pb=Bi #+ | Pb-Bi % -CEA Po _9_y°,§ #4 internal reporIt)
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(@) Velocity (b) Temperature

12l 833.3-33. RNG k- ¢ 22 & 0|88+ Benchmark M1 sl Z 1}
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(a) Velocity (b) 2D, 3D a4 Z2} Hlw
a2l 3.3.3-34. HYTAS #Hx| CFX si& Z 3}

(2) F2/LME

A #asA e A7 ddishe 2o ARgd FZKe HA F4 A A
COSTAE ol g3lr #4& Agstes Zelgnh v daFE (<10 °wt%), dass
10° wt% 2 107 wt%e] 9171914 650°C Pb-Biol 500 ¥ 1000 Al7H5<t w=ZA)71
HT-9, 316LN 4Z&& SEM¥ EDXZ #A3 23 BF H248 B3 wmeps] Abazd
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HTE S00h 50070 -6 [T000]

372 333-35. 5001, 10° wt% Aol A 2] HT-92| 50042 A

500C, 10-6 wt9% Atz=elA el HT-9 50041t &4

Atk 650TC ek ThEA 500Cel A= kg Al AbstutS
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H A dRE AN 5 FZKe AHY
9 A3 2Astg okge KAERI A

A5l Po-Bi TAAG S e A

COSTA+= =A &S ¥+ Furnace 734 A& AES & 4 U5 Hp9 H09 M &

S A= AAZE FEE=H 29 334-19 COSTA FX7F veY Yy, COSTAE

Furnace¢tel A+ #2 FEO =] 2 cm, 274 1 cme AdH3 AlLO; Crucibles ¢

27l ¥ 3l Crucible ¢Fell Ph-Big 32 g A% ¥ F FH <t Gas 4 EHE Ho9k Hx09
Ao B

H &S Aty £X3l2 =24 Pb-Big Atixr x4

| Furnace |
Ar+Ar5ﬂ’ . N Oxygen| _,
Sample Sensor +—
{ i
Water Vapor Furnace |
% 334-1. FZKel M FA MEEX COSTA
F2 w719 AEdS 317] 9= ALO; Crucibledl 1Al Pb-BiE % il Furnacedl 4l
AFS FPata ste e LS @k a2 Ar-5%H, GasE 10 cm’/secd]
H &% 39 &< Furnaces EHAZ Fol A@stara sh= AES Crucible®] Pb-Bidl
oA dAAo] AIstEE &3l
AaFes 1000 10°wt%®E 24a7] 9siAE WA 4 (334-1)~(3.34-4)ZHH
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oF Bfal Rl wWbx] wpHS 2z B A A A Pb-Bie] SAHALEES Rao] wrAshx| o
T W 2EE ok dn
ghoF AAZEol A o] FA A FEatA W FHAEY WAL @A oA B2
A8e s ek oA "o ueEA FH @Udaor ME S A= Screendhs A
S s "k AH AFe 2000 A F3shsd F1kel 500, 1000 A7 AES
MefjA Fajol Astd o &l A AYS ohA da FAEHA "t
(7}) 316LN®] 650°C el A 2] F-2E A

238 334-2% WA 650C Y AA7F 9= FARARE oA 316LN Pb-Bi R4S &

& 500he] SEM/EDX A3z F2jo] wAlslglon Pb-Bi 459 ofelz gZug uf

o o] ASRE 2 F A

108 R R S | W

— s —

w1 Bwan lmags i
8 334-2. 650TC Fota E2{7]oMel 316LN F41 (500 AlZH)

E 334-1. 650C F&ta =702l 316LN £4 EDX Z T} (at%)
= )

(2233422 Ho FH=

Fe Cr Ni Pb Bi
1 52 19 21 8
2 73 27
3 70 20 9
4 69 18 11 2
5} 73 19
6 78 15 2 2 3
7 69 20 11
Original 70 19 11

B A zlolE oF A0um Pom ¥ 334-18 ¥-2o] WA A He]A EDX &
S #3838 A3 E 316LNY F2 FAYL29 Fe, Cr, Nitt J%7 71538 Pb, Bi 2 O

1x B
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= #alA 100%7F HEE F Alolvh THE HluwH HE FWoA ¢HELom Sol
S .

Moz Baol oS wx 9o FoF Hol:=d AA EDX ZIE g Mz A
o (o]

O:

T3 dAFS ®ola Ut

% 3.34-2004 St¥A EAIE FEES 2 Ni, Cro] Dissolution® i Pbe} Bizl #F
sk HFolth, dwtdg o2 Nio] Critl 1 o] Dissolution & HAFEdH o= 7 ¢
49 Pb-Biol A9 &3k ztolo] 7]Qlgth 2] (334-6) F8& TAHAY &lE =
o] g HoFE e 2%7F 400~900TCAA HE&E = e HogHd]. ®
334-2¢ 7t 2xde S EE AME Ao & Nij Cr, Fe £22 &327t 35 & +
At

logCre = 2.1-4382/T
logCcr = -0.02-2280/T
logCni = 1.53-843/T (3.3.4-6)

E 334-2. Hof 2 T4 HEZ9 Pb-BiolAMel Sz

Fe Cr Ni
400°C 0.39 ppm 3.91 1.89x10"
500C 2.72 10.73 2.75x10"
600°C 12.10 23.35 3.67x10*
700°C 39.67 43.32 4.61x10"

§3h9 44422 Phst BiZk WFehdl Bik Pbrk o 2 IFYL molFoh 1
Aol A ofzkel vt AZHYEE DD T B 24

el
w4 gotok k. AAZE AYPE FASHA FRAARE FALREL 7] 500 A7
1-?_/\1

A= 316LNE AEf 2 mFo] 316LNS 650CoA TF+ZAE AFE37]dE= o8] 3
T ¢ 5 Atk mEbd $4 BA wgow gl da 24g ol gal dvl W
7 AEAE Gotry] YA e AR AaEE 10 wt% st A9l 5004 7

4 BHL Skt
29 334-32 Aa%E 10 ‘wt% shel A 316LN] 650°C, 500he] SEM/EDX 27} A
AN E i3] Aol wARG LS & F Ak FAPEE Fiks
s Aol e HE FgHo| A RAw Hle] 5o ¥

<
o~

e BEol wolthkE otk IEln FWolA HEFoR BoIZFME AR A=
ES = 3l
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== 1
12 3.34-3. 650, 10° wi% At 270l M2l 316LN SEM (500412}

E 334-3. 650, 10°Wi% &2 22|70l A2l 316LNS| H4Al EDX Z 2}
(1%334-32 ¥E E=x)
Fe Cr Ni Pb Bi O
1 30 8 9 538
59 11 2 10 18
87 13 1

3 334-3& 19 334-39] WE7F FAE AHolA e EDX ZA#ld #H FE< 19l
A abshzol WAEel ee & & itk 20 Aol Arast @7 Pb, Bit 54
A

1o ¢ 5 7
gl ol Qg Al Asl B4 AsZ Pb-Biel o% a2 U4A TALS

e

A
A5 10 Wt%7F HA A Abste Ao BEES o] Hol Homw Ak FEE
TPNAA A AFBS Al FAsTh 28 3.34-4% 10 "wt% A2 B9 719149 500
AlZF 316LN A1 &¢] H-21 SEM Aoty ofds] FAo] WA 1 A HeA e F
292 AENE Fe 17%, Cr 7%, Ni 2%, Bi 44%, O 30%% YEbytTh o] Z5E Abixs
= 10 °wt%%E Pb-Bi §41S WA Ao sty FAds HFgeA des &
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319 330°C 300h PhEs C3000k) 10 pm

12 3.34-4. 650, 10° wi% At 2970 A 2| 316LN F£4] (500A1ZH

(1) HT-99] 650ColA o] H454

50041 zkel] Hid AH A AF A
= RA, 650TeI A BAe] g 4
W =AM FaAHA ®

HTS ST S0 PR 00 L T

1
a7 334-5. 650C St 22[7]10M HT9S| SEM/EDX (5004124

¥ 3.34-4. 650C, F&t22 27| HT-99 EDX Z 2 (500h)
(0% 334-52] Hs ZX)

(Atormic %)

Fe | Cr | Pb | Bi o

1-3 gad|1l.a] 0 1 I
4-f g6.1(13.9] 0 1 I
7- s6.0(14.0] 0O 1 0
10 864 (136] 0 a 0
Orainal | 878 | 122) 0O 1 I
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HT-99] 49 650TC, 500713k} Abas =7}

ol g7 AAES B FA EAVE gl

FastAth. HT-99 500A17F FAbta 2917 A¥etes 28 94 A3ds

© A EHelA FAo] HolX= FAINE FEAHOR

d 3.34-6& o]of tigk SEM/EDX Z3olt}, F2lo] Algh FioA= 7]& 74 ol

Depletion ¥ 13l dF-oA = Pb, Bie] IF7F B
o 1
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a2 334-6. 650C F&t 2|7l el HT9 4] (1000 AlZH)

T jEmi ——

A FEA] o g A Ak 2AS o] &aA dAnpukEe gt JEAE &
olr 7] g e WAR AAhEE 10 wt%slol A2 500417 HT-9 M Zo] H2AE A
BAe Fystgrl. 18 334-7C 650, 10 °wt% AAazd B Ao HT-9 #4972

ot

- 234 -



HTE-AECS AR LA P

e (c)

o] HT-92&

HTE-AECS AR LA Py

12 334-7. 650, 10° wt% Ab2ollA{Q] HT-9 500A1ZF 44 &

= 6507, 10 °wt%2] 500 A7t g w kA E A
F4aA 2k gk dazde o B4 Azt 4T ANA LS

E 334-5.650T, 10°wi% &k 22(7|0 Ml HT9S| FAl EDXZ 2}
(23 334-79 ¥z #=x)

(Atomic %)

A o] EAlgTHB5].
AN Z, A8
=, Spinel &2

¥ ¢ BES YEY = Magnetite
M30; (M€ Fe, Cr)& AF3}=9]
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Zo
Z

Fe Cr Pb Bi O

(o)1 98 2 0 0 0

()2 42 2 11 10 | 35

(d)1 50 | 10 3 0 37

(d)2 80 | 10 0 0 10

(d)3 88 | 12 0 0 0

Orginal 88 12 0 0 0

(t}) 500CoNA 9] HT-9¥ 316LN F24 EA]

19 3.34-82 500C, 500417 2 10° wt% A ExdS B3 AHRA A g
(a) HT-93} (b) 316LN2] SEM % EDX ¥4 do]golt} 374 Fwols 3 59 k3

2 FesOu2 FAEA A &4
TRl fIASkAl Ht

o] Sl A



CrY %%+ Magnetited A
A 2, Diffusion & Spinel <

= AoldE

& o

o)

AA

HT-92 20 me] 2HaE5S FAsAdrh v 316LN 2hshehs

EDXE4 ZAylo| A (a) HT-99 Spinel =& 09 Fe o]l Cri#o] 11-12%A4 =7}
AERNom, (b) 316LN zlolo] upg} FiE4 oz Phe 3 F7F A3}

Composition (at.%)

123 45672829

T S 00 2 wcHl || k) Number
(a) HT-9
- i A
= —= = '..__' “'\..
":- -z
E
i ”

1THLH MID& WETT K E NI 18 pm

(b) 316LN
T2 334-8. 10°wi% &tAsExHe| SEMEDX £41Z 1t (500C, 5000

v AARAGA A R A
5 FZKe] AAF2432%1 COSTAE ol &8 75 s dae 2483l
°o}-%2] KAERI #-4¢] Pb-Biel Wiet #2443 4 &
W2 A 2 AHg-3h= HYPER Al2=dle] R254 3
(1) AAF-283 A=

(7h BAFAEA A

a9 33495 AAFAGAY AFgFmEA, FHe FA4L AA Glove Box, Gas
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System, Furnace 37FAZ F2 %o 3t} ’Lﬁ:iéﬂ% 23 RANFHS St 9o
7] ol A3 AR =FsHA HE A t st 4o H]le]l Hrt
wopA AEA e HelHE 4 ‘317] uj ol 2Fd el Al Ak el E Glove Box
groll A1 3 JEF Furnaced % HTE Glove Box®t dZdzste] Azttt

A7 ¥ Furnace? =& &% g

55 YEFed Aot ok 57 i
(Cooling Pan)& F#ste] g =Fo® &4 A2 f
3 Glove Boxel #ol3le AA7IE FHUAAA A 3717 AA 7 Eo17F Cud
A FZS welsle] A& (Regeneration Rate)o] HolX&= AL WAs== A 2s

At

T
=" | : -
=
¥ { ["—l l l eG4 | 1. Glove Box
= 7| - 2. Fumace
sl HHESR 3 Oeovoen Sensor
=HD : T ] ‘ 4, Thermacouple
S b 5. GPIB
== | I. ) El 6. DA Svetem
| ﬂ - 7. Ceevgen Analvzer
:@II - B, Circulator
Q. MFC
|I| —_ E 10, & gas
IE 11 .-.r—,:-'.l{-—| gas

T—xl
|—

07 334-9. A EAE Q| s

Furnace 9528 531 A A3 2 B0 glojx AF&3 dolg o AFHAHL 0]
s 2taEs A 2 DAY Quartz T (Hole)S 717+ 37HM‘ A &Fsto] A gk

o
A4 gl # ARE HAAE vk T3 Gaso AETHF S dEA s fsiA 1L
AE (Housing)ol A5 3 47| (Automatic Changeover Regulator)a z}2F 519 T}
ob&#] Ar-5%H:9t Ar Gas® =2 8-S Aostr] 934 Housingoll 29 (Two
Stage) 7F4 4 * = Line Regulatorg &-&3tth H3h 7ol o3 Gasd %3S =4
5171 91l MFEC (Mass Flow Controller)2} MEFC Readout UnitE AF-&38} %t

(\}) 3 Zone Furnace®]
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19 334-102 Pb-Bi ¢tell Al5E Y3 Ao AubHl RES
zb Fzbe] digk &% Ax (£17C) 2l gl
Zone Type2 PID Controllers %t

! - SIS —a

12 334-10. ¥MEA MES 93 tEzel s

Quartz Tube?] W&ol Rail¥} TrayE #|Z3te] Glove Boxel AZARE o3 A|H

1

Z9xdo] 753EE AFS gt =S, Trayel 679 37]?”& (Crucible Hole)<

sl ZF &7]ol A Pb-Bid] tigh AdATE W REE A FAT F AEF AFS

atglon, 7t % ldlE 1~4 A7AA Y AAE FA ¥& F A=F: A B 2l
A e HoHE 9 F de FHEE A v

Zb 4 848 Y e Ud U™ =S ¢ Steel, Aluminum Profile, Stand

WheelZ  A2HE Atk @HdAl= KT-Al Molding HeaterE AR5 2™, Control

System< Program PID Controller, Digital V/A Meter, Control Panel & ®jA o 2 4]
HAh B4 Ceramic Board, KAOSTIC (ziél H2A)E &S

WA 110h x 700L(mm)el ™, =5 d¢d-e 220 V/H, &3 10 kW, AR+
Hd) 800Ce 7bs 2=1& zta k. 43 F Outlet F& HO2 U 7F27F YIbA
2w O-ringf-ito]l =ANA = As 27| fsiA 3] wdaus AA s

(th) Gas System<e] +4 % 54

% 334-118 AARE X F Gas Systemol]l ik A7 A RS ®BojFar gt}
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O 334-11. KAERI & 24| EX|29 Gas System ©&

Gast® TF Ar¥ Artb%H.E& AFE3ta o AAd (Housing)ol Asw¥d x4
(Automatic Changeover Regulator)?} Line Regulator® #2ete] <HAsa 47
Handling 3t=% A %3} ).

- Gas Auto Changeover System
a9 334-12% b AHE WS A2de) de 2 AFERA B Fo) haag 2 7}
2 FRA BYROl AN A2TFE A S FAelth wH, Ayt %

g7h2ol B AClE AEATE A2AAE] WAE HA GolE Ho| gAY H5E

A At wdel] ¥AL & J== AFE AT

S|

GAOP GROPE

Al2=§lE Gas Cylinderol Al &d% 7k=8 FH o= I713% w22 vylolAd A 74
OFS BEdde] Holdth & FF Awe T aFo® yyel FHEEH EE
‘%E% 7}&&71 ﬂﬂﬂoﬂ*{ R = 4 dolerh

24 #Fdel= REG1Z REG29] ¢#e]
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M2 274 Setting HolA REG2 %<9 KNOBe. & REGS ¢8-S REG1Y ¢ wth
°F 2 kg/ait % Apol7F YR F nbEolA Jhxo sEWES wiFE Aotk oE B

REGI1e] 10 kg/cr® A" =HAA FFeo] Huprt 7k=87]0A4 T3 9ol 8 kg/ar ©] 3t
2 HW 7t~9 552 REG2E v A €tk AF&xte oluf FFdAodA 7w AE
Q78 7hadAl= Al & KNOBe wWaks v REG29 o4ES 12 kg/arZ
Setting & 3t e EEWIE ZT A7tk olw] 2} REGo| & Check ValveZl 2

- .
¥HLS Al W REGSS S8 A4S A7 9 vAl LRGle=2 A}

oA hFolx
getele 2a@)

- Oxygen Analyzer

A BAVE 599 ZIROX EEl SGMT 162 750TCe AA Fe2moA 34
MelE 2x10°~10 " vppmE AHESt flow, =4 AWk 0~1500 mV7EA 9] M9l E
Zt =t} Analyzer2 9] Gasi 5~10 /h HelolA A3 ZHIE HoEE H
A

THEE Gase A 2 29 5E& 1H3A Clean Tube (B.A), Union (SS316-4U),
Elbow Union (SS-409-9), Tee Union (SS316-8TTT), Inline Filter (8A-F8L-10-SS) &
9] Fitting &2 AZHSTE 1 ¥re] 2% DAQ, Readout Unit 5°] Systems T4

s 548 23 Yo,
(2}) Glove Boxe] EA4]

19 334-13& AARRA A ALEEE Glove Boxe JiEFEolti. dwkz o
Dir-Trap (£4)), Purifier, Antechamber® T4 %o} gt EAE 23 249 AA

o #HE &y o]z WH wH Blower, %% 59 System< 53 3t}

1 712 Glove Box ¢Fe] BE F7|E %38} Inertd GasZ X 3E o =M BoxetHl
T ATt gle 3AEE vee Folt AAVIE tEId T iAo FESFHAE
¥ 338F= Stainless Steel Case® Inert Gas9 A& == 38 F3lA AFEs= 7l
EAsE F719 A4, BoxtoZ Rl e o E, 1Y 2¥HE T SilHe BE
AR ZHE FEH b4 2dS AAG .
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8 334-13. 8 &

Antechamber:= Box ZAE ¢33 Al82 Y7 93 Pass Box® 500(L)x §360 =7]9]
Y% 3 Box°lth. Antechamberi= Particle, H,O, Oxygen¥} 22 AR EoUE= ETE
S AAG] Y3 A 2A, 73F4S 9% Vacuum Valve$} of2 (An)& %318}7]
Refill Valve7} &2Fwlo] t}h Glove Boxe #& #25mm SUSY A &3 O-ring &
Axo] glom, AL 5 A, 220 V, 60 HzE AM§-go},

a9 334-14+= A7 wHzolyg. A FFELS Molecular Sieve, Oxygen
Scavenger (Ridox)E A}-83}1, 2L Molecular Sieve:= F Z0 2 Yoz glo] wl o}z
Zo 25 kg, MY =] 3 kg B=2 Molecular Sieve’} £9¢] At} 4F3uES-E (Oxygen
Reactant)2 A A 719 F3+Eo] 3 kg A7 Eodth. A7 $1%F o= Inert Gas”}
W 37 £o2 AA B4 4 e Wl F3be] HAl B 124% FAE T

H”jz
re o

@ ez
NAME
—@ 3Kg molecular sieve NO
[OXEE
@ |Purge valve
@ | Vent valve
+—(0 3Kg Oxygenreoctant @ | Vacuum valve
© |Heater S Xt
® | =& Inlet
19 2.5Kg molecular sieve @ | =& Outlet
gl
Q| =
@ | &

NOTE OWG | DESIGN] CHK BY[APPBY| TITLE
[ [ Purifier assambl

PROJECT | Drowing. NO | k0101091
Projection| == [SCALE] M.0.Tech co

3% 3.34-14. XMT|e| ctHE
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w A3 KAERI AAH o2 whs AA5FY A9 ZAE 7ML FPHAT 24 Ads
< 1050Col A 1A &% (Annealing) A2lE g §F 750CoA 241 EA R "HE0]
Atk A9 271% 10 mm X 18 mmX 2 mme] FF o2 AFE)ow, ALOs AHH4

7] Qrell ¥ a1 200~500 Alztell AA A F-2 AFo] FaHU E 3.34-6 Aol At
49 ’\]EQ S FAYE Yl gtk

AES 7] A= AlOs Crucibled] 55 go 1Al Pb-BiE ¥

= 122k 3t 2=7kA] 71Ed & Ar-5%H: GasE 10 ml/min?]

&2 54 <t Furnace—% SHAIZ Fof] AMZFo] B0 £7]o o] Pb-Bi &5 £

2 Hass

e He

C Si Mn | Ni Cr | Mo \Y% Nb W P S N

HT9| 019 | 036 | 059 | 053 | 11.79 | 0.99 | 0.31 | 0.02 | 0.49 | 0.019 | 0.006 | <0.01
T91 | 0105| 043 | 038 | 013 | 826 | 095 | 020 | 0075 | - 0.009 | 0.003 | 0.055
316L| 002 | 035 | 1.8 | 121 | 173 | 231 - =

% o] Furnace ¢toll Sl

A2EE00Wt%) 28 AF S Ar-5%H,, Ar, HO £3717 &3

£ Pb-Bigte] WhS& Fa) o]FojRth dwtdow &aE Moo theja o] A-g 9
of digh 7Hde] Ayst=d dlele] WAool o &3 Abao] HEHh wEkx 1A PbO
7} LBE (Lead-Bismuth Eutectic)ol & Abaol tha E=Aejol Jduka 7pgs w A+
2o GEn @2 X3 HAS "o dAsHA "

A FE 10%Wt%e 2d WEe 939 4 (334-1)~(334-5% 599 Ax zH3
Zo wow FaEdrt HO0E 14C2 LAAAA 1594 mbar

} mlm

B a3 H9 %S ZA4ksted Ar 100 ml/min®] fF A 3st Ar-5%H, 7F2=

() #4849 24 ¢ 23 (6507C)

650C 9] 2taw w7t e (<10 °%wt%) FabA BS7]lA HT-99 Pb-Bi H24 2¥8

g

4 3.34-15% 500413+ EPMA/EDX 4 o]t}

=Y FZKO #Ze =19 A@ Aol 500 AZ7HA = F-2le] Bol#] ertkrt 10004 7
AEAM Aol ves=d 2 APAFE 5004 77 = FA o] Holx FEe o
AT
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HT9

Fe Cr Ni Pb Bi O

1 93271 387 | O 0 | 133|154

2 9127|626 | 016 | 0 | 156 | 0.75

3 85.1211215) 051 | 0 | 142 | 0.81

Original | 87.68 | 11.79 | 0.53

LT3 1
a3 3.34-15 HT-92| 650TC, 500h F&ta&917(2 EPMA/EDX Z 1t

%Y 334-16€ 6507C, 200h, 10 5wt% AFazd 29 7)ol HT-9 B4 Az 24

=
HolE & org Al Asl=S PYAFA = Esﬂx]u} 7y MEBEL AAAoE A3 S
o

EO]—’ Atk 2 £ FZK dd4d3e ] ’5‘% - ‘01 L}E‘rb‘rxl w2 el

T ¥
12 334-16. HT-92| 650, 10°wt%2| EDX Z 3} (200h)

@ 316L

a9 3.34-172 316L] 650C, 500hol A AFaEm=7b v (<10 Pwt%) FAAE 7] A
A2 dd Aoty ¢ko] FZK A3 olA 316LN9 650C, 500h FAbA#917] 2343}
= Al Wi AdAdE A X3 AdE YA W, KAERIS] 650C, 500h 44
w9719 316Lel gk Aap= FAol i Ad s EO]J— Utk o= Antd A=
Aol g F7F4Q Aol mesojofp & Aojrh. FHtol Zifio CEACAME o
T AgAde gigh QAo Ao "vkeE Bauvk A= A dEH s Ad A3
A ol et A5-7F dasi.

2
3
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316L

Fe | Cr | Ni | Pb | Bi O

1 6743|2113 998 | 025 | O | 1.20

2 70.76 1174811062 0 | 042 | 0.72

3 70.08117.2511083| 0 | 095 | 0.88

Original| 706 | 17.3 | 12.1

T EET1] n
a3 3.34-17. 316L2l 650C, 500h F4&ta 22712 EPMA/EDX &=}

a7 3.34-18. 650C, 200h, &A= 5E 10-6wt%oll Al 316L2]
(@) Dot Mapping, (b) Line Scanning EDX &4

b 650°C, 200he] A% w10 ‘wto% 28 AdeA HT-9& F2o ek AgA<
WAIRE 316L 19 3.34-18°1A4] H&uhel ko] FA o dish APAdS 2hA] Kt
#Z e Yot tasezd 29 224 A3 316Le A3t dA e gllon,
A 59 7ol = Pb-Bi H2 HAF7F 62wt 2715 YERHAL 53], Nigl 4 &
2 71thet Peak®] zto]lE HolHA WA 558K Phb-Biol Dissolution ¥ &< YE
Wi Aok

650C, 200A17Fl Al 316LS Abae% 10 °wt% Z o e st dAo] o] Fo]x x|
ohobA]l RS olAslx] FgEul <ol AEd FZKO 650, 500A17F, AbAkE
10%wt% 24| 316LN# Fd3 A7t JebgSS g9l & 4= i)

L&E
o

® T91
8 33.4-19914= 650°C, TI1¢] (a) F-24k
ZAo) A Z+ZF 500h3}F 200he] H-2] 23 o

2 (<10 %wt%) #9171, (b) A% = 10 “wt%
3 SEM¢] EDXZ 3ot}
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[} T 1 I Em 1 Electran Image 1
(@) (b)

18 334-19. 650TC T912| (a) FAFAEL(7], 500h.
(b) AT 10°wt%, 200he] EDX

A Ho2HE Cr Aol U4 Depletione Ut
AL vehtA gtk AaEE 10wtk 28 AN E 200 A

Zroll Al b A Ql Abstuto] A HA = XPAR, A4 HAEES A= M Peakdk

RS

= FZK9 AAAPFA (Static Facility)E 283t 316LN 2 HT-9 52 A5=ZA

ExE Ves dTstEA, Ao r AA-AR FHgAE L83t
of o] 742 AR 7S ABAe] F2 AEHE #EEth 1 9d Pb-Bi Aw %
=4 7le T, 54 FAd s yAAdS A5 st AEHom o srEd
FAAE Fxr adty 2gAlol A FEZE on] AASla, olE EURE HAFZo F

8 FEE A AAsk] Azt

H
BAYAE Fxo AAste] V&S] AAFEHA BA B AR Jd e Al el
ZEot=F A2"S AT FLY Fo FE2 U Ves &8st A3 AA
A ZFa s o

(D) F-AF=2ef A 27

19 334-202 SAFAFZe JiEfEEA, Pb-Bid FAREO HFS dAAE=

(Electromagnetic Pump)ol] ¢J&to] o] Fojxn H2HS HAxpfEEAl  (Electromagnetic
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Flowmeter) 24 ZA 3t} AA|F2%9 43S (DHAAFZ () AAFTA-(4) A 2247
~GFAF-(NrFUE A -(DAAP 2] o A=, dAgLe] A755 7T
ow Aazdle] A= °F 650 mm Eo o] &HolAE o]gate] MA A<
2o ?Hﬂe = 37 A o2 WA sd Phb-BixgS 93
1000 mm o}l X s}ar

= ok

R =

S oF 271949 Cover-Gas ¢# S ol &8l A9 %79 B
9

Fmo] ofg 24 3
Ze ®WHE Bt A% 582 ol gdte] AADTE AFUILE 80 liter o4
WA FEHS Adet=s dAson, 495 A% =8 Fxzo] °F 30 liter el <A
ol AE FoAuol el dAFEel Age] dEE sk
GPANOZ WE QAARIAL TIY 4F FUAY AL skl 1)L YBAE
A skar (22)591 Al 19} ZAAZA dATEH] FIE SAS] FEAY A5 E A
o}, ol (1R)AFEWMHE. AVISF AV2ES o] &3l Axdo 58S [t BAE
AE Az (Oxygen Controller) 9t W& ] W28t e® eato], A BAA B
dRAst Az r] Atole] HAFEHS o]Fel 97 Overflowdt #go] WAsA] &
S5 A8
(5)ZA Y (Test-Section)?] 4= (Annular Channel)oll AH-S F2Hste] Wbz o
JHoz §4& Aofstn Mpedste Yo LxE voj=ul gojste] R4
< T8, SAANAE FA4F] FEFE ) ==E2 (Glove Box)e Wii-ol] AA
gto] A E dASHA Aol AEjld & -F skl dEE
2FaE = (Oxygen Concentration)®] #loj= (13)Ar Cover Gas®H(14)Ar+Hz(5%)° &
= x4ddte] (26)water(HO)oll F4stel 57199 49 (Hy/H:0 Ratio)®=X 1] A&}
A =4 g
=== T aa T 16 P -0
TR e L] £ ': 20 GOl
LA T rl | HE -
TR iy EarD iy s LE-ATE
.; Ta | T =T i
- T b | o _ I
— 3 | a2 N 2 T
- ani-i=mi = e s
o 1 o — i I O 1
T L 3 g |
' r.'.J' i k= e 'I:.dl e = ;
| [ e a1 1 il el
- 1 s L [ [ 4 I 4 1I |
| !ll: F [H"' at i i o o | 1
L | -l 1 = p— T 1E 13} 14
vl i L — - o
i B i idF W Cal IBRA TR TAR T i R SR ST o P
2 BM-FLOWM ETER . Maygren | ST TEMPRLETH I 1y ERE SR SO ()
3 ERA-FLOFABAT - B ERCLLIE PLBAP 29 HURIOITT SRRSO
il CIE Y GER AT i) A GAlk L BEL SENSCH
B TES - S0 ORI - S B A-H ST GAS B R ONNETEF
B OLDVE BO N CONTROL PR 2 PE-EN EPUTECTIC &LLLT
T HAGRET FLTER p AN TRET T =0 | I SE TR L
B FILTS TR TR VIR =8 P | 28 W TERH O]
B SR | AR AR e TR | WAL &N T PALIH FHANE

a2 334-20. FAMYE F=of MA IR
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&
=
lo
>
B~
off
H
E
rl r
N
o
HU Jr
1o,
0?4
é
il
o
>,
[N
=
>
[®)
%)
2
o
=
r >~

=
=
o ¢
o
=

T pLs

A (oF 10%) % %EM_‘E% 718 el AA sk

= sk
Pb-Bi A@olAN L7 5= 4the] F42 10-20 bar o]ske] v 2 folmm HiFo
o gs Bds)7h e ofHo weM AtheEEAS et B0 75718 AAd
H&Z E3s)A Pb-Bi el FUstAU Pb-Bi 8F HIZAINEE FgozA Fg
th AeFEE 10wtk ~10°wt%E 2-sy] e WA 24 334-7EFE AL
3} <

2t Poes AlRbelal 2] (334-8)2FH dE Aadgs dVs Zadt  H.e
o

_ Poz 2 0
Co - Co S ( ) [Wt A)]
S°R,, (3.34-7)

D

P, =(—* HZO) ex ( %) [atm,bar]
1-12 (3.3.4-8)
o714 HA Se dE® TIKIAA 23deEE Yetde, RS ol 37Ad, AGE £
= H ] Gibbs AHrolUAIE eI
Waterd] €%+ (11)32% (Constant Temperature Bath)e} W& Ho] v a3 7AA =
o] x| grol HAIZE AME 7hsdk (25)AE]E 2 YU(Silicon OIDEMX Aojdttt 4F
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va

719l 42 CHFEEAAY FALEE ol&ste] DAtz d7])o AFoA FA s,
Gas® %<2 ml/ming ©|ste] (23)Z e E (Rotormeter) 24 =43, Gas Y3
A e (Room Temperature) ©14S F43le] @] $-Zo <%

st FEE A E7Fe] SEE FAste] dEAA ded wep 2EE fFAAZ
MAFEe] T+ T8 Fre= dEHEA (Pressure LOSS)E Q1% Wz s 1
SUS316 A& <] 1.5 mch (SCH40)= A3t 71 Aoz} Hol 12 m7F HEE
o FEU gEEALS HY 60 Ipme] frEFell A whe] o st F+ &4 (Major Loss)Z ¥
2 9 % %%L@roﬂ ojgk K £ (Minor Loss)g 1#3dte] AstT gEaedoe
15" (12m), 1.0" (Im), 3/4" (Im) ¥ AT G/4"8dF=-0.7 m)e] A#3 15709 Ax
% (Elbow), 77He] AlolE B 1071¢] ¥E|( Tee-inline, Tee-branch), 671 =<+
(Entrance—EXit) 270e] dEE wEsta, 3 ARV E B4 9 BB o9& Cast-Iron

To® BREyHoR Astd e, A 3 m (oF 3 bar)9] g EHo] o5l

Hﬁﬂoﬂ%ﬂo] = Y 228 20CE 7148t SUS (Cp=0.591 kJ/kg-T) ol E 108

ZF100C <2 =d 9F 420 W] 8o He3tm2 650CANAe =922 94 (Heat
Loss)e] 3 inch #7119 8 4dF9E(Cp=0.038 k]J/kg-T)elA °F 100 WS FAksk &

slefsl el A= AFE uEste] Hd 1000 W/m Ee] 4~6 mm #H7Ae

Cable-HeaterE AFg3std 7158 Aoz Fgdednt FAFxeo gd&42S 7+ Tank (3 x

100 W) 2 wj#e] AAdelS 20 m& nestdets o 3 kWolst® o =5 it

dAe] d9%¢S a1el3k Expansion Tank®] 982 (DAFAxE7]E o] &stH 7HsshH,

Z} Tanke &%+ ¥HXo 3|HE HF2slo] sBlae)de H 23k Sheathd k-type €A
(Temperature Controller)& ©]-&3te] A|ojalm, wjze] 2%= WA wja

= 2R 25 A oR 2EE Alddts WA oR s Th

AAW w22l 2= Al o3 4y s WASH] flste] @A) bxddE

(Safety Valve)E H23&H, Cover Gas® Hl&< FilterE 7% & 234

W= Al vl EEle] Phb-Bi F7]ol 93 A7 AAe £4S WA ESE Gas-LineS T

35k

(15)A o ¥F (Control Panel)S z+& wj =t

Eﬂgq /\% UJ ol—E':l 71—/\] ﬂ"'{ oﬂj]% S) ]

Lx47] (Temperature Controller) ¥ A% 3xA7] & HF2stH, F22¢

o] AAFE IFE A AsUE As 2 A5z °

% 5 kVAFF #4834 A (UPS)E Alojytel] H-Za}

A TH AAPZE Ad3 ZYAA MR EAVE B dtew HAaEA &

T3 st et

Fxol HaE 9%k Wl LA Phb-Big HlFo] E9 109U

(150x150mm)=  ol&sted Aztein], AAFx e} Fmuwre ¥

50m(L)-45m(W)-45m(H) e =7 & AZstRon, &2 Faujz

|

_‘

Q_}:

% 1m ]

AA NN FPH =S FAPe. B Fre] B e A9 tes WE Y T
ol ojstel AA=HA OAFREARE 7S of 3/1008 =9 s w9, 7 vt
of BREe eEd od APFE kel Afvel HES AU, 7E RE
a2 w]l ZeEdde) FaRed eds FRE 2RSS A, dEA "
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Z+E A ANsE =457 Y3 AsFF B E=(Data Acquisition Board)E® % AT

Slo| w2 tdAS myste] NIAFY Labview$t A7A3te] SCXI
LEHA (CJC) 7153 0o dor SAdS Ad A7}t
o tdgk SAY olF S FTEATh

‘mm monmn == ¥

Ly S U F— — T §:

! 1 im— o —— -

a3 334-22. 74 R=g MAE=S| g HAE

(2) AAHZ Al ~€(EM-pump system) 24 2 A=

Pb-Bi= ¥ Ev 2FHE 2 HFo 10802 AR +3 Fx= ofeEa
o] HastetA Fxeo] Eola AEEHE AHAEoF sti, BE VFE Jted & A=E
W E dE AAYS AAS ol . 9AFEZ o JAH HEEe oMY Ay &4
2 x3sto] dAe(Impeller)d] EREo|Ae £x7F wE2vna 3183149 Ph-Bi 37
oA 71 AT A A FAoRE g AAd E4E s 7t 98 @
m/s o]l A SUSAIE F-2)Ho] AAFZE P 7|72 et

1% 334-22¢ 2 ATdA AAG AAEEZ ANFA AFE HERH Blolth A3
o] 9J¥ - 3o} (Outer-Core)o] HFAWEES] o] 5214 Bof stbdo] Fw% dFwske]

F Jo WHA (J x Bl o8] @Al Zalx3d (Lorentz Force)oll 2lste] N AF
olEANH, 1 d8E= AFFE EE(Linear Induction Motor)$ U 3ste] 9
7F glol= 7ls 7hedk Aol Fa SAHolt. Az APAA FHe F3
500C 9 &2=x7AddA A714 S713]2 W (Electric Equivalent Method)S ©]
a9 3.34-23(a)9F 7] 60lpm—4bare] s % (Operation Point)S 2= E A A 8 )
8 AA =231 9 Azx= 29 334-23(0h)9F 7ol Zo] 1000 mm-&7 280 mm (57
180 kg)oll Al F-2 3k b E4& neste] dawe] fHo]l A 1.5 m/s o7t #
AASEATE Fro A HAAAQJ FHHL 3 bar FLoA o] FAAEE X9
FEIE AAste], Fx AAY B WE AFE RS s

a9 334-24% A#e AAFEZ Al ~E
0Cele] arelA 71A14 . Hd7]4 5ol 5
(GLIDCOP, AL-15)& =¥ e A4 Auz=, &5 3 de2s FHAEeR st Axd
F7 0.6 mme] SR864AG (FE+= SA864G, 49H7)E ANHAA=

f1oox

oo rfo
p‘L
foe 12 AN @ o oo 2 (K

M b
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w93 Ielt T 035 mmel PR it
FEAE A4l flt SUSsI6eR Adasrt 2Y €5y
gal7] 9lste] mUe RYES AP, 1 3
A gZake g2 g

? L eepagechoden oy
l.‘-‘i..l“ IN
i -ltl.-.,‘I & FLIA Y
& ml
by TR
Hy . & TLAA TN
§ l'_l
e Design Poink ‘u,‘
i i g &
d4 Py e
E Sali e
! ':i1II & [
I -
i Il-l-il-.-._‘_" "
.
l,.__..
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ez dg A2=" 3 set, 385 (Test Section)®] &%=FdE A= 2
set, FZu| o 2=xdE A" 10 setE AASYPT e Fxo 7 w3g 4 owjw
o FH 2EE = wEsty] 9ete] 278k 34 de =914 (Rotary
Select Switch gtk Ao A~8e 2= %H7] (Temperature Controller),
TTR % wjdxe7] (Braker)s 2.2 T4 5] )t}
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o HAFHo FHF HAG] ft] FHE AA = A58 AsEsE Hstr] A

AoA7171= 3=l vk ZF B F9= 5709 dA5%8S ol&sto] 4449 FHE
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1 22 o
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A5 A3tEA71(DC Voltage Display, i} 10 V)oll dddste] A W59 b2 34
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= dd)2M 7FEstH, 5inch A2 ©d4F FEe] AFE WAs] At @44 =
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A Aelet, 1w AL @Akazd el ”ZIUP "%‘ﬂ%%oﬂ A A AlA
(0S3, 0S4)¢F Gas #9171 =% A&
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liter o] 49 AAFES AFL = JEE ugsdey At 4§ volz 2L A (P4
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a7 334-32. 2EYE I dAZ 2 A

BAYAY] A= 7FAE (View Window) =91 Al (Level Sensor)E& A A317] ¢
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