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SUMMARY

I . Project Title

Transmutation Technology Development

II. Background of the Study

The final disposition of spent fuel has been, and continues to be,

an important issue of nuclear industry. In addition to the uranium and

shorted-lived fission products, spent fuel contains TRU and other

long-lived fission products that have half-lives of thousands to millions

of years. Spent fuel, therefore, has caused lots of socio-political

problems and has prevented the nuclear power from being one of

sustainable energy source for the future. A spent fuel problem is

expected to have a solution, though not perfect, by developing

transmutation technology that converts TRU and other long-lived

fission products into isotopes with more favorable characteristics

(stable or short-lived). Transmutation gives additional benefit by

producing the energy. As results, it is very much desirable to develop

transmutation technology in terms of providing a solution to spent fuel

problem as well as the reuse of waste.

III. Scope of the Study

The conceptual design for the accelerator driven transmutation

system HYPER is scheduled to be completed by the year of 2006. As

the first step for the conceptual design, a study to determine

Dsub-critical core characteristics, 2)fuel concept, 3)coolant system

concept, 4)spallation target concept for the HYPER was performed from
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1997 to 2000. Most of concept studies were done on the literature

basis.

IV. Results of the Study

1. Core Concept

In order to minimize the burdens from non-technical factors, it

was determined to transmute 1)whole TRU without any separation of

actinides except uranium and 2)two most toxic long-lived fission

products (Tc-99, 1-129). The HYPER system is designed to be a fast

neutron system for the effective burning of TRU. The target zone for

Tc-99 and 1-129, however, is specially designed to have localized

thermal neutrons that are more efficient for the transmutation of fission

products. The support ratios of TRU and FP are expected to be about

4.5.

The HYPER core is supposed to employ pyro-chemical process for

the removal of uranium from the spent fuel. The recovery factor of

the pyro-chemical process can be assumed to be 99.9% for uranium.

The HYPER core, thus, includes uranium to a certain extent.

However, that much of uranium can not make any contribution to

compensate for the reduction of reactivity due to the transmutation of

TRU. A burnable absorber utilizing B-10 was developed to reduce the

amount of burnup swing. The designed burnable absorber results in

the reduction of swing by 40%.

The HYPER core has four different TRU enrichment zones in

order to make the power distribution as flat as possible. The HYPER

core can not have equilibrium status in real sense because it adopts

scattered reloading scheme. However, the core reaches

pseudo-equilibrium status in terms of nuclide concentration. Pu-240
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becomes the most dominant nuclide and the weight fraction of uranium

in heavy metals is 20% in the pseudo-equilibrium status. About 258kg

of TRU is expected to be transmuted to produce 1000 MWth for a

year in the HYPER system.

2. Fuel Concept

TRU-Zr form was chosen for the HYPER fuel because it has

good irradiation experience and compatability with the pyro-chemical

process. The HYPER system is a subcritical so that the amount of

heavy metal(TRU) inventory in the HYPER is much less compared to

that of a critical LMR system. Therefore, the metal fuel data from the

existing LMR can not be used for the HYPER design directly. Two

metallic fuel forms are under consideration; one is alloy type (TRU-Zr)

and another is dispersion type ((90TRU-10Zr)~Zr). A comparative

study has been performed to decide which one is better. More

experimental data are needed to have the final decision.

The Zr weight fraction has to be more than 50% because of the

phase stability and the mechanical stability for the alloy type and the

dispersion type, respectively. HT-9 is used for the cladding material

in both types. The density of fuel is designed to be 75% of theoretical

density and large upper plenum is installed for the minimization of rod

deformation due to the swelling in the alloy type. On the other hand,

the dispersion type does not have smear density and gas plenum

because it is believed to have good resistance against swelling. Both

types are being designed to achieve about 30at% discharge burnup at

least. The concept of 331 fuel rods per assembly is being implemented

for the core analysis tentatively.
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3. Cooling Concept

Pb-Bi was chosen as a coolant for the HYPER system because it

is chemically less reactive and is able to be used as a spallation

target. The system operating temperature was preliminarily determined

as 340/51CTC. The result of simple analysis of the economic impact on

the system operating temperature showed that if the operating

temperature is reduced by 100°C in order to increase a safety margin,

thermal efficiency of the plant is reduced by about 2%. Total system

flow rate is about 40,000 kg/sec and the flow velocity in the core is

preliminarily designed to be about 1.5 m/sec which is relatively very

slow compared to those of normal LMR. The corrosion and erosion

characteristics of Pb~Bi limits the flow velocity below 2 m/sec. The

maximum temperature of the cladding outer surface was calculated as

634 °C, which is below the design limit 650 °C. The maximum allowable

power peaking factor was calculated about 2.0. A forced circulation is

inevitable during a full power condition since natural circulation is not

sufficient to cool the core with reasonable system pressure drop and

reasonable system height. However, a natural circulation can be an

excellent method for decay heat removal when the height difference

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

Too much Pb-Bi within the reactor vessel can load high pressure

on the vessel wall because of its high density. In order to avoid such

high pressure loads especially around the bottom side of the vessel,

loop configuration was chosen rather than pool type for the HYPER.

The number of loops was optimized to be 3 by accounting for the

pressure loss and the achievable flow velocity in the system pipe. The

simplification of cooling system and high system efficiency are attained

by removing independent target cooling system and intermediate heat

transport system. A superheated rankle cycle was chosen since it is
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technically matured and its thermal efficiency is reasonably high.

4. Spallation Target Concept

A comparative study for Pb-Bi, Pb, and W, Ta was performed to

determine the spallation target material for the HYPER system. Pb-Bi

was decided to be the spallation target for the HYPER system. The

beam guide tube is a shape of cylinder with the radius of 40cm and

has a circular type end (window). 9Cr-2WVTa with the thickness of

2mm was chosen as a beam window material in terms of its good

radiation stability due to high energy particle irradiation and its good

corrosion resistance. The beam having a parabolic distribution is

injected from top to bottom with a diameter of 35cm and the spallation

material(Pb-Bi) flows from the bottom to top with the flow velocity of

l.lm/sec. The target zone is located at the center of the HYPER core

with the diameter of 66cm.

The current design concept is expected to afford lGeV, 13mA

protons which can produce 2.4 x 1018 neutrons/sec without violating

temperature, material design limits. The activity of spallation material

is increased due to the protons and it reaches at 3.3xlOD Ci after one

year irradiation. The maximum beam window and spallation material

temperatures are 534°C and 499°C, respectively. The maximum thermal

and mechanical stresses are evaluated to be 104MPa and 155MPa,

respectively. The window material damages due to the irradiation of

lGeV, 13mA protons are predicted to be 76dpa/y and 3598 appm/y.

The micro-hardness is estimated to be increased up to 1.4GPa due to

the irradiation.

V. Applicability of The Results
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The major objectives of the study is to give a guide-line for the

second stage research which will be performed during 2001 - 2003. In

addition, the technologies related with TRU-Zr fuel and Pb-Bi coolant

can be utilized for the future nuclear reactor development such as

Generation IV.
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Tc-99

Nal Plate*

Tc-99 Plate*

^^flfe Tc-99 Plate Nal

3.1.4-8i 4 4 4 $14.

Type b7} Type

Tc-99, 1-129

Type bfe Type a< l̂. «1 sfl 30%7}^

Type b7>

3.1.4-1 FP

Duct Plate Duct Plate

Tc-99 Plate

1-1-29 Plate
Moderator Po'J Moderator Rod 1-129 Rod

Type a: Nal Plate

3.1.4-8 FP

Type b: Nal Rod
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3. 3.1.4-1

Type a

Type b

Tc-99

1-129

Tc-99

1-129

(kg)

901.8

129.72

901.8

93.8

(kg)
54.2

13.12

57.8

13

(%/y)
6.01

10.09

6.41

13.9

a T S —i

1.211

1.232

TRU

Tc-99 Plate7>

FPi

3.1.4-9, 10^ FP4

0.1

0.01

1E-3
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- Fuel Rod(near)
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1E-8 I "J • • •J J , , . M l J > J

1E-101E-9 1E-8 1E-7 1E-6 1E-5 1E-4 1E-3 0.01 0.1 1 10

Energy(MeV)

3.1.4-9 Type as|
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Energy(MeV)

10

3.1.4-10 Type b^l

A A FP

3.1.4-2

No FP

Type a

Type b

No Void

0.96897

0.96075

0.96355

10% Void

0.95619

0.94707

0.95015

Void Coeff

(pcm/%void)

-138

-150

-146

Fuel Temp

300 K

0.96897

0.96075

0.96355

Fuel Temp

1100 K

0.96628

0.95929

0.96157

Doeff.

Coef.

(pcm/K)

-0.36

-0.14

-0.26

l Type b7\ HYPER 7J-#
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HI?.
oi

flo

op

JR
Ki

Atomic Density of 233U (/barn/cm)

a
i

CO
CO
CO
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| 60
S1

20

3.1.5-5,6^

U-233

U-233

U-233 TRU

0.75 Th - 0.25 TRU
0.S5 Th-0.15 TRU
0.95 Th - 0.05 TRU

0 20000 40000 60000 80000 100000 120000 140000 160000 180000 200000
Burnup (MWD/MTH)

3.1.5-7

100

80

o

!

60

&

20

-<»-0.75 Th-0.25 TRU
-•—0.80 Th-0.20 TRU

0.85 Th-0.15 TRU

0 20000 40000 60000 80000 100000 120000 140000 160000 180000 200000

Burnup (MWD/MTH)

3.1.5-8
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TRU ^ ^ ]

, TRU7f

3.1.5-7, 8^

MA(Minor Actinide)5] i ^ 0 ^ ^

^-^f-a: °s
v ̂  $14.

MA7}

: ^>1^-^ TRU ^i°l l 4 ^
, ^^> ^ A | A Th:TRU =

8:2 ^ £ 5 . 5-^-sl-^ £ ^ £ 80,000 MWDA1TU 7>^fe- ^^?!r #-§-.£ ^]-
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6. HYPER

TRU7} ^ £3 .5 . ^ ^ HYPER t ^ ^ raf^- #-§-;£.

^7f <^1# ^

^ ^ ifl-g-^ 371]

HYPER

^ k-eff=0.98 (°l^i ^ ^ k=0.97)

GeV, °o^*}^ tfls)-^ ^ ^ x > 29.26

67M (180^) ^r7l7^o]! ol^-^ 80% (^%^ ^d7l?>

^r^^oH^ ^tfl ^ ^ # ^ 1.55 °1§}

PWR 4 ^ - ^ ^ S ^ ^ 7 1 ^ 30\i, -fel-w ^l7i# 99.9%

^ 1 ^ HYPER4 7EV^

B-10-lr 7V<?i^^^^s. * V ^ J

^ 1 ^ ^ s i B4C

ZrH2 #

TRU ^Iji^-i-

^ TRU
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Si 71

MCNAP

>7]*V - cfl- ^ A ^ y -

(1) 90% ^ ^ B4C*

HYPERS
^ ^ He 71-i

3.1.6-14

^ 7Mfe B-10

B4C#

Fuel Meat

Cutback Region

B4C Coating

Cladding

3.1.6-1 B4CS

/

1

5 cm

Poisoned Region

110 cm

5 cm

3.1.6-1^- n ^ 3.1.6-1^*1! B4C1: HYPER
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B-l l

5. 3.1.6-1

B-10
B-ll
Li-7

Pu-239
Pu-240
Pu-241

a{n,y), barn

2.98E-4
4.47E-5
3.10E-5

0.40
0.43
0.38

o{n, a), barn

2.31
—
—
—
—
—

Of, barn

- -

- -
—

1.69
0.36
2.30

3.1.6-13 B4C

0.0012cm ^•

3- 0.0009cm

B4C (HYPER-HBA, B-10=21.9kg)

^ ^ S ^ ^ - ^ 27fl ^(ring)^:

(HYPER-OBA, B-10=13.2kgH4. ^ -^ 3.1.6-2^-

1GW

3.7] ^

HYPER-HBA^ °-} 9 0 ^ ^

3 .

HYPER-OBA

371

TRU
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55

50

45

40

35

30

25

20

15

1

-

-

-

•

• Reference
* HYPER-H8A
.t. HYPER-OBA

?

_

-

1 •

•
. • . . . .

. . . . . .

30 60 90 120

Time (day)

150 180

3.1.6-2 B4C»

3.1.6-2^ HYPER-HBA,

HYPER-HBA^l

5 3.1.6-2 7I-S-

HYPER-HBA

HYPER-OBA

0-day
(P-0)

1.119

1.047

1.112

180-day
(P-180)

1.560

1.466

1.446

(P-180/P-0)

1.39

1.40

1.30
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o_^ HYPER

(2) B 4 C ^ ZrH2

^r 3711 ^7

197fl̂ 1 <£[^-§-# B4C5f ZrH2

L% 3.1.6-3

B4C ^ # A}-g-^ ufl ^xfl7V 51 fe ^ ^

Kl! B-10^1

fe °-} 6% ^ £ ^ ^ 1 ^.4 HYPERS l ^ r

HYPER ii^fi] s|tfl -S-jL t̂ifl 711^1- 7l^^l 0.97^1^ 0.98

i t^ . ^^1 ^ 4 i ^ ^-^°] , HYPER 7l

(14411 $•) <$<%*} ^ ^ ^ - ^ EL7)^ 7]si 4 4 m A i

W ^ HYEPR

4 °H nl°J^ ±$4] %m k-eff

^ ^ 4 f̂ U 711̂ 71- S|it!: 20*1 ̂ ^r El^o) ^ iLJL^l-Jl ^tif

^ i k-eff £ H ^ ^ £ 0.95 l ^ v
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HYPERS k-effl- 0.98S §F

nl<y?f|

20mA ol§

TRU ^ 4

Duct Plate
o o o o o o o o o o o
o o o o o o o o o o
o » o o o « o o o » o
o o o o o o o o o o
o o o o o o o o o o o
o o o o o o o o o o
o o o » o o o » o o o
o o o o o o o o o o
o o o o o o o o o o o
o o o o o o o o o o
09000900090
o o o o o o o o o o
o o o o o o o o o o o
o o o o o o o o o o
o o o » o o o » o o o
o o o o o o o o o o o
o o o o o o o o o o o
o o o o o o o o o o o
o » o o o « o o o « o
o o o o o o o o o o o
o o o o o o o o o o o

• BARod (19)

O Fuel Rod (312)

3.1.6-3 ZrH2 I-S-^^I £1*1

HYPER

i i ^ TRU

M=Medium,

3.1.6-44

B4C+ZrH2

13% H

°1 ^ M

2.5% B4C I ^ ?T~ "}— ~7*\~

TRU

3.1.6-4^1 , HYPER-BA^
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4 . 15.8kg5l B-10

23.8% ^

HYPER-BA5]

HYPER-BA^

0.0566°H «1 *

1 29.3%

34.8%

Safety Assembly

3.1.6-4 HYPER

3. 3.1.6-3^-

TRU

LTRU

MTRU

HTRU

(186

SL£. 1 ^7l ^
1?! HYPER-BA

HYPER-BA 24%

ZrH21- ^ f

HYPER
i a 3.1.6-5^
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3.1.6-3 §=' HYPER-BA

TRU

(-cf^-£:w/o)

B-lO(kg)

k-eff

(kg)

Hi

(mA)

BOC

EOC
BOC

EOC
BOC
EOC

AD5t
—* *— O

BOC

EOC

y] ^ i - XI

L(18.41)/M(23.92)/H(30.40)
Fuel=2832.3

-

-

0.9805 (0.0010)
0.9239 (0.0010)

2832.3 (U=256.0; TRU=2576.2)
2688.1 (U=250.9; TRU=2437.2)

144.0 (U=5.1; TRU=139)

9.5 (Ms-34.33)

37.2 (Ms= 9.64)

HYPER-BA

L(21.29)/M(32.60)/H(35.7)
Fuel=3507.5

15.788

13.88
0.9789 (0.0010)

0.9420 (0.0010)
3507.5 (U=317.1; TRl>3190.4)
3363.2 (U=311.5; TRU=3051.7)

144.3 (U=5.6; TRU=138.7)

9.9 (Ms=33.11)

26.3 (Ms=13.19)

Ms = Neutron Multiplication Factor

U.99

0.98

0.97

0.96

0.95

0.94

0.93

0.92

• I ' I

_ . .

-

-

-

• 1 * 1

I • I

«

i . i

I • I •

- • - • - • HYPER-Ref
• HYPER-BA

•

1

1- -

* •
... _

• '

20 40 60 80 100 120

Time (day)

140

3.1.6-5
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n^ 3.1.6-6^

B-10^ *!#£• d̂

^*fl HYPER

B-10

, 14412

M ^ H

^ 12.1%7>

r ^ 60-70%

20 40 60 80 100 120 140

I 3.1.6-6 HYPER-BA iz£j2| B-10 ^ U l f

3.1.6-7,8^

TRU

^ 1- Sife^l, HYPER-BA
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3.1.6-7 HYPER 7\&±&o\\M2\

3.1.6-8 HYPER-BA

ZrH21-

oil

HYPER
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Cutback °J^^r 5L°^W
^ ^ Cutback ° o ^ ^ £ ^

j 014.

3 7fl^l TRU

B-10

, M ^ H <g^s] TRU

^ 014. o l e ^ 7 } ^ ^ ^ ^ r ^ l ^ 3-§-^ -̂*1 HYPER

€• ^ - ^ ^ S . 2|-g-^ ^JAS i<?14. Scattered

multi-batchl- *}-§-*>rr ^ - f ^ ^

l TRU*
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7.

HYPER4

l i GeV,

29.26) T f l ^ ^«5*>S|aL ^^-"i ^ ^ # 1 - ^-^tf7] ^ ^ HYPER

MCNAP

(1)

l/(l-keff)l- f ^ ^ l - 3 . Aj-g-t!: 4 $14.

H l/(l-keff)4 3711

- 61 -



- k e f f £o] 0.98-0.95 ̂ £ 1 -

(3.1.7-1)^ ^ ^Aj-AVnfl n j o i ^ - A I ^ X ^ i/(l-keff)7V £ f e

] 4 ^ ^ - s . § } ^ xj (3.1.7-2) 7Evo] ^ ^ - o I 4

(3.1.7-1)

(3.1.7-2)

^] (3.1.7-1)°^ Ai F, M, Sfe fission operator, removal operator,

-ir AA ^ ^ 1 ^ 4 . ^ (3.1.7-2)^1^ ^ ^ °>5fl^ 1̂ (3.1.7-3)^-

i ^ adjoint ^-mode ^ ^ ^ j - ^ ^ 4 .

( Af+ -A F )Q\ =0 (3.1.7-3)

M* Q Ff fe F , Jlf^ adjoint

(3.1.7-1)^] ^ o i ^ Al^Bflo^ ^s-oi^l- M s ^ ^5]ofl 4 ^ 4

lfs=
 < 1 < J f ^ S > = 1 + Fission Gains (3.1.7-4)

(3.1.7-2)4 *\ (3.1.7-4)1- «15I§}^ l/(l-keff)7>

e^-S-# o
s
v ^ $14. l/(l-keff)7> M s 4

1.04 -fWM ^4. 14^^5L 4
4^^7] 4 ^ A ^ AI (3.1.7-1)̂ 1

$14.
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O] Al ^Q 1 T 9 \ O nV^5i-£-l *— )

-mode ^ 4 # ^ 5 L q - i ^ ^ 5U4.

<Pls] 71-

Adjoint

^ ^ i] (3.1.7-5)4 ^ ^

(3.1.7-5)

( ^ - i : ^ € ^ - 5 . §}̂ r ĵ (3.1.7-5)̂ 1

Adjoint ^ ^ ^ 1 ^ 1̂ (3.1.7-6)4 £o] ^ ^ ^ t ^ §14.

L+<2)+ =-ffd=-uIf (3.1.7-6)

Adjoint c

(3.1.7-5)4 *1 (3.1.7-6)1-
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J S0f dVdEdQ = f vI/DdVdEdQ (3.1.7-7)

0f {rQ,EQ, <Q0) = JvZ/DdVdEdQ (3.1.7-8)

(3.1.7-8)^ 3*1 r0, i 4 4 Eo,

r ^ l ^ l nfl̂ -ofl ,Aj (3.1.7-6)

(3.1.7-7)^8: -V^1^ +

(3.1.7-6H

3.7] d) ^«-^^ofl tflSfl^S ZL

*1°J31 a f S - ^ K ^ ^ 3.1.7-1^^)^1 c}]§}^ ^ (3.1.7-6)-!:

^ - f ^ ^ ^ > € ^ ^^-3£» 3j7l-^$i4. l̂̂ fl

TRANSX/TWODANT 3.B.

}3. $.14.
^AlH.^A-1 ^ A ^ ^ ^ ^ ^ f i l Aj-Tg- H.a.0] ^HJ-^OJJL ^

4 . n ^ 3.1.7-3^

71 «f l^ -1

n ^ 3.1.7-24 3.1.7-3°1H
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?17]

-180 cm

+60 cm

+30 cm

0 cm

-60 cm

-180 cm

0 cm 27.73 cm 147.8 cm 185.4cm

3.1.7-1

- 6 5 -



1.0

0.8 -

0.6 -

•5 ° ' 4

0.2 -

0.0 -

1 • I ' I

• • • " " - -

. . . . - • •
• •

- • 91
• 92
a. 93
T g4
4i- gS

. , . g 7

-v g9

- • ^ • ^

I . I . I

• « _

i • l

•

Midplane

•

* ' • * * . " •

I . I .

1

-
•

i . i

20 40 60 80 100 120 140 160 180

Radius (cm)

3.1J-2

1 0 0 150 200

Height (cm)
250 300 350

3.1.7-3

- 66 -



(3) HYPER

3.1.7-4^

MCNAPi

HYPER

TRU ^ 5 1 1 -

LAHET 3 H f

380 cm

Low TRl" Fuel (3li)

Medium TRL" Fuel
(72)

High TRl' Fuel (75)

Buffer Zone (7)

FPAsseml>ly((5)

Safety Zone (3)

Reflector (54)

Shield (HO)

180 cm

(iO cm
25 cm (Beam Window)
0 cm (Core Miclplane)

Grid Flati-

3.1.7-4 Pb-Bi# fe HYPER
(183
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{7\) # ^

S. 3.1.7-H

l/(l-keff) <i#

l/(l-keff) i #

k-eff

HYPER ^f-^ o]s-

3.1.7-1 I

Case 1

Case 2

keff

0.97002

0.97032

Case 3 0.96814

Case 4 0.96726

Case 5 0.96737

Ms

39.4

35.7

25.8

16.9

31.4

Seff {%)

118.2

106.0

82.2

55.3

101.2

(mA)

12.05

13.51

17.55

25.71

14.22

%%

1.859

1.273

1.223

1.327

1.289

No Tc
3 TRU °j «3
Tc~ Loaded

Tc^Loaded

Tc-Loaded
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3. 3.1.7-2fe 5 c m

-20cm)

nfl

25cm

3.7)7}

-U- O. I . / C. C3 3fe d o

(cm)

10

15

20

25

20

(cm)

15

20

25

30

30

^ S 0 | 1

k-eff

0.96697

0.96955

0.96937

0.97002

0.97002

(MS)

39.9

43.2

44.5

40.5
39.4

Seff (%)

131.8

131.5

136.3

121.5
118.2

(mA)

10.82

10.82

10.16

11.70

12.05

3.1.7-54

ol

10-20cm ^

i0-20cm

4.

$14.

si
Gas Plenum^

3.1.7-6-^

10-20cm

HYPER

44
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-10 0 10 20 30 40 50

Window Position (cm, above mid core midplane)

3.1.7-5

Wp=-10cm
Wp=0c
Wp=10cm
Wp=20cm
Wp=30cm
Wp=40cm
Wp=50cm

0.70
0 . 0 0.4 0.6

Fraction Core Height

0.8 1.0

3.1.7-6
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8.

HYPERS *} HYPER-SIM

- PJA

(1) n|<y7fl i i ^ s ] PJA Methods °l-g-*!:

)P{t) (3.1.8-1)

(3-1-8-2)

- 71 -



A] (3.I.8-1)J4 q (3.1.8-2)°!] PJA ^ ^ r ^-%-^% 4 (3.1.8-1)

4 # ^ S h l r o ) 0°l Slul, ^ § 4 4 (3.1.8-D^r 4 (3.1.8-2)IS. t ^ j -

4-§-4

y = <z,-C,- + ( 6,-+ </,-) i = l , 2 , - , 6 (3.1.8-3)

vl

di= o_ '/A ( I ' ' ; C,— ,̂-

' c'(t)

L e - 1 J + C,-,o e (3.1.8-5)
U j U j

4^-4 ^o\, 3i7)

-S-5L

Void

# ^ 314
Effects £

H, * d = -

cu) = ^

5(0 = ^

IN

Pit)

q ^ ^

Doppler

! :-8-£JL4

= Po +

s.4, 15ZT"^4

[MWth],

: # ^ [MWth],

Volume ]

J T C + p ,

! [MWth],

(3.1.8-6)

^ [sec],
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[sec"1],

[d_rho/

ac = ̂ AA ^5L^]^^-g-£ ^^- [d_rho/

(2) 7 l 7 l i A ^ A]^^l<a^- ji5]*V T/H Model

/ Ccl -^T=^i Tf{t)-dt R i [ TM) T
g Kc (3.1.8-8)

MCCC ~^p-=-k-[ TM)- Tc(t)]-2W(t) Cc[ Tc(t)- Ti
at Kc (3.1.8-9)

Tr=
 T°t Ti (3.1.8-10)

Cc -^~-=W(t) Cc[ T0{t- O - Thl(t)} (3.1.8-11)

Mdn Cc -?p- = W(t) Cc[ Th0{t~ ts)~ T,(t)] (3.1.8-12)

Tpr=
 Thot T"' (3.1.8-13)

dT
Cc i =W(t) Cc[ Thi{t)- Th0(f)]-hAr[ 7V(0- Tsg(t)]

at (3.1.8-14)
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c

h

r

tn

-fj- t [kg/sec],

[W • sec/kg • °C],

[W/cm2- °C],

[sec],

[sec]

(3)

HYPER A

j 1 ) 10-20

n
)d

/

*^.

io
n 

[1
F

ra
ct

<5
o
CL

1 . 7 -

1 . 6 -

1 . 5 -

1 . 4 -

1 . 3 -

1 . 2 -

1.1 -

1.0 H

20 40 60

3.1.8-1

10 cent

•— 1 dollar

—10 dollar

80 100
Time [sec]
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Jffl

Reactor Power fraction

p

CO

00

CO

VI

I

0(f1

r|o

Accelerator Power fraction ojfl

J2.

l

$i 4J

U

CO

bo
IV)

o|o
hn

M

r|iu

rK)
hn

<& _o

Coolant Temperature [C]
-U J>. * . * . ^ .

o o o o o

o o

II
0) Q)

Fuel Temperature [C]



U
DD!
CO

00

en
VI

\> Z
0 D~
JSL 0

(ft

r|m

Reactor Power Fraction

no
Hi

j a
VI

VI VI

J2, Jffl
u
co

Accelerator Power Fraction

0
M

Fd
in

(U|(U

Oil

r|r

II
o

ĈT
CD
O

ojfl
fO

1

IV

Jffl

0 ^ .

• &

r|m
ojo

j|nl

oi

»£

0£
jVl

: = =

rlo
hn
ri
JOji

i

VI

J^
VI

OE

into

Til
ofn
2,

&
r|m

r l

Coolant Temperature [C]

Fuel Temperature [C]



nr

-•i

k>i.

u
co

bo

VI

DE

ft
0|M
VI

Reactor Power Fraction

o -

o ~

8-

g-

r)S-

efsecl

ii
V

1 . 1

/

I . 1

-

-

-

-

O ) 'CO

Accelerator Power Fraction

M

rb

_2. JkL
ratiu l o

4k s
rir S

1° jffi
nU iu|o

4 - vi

M

VJ

r|iu

o i

ra

0£

Ki
VS.

u
GO

bo

Temperature [C]

VI

DE

a.
i—i

41



40 50

Time [sec]

3.1.8-8
SI

HYPER A]>,

(7) T/H

T/H Aj-Jl

LOF(Loss of FlowHl LOHS (Loss Of Heat SinkH

100%
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1.0-1

c
o
"•§ 0.8
CO

o 0.6

CO

£0.4

0.2-

0.0
10

3.1.8-9

Reactor

20 30 40 50
Time [sec]

o

jtu
re

 [i
sm

pe
rj

i—

C
oo

la
nt

430-

420-

410-

400-

390-

380-

370-

1 I ' I

D
a

0
D

a
o •

1 D

D

0

0

Y
• i • i

fuel —°— coolant

•ODOaDODaDODODDDDODODOODDaaDOal

-

-

-

•

' I ' 1 ' 1 '

~n

- 550

50 100 150 200

3.1.8-10 LOFoil c^#

•a
CD

f- 500
<D

- 450

- 400

350
250 300

Time [sec]

* io |
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o
0.8-

o 0.6-1

o

£ 0.4-

0.2-

0.0

Reactor

10

3.1.8-11

20 30 40 50
Time [sec]

0,500-

|5 480-

g_460-

E

^ 4 4 0 -

420-

400-

380-

360 -

340-
0

• Temperature

10 20 30 40 50
Time [sec]

3.1.8-12 LOHSoil ::F#

HYPER
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9. HYPER

7\.

HYPERS

HYPER i i ^ ^ :

Scattered ^ H ^ yov^^r °]-§-^f°i TRU ^ S . ^ ^ f l ^ ^ l ^ ] .

} ^ ^ n ^ ^ ^ k-eff=0.98

. (180^)

TRU ^

PWR 4-8-^^S.fe 5M ^ - ^ ^A^SX^, - T - 4 ^ - ^ 99.9%

T R U

Scattered

HYPERS 7̂ oi TRU1-
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MCNAP

MPI (Message Passing Interface) U<H4 °

4. 'Sn2"^2!-

(1) TRU ^^SL T^Q ^ O J ^ 1 «Ĥ 1 3.71 1 ^

HYPER i r ^ ^ ^d^^-?] «V-g-S. Ĵ-db ^ Scattered

LL(Low Low), L (Low), M (Medium), H (High) Q £°] A7^\$\ TRU 2§-

. LL ^ L

M ^ H ° J ^ ^ 4 ^ 6, 7 afl^-i-

LL ^ L °m : 5x144 = 720

M °J^ : 6x144 = 864 <H

H °i^ : 7x144 = 1008 °Q.

(2) TRU 4£&

^fl^* ^ 7 l # 205] i4§>$!° -4 , £- 3.1.9-H HYPER
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LLTRU

LTRU

MTRU

HTRU

3.1.9-1 HYPER i-fej TRU • ! O=| Ccj
jfc CD —i

3.1.9-1 HYPER °| TRU

71

13

14

15

16

17

18

19

20

(•tl'Sa)

L

1

2

3

4

5

1

2

3

M

1

2

3

4

5

6

1

2

H

3

4

5

6

7

1

2

3

k-eff

(BOO

0.97903

(0.0010)
0.97701

(0.0010)
0.97502

(0.0010)
0.97908

(0.0010)
0.98378

(0.0010)
0.97887

(0.0010)
0.97874

(0.0010)
0.98970

(0.0010)

TRU ^ # 5 1

w/o

(LL.L/M/H)

25.7/36.8/46.6

30.0/36.4/46.2

30.4/36.8/46.5

25.7/36.8/46.6

29.8/36.1/46.2

25.2/36.4/46.2

29.9/36.1/46.1

30.0/36.1/46.1

(kg)

BOC

4480.7

(U=1005.0)
4480.4

(U=1001.9)
4486.6

(U=1000.2)
4500.8

(U= 1000.1)
4503.2

(U=997.7)
4487.2

(U=991.6)
4483.5

(U=988.3)
4476.3

(U=983.9)

EOC

4337.4

(U=989.0)
4337.1

(U=985.9)
4342.7

(U=984.0)
4357.5

(U=984.2)
4359.9

(U=981.9)
4343.2

(U=975.6)
4339.0

(U=972.3)
4331.7

(U=967.9)

TRU=127.3

U=16.0
TRU=125.4

U=17.9
TRU=127.8

U=16.2
TRU=127.4

U=15.9
TRU= 127.6

U=15.8
TRU=128.0

U=16.0
TRU=128.5

U=16.0
TRU=128.5

U=16.0

TRU

(kg)

629.314

632.543

604.590

622.979

624.403

627.653

631.087

620.662
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Scattered ~i- 3*Hr HYPER

z]- ^7144 2:71 ^

711 TRU

0.984 TRU

3.1.9-2 w/o)

Nuclide

U-234

U-235

U-236

U 238

Np-237

Pu-238

Pu 239

Pu 240

Pu-241

Pu-242

Am-241

Am-242

Am-242m.

Am-243

Cm-242

Cm-243

Cm-244

Cm-245

Cm 246

Charge

0.188597E+00

0.736514E-01

0.841427E-01

0.202858E-02

0.193709E+01

0.304436E+01

0.224494E+02

0.282218EH)2

0.655179E+01

0.824376E+01

0.238758E+01

0.153483E-02

0.196036E+00

0.247404E+01

0.163776E+00

0.226481E-01

0.232527E+01

0.724261E+00

0.624440E+00

Discharge

0.232123E+00

0.722745E-01

0.948405E-01

0.229404E+02

0.141268E+01

0.347337E+01

0.166255E+02

0.297729E+02

0.599722E+01

0.921189E+01

0.233297E+01

0.189242E-02

0.240703E+00

0.287374E+01

0.201922E+00

0.274098E-01

0.282710E+01

0.891301E+00

0.769728E+00

LWR Feed

0.177880E-02

0.795615E-01

0.382271E-01

0.889183EKH

0.418791E+01

0.120302E+01

0,4744(50EH)2

0.215643E-02

0.893207E+01

0.408846E+01

0.262197E+01

0.516934E-07

0.432142E-02

0.758524E+00

0.511796E-04

0.221062E-02

0.171395E+00

0.731348E-02

0.851910E-03

S. PWR
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47%

9%

20%

U-238^1 ^7]-^-

3.1.9-HI'H I x ° l , 1GW HYPER ii^^r

TRU fe- ^ 19.5 a/o

258 kg

$14. HYPER

S. 3.1.9-3 HYPER

17
18

19
20

L

5
1

2

3

M

5
6

1

2

H

7

1

2
3

k-eff

(BOO

0.98378
0.97887

0.97874

0.98970

BOC

31.3

25.0

28.3

27.3

EOC

11.3

10.5

10.8

11.2

(mA)

BOC

10.6

13.4

11.8
12.2

EOC

32.4

34.2

33.4

32.3

*) GeV = 29.26

3.1.9-3^

. HYPER

32-34mA7]-

lGeV
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0.93

3:7] 10-20%

EL7\]

-4fe 20^71

U-236, Cm-2454

HYPER ^ 4 3 ^

3.1.9-2,3,4,5^ 16, 18, 19,

3.4.

H

^ M
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5 3.1.9-4

«

U-233

U-234

U-235

U-236

U-238

Np-237

Pu-238

Pu-239

Pu-240

Pu-241

Pu-242

Am-241

Am-242

Am-242m

Am-243

Cm-242

Cm-243

Cm-244

Cm-245

Cm-246

^ I J I ^ (kg)

BOC

0.2144E-02

0.9166E+01

0.3203E+01

0.3949E+01

0.9675E+03

0.7585E+02

0.1456E+03

0.8774E+03

0.1299E+04

0.2797E+03

0.3898E+03

0.1049E+03

0.7905E-01

0.9818E+01

0.1191E+03

0.8502E+01

0.1090E+01

0.1142E+03

0.3564E+02

0.3084E+02

EOC

0.1902E-02

0.9215E+01

0.3121E+01

0.3986E+01

0.9516E+03

0.6977E+02

0.1432E+03

0.8082E+03

0.1270E+04

0.2674E+03

0.3845E+03

0.1010E+03

0.7898E-01

0.9773E+01

0.1182E+03

0.8498E+01

0.1081E+01

0.1142E+03

0.3571E+02

0.3072E+02

-0.0002

+0.039

-0.082

+0.037

-15.9

-6.08

-2.40

-69.2

-29.0

-12.3

-5.3

-3.9

-0.0001

-0.045

-0.9

-0.004

-0.009

0.0

+0.07

-0.12

- 87 -



.231
'• f & . ' o -yy', t 3 1 5

•': 03 * \ "" 1.066
Fresh Fuel

3.1.9-2 S! L(4), M(4), H(6))

"resh Fuel

3.1.9-3 , M(6),
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Fresh Fuel

3.1.9-4 : L(2), M(1), H(2))

3.1.9-5 20^71 : L(3), M(2), H(3))
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10. HYPER

7\. ^SL Q

A 1 -̂̂ 1(1997 - 2000) "S^-S. TRU ^ ^ £ 1 ^ 1 - (Tc-99, 1-129)
HYPERS hL$ 7fl^ ^-^

TRU ° d i

(l)

fe TRU

ofl
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tflsfl Pb-Bi tfltb

£711

(2) aflafl

o i l - tiV^-

31

(3)

keff=0.95-0.

$14.

k-eff
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(4)

1̂̂ 1-711 ^-§-^4. 42H

(5) TRU ^ i £

HYPERS TRU ̂  ^ ^ r ^ ^ ^ l - ^ *J1^$ ^n} 4 ^ 2 }

TRU

(6)

. TRU ^

^ ^5|]tfH.5l ^ i ^ - g - E l - M^ 7̂11
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«l-fe 71

(7) Tc-99, 1-129

oj^o] nfl

Tc-99, 1-1293 3

Tc-99, 1-129̂ 1

(8)

47}
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HYPER *A°ATL ^Tfl^ &*i HYPERi 3 W 2H

HYPER

MACSIS-H

£°J DIMAC 2 E |

^ ^ 1 ^ - HYPER

HYPER « ^ S 7fl^-i: ^ ^ * } ^ J l HYPER

7\.
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«ISSH|*oj*KdS

b|ag32!
r

i| 7|.g3c| S!
11 SU

gjg. sen

3.2.1-1

Scales

ScaleS

Scales

-, 2) 3) 4) • % - • % •

3.2.1-2^
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2 3

0\% 2 3

i 22

J 3.2.1-2

UIS

Swelling

tfe1 331

On-line Fueling

ZL

AA 1— Vs

^-0-7]- Si4. a 3.2.1-1^

°A a 3.2.1-25}

471 20%, 50%, 30%^] 7^x11 - ^ - ^ j i zv

3.2.1-3^ ^ ^ ^
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°f| -i- °fl,

3.2.1-1 1.2.
I o

Fuel

Type

Oxide

Carbide

(*)

Metal

Cost

Component

Processing

Waste Disposal

Inventory

Shipping

1% loss

Total

Processing

Waste Disposal

Inventory

Shipping

1 % loss

Total

Processing

Waste Disposal

Inventory

Shipping

1% loss

Total

Close-couple lOOOMWe Plants

Aqueous

0.53

0.15

0.17

-

0.016

0.87

0.62

0.1S

0.17

0.016

0.96

0.59

0.15

0.17

0.016

0.93

Volatility

0.35

O.09

0.12

0.016

0.58

0.43

0.09

0.12

0.016

0.66

0.39

0.09

0.12

0.016

0.62

Pyrochem

0.44

0.09

0.12

0.016

0.67

0.46

0.09

0.12

-

0.016

0.69

0.29

0.06

0.12

-

0.016

0.49

Close-coi

Aqueous

0.29

o.n
0.11

0.016

0.54

0.33

0.12

0.11

-

0.016

0.58

0.32

0.12

0.11

-

0.016

0.57

pled 3000M\Ve Plants

Volatility

0.21

0.08

0.06

0.016

0.37

0.26

0.08

0.06

-

0.016

0.42

0.24

0.08

0.06

-

0.016

0.40

Pyrochem

0.25

0.08

0.06

0.016

0.41

0.26

0.08

0.06

-

0.016

0.42

0.17

0.05

0.06

-

0.016

0.30

Central 10,000 MWe Plants

Aqueous

0.16

0.10

0.109

0.050

0.016

0.44

0.19

0.10

0.109

0.050

0.016

0.46

0.18

0.10

0.109

0.050

0.016

0.46

Volatility

0.14

0.08

0.079

0.066

0.016

0.38

0.17

0.08

0.079

0.066

0.016

0.41

0.15

0.08

0.079

0.066

0.016

0.39

Pyroehem.

0.18

0.07

0.079

0.071

0.016

0.42

0.19

0.07

0.079

0.071

0.016

0.43

0.12

0.05

0.079

0.071

0.016

0.34

• Data from ANL-7137
• Cost(Nitride/Carbide)=~0.818/0.750 [BNWL -606]
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5 3.2.1-2

-8-8-^

^ £

AfjIAl

(SUS)

ajejs-

%%<>) 9l£

£(0.2W/cm
K) J
^ ^ -§-^
(1426K)

1-2%7>^1

20at%4^1

(14.23g/cc)

"11-f fe^l

1- -fMt- ̂

"a o -1! M n

l000K°fl^1

a)-e)-̂ i ^ :E

7dAix^o1i

"11* ^̂t

(0.03W/cm K)

fe^ -§-3(3150K)

24at%4^1

^^^°J5L7>

(9.66g/cc)

SoftD-

«]-8-°l ̂ 71-

(N-15^^4^°l

(0.2W/cm K)

•8-^(3050K)
Fission Gas°l-§-°l

sâ . new

7ltfl^

f'-g"^^£7f

(13.35g/cc)

^ - ^ ^

•8--S-3

•^ O.OlW/cmK
(•i-31-1- <§)

^ - ^ r ^ ^ -B-el
£ . * ^ 900K

S|-^ ^ -^ S3J-

•8-«fl£ofl ^l«Ui

^ si- -§-§-°jsi
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Contributions to Selecting a Nuclear Fuel from Level:Level 3
0.E1

Criteri
• Cost

• Processing Tech.

• Cost

• Technnical Maturity

• Nuclear Properties

• Safety

• Others

Metal Molten Salt Oxide Nitride

i 3.2.1-3
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2.

HYPER fl^ ^

(inter-metallic,

°^^°1] &<>H, ^ 7flfi] ^ j t ^ i 33171]

^ , 1697fl ^

^ ^ 71]

HYPER i r ^ ^ ^

6.^[2.2],

o]

^ 'd "MI ' b ~5~~s. îi -*-i u r - 2 - ' c , TRLJ—Zr ^ o

Zr 7l*liflofl -g-^t^l ^1 (TRU-Zr)-Zr ^ ^ t ^ c,

HYPERS].
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(1)

(7» 3,7} HYPER l-^

HYPER 271 i r ^ ^ H H ^ TRU

°H1 4 # HYPER 1:

45wt%TRU-55wt%2r "t^-

3317H71-

.1]fe a 3.2.2-1^ ^ : 4 . 3. 3.2.2-14 £ £

1200mm5L

i NaS.

HYPER 1-

HYPER-g- S ^

^ HYPER

HYPER
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3T
\ F

O

o

o

o

o

o

o

o

o

o

o

o

o

o

3.2.2-1 2.7\ HYPER M^^! il

Cz\ S Al AV ̂ L S . Ĵl 1-H

Ô  S Al ÎJ ^ - Al j§}- ^ - ^j | "L̂  X) 7^

^S-4] ^°1
-g- ^-^4711
-g- B)-i=fTT]-7B ^ key w a y

#5.̂ - * °̂1

C^ _^, 3i] ^- ^ } - ^f- ^ ] |

o^ S^Al 3̂*1 JsL y^ ^$V

?!S--o- pitch

P/D

ŝ  ^£^-(3317H#) oilul *l-fi

1̂ €
45wt%TRU-55wt%Zr

30 mm

3.33 mm
4.902 mm

300 mm
20 mm

30 mm
380 mm

HT-9
0.51 mm

Pb-Bi ^ ^ S
6.68 mm

10.02 mm
1.5

3.2.2-2^ ^ 9

Na gap4 smear

density*

^E.ifl<ill 3317T] ^ £ 1697H 1̂ Ir

^ 1 ^ # £#§1-514. 3317^ I r^^ l

fe a 3.2.2-2, 169711 £1 Ir

S. 3.2.2-34
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Top End Cap

Gas Plenum —

Shielding

Bottom End Cap —

Top End Cap —

Gas Plenum

— Cladding Tube

Fuel Slug

Bottom End Cap

Key Way

(b)

Cladding Tube

Fuel Slug

Key Way

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

Nagap

(a) th

3.2.2-2

(b)
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3.2.2-2 HYPER M (331 ?H o=j|

o ois^l^.^

o °±SL& n # in -

o £ &E.H^H
o °j£*J &Y #a||y*
o O^SAJ zjO |

o # § ^ x ^ i |
o # 3|-ti-n^H §J kevway
o gs^- # Sio|
o °±&^ sjg
O Oi^.Sl-S-31 ^77||

o oi^-g- a|5j^
o ?d^.# pitch
o P/D

ta a o

50wt%TRU

-50wt%Zr
HT-9

Na &S ^ S

20 mm
1440 mm
1200 mm
600 mm
30 mm

3290 mm
5.0 mm

0.68 mm
6.7 mm

10.05 mm
1.5

45wt%(TRU-10Zr)

-55wt%Zr
HT-9

engineering gap (0.1mm)

^ ^ Na £S! ^ ^
20 mm

600 mm
1200 mm
600 mm
30 mm

2450 mm
5.14 mm
0.68 mm
6.7 mm

10.05 mm
1.5

sodium filler height

S. 3.2.2-3 HYPER M

o oj^n|-e-JH

O ?jS.Aj iJ -g- a i h

o # l̂-Y Î-̂ l
o # §|-EhQ|.7i| gJ keyway

O ?^Al Aj^

o ? j ^ 3 i | ^ ^ ^ ^ |
o oj^.-g- a|x]^
o oj^.-i- pitch
o P/D

50wt%TRU

-50wt%Zr
HT-9

Na &S ^ S

20 mm
1440 mm
1200 mm
600 mm
30 mm

3290 mm
7.4 mm

0.68 mm
9.038 mm
13.56 mm

1.5

45wt%(TRU-10Zr)

-55wt%Zr
HT-9

engineering gap (0.1mm)

^ ^ Na £ S ^
20 mm

600 mm
1200 mm
600 mm
30 mm

2450 mm
7.48 mm
0.68 mm

9.038 mm
13.56 mm

1.5

sodium filler height
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(3)

^%^-H(3317^)^1 tfltb

i i r n ^ 3.2.2-4(a)4

(4)

3.2.2-5, 3.2.2-4(b)4

3.2.2-34

r̂ a 3.2.2-44

3.2.2-4 M

Rod triangular pitch (mm)
Number of Pins per Assembly
Channel Tube Material
Gap Distance between Assembly (mm)

Assembly Lattice Pitch (mm)
Overall Assembly Length (mm)

Upper Nozzle & Handling Socket (mm)
Elongation Allowance (mm)
Fuel Rod (mm)

Top End Cap (mm)

Plenum (mm)

Fuel Slug (mm)
Shielding (mm)
Bottom End Cap & Keyway(mm)

Bottom Nozzle (mm)

10.05
331

HT9

4.0
199.6

3660

50
270

3290

20
1440

1200

600
30

50

£ ^
10.05

331

HT9
4.0

199.6
2820

50
270

2450
20

600

1200
600
30
50
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Upper Nozzle &
Handling Socket

Elongation Allowance

Top End Cap i

Plenum

I •

Fuel Slug

Shielding and F u e | R o d

Bottom End C r i

Bottom Nozzle

Spacer
Grid

Mounting
Rail

J 3.2.2-3 HYPER M<
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- 801 -

fc-iaB wH^69l P-ZZ£ fen

mm 9"66I

01

qo^ij u y

QO "Id

01

UIUI go'OI :

mm 99'9 : dl

UIUI gg-g ; Q O ui

lOOOOOOOOOOi
IOOOOOOOOOOO"

'OOOOOOOOOOOO'
iOOOOOOOOOOOOOO\

/OOOOOOOOOOOOOOO'
fOOOOOOOOOOOOOOO<

>ooooooooooooooooo\
/OOOOOOOOOOOOOOOOOO i
i OOOOOOOOOOOOOOOOOO*

•OOOOOOOOOOOOOOOOOOO"
/OOOOOOOOOOOOOOOOOOOOO"

<o ooooooooooooooooooooo*
"OOOOOOOOOOOOOOOOOOOOO/

• oooooooooooooooooooo/
lOOOOOOOOOOOOOOOOOOO/
IOOOOOOOOOOOOOOOOOI
lOOOOOOOOOOOOOOOOl
(O OOOOOOOOOOOOOOO/
(OOOOOOOOOOOOOOO/

\o oooooooooooooo/
IOOOOOOQOOOOOO/
lOOOOOOOOOOOi
i O O O O O O O O O O i



3.2.2-5 M

Rod triangular pitch (mm)

Number of Pins per Assembly

Channel Tube Material

Gap Distance between Assembly (mm)

Assembly Lattice Pitch (mm)

Overall Assembly Length (mm)
Upper Nozzle & Handling Socket (mm)
Elongation Allowance (mm)

Fuel Rod (mm)
Top End Cap (mm)

Plenum (mm)
Fuel Slug (mm)
Shielding (mm)
Bottom End Cap & Key way (mm)

Bottom Nozzle (mm)

13.56

169

HT9
4.0

199.6

3660
50

270
3290

20
1440
1200
600
30
50

13.56

169

HT9

4.0

199.6

2820
50

270
2450

20

600
1200
600
30
50

M-. HYPER 1-

HYPER-g- l-

HYPER ^

^ H , key way7]-

QA
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(1) 7)^ ^ 2 : 3 iL# S ^

HYPERS ^ t f & ^ ^ s ] ^ ^ i M f - ^ 71^^ >î IA?14 7)

(2) ^ ^ ]

HYPERS

20°i\!?} ANL(Argonne National Laboratory) ̂ 1̂ 1 Zr, U, Pu

71 ^3S^>g.fe u ^ ^ Pu

]H., Minor Actinide)!: ^^-§>M-, MA-Zr

thermo-physical ^ - ^ i tfl*V A]-§- 7}^-*b ^ ^ ^

^-^°1 plutonium^ 4 ^ 4 ^ 4 ^ - ^ £ ^ 1 7M^5L o}6\]

> ^ ^ ^ 4, 5, 6

T R U Aj^ol^ 7

(1)

44.5wt%Pb-55.5wt%Bi

^ 125 °C

: °4 1670 °C
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10 g/cm3 at 500 °C

: Na^ 1/4 afl ^ £

= 0.0327 +1.2539 x 10~4T

HT-9

kc = 17.622+2.428 xl0"2T-1.696xi0"5T2 For T < 1050 K

kc = 12.027+1.218 X1O"2T For T > 1050 K

, kc = W/mK, T = K

aL =10.3xi

^7}^, 0 < T < 800(T =

3 ^ S ^-^ : 2 : 4 ^ ^ H ; | a o | f-^s.^, ^AfaL^iSf 0.5

Tm (melting temp.) ^^Hl^ 4 ^ 4 ^ t ^ 3 2 ] i 7 } $i4.

e\ ^-f, ^ 4 3.51 H^r 600 °C°1§|- i>Hfe ^£°fl 4 ^

t i 4 . US] 4 600

4.

^ - f 550°C

H SS(stainless s t e e D ^ ^ S 7&^A 7o>44, a 3.2.2-6^ 4 4

\+ 4 4 ^°1 600 °C ^l^

(2) TRU ̂ ^ o ] ^ 7]^ ^A

1̂ TRU ̂ ^ ^ I f - ^ ^ g - ^ ^ -S- l̂-^ ^S . 2.^- 4
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TRU

S. 3.2.2-6

-g- H>71

(MPa)

C7y

(MPa)

£t

(%)

20 °C
375 °C

450 r
600 °C

650 °C
20 °C

375 °C
450 V
600 °C
650 °C

20 °C
375 °C
450 °C
600 °C
650 °C

HT9

725
501
415
304
242
604
493
346
281
223
9.97
10.02
10.09
10.51
10.86

OX16H15M3B

550
380
-

360
340

-
160
-
-
-

35*
20*

-
24*
25*

<?u : ultimate strength,

<yy • 0.2% yield strength

£ t : total elongation

* : uniform relative elongation

TRU

3.2.2-5°fl

; a s ] ! Zr

^ £ ^ r 800 - 900 K

iLo]c}7l- 900 - 1020 K

Pu4

Am, Nd, Ce

1020 K

^ 900 K
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O Oil

jo, 5

, - ^ TiV CD.

£ * * 8

CO

I

u

hh
No
en
rfo
hn

r|m
oi
flu

ofn

N)

3

wt%ofNp) (wt%ofPu,Zr)
to CO

O i l -

1

^ '

•
•
*

• 0

• o
• 0

• o
• o
• 0

• 0
* 0

• o
• c
• o
• o

* o
• o
• 0

• •>

• 0

0

o
0 °

• 0
• 0

• o
• 0

• 0

• o •
• 0

• o
: s• o• o

• o
* °

• 0

• 0

• 0

• 0

• o
• 0

• 0
• •

+1 1

+
4
*•

+

4

*

*

+

*

4-

to
owt%ofPu)

o &
wt%ofU)

( W t '

8 °|fi
* rlo

J2,

&

>\l o

.oil

J? f



3. ^ « M - £•*!

14^5] Fe ^ £

-

TRU t ^ ^ S . ^ ^ ^ - A ^ ^ Pu* 7}¥r<L£- §M Np, Am, Cm ^^

$.±2. ^7}^ ZrA^ 7V ŝfl -gr ^ $14. 4-5}^ %VJ1^?1 [2.4]̂ 1 7]

«}5f ^c>l, TRU *5|<*l£.s] ^^^-^1 Pu4 4 4 ^ HT95] ^ ^ ^ - ^

<>1 €^1 AJ-Efl5.°ll e\t% ^•^^r-S-^r ^ - ^ ^ J l , Pu-Zr, Pu-Am ^

Pu-Np ^-EflS.* ^ : ^ § H Pu-Fe ^ a t - g - i ^ r a j ^ ^ ^ ^ - n] ̂  ^ ^

TRU-Zr/HT9^ ^ a}-g~i-

l̂ ^Bflsfe- n ^ 3.2.3-13]-

1538°CS t.fl-f ^ 4 . i ^ i j Pu-Fe^ o ] ^ ^ ^ Fe2Pu4

L - / o-Pu + FePu6

3 wt% Fe^H ^ ^ 4 - , : - 410T;s] ^-^aV-g-^: p u ^-^q^S-sq- Fe
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Alomic Percent Plutonium
10 20 30 40 SO SO 70 SO 100

01
Q.

B

100
0 10

Fe
20 30 40 SO M 70

Weight Percent Plutonium
100
Pu

3.2.3-1 Pu-Fe

Atomic Percent Zirconium
2000

O 10 20 30 40 60 70

Pu
40 SO 60 70

Weight Percent Zirconium

ae3°c

too

Zr

3.2.3-2 Pu-Zr
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Pu-Zr °13l2fl ^ ^ ^ H.& 3.2.3-2^

£ -g-^4 7j-xl^, 267-640 °C £-5L*£^HH 5 -Pu

°1AJ-^ ^ - £ i ^ £-Pu ^ # ^ S M ^ M . sfl^E. 7>^-^£ Jf^<y 38

0~618°C £ H ^ $ H * i ^ 45~75wt%Zr ^ ^ ^ TRU *A°A£.% 8 -

Pu ^-^sjj ois.oil Zr^l ^7}^r Pu

7}z\^t\. 4 ^ Pu-Fe ^

Pu-Am ol^^l ^ E } ] S . ^ n ^ 3.2.3-34 7
E

V4. A m f -g-

3.2.3-34 ^6] ^ I - O ] P u o j ^ ^ ^ ^ - S ^ ^ ^ A - ] si-^-Al^lcf. Am

fe Pu tl-§-^ -g-^^

Am f

5-Pu ^ ^ £-Pu #•§•

Pu-Fe ^ - ^ ^ - 8 - ^ : ^ ^ 1 A ] ? 1 ^ c-fl

^1^> Am-Fe ^r-g-^1 ^

§1-711 q-n]- ^^AlfJ ^jo_

$ 4 . ziElul Np

^r 540°C
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Atomic Percent Plutonium

n7e*c

1077»C

soo-

400-

20 30 40
—f—

50 60 70
- 4 —

{<tPu)+—
B4|

Am
30 40 50 80 70

Weight Percent Plutonium

840*C

4»3*C

3 2 0 ^

215*C

iss'c

too
Pu

3.2.3-3 Pu-Am

Atomic Percent Plutonium
30 40 90 80 70

S4CTC

0

Np
30 40 90 60 70

Weight Percent Plutonium
so 100

Pu

3.2.3-4 Pu-Np
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Pu-Fe^l ^ - g - ^ ^ ^ O t ^ l ^ ^ , Zr, Amf Pu-Fe

^ 3 : 4 * 7}x}$= ^ ^ 1 Npfe Pu-Fe ^-^^r-e-^:

•̂«1 Zr°l ^^^r-g-^: ^^1^1-fe- 3:47} 3.71 nfl^i TRU-Zr ^-^-^

^r 6OO°CiL4 M4 4^£ $1431 ANL ^ § - 7 } ! ; ^ ^t\ji

-^ U-19Pu-10Zr^ ^-g-^^: 780°C^l^, Pu^ *>

U-26Pu-10Zr ^ S ^ r ^ - § - ^ ^ 650°CS. 4 4 4

$I4[2.6]. 4-eM 3 ^ 7 ] ] t ^ l 4 TRU-Zr ^^-

TRU-Zr

TRU-Zr

410°C~650°C^ ^ ^ - ^ ^ ^ 4 4 ^ ,

3171 nfl-g-ofl TRU-Zr/HT-9 ^ - ^ - ^ ^ ^ - i : HYPER
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Stb HYPER

1-J1 HYPER 1:

R&D f - ^ 1 - 5 1 # ^ ^ roadmap-fr l

7>. i - ^ 3 1 ^ 3 . ^ ^ option S i # ^

(1) 1

HYPERS l - ^
4 . o]6\)v^^- i$=-i% o^S. Aj^w-Aq-I- ^t}<^ MACSIS-H 2 £

JL 3XSLV], «-A>^ ^ s . ^ ^ ^ ^ ^ ^ § > ^ DIMAC 3 S 7 } 7]]

4[2.8,2.9]. *}*]# HYPERS- ^ ^ ^ . f e

TRU # ^ ^
s . ^ ^ . T R U

^^ d\ t^ ^}^ 1 4 4 MACSIS-H

DIMAC 3 ^ 4
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Pu-Zr E-£. U-Zr

U-Zr

Pu-Zr th§-°fl

1^ a 3.2.4-14

3.2.4-1 U-Zr (W/mK)

Temp, K

293

373

473

573

673

773

873

973

1073

1173

Uranium

27.0

29.1

31.1

33.4

35.8

38.2

40.6

43.2

45.7

48.3

U-1.5wt%Zr

22.6

24.0

26.0

28.5

31.0

34.0

37.0

40.5

44.5

no data

U-5wt%Zr

19.0

21.0

23.0

25.0

28.0

31.0

34.0

37.0

41.0

44.0

U-20wt%Zr

11.0

13.0

15.0

17.0

20.0

22.0

25.0

28.0

31.0

34.0

U-40wt%Zr

7.0

8.0

10.0

12.0

14.0

17.0

20.0

24.0

28.0

33.0

5 ^ £

[2.11]. a Pu^l

15.4

U, U-20wt%Zr, Pu-lwt%Al,

[2.11,2.12].

3.2.4-1^
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50

I 40

~ 30
c
o
O
75 2 0
E

F 10

200

. - • • "
. . • * •

. . - • - •

...-A"

. . - • - - - U

a - U-20Zr

A Pu-1AI

—e—Pu-28Zr

A

500 800

Temp.(K)

1100

3.2.4-1 U, U-20wt%Zr, Pu-1wt%AI, Pu-28wt%Zr£|

Pu-lAl < I ^ £ £ ^ a]

t ^ S ^ ^ r ^^1 U-Zr

rf. 4 ^ s 3.2.4-H

!•# Pu-Zr ̂ -

27/9.5=0.351^

U-Zr 0.351# ^ M °1

3.2.4-2 | ^ (W/mK)

Temp, K

293

373

473

573

673

773

873

973

Plutonium

9.5

10.2

10.9

11.7

12.6

13.4

14.3

15.2

Pu-1.5Zr

7.9

8.4

9.1

10.0

10.9

11.9

13.0

14.2

Pu-5Zr

6.7

7.4

8.1

8.8

9.8

10.9

11.9

13.0

Pu-20Zr

3.9

4.6

5.3

6.0

7.0

7.7

8.8

9.8

Pu-40Zr

2.5

2.8

3.5

4.2

4.9

6.0

7.0

8.4
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U-Zr ^ " ^ H ^ U°l
, Zr ^-^^1 ^ 50wt%

Pu-Zr t ^ !# :££ Mfe 33- 3 ^ M ^ H ? } 0 ^ 4

1^ Pu-Zr ^ 3 <i#5L£ ^47} U-Zr

f n i | S tq-&4ji 7|-^t!:4. # Pu-Zr^^-S. Zr

, Zr

ZriL

P u _ Z r

3.2.4-2^]

S 3.2.4-25] Ef)o]Ei» 4 ^

(3.2.4-1)4

pu-zr = 7.488 + 3.43x10"3T - 32.53Xzr + 4.33x10"

<vY - (7.843x10"4)TXzr (3.2.4-1)

=] (3.2.4-D-l- °)-§-§r°i Pu-Zr th^^l Z r ^ - ^ i 4 ^ «i^£.£ .*• 4

3 n ^ 3.2.4-24 £cf. 3L^ 3.2.4-2°fl $31 fe ̂ t € ^ AI (3.2.4-I) 4

Zr ^ - M nfl-f

44^1 ^ f̂l HYPER4-
TRU-(10-50)wt%Zr°l7l x$^o\) *\ (3.2.4-D^r

}. °H 4 4 ^-^"^ ° d ^ ^ ¥ ^ ^ ! SiE.<y MACSIS-Hi 4(3.2.4-1)
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25

20

•a 15
u
3
•o
o 10
o
15
§ 5
c

0.2

3.2.4-2

0.4 0.6

Weight Fraction Zr

U=o|| r4=. Pu-Zr 1

0.8

• 298 K

. 373K

473 K

573K

x 673K

• 773K

• 873K

- 973K

298Kfit
573K fit
973K fit

n - DIMAC 5LH

-& Bruggeman ^ ^ ^ - i : °l-g-«H -n

TRU-50Zr

MACSIS-H

TRU

^ ^ (TRU-20Zr)-Zr

DIMACi ^ ^ l ^ H

3.2.4-34 ^q-. S£?!:

Heating 7.2 S ^ s ]

3.2.4-3^1 ̂  DIMAC -&£.

^ ^ (U-10Pu-20Zr)-Zr

Zr-

Zr

- 123 -



1000 <

Q.

—& TRU-50Zf metal (lin. pow. 21.6)

••%'•• (U-1OPu-2OZr)-Zr dispersion (lin.pow.21 .6)

- £ > — (TRU-20Zr)-Zi dispersion, (linear pow. 21.6)

• Verification By HEAT1NG5IU-1 0Pu-2OZr/7_r>

Radius(mm)

3.2.4-3 M 5J S ^ g (at BOL)

(4) -s.
3.2.4-4^ <d#

. Pu-Zr

1600K

60kW/m

1 6 0 0 (-•

1400

1200

1000

800

600

400

200

0 l

0

3.2.4-4

13

-Pu-50Zr Metal at coolant temp. 823K

(Pu-20Zr)-Zr dispersion at coolant temp. 823K

20 30 40 50

linear heat rate(kW/m)

60 70

O| - A I S ^ (at B O L )
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Zr ^

3.2.4-5^ Zr

7}

10%°J

50%^ ^ - f i ^ r ^ 330K5L, Zr

SI4.

-*—"45TPu'-ibZrj-55Zr'
..... 50(Pu-10Zr)-50Zr
-e—Pu-10Zr

Pu-50Zr

— A — 45(Pu-50Zr)-55Zr
• ••o. • 50(Pu-50Zr)-50Zr
—*— Pu-30Zr

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)

\ 3.2.4-5 Zr

(at BOD

(2) ^5-^H

3L^ 3.2.4-6, 3.2.4-7^ U3Si, UO2, TRU-Zr

zircaloy-4, stainless steel, Al 7l*]t-

Zr,

UsSi-Al, UAlx-Al, UO2-SS, UO2-Zr ^

^l1?}, TRU-Zr -^^>^ ^ 1 1 tfl*

U-15Pu-10Zr ^-^-sf p u ^
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4 ^

= E . ff(T t

7}1£JE, T o ^ 4 ^ ° 1 4 . =L% 3.2.4-6i

UsSi-Al, UO-2-SS304, UO2-Zr ^ r ^ ^ ^S-^ - f^? t

4 4 V ^ ^ ^ S 4 ^ £ t ^ ^ - ^ I ^ * 5̂ 7] ufl^olc)-. TRU-Zr &%% °A

i S Zr 714^.4 c] ^SLBS. Zr7]

7j-^^o] o|4_ (TRU-Zr)-Zr £ #

o] 4 <gS

^£7}- 71

^"4 PU <I^^- ^1^71- <H -̂ ^ £ ^ ^ H l ^ i 71

ZriL4 fe^-

3.2.4-7^ 4
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60 -i

£50-
a
E 40-

§20
ax

0 -

g-10--10

-20-

200

y - Y

*-->-£. 1—-%—

.. A' •
. - A •

T T

U,Si
Al
Zr
U
Zircaloy4
Pu
U-15Pu-10Zr
SS304
UO.

A--A

A - . - A - A

4 0 0 600 800

Temperature(K)
1000 1200

3.2.4-6 0 0

600

550

500

450

2350-

"1300

£250

1 2 0 0 .
^ 1 5 0

100

50

0

"Y.

•
•
A

T

AH 100
Zr30
HT9
Zircaloy-4
SS304

- | 1 1 . ! 1 1 , ^—
0 100 200 300 400

TemperaturefC)
500 600

3.2.4-7 Yield Strength o|J2
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option £ # ^ r

option

-g-^ A trade-off study*

option^ ^ - ^ ^ -̂Bflfe- °\^7] ^ ^ i , trade-off study

ANL-W # 4

3.2.4-34 ^o l

(1)

71 # ^Al * H * H 7 1 ^ ^ - 6l-g-*M^>, Zr

Eflo]7] nfl^ol] o}6\) cfl*> ^ 1 2 7 1 ^

TRU-Zr4 -fi-4tb U-Pu-Zr tl-g-^

&O^£. 712. DB7>

DB7V ^

(2) T^^Aj PJ

^ ^ 1 ^ i«1^7l-^r KALIMER ^ IFRi tflsflA^ oj|
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}*} A

* }L°]7] «H ô]l ^ | ^ tiling ^ f i g ^ r r <H3& ^ c H 4 - ^1> *-!}<?!

(3) HYPER l-

TRU-Zr ^-^-51 o ^ t v ^ 7 ^ <a^ ^ Zr 7M ^ 3 : 7l

^ Am

(4) HYPER l-^^l ^ S 7 l # R&D ^ RoadMap

® project management and administration,

(2) fuel material properties, © fabrication studies, ® code and model

development, © fuel feasibility irradiation test I(HANARO), (6) integral

fuel rod irradiation test II in fast flux (BOR-60), (7) demonstration of

fuel rod irradiation test III in fast flux (BOR-60), ® transient
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performance evaluation and demonstration, (D structural material of

core assembly f̂- A ^t^6^ tfl*]-^ 7]^}} ^m,

S. 3.2.4-3^11

HYPERS ^-g-°] 7]-^^: ^ ^ . S . ^^H]^cf. JE^ HYPER

^]f- 7]^7J11H1 4 ^ 7 1 ^ ^ §-^l^^r ^ - ^ ^ J l HYPER 1

# R&D ^ 1 - £ # « > J ! roadmap-i: 4 ^ ^ } $ ! ^ . S} ]̂1?} ^.

^^1 ^ S . option-!: Q^Q -#^7} ° H ^ ^ ^ 7>x] ^ f 1

]7l nfl-̂ -ofl ^ ^ o ^ g . o p t i o n £ ^ ^ . o^sflA^ ^^f^<y
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3. 3.2.4-3

71] iilfl

-^16^711
-15at% £

MA
-Am,

Am °1^, SUS a} s]
^ 3 § ^ ^

(g/cm3)
-12.36
-10.6 (75%)

45(TRU-10Zr)-55wt%Zr0^
:9.16
50(TRU-10Zr)-50wt%Zr

(K) -1373/2123

(Wcm'K"
- 0 . 5 0.1

LWR/PUREX
f l ^ ^ ^

21
-Zr7l ̂ 1̂ 1 3:713:71^

71
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5. t ^ H S i S - * ^ - J 2 H MACSIS-H 7fl^
^ T * F - ] 2 E 6 J MACSIS-H

MACSIS-H 3 I t 4-g-sH M*U l-^j^l £5- option °-

(1)

ANL4

gjfe- -g^olSS =̂̂ 1 ^^o]) ojgfl o]^ «i^JE£ £ | | -

HYPER ^°dfi^ a^y]7} 45wt%5] TRU(Pu)^- 55wt%^ ZrA

/c - 0.45/CPU + 0.55/czr - A + Bi*T + B2*T2. (3.2.5-1)

1^5.S-, Tfe K, /ct

A = 0.00532

Bl - 1.34031E-4

B2 - 3.54353E 8.
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(3.2.5-1)^ <^5i Pu

4 2)tfl 30% 1 4 i # s ] ^ 31M 33-<y£)&4. ^ M * l Zr

U-Zr^l ^-ffe 40wt%Zr4*lfe 1 ^ ^ ^ ^ #

5.5., TRU-(50-55)wt%Zr

£17] 7}

vity)#

§l-fe- gap^fl

^^14 . ^ £ 5 ^ 1 ^]^]^r 71 -̂fil < ^ § ^ 4-§- ^

[2.14,2.15].

-£*•= (l-P,) (3e /2) (3.2.5-3)

^ ANL

Gap

(3.2.5-4)4 7EVO1 4 4 ^ ^ §14.

1--
(3.2.5-4)

, 1.72 °14.
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100

0 10

Burnup(at°/$

15

3.2.5-2 Zr

20

TRU-50wt%Zr ^ TRU~55wt%Zr ?

*I^>3.H.g. tf| #«1-& 4 . ^ ^ # ^ 21.6 kW/m

o ~H 6 in v_ -J— "i— r JLo L/ I ^ , I ^cr

TRU-55wt%Zr ^ S . ^ ^ ^ ^ £ < y 747°Ci *]

-§-^ (1100-12501

TRU-55wt%ZrSl

TRU-50wt%Zr^]

MACSIS-H

i^-i TRU-50wt%Zr <$_£-

^ ^ 21.6

fl ^ 30°C ^ £

. TRU-50wt%Zr

TRU-55wt%Zri

TRU-(50-55)wt%Zr

- 135 -



TRU-50wt%Zr^l 3-f, <

(TRU~55wt%Zr4

^ ^ | 39i°c

385°C

(410-650°C)iL4

temperature)

S.^ 4 ^ - ^ ^ ^ s| cfl ^ - £ ^ 372 °C

(TRU-50wt%Zr4

«oT-

3.2.5-3^ TRU-50wt%Zr«j°d^:g-c>ll

±3i7} (1.58~4.45at.%Bu)i 89%

6 at.% BuJf^ 13.6 at.% Bu44 ^ 90

^ TRU-50wt%Zr

13.6 at% ^ ^ i £ . i

^ 553psig«

? > 4 ^ # ^ $14. ^ ^ J i ^ ^ 1.2

15.7at%i^1 1.35% ]̂ ^ ^ ^ - 1 : i ^ ] ^
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4.

2:71 HYPER

MACSIS-Hi

i) ^ ^ 1 ^"^-^ ^ ^ ^ i cfltb £rS.^S. ^1^V# ^-§-51 HEATING

SH[2.16,2.17]1- 4-§-*H ^ K L ^ } ^ ,

ii) °>-^si ^^^-Efl ^^^-^1 ^^>g J |7]-§- 2 £ ° J MACSIS-Hi

# HEATING

(1)

> Z

Hollow

T = Ti at r=ri (^^S.-S ^ ^ - ^ hollow

T = To at r=ro (^^fi^J s l^
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7"1 T — -=»
1 lo~ 4k v / °

1 In (r,/r0)

Hollow Cylinder $] ^ ^ ^ 4 ^S.7>

T1 $Acr. Hollow Cylinder

s 3.2.5-1^
3.2.5-2^ A AQ

(3.2.5-8)

a

3. 3.2.5-1

^ 4 ^ : ID/OD
^S.4] ID/OD

^ZJ-7]] I/O ^ : £ .

300 mm

9.24/10.34 mm

5.0/8.0 mm

20 kW/m

340/510 °C
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S. 3.2.5-2 -g-^l ol 04

(W/mK)

7.488+3.43X10 "T~32.53Xzr+4.33xi0 bTz+39.97Xzr-7.843 x 10 4TXzr

17.622+2.428X10 2T-1.696xl0 5T2

93-0.0581 (T-273.15)+1.173x 10 5(T-273.15)2

(2)

3L^ 3.2.5-5^1

MACSIS-HS

3 . ^ 3.2.5-6^

HEATING 3 £

HEATING 7.2 [2.16]

io°C

MACSIS-H

. P u - Z r

55% Zr
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650

600-

550-

O

2 500-
3

a>
| 450-1

h-

400-

350-

—•— Heating : bottom
—ss— Heating : middle
—A— Heating : top
—O— Macsis : bottom
— D — Macsis : middle
—A— Macsis: top

hollow (sodium) fuel gap clad coolant

0 1 2 3 4 5

Radius, mm

3.2.5-5 ^

MACSIS-H&F HEATING i E

(40% Zr

o°

700

680-

660-

640-

3
ro 620-
a3
Q.

600-

580-

560-

- Pu-0.4Zr
- Pu-0.55Zr

3.2.5-6

2 3 4

Radius, mm

^ s s | Zr
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(3)

TRU-50wt%Zr

<£±^7] (1.25~4.0at.% Bu)

88% tfl^o) ^ ^ ^ ^ ^ U-#^ i : J i ^ ^ , 16 at.% Bû -B^ 20 at.%

93 ^ 95 %£\ ^ ^ - € ^ ^ 1

TRU-50wt%Zr

-ir ^-f (plenum 2X)°1] tfl

4 . plenum 1X 1̂ ^-f 20 at%
1L>, plenum 2X4 ^-ffe- o l i 4 «^1 ^ " ^ 1154psig*ll

^LS. 4 4 ^ : 4 (45wt%TRU-55wt%Zr<?!S^ ^-f zj-z]- 20 at%

] 1615psig, 817 psig). 4 4 4 ^4 ^Q°} ##*1 3.71 nfl§-oji

^ 44^4.

^-^ 3.2.5-9i4fe- TRU-50wt%Zr <

4 ^-f(plenum 1X)4 ^ 4 ] § ^-4 nJ#

7}S. ^-^.^ ^-f(plenum 2XH] ^§f^

plenum 1X3 3-f 15at% °di£°ll

, 18at%°114 3%# 2 : 4 ^ 4 . plenum

2X3 3-Hr °ll:iL4 4 0.1%^£ 4 ^ 7 j o £ 4 4 \ + 4 .

x]
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6. ^

DIMAC (Dispersion Metallic fuel performance Analysis Code) 3.B.

DIMAC 3 £ r 37}X] £ 1 , ^ ^r£.^5. S.% ^ ^ S.1

iq-. on- 2.^^- ol-g-^H (TRU-Zr)-Zr ^

! SX^ UsSi-Al
TRU-Zr ^ ^ r ^ ^ S . ^ ^ ^ ^ r i °J ̂ =̂ r 1̂̂ 1

DIMAC

TRU

i r (TRU-Zr)-Zr ^

^5L 2571], 4 4 ^ £ 7 7 ^ ^ -4 ]^ ^-?}^S. M-^^^i, A
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3.2.6-14

0 Input Data
- T/H data
- Neutronic data
- Node numbers and Position
- material property

0 Boundary condition
- Cladding surface temp.

0 Heat generation rate

IDATA.
iteration loop

ol power

0 Finite difference form for
temp, distribution

- Temp, distribution for fuel rod
- Temp, distribution for cladding
- Temp, distribution for contact

point
- Temp, distribution for fuel

center

0 Call subroutine TDMA
- Tridiagonal matrix for

calculation of each temp, at
each node

0 check fuel melting Temp.

End

3.2.6-1 DIMAC

(1) £ |

Hashing

514C2.19]. Maxwell
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Maxwell-Euken y
o

>?3^H A"% &°1 *}•%•$ 5L &4[2.20]. °] ^ ^ 2

Maxwell y < H ^ £ ^ 4 * 1 ^ l a = ? I ^ ^ f - £ ] ^ ^ ^ cfl

l tio>^^]^ Bruggemani

. Bruggeman

(3.2.6-1)4

kc+2kf~ \-Vd 2kf+kd

J1, kd fe ^^°t]

(U-Mo)-Al ^ r ^ ^ ^ S . ^ ^ ^ i £ £ 7 f ANL ^ KAERMH

. ZL^ 3.2.6-2^ ANL^ KAERH^i # ^ t b ?t, Maxwell-Euken

^ Bruggeman y
o

v ^ ^ i : 6l-§-^ (U-Mo)-Al ^ - ^ ^ ^ ^ ^ 1 t

^°1 Maxwell-Euken

(U-Mo)-Al

2E°J DIMAC
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O In case of U-Mo/AI at 100C by Bruggeman's equation
O In case of KAERI U-Mo/AI 100C by measuring
* In case of KAERI U-Mo/AI 25C by measuring

/\ In case of ANL TP-2 Plate at 50C by measuring
+ In case of ANL TP-2 Plate at lOOC by measuring
• In case of U-Mo/AI at lOOC by Maxwell equation

3.2.6-2 Bruggeman

0.4 0.5 0.6

volume fraction (fuel)

Maxwell

0.7 0.8

(2)

1^515

3.2.6-34

(U-Pu-Zr)-Zr

(3.2.4-1)

^ U-Pu-Zr

(3.2.6-1)

(U-Pu-Zr)-Zr

(3)

§}$|6_^, zi

^ ^ 815K7]- ^ 4 ^

# DIMACi

^ 3.2.6-4^-

$14.

150K,
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J: 001

• 45\vt%(U-20wto'aPu-10wt%Zr)/55wt%Zr dispersion

il U-20wt%Pu-l0wt%Zr alloy

45wt%(Pu-20Zr)/55wt%Zr dispersion

Pu-20Zr alloy

x 45wt%(Pu-10Zr)/55wt%Zr dispersion

O Pu-IOZralloy

Temp. (K)

3.2.6-3

• PU-1 OZr/Zr at 21 6kW/mK
o PU-20Zr/Zrat2l.6kW/mK

innder cladding
cladding outer radius

(I OOE+IHI 5 (1KE-04 ] Of)E-l)3 I.5OE-O3 2.IIOE-O3 2.SOE-0.1

Radius (m)

?.50E-0.1 4 ODE-tl?

3.2.6-4
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4.

7}

37H

715.

TRUi tn^ ^ ^ 4 ^ - 7 > ^71

Pu-20Zr Al^

ofl TRU

3.2.6-5^ ^ ^ ^ 2 . 1 5 ] ^l-tlrSl- M-H}\£4. ^ ^ 3.2.6-6

cfl «-«--§-
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0 Input Data
- T/H data
- Neutronic data
- Node numbers and Position
- material property

0 Initialization Calculation
- Volume of Zr-matrix per unit

meat volume
- Volume of initial pore per unit

meat volume
- Fraction of matrix in fuel meat
- the volme of fuel particle etc.

I DATA.
iteralion loop

ol power
hisiory

0 Vol. change due to solid
fission product build up

- solid iission product build-up
- transformation to higher Zr

phase

0 Vol. change due to interfacial
layer formation

- low density product (interfacial
layer)

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

- gas atom production
- bubble nucleat. and growth

(multi-bubble)

End

3.2.6-5

fuel swelling for TRU at 613K
fuel swelling for U3Si at 413K

-- *—cladding strain for TRU at 61 3K
. . . & . . . cladding strain for U3Si at 41 3K

15 20

burnuD(at%)

3.2.6-6
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4.

3.2.6-7

3.2.6-8^ ^±^ 10at%,

(TRU-Zr)-Zr ^ (U3Si)-Al^ ^

4.

^ ^ 3.2.6-9^ ^ i £ 10at%, 2

^ ^ ^ # 4 4 \ S 4 . (TRU-Zr)-Zr

^ $1^-^, (TRU-Zr)-Zr4 ^-f 4 4 ^ 4 ^ H H 4 ^ 4 7]- 4 0.057mm

S^i <$ 3.5%4 ^ s | ^Sl-1- 44^14 . ^ £ i 4 (U3Si)-Al4 ^-f ^ ^ ^

^ £ 414K, 613K11 trfl ^o^^ 0.029mm, 0,053mm, ^ 4 ^ 3 ^ 1.834%,

3.228%!- 44^14 .

ZL^ 3.2.6-6^ 5£*> <£±5.o)} 4 ^ 45wt%(TRU-10Zr)-55wt%Zr4

30at% <?!i£.i^ 4^-?t ^ ^ ^ 4 3.2%

3.2.6-10-̂  ° d i £ i 4 ^ 45wt%(TRU-10Zr)-55wt%Zr4
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0 Input Data
- Temperature distribution
- Fuel swelling
- Node numbers and Position
- material property

Reassuming a radial stress at
center

0 Initialization Calculation
„ - Swelling strain rate
- Thermal strain rate

"' ' " . \
Assuming a radial stress at

center

Application of 8oundary
conditions at fuel center

0 Calculation for fuel meat
- Strain rate distribution
- Stress distribution

Application of boundary
condition at fuel meat-cladding

interface..,. _..

0 Calculation for cladding
- strain rate distribution
- stress distribution

Acceptance of convergence
criterion for stress

at;.c_l.addjng. s.u.rfa.ce..

Calculation of total strain
distribution

• - - - - - ^ - ; - - - ;

End

3.2.6-7

-Radial strain for TRU at 613K a • Hoop strain lor TRU al 613K

-Radial strain for U3Si al 413K • • a - - H o o p strain lor U3Si at 41 3K

swelling slrain for TRU at 613K

•swelling slrain for U3Si at 413K

" • •H -H- . .

- t 50E-0J i

-2 OCS-02 t
2 COE-CC

3.2.6-8 10at%,

(U3SO-AIS|

, (TRU-Zr)-Zr
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7.00E-05 r

6.00E-05

5.00E-05

4.00E-05

5

1.00E-05

O.OOE+00 H

—*—TRU at 61 3K
---ES--- U3Si at 61 3K
- - -A-- - U3Si at 41 3K

A- A

O.OOE+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

Distance from center(m)

3.2.6-9 10at%, 21.6kW/miJ

A ^ , ANL-W4

TRU-lOZr/Zr
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Hj^ HYPER

^ DIMAC

12 r

10

0 8

c

CO

CD

— • -

. m

•••A-

— •

— volume change

- - volume change

- - volume change

for TRU

for

for

U3S

U3S

at

at

at

61 3K

61 3K

413K

..A- • '

. . . •&

10 20 30
burnup(at%)

40 50 60

J 3.2.6-10 [-# 45wt%(TRU-10Zr)-55wt%ZrS|
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7. ^ * ) 1 ^ 2 : ^ 71

HYPER ii^oflfe-

KAFACON,

t f i ^ s H NUB0W2D-KM0D,

B.2] HYPER %% ^

7}. KAFACON ^ H q-%-7}^ ^ ^

KAFACON (KAlimer Fuel Assembly CONfiguration)

(array configuration)

l ^ ^ 1 , 3.7} H^JL tifl^^] q] *>

KAFACON 5i£L^r ^^1 3.7]$) a f l^s i - ^

KAFACON^ FORTRAN-77 language^ ^ # ^

UNIX ^ DOS ^ i t } i ^ ^sj3^3£S. §foa4. INPUT
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CONFIRM £.!•£ I H #<?} ° ^ ^ # SH1
SI4.

HEADING S-l-i^ife # ^ ^ f e 4 1 H postscript languages,

- E S ^?1B17> postscript ^ ^ «y- T
U 1^4 . ol«l] # ^ s ] i r wfliSliSl Hill:, ^ ^

ELEMENT S ^ i ^ i f e ^ ^ ^ ^ tii]<g^ 7 ] ^

^^S-^g-, ^r^^ll^lr ^^§}J1 postscript ^ i ^ A>-§-t ^fS

(Sub-routine)# ^ ^

DRAWING S-t-oiH^ ^ ^ ^ . ^ ^ ^ ^ 1 « n^\^ ELEMENT

OUTPUT S - l ^ i f e - postscript s

postscript st-Hlr postscript mode^l

KAFACON

KAFACON S^^r olsl-^o] ^^-^lafl^ ^-^ ^ ^ 4 ^ ^ *j. 7 |

fl^l H Solid

smear density ^f^f- gap S.'i
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/oooooooooooox
/OOOOOOOOOOOOOV
/OOOOOOOOOOOOOOX
/OOOOOOOOOOOOOO O\/ooooooooooooooo o\

/OOOOOOOOOOOOOOOOOX/ooooooooooooooooooV/oooooooooooooooooo o\
oooooooooooooooooooo
JOOOOOOOOOOOOOOOOOOOC
JOOOOOOOOOOOOOOOOOOOOC
>ooooooooooooooooooooo<
>oooooooooooooooooooo<
>ooooooooooooooooooo<
lOOOOOOOOOOOOOOOOOOf
lOOOOOOOOOOOOOOOOOf
\pooooooooooooooooc
xooooooooooooooooc
\ooooooooooooooo<\poooooooooooooc\o ooooooooooooo
«OOOOOOOOOOOf\ooooooooooo(

/OOOOOOOOOCK
/OOOOOOOOOOOx

/OOOOOOOOOOOOx
/OOOOOOOOOOOOO-,

/OOOOOOOOOOOOOO,
/OOOOOOOOOOOOOOOx

/OOOOOOOOOOOOOOOO',poooooooooooooooo
^QOOOOOOOOOOOOOOQ'
•OOOOOOOOOOOOOOQ'
'OOOOOOOOOOOOOO'

pOOOOOOOOOOOQ'
-OOOOOOOOOOOO7

'^OOOOOOOOOOO'
OOOOOOOOOG'
'000000000/

-g-(a) 331?fj-

3.2.7-1 KAFACONoll

(b)

-. NUB0W2D-KM0D 3 S

NUBOW2D-KMOD[2.22]^

^ SHojcf. NUB0W2D-KM0D^

inelastic [2.23] 2 H f 5-^:^.5.t!: KAERI^
HT9 7flS.s.^^. AVOI^ 1^ 7 ^ j . ^ £ l S > d i l a t i o n

NUB0W-2D

01

7-1

i : 1§Efl, ^ 7 1 ,
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NUB0W2D-KM0D^ 3.2]S- ^ ^ £ i ^ f t %-k 3 1 ^ ] - ^ 2

dimensional 5LHJ5L*|, 3 dimensional «l|^-s -TI'

NUBOW2D-KMOD

bulging

ttf5!- row averaged force, row averaged displacement,

pre-bowed shape •§-£] ^^f-l- ^ - i : ^ $ 1 ^ 4 , row-average value°lH.

S. ĵi=L£] 67fl ^°ll tfltl: ZT'ZT"^1 ^ S-°cJ^: ^ ^ § ^ r ^ ni—°1 -^-^ $\

NUBOW2D-KMODfe 2^>€ S C I (x-y) <>)E-3, ^ , ^^1

row-averaged 3A-5-3. sfl^fVr]-. o]xr)] ^ A } H . E ( S . ^ ^^r°ll ^Itl: -§

^Sf§l-S-S-, row-averaged

A1 NUB0W2D-KM0D^ ^-

S H I : ^ ^ inelastic coding module

^ debugging^ ^ - f -fi-§-*H, ^-«1 §11^ ^ ^ ^ 1 fflVSai £ f o ] ^

N U B O W 2 D - K M O D T T

HYPER ±$-£: target zone ^^<^1 2~37fl^ ^ ^ 7 > o

fe 7A°] Bl-^-Sl-HS. ojofl cfl*V 2 H ^ ^ i «!_a.Sl-7ll 514. ^ -^ 3.2.7-2

^-H, target zone ^ ^ l7fls. ^1 B̂  *VSI

2 H ^ ^ ^ n ^ 3.2.7-2^ 7Ev^ ^ ^ - ^ I ^ E ^ ^ ^ ^
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4000

1000

I
/ \

L

\
Target LLT'RU LTRU MTRU MTRU Safety HTRU Rellect Shield |

3.2.7-2 NUBOW2D-KMOD Î alt!- 1! (oil)

4.

A} a.el5.

- § - 7 ] - ^

it]] <£*$%

C] i f e|

A}o]oi]

71

( B D I ; bundle/duct interaction) °]e}

-S-

$171
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BDI «[#£: ^

, 4i>

deformation)

BDI ^Ao

ANSYS*

ifl BDI n^-§: f- ^ o i ^ ANSYS-BDI S.

SI4.

3 ^7 ] ^-o].6| 3.el H gfl^^; 7

NUB0W2D-KM0D 2 £ ^-^ ^

$14.

51^ 3 S ° J ANSYS1

S>JI $J4. SL«V <?!S.

wire wrap°l °V1d. space grid^l " ^ ^ - 1 : ^:rr oval deformation 3.

4. ^ ^ 3.2.7-3i^ ^-^f^°J BDI ^ ^ - i :
^ A ^ 377̂  ^ I L ^ i tfl*b BDI
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3.2.7-3 Static deflection of the 37 pin bundle for helical

loading(oil)

fe A

BDI * 1 # £•*}•§: ^ « f l A ^ q ^

NUB0W2D-KM0Di*l ^f- ^ $14.

l̂fe- KAFAC0N1- 4

BDI

-^H^l MACSIS-H ^ ^

DIM AC 5LF,% KAFACON^ll
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NUB0W2D-KM0D
(2 dimensional duct

bowing analysis)

Duct
Displacement

Duct and Core
Thermo-Mechanical

Analysis

BDI-KMOD
(3 Dimensional bundle to
duct Interation analysis)

Bundle-to-Duct
l n t e r a t i o n

Oval
Deformation

KAFACON-MOD1
(Fuel Array Analysis )

Fuel Assembly Array
A n a l y s i s

3.2.7-4

i £ KAFACON 5LH

NUB0W2D-KM0D 3 - § - 7 ^ ^ ,

-. KAFACON 5LB.±r

°-£- solid ^3]£] f

^ s ^ - i f e gap

. NUB0W2D-KM0D^r

=.5.>H target zonei tfl̂ V

^ ] . BDI

^ ^ . ^ space grid°11

-§-§]-
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l .

7]

ul

^Efl HYPER

71-.

^ oj-Hfl 3.3.1-1).

si

3 :

3.3.1-1

- 163 -



4.

(1)

(Fundamental Requirement)^-^

$14.
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71

9X7}

(2)

(General Requirement) °-

514.
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4.

£ s 3.3.1-H

3.3.1-1

(3) HI 57^.0]
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t-B-^fl ^

^ Prantle Number, Nusselt Number,

Peclet Number, Grashof Number -f-0]1^.

3.3.1-H

4.

SMART yc^-i- 6l-§-*>^4[3.1, 3.2].

3.3.1-2^

SAUT1- 1̂ -§-§>$!4.

^ 7111

SMARTi

A 7

7} ^

3.3.1-2 °
yJ-^^ a 3.3.1-2^1

&-§: 5 3.3.1-2*̂ 11
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3.3.1-2

3.3.1-2 SAUT#

i

2

3

4

4

3

2

1

-

-

-

-

03 0
HA D

a 0 M HH

-

-

-

-

(^w, %)
100

66.6

33.3

0
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3.3.1-3^4

3.3.1-3^

3.3.1-3

Wl\

1

2

3

4

5

6
7

8

2

0.667

0.333
-

-

-

-

-

-

3

0.545

0.273

0.182

-

-

-
-

-

4

0.48

0.24

0.16

0.12
-
-

-

-

5

0.438

0.219

0.146

0.109

0.088
-

-

-

6

0.408

0.204

0.136

0.102

0.082

0.068
-

-

7

0.386

0.193

0.129

0.096

0.077

0.064

0.055
-

8

0.368

0.184

0.123

0.092

0.074

0.061

0.053

0.045

...

...

SMART y
o ^ # 4

3.3.1-3

3.3.1-4^

4.
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3.3.1-4

f Na Na-K Pb Pb-Bi

71

1.1 1.1.1

1.2 1.2.1
1.3.2

1.2.2
1.3.3
1.2.3

1.2.4

1.3.1

Gr. vs. Nu

&•§•

4

3

4

ol _
A*.

3

4

2

1

4

1

2

4

1.4 1.4.1

1.4.2

3

2

2

4

4

3

#

2.1 2.1.1
1.2.5

2.1.2
2.1.3
1.4.3

vs.

3

3

4

3

2

1

2.3 2.3.1
1.2.5

2.4 2.4.1
2.3.2
2.4.2
2.3.3

2.5 2.5.2
2.5.1
1.3.4

2.2 2.2.1

12.2.2

4

2
3
1

2

3

1

4

95

; y>^^-S SMART

SMART ^ 1 ^ t t ^1^>^ Microsoft4^ Window

Criterium Decision Plus e } ^ 2 £ j ^ | . A>-g-

4[3.2]. 7j] t f |2}^ S 3.3.1-5i 4 E f ^ ^ 4 - £- 3.3.1-5^1

1̂ ^ ^ 1 ^ ^ $1S-°1 Pb-Bi7> 0.7476AS 7]-^- ̂ - J I

0.7051 $14. Na-K ^ Nafe- ^ ^ 0.29254 0.2804 £.<*]
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Pb-Bi7}

- Pb-Bife

3.3.1-5 7 h

^1 — 1 — 1 0

—1 0

Pb-Bi

0.3200

0.1473

0.0427

0.0073

0.1061

0.0649

0.0221

0.0242

0.0130

0.7476

Pb

0.3200

0.1331

0.0427

0.0290

0.0664

0.0568

0.0133

0.0242

0.0196

0.7051

Na-K

0.1066

0.0232

0.0000

0.0388

0.0707

0.0081

0.0265

0.0121

0.0065

0.2925

Na

0.1066

0.0127

0.0000

0.0752

0.0310

0.0163

0.0265

0.0121

0.0000

0.2804

-Bi7}

- Pb-Bife tb ^

4.

7H1"
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2. Pb-Bi

Pb-Bi #^*1 i tfltt 7li 45.7)- ^ § H Pb-Bi

7\. Pb-Bi

Pb-Bi

^r K)

: k(WlmK) = 6.8477 + 0.010169T

: CpUlkgK) - 159.6373-0.02387 T

Pb-Bi ^ £ : pikg/m3) = 11060.123-1.2159T

= 5.3728 xlO~3-8.92

1670°C.

M-. Pb-Bi

2|. ^o l l - tioljl ol

20-30% 4 ^ Nu ^r# M-^^c}^ ft4[3.3]. ( n ^ 3.3.2-1

^-^J^ Wetting4

3.3.2-2^- 7fcv

Pb-Bi
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4.

• I I I I I I • i - i i i i

H—-

100

-7S.I q q o_i

IOOO
PEC1.ET MODULUS,

10,000

qi

100

U
L
U

S
, 

h
D

/k

o

D
O

U J

N
U

S
S

1

— ' - • • • '••

- • • -

, 1 ;

» —
-

—f

1

-3
u

—
- iJ

i

-
j

1

3T1

(x/D

• WET

NON-
4 3/8"
o 1/2"
X 3/4'
+ 3/4"

.

1

1

> 30)

TING

WETTING:

R
S

50 100 1000 10,000 50.000

3.3.2-2 wettingoI

4.
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*J4
P b - B i •%•*§• 2] ^^^

K)

£11-

(3.3.2-D-

(1) 4

^ 91

4 . n ir Moody 7f 7^*!: Moody charts
5J 7]-̂ -ofl $X°]x\ ^ ^ ^c>lJi $1^4 Moody chart°ll^i ^l-g-4^. $ife

Colebrook -^-^^l^: implicit?]: ^^fl^ ^°] M.°]A:\ A^&ik0] 1acH^14

°1 $14. °ls:i?!: 4^-ir ^ 4 ^ 7 1 -rl*l]̂ 1 explicit?} - ^ ^ ^ l ^ 0 !

; f = 0.184xRe^()2(30,000 < Re < 1,000,000)

f = 0.316xRe"a25(Re < 30,000)

_ L 6 ^ s /D i.n

Haaland: Vf 1C Re 3.7
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SSC

3.3.2-3^ *fl

F 10
: f = 0.0055x[l + (20000- + —

4.

HYPER

Moody chart 1 4 4 ?H4

-^ Moody charts

^ 1 : ^sfl^i Haaland SSC
fa

ct
or

s 
g

fr
ic

tio
n

o o

0.01 -

0.00-

For Smooth Pipes

Moody
SSC
Haaland
McAdams
Blasius

'

-

-

^

-

10s 106

Re

3.3.2-3 nH

Relative Roughness = 0.001

10'

Re

3.3.2-4 4o|=o||
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(2)

[3.4].

(3.3.2-2)

cv$\ 3.3.2-5^ sa

20

10

6

i

t ft

V V

' ¥ ! ' "1

i

w

Re
Triangular array

» Spacer co.is A Tr.angutar.type spacer
a Honey-comb-type spacer ,rv.l 1 RhombuS-type spacer
• Hor*y-comb-'ype spacer,i>2 o R.ng-type spacer

3.3.2-5 04
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HYPER A ] ^ ^ 6 . ^ z ^ f l ^ ^ a f l ^ s ] cn^o) P b _ B i # Aj-g-§}7]

r°\} 7 } ^ P W R ^
^ 5 l 7fl ̂ 4 ^ - ^ } ^

fei:il Pb-Bil-

P/Di 45f ^ ^ l ^ t f l HYPER %.z}3. ±^ A4A^c!l P/D=1.5

Schad-Modified

Nu = [-16.15 + 24.96(P/D)-8.55(P/D)2]Pea3.forl.l<P/D<l.5,150 < Pe < 1000

Nu = 4.496[-16.15 + 24.96(P/D)-8.55(P/D)2], forPe<150

Graber & Rieger

Nu = 0.25 + 6.2(P / D) + [0.032(P / D) - 0.007]Pe0-8"0 024(p /D)

fo r l .25<P/D< 1.95,150 < Pe < 3000

Borishanskii et al.

Nu = 24.15]og[-8.12 + 12.76(P/D)-3.65(P/D)2] + 0.0174[l-exp(6-6P/D)][Pe-200]0'9

for 1.1 < P/D < 1.5,200 <Pe< 2000

Nu = 24.151og[-8.12 + 12.76(P/D)-3.65(P/D)2] forl.l < P/D < 1.5,Pe < 200

Borishanskii et

Borishanskii et al.^ P/D=1.5Sl ^ 4 ^ ^S°H tflti: ^ ^ i ^ - ^ ^ ^ ^*J

^1-51^^1 ^z|^5Lx^ Na4 Hgl- 4-§-*>$i4[3.5]. ^*1 Hgfe HYPER

H Pb-Bi ^ ^ non-wetting ^ ^ ^
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fe Na^l til -511 data scattering

Borishanskii et al.

HYPER i i

zz.e] 3.3.2-6i

Borishanskii et

r $14. n^M- Schad-Modified

P/D=1.57|- ^"4

^ ^ ^ ^ 4 - ^ - ^ 4 Graber & Rieger

. Graber & Rieger # ^

$14.

P/D = 1.5
Sorishanskii et al.'s experiment

A Na
• Hg

Graber & Rieger
Schad-Modified
Borishanskii etal.

100 1000

Pe

3.3.2-6
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3. Pb-Bi

^-^1^-1: 7HJ1
7ov(ferritic-martensitic ^ austenitic)^ Na^ K°1]

700°C O]AJ-^ £ c ^ i ifl^] V ^ ]

fe Cr-Ni^^ =400°C,

Pb-Bi ^^^fll-

^ Pb-Bii -g-sfls]7] 3 £ ^^ l : (Fe , Cr, Ni ^

e2O3)l 7]

slag blockage

^ ^ 1 HYPER»

7}. ^-£

^ ^#°1 $14.
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- ferritic-martensitic

austenitic ^ " # ^ ^ 4 ^ f £ & ] ^ ! ^ ]

Cr-Ni 7j-6fl M ^ f e =400°C, n ^ j i Cr 7OH1 5 a ° H ^ =450°C

7l7f -gx] ^roj. tf-tiliJjLi ^-^-ofl Cflf} ^27]]S A]-g-£l7l

*b€ Croloy lM(Fe-0.15C-1.25Cr-0.5Mo)4

(4) 4sL-§:

4 ^fls^ A ^

Si7l-
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trade-offi ^ ^ ^ 4 . Austenitic # ^ 4^17oHl tflsfl trade-off

Si

% H # s ] martensite 7ov^ ferrite

^sfl Si# 1.5-1.6%

v=2mls, x = 15Q0h)°\] tfltb ^

^ ^ ^ - ^ r ^ -n -^ 7 ] ^ ferritic-martensitic

EI852 #(0.ld3Cr2Mo2SiW

12% Cr-Si

^12: 7>^^, ^ 2

^ -1: *fl EP823

4^-^H]

4[3.12].

fe 4 ^ 4 ^ ^ ^ ^ 2 : ? i A S - 7 m

Pb-Bi ^ z ^ i ^ l j ^ ^ 4 4 H ^

.: v = 1.85m/s

: ^ 50,000 * 1 # ( ^ 6\ i )
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(2)

4, Me2O3)°l Pb-Bi-0

Cr, Si §-

2O2 + 3Fe -> Fe3O4 (3.3.3-1)

^ ^-^Efl(Passive) ^-Efl» -fi-x]ig-jL

-g-«ll£7> nfl-f ^ 4 ^ ^ ^ i ^ i ( a 3.3.3-1 ^-2:) austenitic chrome

nickel 7ov^ ^ 3 1 ° ^ ^ r chromium-martensitic ^ ^ tijsfl 3.A

4 . o ŝ̂  7M ^ ^ 1 ; 7}£xi\} silicon^]

2w%)

^ n ^f-n?} wfl-f =̂6]. ^ ^

4.
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3.3.3-1

400 r

500 °C

600 °C

700 °C

800 °C

900 °C

-§-§fl£ (ppm)

Cr

3.91

10.73

23.35

43.32

71.63

108.71

Fe

0.39

2.72

12.10

39.67

104.23

227.50

Ni

1.89 xlO4

2.75 xlO4

3.67X104

4.61X104

5.55 xlO4

6.48 xlO4

(3)

logC = -0.33 - ^ P - + logCs + log fCf (3.3.3-2)

T = ^S

(mass%)

(K)
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Cs =

/ =

£ (mass%)

(l/mass%)

(mass%)

Gromov[3.15]4 R. Prasad

Ol

3400logCs = 1.2 - "^- , (mass% (3.3.3-3)

lnfPb = - (0.2693+ - XPb) (3.3.3-4)

4. S3.3.3-21

3.3.3-2 ^ S . Loll O}EI|.

573K (3001)

623K (350 °C)

673K (400°C)

723K (4501)

773K (500 °C)

823K (550°C)

873K (6001)

^ i ^ £ «}*> $

mass%

3.875 x 10"u

2.9 x 10"10

2.0 x 10"9

7.0 x 10"9

2.6 x 1O~8

7.9 x 10"8

2.15 x 10"7

ppb

3.875x10 4

2 . 9 X 1 0 " 3

2 x l O " 2

7 X 1 0 " 2

0.26

0.79

2.15
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PbOM-

2E£. H>^-2i*H &t)-. # Pb-Bi

^ * V ^tfl ^>^ ̂ £ ^ PbO7]- ^

» !"°1 260 "C^l^i PbO7|- ^ ^ £ l ^ ] ^7 ]

^ 5 ! ^ ^ 10"5-2 wt % SI31 PbO ̂ ^ ^ r 5 ]"^ -^^

4 -H-^l*>^^ Pb-Bi ^ z H ^ 4 i ^ £ t ^ 10~5'2

(3.3.3-2)1- ^-n ^ # ^ Sife M 1

^r 400-450°CS ^]

$ 2001C7H ^ 7 > A ] ^ 620~650°C

^l 71

(1) ^-- t i l i -f- i ^K<i\ slagging ^M [3.17]

slag

71̂ } ££% ^ - f ^ ] f e ^ i ig i jx^oi £ #

^^7 l ^ 4 ^ l-^l-^o] -^-^sH &£ oo^ slag

(^57^-71, | 2 ^ ) ^ a^ofl ^AJE]J I * ^ ^ ^

slag^r ^ H 4 ^ #

^ ^ 3:^1 ̂  ^ ? I A1?H1 42} s l a g ^ ^ ^ ^ f̂l ^ 4 ^ ^ 4 0.0

1~5% ^ ^ ^ 4 ^ ^ § > T I - 3J-O.S. M - E I - ^ 4 . ^ -^ 3.3.3-1^ slagging^
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a) Slag deposits in a tank.

b) Slag deposits in a heat exchanger.

c) Slag deposits on recuperator tubes.

3.3.3-1 Slag s | ^

siag blockage

Slagging

l - ^ Pb-Bi S-^\ -1-51
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AS Pb-Bi eutectic ^ £

slag s ] ^ # ^

i ^ slagi tfl

3.3.3-3^

1- iL

S 3.3.3-3 ^B.U\9\ Slag

© Phase, element in mass, % © Set-up

(2) ^ ^ ^
VT FEI,
Obninsk
MOTsKTI,
Moscow
OKBM,
Nizhny Novgorod

PbO

48.3

45.5

-30.0

Pb+Bi

41.8

-50.0

>60.0

Bi2O3

1.7

-

-

0

-

3.5

-3.7

Fe

1.8

0.4

4.5

C

3.3

-

-

Mg

1.8

-

-

slag

til £

pb-Bi eutectic

P b _ B i eutectic^l

Pb-Bi eutectic

127°C°r]

l-Jl 500°

= 886°C)

u- Pb-Bi ^ 11 I

slag ^ - l -

f-Sifl slagging^

Pb-Bi±4
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(2)

^r 1) ^r±% <>]-§-«]: ^ # « : ^ 7 l ^ 4 2) ^^-7](trap) ^ <447l (filter)

( 7 »

^ ^ J ^ . ^ Q]

. r y 2 2 (3.3.3-5)

Pb-Bi

+ °i£i 7l-x] slagging ^ W f ^ slagging^-

514.

^4[3.18,3.19].

^r±l - ^JL 3,1^ 7}^$] 7] 5. (bubble) 7}

slagging ^l^^LS ^lf-^

u
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3.3.3-2 Pb-Bi

1. ejector 2. by-pass line 3. ejection start and stop valve
4. gas inflow line from hydro lock to ejector 5. rotameter
6. wick humidifier 7. wick 8. hydro lock 9. heated gas inflow line
10. actinometer 11. water collector(cooler) 12. filter 13. pump
14. heated area 15. cooled area 16. gas analyzer

4.
3

Pb-Bi JL 4-g-)

3.3.3-3^-
slag

slag blockagel- ^-

4^61] ^ 6)1 F e 3 O 4
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ft

3.3.3-3

slag^l

Pb-Bi

^.Stb Pb-Bi

slagging^:

slagging^]

slag %$£

slagging^

slagging•§- ^-71 3.3.3-46fl S.^1 mass exchanger
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1 o . - f ( T " - T ' ) - f ( W )

3.3.3-4 2I-5ES- slagging £ M I « *!£!• mass exhanger

1. coolant tank 2. reaction chamber 3. oxide oxidizer,
4.heater(heating part) 5. case 6. lattice 7. heater(current supply)
8. jacket for element insertion

mass-exchanger^ Pb4 Bi

(saturated)
^7^7} $3. ZL^$]

mass-exchanger# ^^(undersaturated)

. Pb-Bi

-^ Pb-Bi

mass-exchanger^
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dust slag

| (fnter) o]

O.S. trapping

Slagi

Pb-Bi

3.3.3-5^

a] 471

/

/

• • - - - -i — • —

\l\. i . i i

; i i ' :
; : i ! ! : 1
• , • i , - ; i

iiBiflflttir —
/

U _... 190

3.3.3-5

1) Filter 2)
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-tb

fe slag

MKTT-2,2

( aluminium oxide) grain material
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4.

A. * 1 ^ £
HYPER ^ ^ ^ x i - ^ s . ^ v^zv Al^Efl ^TfloflA-] 7}^-

t> HYPERS ^ 4 ^ ^ ^ Pb-Bi7]-

(1)

HYPER A]^Efl^ £ ^ £ § > « ^ ^ Pb-Bi^l -§--§-̂ JE

125°C

HYPER £ ^ £ £ ^ §1-*!:^^ ^ ^ ^ 150~180°C7i-

(2)

§14.

~^ (3.3.4-1)

^ $14. T7/fe B ^ ^ - % 1-5̂  ̂  ^71^
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71 ufl^i

. Pb-Bi

^ 600-650°C 4*1

$M ^-fi^:- 400-45014*1 7]-^f-^ <£ ^

A A bulk ^ ^ 4 ° 1 , #^^-S^l 1-S^^ ^ # J i ^ ^ 4 ^ HYPER A ] ^

550~600°C

(3) HYPERS

^ t ^ ° l Pb-Bi

JlS. sfl^ <$ 50°C ^5.5] ^ ^ ^ ^ - £ 1 - ^cf^ cj]Bf HYPERS

fe 200-550°C * M 5 . # ^ ^ 1 4 .

Q=mQAT (3.3.4-2)

(3.3.4-2)*

7>

4 30°C

1- 100°C

$14.

-t ^ 5 ^ 1 - ^ HYPER4

200~450°C, V&AA -t^p-^rSfe 4^? ! : 300-550°C
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300-550°C

7>

7]

014.

HYPER

3.3.4-1

3.3.4-1^

3.3.4-1

^ # ^ (MW)

net electric power

(MW)
overall plant

efficiency (%)

PWR

3411

1148

33.5

286

324

273

BWR

GE

3579

1178

32.9

278

288

-

PHWR

AECL

2180

638

29.3

267

310

260

HTGR

Gerneal

Atomic

3000

1160

38.7

318

741

513

CRBRP

U.S.A

975

350

35.9

388(344)*

535(503)

482

KALIMER

KAERI

391.6

150

38.3

386.3(339.0)

530.0(511.0)

483.2

3.3.4-1-i-
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300°C

^ 9= 500°C 4 ^ 4 . ci l-^

fe^^r °s
v T $14. HYPERS

°C ^Sl^Hr 3 # # J

3~5%

. ^ HYPERS

4[3.22].

30% <>14

HYPERS ^
>i^|^o] P b_B i

340/510°C^r S^i

: 200~450°C, ^

P b _ B i i ^ ^ n

400°C ^ l ^ A

300-550

340/510°C

HYPERS s ) i

: 300-55

(4) ^-

5% ^

3.3.4-1^ 975 MWth 4 ^

1 4 ° 1 4 . CRBRP

separation^ ^^ ^ y J I7fl4^ ^^7}^°}^

10 MPa, - ^ 7 1 <y-^^ 6.89 kPa

85%, B^yjst-^- 97%!-

moisture
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320 340 360 380 400 420 440 450 480 500

Steam Temperature (°C)

J 3.3.4-1 §

3.3.4-

HYPERS

l- 480 r ° M 380VS. 100°C

£ °-} 2%

100 °C 2%

3.3.4-1

M-. (pumping power)

Pumping Power = A ? W Qvhpump

(3.3.4-2)°fl Sl

(3.3.4-3)

I : EL?\\
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AT7} thermal stress §• ^ 4

3.3.4-2^

0.2 0.4 0.6 0 .8 1.0 1.2 1.4 1.6 1.8 2 .0 2 .2 2.4

3.3.4-2

1.2 MPa ^ £
S i AV-g-^4. n ^ 3.3.4-2

MPa<=*M 1.0 MPaS 1.0 MPa

§14. ^ 1.0 MPa(9=

i: r̂ $14

0.5 MPa

0.5%~1.5%7l-

^ - i : 2.0

4-

*HJ:(design limit)
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fe A

4. n

^iUr £4.

- Pb-Bi

Pb-Bi

Pb-Bi ^zt̂ fl°fl ^ ^ ^S^fl^ ^ ^ ^ ^ 4 ^^°1 $14

650°C, Pb-Bi ^ q i - ^ - ^ ^ ^ 2 m / s

4^4.

3~6 7l<£ *£5L°in o}*-?) ^711 ^o}s. 107} <# nln

^-T" tight latticed wire spacer# °l-§-«l-7l nfl

. Pb-Bi ^z]- ^xf^^l ^ ^ tight latticed wire spacer

Pb-Bi7> 4^1H1 ti]§fl Aj-tfl^^.5. ^ ^^r^(pumping power)* ^

M 7lt]]f ^ $|4.

6\Z}x]T$: ^ ^ 4*H-°-3. Pb-Bi

0.6 MPa (^ 67]^) $5.7} qT$z}

^ } l L 5
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3.3.4-2^ HYPER 1.5%t-

1:

HYPER Al i 7l)vj

HYPERS

TRU-Zr,

Pb-Bi

7}

3.3.4-2

LH 71-bl-AI
c^ —r o —7

« ! j ^ ^ g ^ 0 | (Active Length)
Pitch to Diameter

§1)3^(fuel) ^,'g
HI^AH A(]s

1000 MWt
Pb-Bi Eutectic
340°C - 510°C

TRU-Zr m^
1.6 m
1.48
0.67 cm
0.5 cm
HT9
0.068 cm

(1)

kg/sec S.

1.492 m/s

"fl Pb-Bi

(3.3.4-2)^1

Heavy ^ ^ ^
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(2)

650°C

^ power peaking factor* 1.2S.

peaking factor^ 1.6^-S. «V^ HYPER

$\n HYPER i-4

. HYPER i

l̂ power

# chopped

3.3.4-3^ ^ 1 ^

700

650-

600-

' 550-

500-

FZ= 1.2
Fr = 1.0
Peaking = 1.2

- Fuel Maximum
Cladding Outer Surface

- Coolant Bulk

•0.5 -0.4 -0.3 -0.2 -0.1 0.0 0.1 0.2 0.3 0.4 0.5

Height
Rod Dia = 0.67 cm, LHGR = 12.5 kW/m

3.3.4-3 HYPER

3.3.4-3^

^r HYPER -§--§•
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7> &_a.

^ 523 ° c

3.3.4-4^ HYPER

^r 634 ° 650 °

A

. HYPER

]- hot channel^

hot channel^]

Fuel Maximum
Cladding Outer Surface
Coolant Bulk

•0.5 -0.4 -0.3 -0.2 -0.1 0.0 0.1 0.2 0.3 0.4 0.5

Height
Rod Dia = 0.67 cm. LHGR = 12.5 kW/m

3.3.4-4 HYPER hot channel^

~4
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m=p~VAT

(3.3.4-4)5} £

(3.3.4-4)

(3.3.4-4)

1.87 m2 1- 2 mis

1.87

2«i/s

4 . ^ (3.3.4-4)^^1 ^

2 mis

S}

(3.3.4-4)

5, 1.2 mis

= D0
2*(-^-*PD2-TTI4)

(3.3.4-6)^: °l-g-^

n. 3.3.4-5 ~ n ^ 3.3.4-

(3.3.4-5)

(3.3.4-6)

2 m/s, 1.5
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tfin. No. of Total Fuel Rods
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DSH
co
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M in. No. of Fuel Rod

I
o

X

II

IV)
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3.3.4-5

^ ^ 1.5 m/s

^ 0.67 cm,

^ 48000 71]

. Peaking Factor

HYPER i i ^ ^

peaking factorSltfl

514.

650°C

peaking factor7} ^ tfl

peaking factor

^ ^ HYPERS

factor* 31^HJ±&4. ^ -^ 3.3.4-8^1- 3.3.4-9^

-§-7r^^r aV^n]-^ peaking factor* £ L < ^ 4 .

1.9 m S « 1 ^ 1 ^ 7 > ^ A 1 > ŷo>%> peaking factor7>

peaking

^ o ^ 1.2, 1.6,

1.24 1.25 °A A,

peaking factor*

ZL^ 3.3.4-84 3.3.4-9

peaking factorl- ^ J i

4 . ^ W °fl5.^ ^ ^ ^ ^ ^ ^ l 1.6m, «)<?!

50000711 o ) ^ LHGR^ °-} 12 kW/m ^£^1^1 o]u)] ^^^

peaking factorl- 1.2S. ^ ^ ^-§-7}-^*!: ^ r 7 ^ ^ ^ peaking factor^ ^

1.69 ^ 5 . ( # peaking factor^ ^ 2.0)°14. ^ ^ ^ peaking factor* 1.25

factor^ ^ 1.71 ^ £ ° 1 4 . t!:
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8 atf, ^ L

to

3

U

CO

CO

'-pi.

CD

an
0 *

03:
•a
CD

(Q

O
. — * •

o

T|
N
II

en

Max. Allowable Radial Peaking

LHGR(kVWm)

u
CO

CO

' - ^

CD

1

Max. Allowable Radial Peaking

02
•a
CD

^ '
(Q

o"

o

55000

N
o.

o-h en
t o000

"otal

6500

F
ue

— o

7)

» g-
O

o -
o

LHGR(kW/m)

M

.oil r -

OP

tfii o

CO

^ no

1
1 i |.,
[{II C O t-VJ

* co r|r
_^ bo

41

CD
03

3

03

o

r-jn:

S t•a J, Ti



£^5:4

^ peaking factor7>

» 60 °C # # ^ i

5U4. o.^ 3.3.4-10£ £ #

peaking factor7V 0.3

2 .05-

2 . 0 0 -

1.95-

1.90-

1.85-

. 8 0 -

1.75-

1.70-

1.65-

1.60-

280/450 °C ^ v _ _ = = ^ . * "

F Z = 1 - 2 . • " lT l ; : i ^ -
340/510 C m .- "

. — — - • *

- > - L = 1.2m
--»--!_ = 1.6m
-» - -L = 1.9m

-

-

22

20

18

16

H

12

10

o
X

35000 40000 45000 50000 55000 60000 65000 70000 75000 80000 65000

No. of Total Fuel Rods

3.3.4-10 peaking factor

. P A H 4 ^ °H
V

P/Dfe i i ^

3.3.4-1H

l^- ^ ^ 3.3.4-11^

3.3.4-114 ^«a«H (^ 3.3.2-1 3.3.4-11^

3.3.4-111-

P/D71- 1.4 n]

HYPER t - y

444
-g- -r~A ̂ -^ ?> P/D# 1.4 °\%

| | J. / J_J ' 13A xJrL | 1_L 1 . O I I I —'—
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P/D#

4.

1.2 1.25 1.3 1.35 1.4 1.45 1.5 1.55 1.6
P/D

3.3.4-11 P/DCHI cc|-#

P/D»

tfl̂ = 50%

0.4%~25%

3.3.4-2 ttfl

^^- -1- 014.

3.3.4-11

. CFD#

FLUENT1- 6l-§-*H HYPER

FLUENT S^L

purpose)^

S.6]4[3.24],

(general
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CFD

HYPER % ^ i c ^ ^ <g^^5fl^^- < ^ equivalent annulus model!

°1 •§-*>$! 4 . equivalent annulus model! °]-§--t ^ - f

£11: FLUENT

P=1.005 cm fo=0.334 cm

r =•rmax

3.3.4-12 FLUENT

1.2m,

3.3.4-

°1 0.668 cm, P/D7]- 1.5,

15 kW/m, ^4*fl ^ ^

FLUENTS. ^

550°C

3.3.4-13(a)l-

3.3.4-13(b)i^ ^z^

^ ^ ^ ° J 1.1 m/s

U 8 4 ^ . a . ^o)fe. ^J^
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2J-Si ^ ^ . 3.3.4-13(c)

- ^ oi 1 4 3 k P a

1.2m

1

: =
: a

EMI

•3
•s
•a

Flum (.47

Flî î Ifi,

1

«n

UE n

IE f

JE SI
IK r

OS 91

• • « — ,

•

CO

(a) (b)

1

!£••

! ! • •

UM

1ICH

* ^
» : • *

at'!
t«c>e

H>(C

KC>S

«•«

SB

Ho« - I.ISK'OS Mi-. « l.SiEHJS

(HI
Fl^« *.47
Fl*,t W.

3.3.4-13 FLUENT

(c)

^ (&£(a),

3.3.4-14^

Borishanskii et al.-̂ l

FLUENT %]<& U^c

FLUENT

Nu7]- Borishanskii et al.^
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: PID = 1.5

* J
A &

Borishanskii et al.'s experiment
A Na
• Hg

• FLUENT'S Results | ;

Graber & Rieger
Schad-Moditied
Borishanskii etal.

Pe

3.3.4-14 FLUENT Borishanskii et al.^l SI
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5.

7}.

EA (Energy Amplifier)^ 100%

cfl-g-

- ^317} l : 7 } ^

HYPERS ^

z]o]

-O-AP =
• - O - - \p =

• • • & . A P =

.„-. IP =

• O- • \ P =

I> \P =

0.1 MPa
0.3 MPa
0.6 MPa
1.2 MPa
1.5 MPa
2.1 MPa

/ .
/ , • • ; ' •

Q = 1000 MWth

AT =170°C

10 20 30 40 50 60 70 80 90 100

System Length (m)

zj o|

n.^ 3.3.5-141 l - ^ 171 «y- (0.1 MPa)
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x - r ^ A]̂ Efl z}o]^. 50 m

1 ^ 1000 MWth, 170 °C ^

HYPER 7}

3.3.5-2rr

: 0.1 MPa

50

HYPERS

170°

^17-1^8:

1700-
1600-

1500-
1400-
1300-

1200-
1100-

. 1000-

900-
8 0 0 -

700 -

600-
500-
400-
300-
200-
100-

0-

-o-4P i ( > =0.1 MPa
-«- iP™=0.3MPa

^ aP*^=0.6MPa
••i -4P^=1.2MPa

° "4P^= 1 5MPa

o ip '^2.1 MPa

/

4T = 170°C :

10 20 30 40 50 60 70 80 90 100 110

System Length (m)

3.3.5-2

3.3.5-2i on- 10

50 MW
^^8: HYPER ^
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^ 100%

^ ^ ^-fei-31 ^ ^ $14. 7}

«: -fi-^si al^o] io%

Pb-Bi ^z |^^r i c ^ i ^ i tight lattice-t

%4^]£ J1B^§1-5I4[3.25].

= 0 (3.3.5-1)

fHt°fl ^-5} 4 a 4 . HYPER Al^

-5.s. 4 4 ^ ̂  $14.
slfetfl tj]Jf^ ^ ^ i ; f-sfl ^ - ^

3.3.5-3^4.

°14. o ] ^

Q combined^)
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Ap f - A p B

^-natural ^-forced ^combined

3.3.5-3 £! f##2|

Q

1 A

3.3.5-4^1

$14. 6 i r

-•*- o l 1—
T Mu . HYPER

20%

0.1 1 10
{Thermal Length)/(R eference Value)

90 -

80 -

70 -

60 -

50 -

40 -

30 -

20 -

0 -

1 — • • n • ' • -

-

-

. . • • • '

-

3.3.5-4 HYPER
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3*11 LANL ]̂ i # ^ t 13.2

psi

3.3.5-5i

7-10 7]<a- Aj-o

^- 10%

CO

•5

5
O

20 25 30

AZ(m)

3.3.5-5 A | ^

4.

. o]

oi

0 tL
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4.

(Linear Stability Analysis) 4 -frskaHlr'tj (Finite Difference Method)

: ^ 5d4[3.26,3.27]. 4 r ^ f £ 1 ^ <

4.
^ ^ 5] fe

Vijajan^l ^

^ ^ ^ ^ 3.7] 0 . ^4 3J-SHN -B-̂ =^ 95%

3.3.5-6^-

(stable case), 1 -^f}- ^-f(unstable case), ne]jL n

(neutral case)* 4 4 \ £ 4 . ^"^-n-f-^

^"^ ^-^^r f̂-sfl ^ ^ 3.3.5-74 £ £
(stability map)!- 7fl^>5l4.

Vijayani 5]sfl ^ ° J ^ i ^ lroJ^?t ^-^°1 ^ ^ ^

A S «g^^ 3 H 4 . °14 7EV^ 4^^ r --i^ 3.3.5-7-̂

. ^ 0 ^ 4 . n ^ 3.3.5-7^ %Z.7\ ^^§H~
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1.03

1 02 -

1.01 -

1.00 -

0 99 -

0 98 -

0.97-

0 9l

Stable
Unstable

- Neutral

3.3.5-6

Contribution of Natural Circulation(%)

0 10 20 30 40 50 60 70 80 90 100

°"l

°" 1
0" i

o • i

0" i

°" 1
0 " ,

0 s -
0' i

0' -

Unstable Region

> . r

Stable Region i •' :

With Pump 1 "!
. N.,u,.IC,,.ul.l,.nE<,.rtm.nl | ^

1

10 12 14

St

J 3.3.5-7

%'AS-

7}-

3.3.5-7^ ^§S

- 219 -



6.

7\.

Pb-Bi#

Pb-Bi7>

45}^

Pb-Bi» €

^-S HYPERS 7}

5l°14. £ ^ - ^ ^ HYPER

Upper
Plenum

TT

Proton Beam

Outlet
Nozzle

Zone

T

T,TJ- ,T , - -

T
Lower •

Inlet
Nozzle

J

3.3.6-1 ¥ ^ S HYPER

4.
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- 122 -

¥ -1*PY£ -

-b"?

-§-lo

tofefe ^-^fe lbt?a^7lY H3dAH ttn ^ ^ ^ " i Z ^ f-

fo

"-big

"•b^i^ ^ P * ^ ^-bF$ ^ tl



1/2/3/4 ^S. *\

3.3.6-24 3.3.6-3^1 4S ] -

— One-loop
••• Two- foop

Three-loop
•-• Four-loop

Pipe Diameter (inch)
(Loop lengh = 20m. form loss coeffi. = 2.5)

3.3.6-2 A j ^

One-loop
Two-loop
Three-loop
Four-loop

Pipe Diameter (inch)
(Loop lengh = 20m, form loss coeffi =2 5)

3.3.6-3 - M ^

3.3.6-2

3.3.6-3^
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3.3.6-24 3.3.6-3-i- 4 ^ 5 - 3 ^

HYPER AJ^Eflofl^ J1^§}-J1 $jl^ ^ ^ ^ 7l7fl^ 3j if i}

]4. EM ̂ i ^ r ^^]^1 ̂ ^ 31-i- «fl^i HYPER ^ l i

3.71

5U4. ^ S

FFTFM- CRBR ^ ^ J i ^ ^ i ^ 4 ^ ^ » ^ i $1^-4 MONJUM-

PFR, FERMI ^

Pb-Bi ^ ^ 1 1 ^ ^-f 7]

*\

HYPERS ̂ r r
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4. °ix}#

ilsL^ HYPERS

He f-1-

* P . £ HYPERS

^: ^7] ^^-o]4 . HYPER

] ^.^o. o^^]^4 ^ S ] ^ ^ ^ 4

¥ ^ 4 . °^^1^^ Dryout ^ °H 4 ^ Instability ^-^lll- i ^ f J l $1

3.3.6-4 #3:) ̂ S7f 4^-sfl^JL 71714 Hfl̂ ofl o] %-%•<>] 4

$1^.4 t ^ ^ ^ ^ l A l f e Dryout 4 Instability Sr^ll- ^ ^ ^ $14. ^7T
u
a
v^7l ^5] ^EflH nfl̂ - ̂ .̂«H-11 c f l a^^S 2] 4 ^ 4 U^:^, Helical

Coil^ f-°] $14. 3 ^ 4 U 4 ^ i alsfl Helical Coil *§•& t ? i ^ : ^ ^

$14.
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iFfeservon

zf ~ T
Sjper Heater

Separator

6/aporatc

3.3.6-4

Rimp

-H^g HYPER

5.% HYPER

&i=- HYPER

Steam
Turbine

Proton Beam

Reactor

Steam
Generator

Core

Pb-Bi

Pump

Condenser

Generator

Sea

Pump

Water

H i ! 3.3.6-5 ^ S HYPER

3.3.6-5^) i t l HYPER
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t i l
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- LZZ -

toth Po-fert-siolta XVOXVW ^-k-fr i l fo^:

Hff X3NIW0SS -tahi"?^^: fo^^[o[ta XVOLVl/V

[/:{§-§-[o -I-S- NOIXONHd ki tob ^ - ^ " B I Y fcl^ ^ H E X3NIW H

tot? - k ^ i n ^ r o kibfo-iE^ioita XVaXVH f - l r ^ ^ l ^ to[vi^i°r

-k-fr t o ^ ^ OSS ' - b t ^ f-̂  ^kte-k ^ -bk

X3NIH/0SS ^ k ^ t t i [bl¥?r# to^-fflp ^"

9TS R.W

H3dAH - 5 - ^ ^ b

fna^ OSS ^ f a ^ k H3dAH

-§-HV [b t r^ ES^1> H3dAH •£ ft^-ff/^^ Ik-î  t b t r ^ H3dAH

i - o s s I O H ^ ka? ifa^iv ^^^[fek-Q ^1$ ^ il-§-4v

ln d u l 1*^ ^ f e ^ HtF OSS

|QX6NIVW 'S6NIVH 'H6NIVH ^ H t F OSS

1b

H3JMITVM

OSS

klbiNa ^ H I ? oss

OSS n:



N 7} c}f ^ - f ^ f e source 3 ^ . £

£ BLOCK DATA ^ ^ f H 4

î Pb-Bi ^ 4 ^ , TRU sJj°d^-, HT9

^ 4 default

. Water/steam

[3.32]# water/steam # ^

4-§-«>^ steam tabled

RETRAN

water/steam

ASME ^ « -

4 . ' l ^ ^ : -^-^^l JSL̂fl

(1) Rod bundle 1*1

7l# LMR4^r ^51 HYPERS tight lattice*

A>.-§-£)ci modified Schad ^

Rod bundle

- Pe>=150: Graber & Rieger

- Pe<150: Modified Schad

W ^^r4. 4
Graber & Rieger

(2) SI) ££.-314*1] gap ^

CRBR4^r ^ 4 gap^ Na4 Pb-Bi ^

. 4 4 4 KALIMER ^

bonding^
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(3) *A<$g-

HYPERS 7 ] ^ ^^-5 .1 :^1^ A>-a.§}^ w i r e spacer* 4-§-«

grid spacer* 4~§-t i ^ ° 1 4 . SSCfe CRBR4 flow model test

CRBRi ^

ef. HYPER ^ l f -a .^^

(1) € * f S S-KSSC)

; n ^ 3.3.7-14 7^4, SSC^H

3.3.7-H

31 $14. HYPER «fl^

7fl^ 3 J S ^ 1 - 5 ] Tcfl̂ -̂ J l ^ § | - ^ 4 . SSC^r FP <H^-!-3, target

(2) °1^>^ Sl(MINET)

MINET 2Hfe o ] ^ ^ . 711

CRBR -iTfl-i- ° l^-^r^4. HYPER ^-^°H

superheater, 27fls] evaporator, l7fls] steam drum, l7fls] recirculation

pumpS ^ ^ ^ A l i ^ i | . j i^S>$i4. MINET 2 H ^ ^ ^ ^sfl H.U^

*> HYPER o]^>^lf.6. 3.3.7-24 7^v}. HYPERS ^}A|Afl i^ 12.5

MPa, 219°C4 feed water7} 440 kg/sS. -fr
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10.25 MPa^l

Cover Gas

Upper
Plenum

Outlet
Nozzle

Cire

T T t T t ' t

Lower
Plenum

T
Inlet
Nozzle

J
3.3.7-1 SSC SJ=£| £ 1

10

403
From Hot Leg .?

402

302

Sup srtie; t

To Cold Leg

404 12

:3O1

i
.i i

Pump

! 7

Drum

401
Feed Water

3.3.7-2 HYPER ^ - ^ # MINET
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SSC/MINET 3 E i ^

1- z i ^ 3.3.7-34 go] _a.e

superheater^- evaporator^]

superheater4 evaporator^ #s ]

HYPER ^ i

MINET 52= 7 ^ 1

- i fe ^ ^ 3.3.7-44
A-]

Accelerator Beam

Superheater

) -> Steam To Turbine

440° C. IO.25MPa

To Two other Identical
Pb-Bi Loops

From Two other
Identical Pb-Bi Loops

Recirculation Pump

Reacor Coolant Pump

3.3.7-3 HYPER ^ i ^

5 0 0 -

°— 4 5 0 -

=3

S 400-
C L

H 350-

300-

250 H

Superheater

1 • 1 ' 1 ' 1 • 1 •

Primary Side

-

Evaporator

' • • .

0.0 0.2 0.4 0.6 0.6 1.0 1.2 1.4 1.8 1.8 2.0 2.2

Relative Position

H i ! 3.3.7-4
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^ 3.3.7-4^- evaporator^] X1 subcooled water 7} boiling

superheater^ *i superheated steam °l £)fe- 4 ^ - i : ^

ULOF(Unprotected Loss of Flow)4-n.-&

ULOF A].JL A ] t } g ] ^ #*}£, E^io]

. SSC 2 E |

3.3.7-5^1

§-31 4 ^ ^ 4 1 - ^-^§f7] ^sfl ^^1^7} z]-zv 6.87m4

6.87̂ 1 ^-f i^r 4^y
s

v^ 2 4 s ^ i «|^s. -§--§-0]

i , 10.87^ >§-f̂ Ife- Aj-jL^^ 30i£ ^ i *!]^S -§-§-6]

44^4.

3.3.7-5i

3.4
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1800-

1600-

1400-

5 1000-

g. 800-

1® 600-

400-

200-

0 -

Unprotected Loss of Primary Coolant Flow
All Primary Pumps Trip : 0.0 sec
Hydraulic Length : 6.87m
Fuel Melt Initiation: 24 sec

Max
Max
Ave

. Fuel Temp.

. Clad Temp.
Cool. Temp.

5 0x10'-

4.5x10* •

4.0x10* -

5" 3.5x10'-
2
5" 3.0x10'-

| 2.5x10'-

% 2.0x10'-

1.5x10' -

1.0x10'-

Unprotected Loss of Primary Coolant Flow
\ All Primary Pump Trip : 0 sec

\ Hydraulic Length : 6.87m
\ Fuel Melt: 24 sec

\

\ .

\ .

^ ^ ^ ^

Time [sec| Time [sec]

.(a) Al i : 6.87m

2000-

1600-

600-

400-

200-

000-

600-

400-

200-

0 -

Unprotected Loss of Primary Coolant Flovi
All Primary Pumps Trip. 0.0 sec
Hydraulic Length: 10.87m
Fuel Melt Initiation: 30 sec

/ \ , " ' ' . . . . • - • • • " " " " "

Ma
Av

x. Fuel Temp,
x. Clad Temp.
s. Cool. Temp.

5.0x10*

4.5x10*-

4.0x10*-

> 3.5x10*-

3.0x10*-

2.5x10'-

2 0x10'-

1.5x10*-

1.0x10*-

5.0x10*-

Unprotected Loss of Primary Coolant Flow
All Primary Pumps Trip: 0.0 sec
Hydraulic Length: 10.87m
Fuel Melt: 30 sec

Time (sec) Time [sec]

(a) A ] ^ : io.87m

3.3.7-5 SSCS
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8.

7\. Pb-Bi ^A ^ ^

Pb-Bi ^ 4 7 l# i

- Pb-Bi 1 ^ £

^ S Pb-Bi

Pb-Bi ^4^1 ̂ ^ ^^l°ll $1°}*] ^ ^ ^ ^ ^ ^ a t , ^d^Es] 7H

S Pb-Bi ^

- Pb-Bi ^

Pb-Bi £ £ ^ 5 ] , Pb-Bi
7̂ 1# ^ ^ 1 ^ ; pb-Bi ^

Pb-Bi

4 . 71^7] ]^ A] ̂ ^ O «

Pb-Bi ^ 4 71^-i: HYPER /H^-i- ^ sfl ^^?> ^ i o j ^ i cfl

711^}^ cfloflfe- ^^id: ^:?w]7> ^^.fV ^ ^ . ^ ^ ^ € 4 . ATW

Roadmap[3.33] f1 Science-Based Roadmapi 4 ^ ^ 6 ^ ^

Target & Blanket -£°H1 4i-S-^^r 123.5 ̂ ^ 1 - ̂  Pb-Bi ^ 4
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Slfe ^ 4 3 ^ ^ ^ £ ° H 16.3
cg^oil 15.9 ^ - i - o l , FFTF Pb-Bi Test Loop 4 7 ^

Integral Testing i 3 ^ ^ ^ ° 1 i-S-SM, <̂1«1 7fl^ii3H'?} sflJE 6 ^

$14. Depolyment-Driven Roadmapi^fe

-1- €-9-7]- $14.

HYPER ^ z l ^ l i ^ , ^

Pb-Bi ^

] °14.

$14.

MEGAPIE, TECLA4 ^ ^

4.

pryPFR icAl ^ 4 ^ 3.^ S-y_ ^
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Pb-Bi
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4 4 ^ S^ l̂f-̂ l̂

1. 4̂ :

7]

mA ^ £ 1 -

514.

4 E

. HYPER

3.4.1-1^1

3.4.1-1^1

LCS(LAHET

Code System)#[4.3] 4-g-. ^ 4 ^ ^ ^ ^ 4 , yov4^,

^: 1̂*114 fe ORIGEN 2H[4.4] 4-§-.

LCS
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FLUENT

i s s l i 7fl^£ ANSYS 2E[4.5]

3.4.1-1

IPNS

KENS

ISIS

LANSCE

SINQ

AUSTRON

ESS

SNS

Joint Proj.

APT

ANL

KEK

RAL

LANL

PSI

ORNL

JAERI/KEK

LANL

%-$<&?

1-837

tritium ^ ^

MJt^(MW)

0.006

0.002

0.16

0.8

1

0.41

5

1

1

170

pulse

pulse

pulse

pulse

CW

pulse

pulse

pulse

pulse .

CW

U (upgrade-Ta)

W, U

U, Ta

W

Zr, Pb-Bi

W5%Re

Hg (2nd option:Ta)

Hg

Hg

W

HYPERi

4 - 2001. 3)
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7>

M&?1

ifl-g-o]

A]
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2.

7}.

3.4.i-

AUSTRON, ESS, SNS, APT, Joint Prpject

- i i

^ 3 i * ^ <£ ^ $14. #^°,!::
t
1^-

fe pulse ^Efl7} ^ 1 : O ) ^ J I u]

fe CW (Continuous Wave)

3.4.1-1^
0.4

source^ ^r Pb,

(W, Ta)4
. U, Hg#

(Pb, Pb-Bi)S.

3.4.2-1 ,Pb-Bi)

JISJ) (Ta,W)

" Aj-j7A| TTit"^-178 UATT

°J]*fl (Pb, Pb-Bi)

: I f ™ «- •»
*1 Pb, Pb-Bi
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3.4.2-2i

o].

-§-71 q-

3.4.2-2

. «^

composition

^£(g/cm3)

Z/A

5fl^^£.(xlO"2 cm3)

^^^¥^^(n/p)s

•§--§-^(°o

yl¥^(°o
<i^t3l^(W/cm.K)

^(J/g.K)

Pb

element

11.4

82/207

3.31

26.7

327

1740

0.35

0.14

Pb-Bi

Pb(45%)

Bi(55%)

10.5

82.5/208

3.01

26.1

125

1670

0.14

0.15

W

element

19.3

74/184

6.32

22.0

3422

5555

1.74

0.132

Ta

element

16.6

73/181

5.54

19.2

3017

5458

0.58

0.140

cm

* LCSt-
A1 :

10 cm, 1 GeV

T-^ lOOMeV °

30 cm, 50

(D
Pb-Bi^1

\ $<% # £ < M Pb^r sj j^^£7l- 3.31 x 1022

^ £ 3.01 x 1022 cm"3 ^ -4 ̂ °\ ^ - § - ^ 1 : ^ ^AS. ^ 4

^ ^ * > 4 ^ T ̂ - ^ ^ ^ ^ 6 1 Pb-BiJi4 44 i fe^f ̂ r ^ ^

tfl£ij}4. LAHET1- °]%-n ^f- 30 cm, fe^l 50 cm ̂

1 GeV °<M!*1-^ £ 4 A l ? l r Al-i-Eflol^^- ^*|*> ^ 4 P

7fl^ 26.7 7Ĥ 1 ^ ^ 4 1 - , Pb-Bi^r 26.1
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- § - § - ^ 3 4 - Pb-Bixr 125 °C, Pb^r 327 °C S, Pb-Bi

Pb-Bi^l ^ 4 - ^ B i S ^ PcH ^ 3 ^ 3 ] p 0 ^ volatile

Pb-Bil-

^r 6.32 x 1022 cm"3A
22 cm"35.54 x 1022 cm"3 ̂ 4 ^r f . ofeH W^ ^ - f 6fl Ta

W7} T a i 4 ^#^ ^ ^ ^ #^31 -i^ll LAHET1-

1 GeV °o^4yJ 2 ^ M , ̂ lf- 30 cm, M°l 50

cm ^ ^ 4 S ^ ^ 1 ^ ^ - i Wfe <S^*> 1 7fl^- 22.0 7flfi] ^ ^ 4 # ,

(D 1 ^ ^ ̂  ^ ^
^i WTT 1.74 W/cm.K, T a ^ 0.58 W/cm.KS

(3) Tâ r ^-^^1*^4 7 } ^^ i / i WJS.4 A^°] #4.

Ta^l ^^-^lfe IPNS, ISIS si upgrades J15} £}&$}:!! ESS

2nd option

HYPERS Al^

fe 2 f ^ £^f ^ ^ - ^ 6 . H ] ^ ^ . ^ Pb-Bi7f ^-^
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-£-£-£• Pb-Bi7j-

Pb-Bi-

Ta

(2) 1 ^ ^ E ] |

Pb-Bi ^ S f l a ^ ^ *]--§-§ 7l^l ^ 1 ^ 4 Pb-Bil-

Windowless y j - ^

windowlessfe

B-S- HYPER S ^ ^

loop#

Pb-B\7\

HYPER7]-

NaKM-

AEflo] S|O]6>

] 4.
^ai-^§°J t^# 3 ̂ ^ ,

graphite^! cflsfl ^ 5 . ̂ ^§11 HYPER a ^

r austenitic, conventional
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ferritic/martensitic, advanced ferritic/martensitic£) 3

tfl AA$\ « 3 < y *A^^±£- 316SS, HT-9, 9Cr-2WVTa

Ji S 3.4.2-3̂  z* l i ^ s l

3.4.2-3

316SS

HT-9

9Cr-2WVTa

Cr

17.3

12.0

9.0

Ni

13.7

0.5

-

C

0.05

0.02

0.1

Mo

2.3

1.0

-

Mn

1.6

0.5

-

Si

0.6

0.4

-

W

-

0.5

2.0

V

-

0.3

0.3

Ta

-

-

0.1

(1)

3.4.2-4<i

1 $14.

HYPER

XT-O>

5 3.4.2-4

moderation

austenitic
(316SS)

0

0

commercial
ferritic/martensitic

(HT-9)

0

0

advanced
ferritic/martensitic

(9Cr-2WVTa)

0

0

tungsten

-

vll J=L ^

graphite

+

-

(2)

3.4.2-5^1

. graphiter:-
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martensitic austenitic

3.4.2-6i A ^

°ll Ai fe ferritic/

=r-=t ^ "r Si4.

3.4.2-5

austenitic
(316SS)

commercial
ferritic/martensitic

(HT-9)

advanced
ferritic/martensitic

(9Cr-2WVTa)
tungsten graphite

(W/mK)
15.5 24 26 17.4

1950(11)

1.7x10 1.1x10 1.2x10 4.5x10
-0.5x10 b(ll)

2.7x10 5(J-)

1250 1470 1500 3422 3550

3. 3.4.2-6 u\M

w
graphite

26

74

6

0.1012

0.0632

0.1130

2.6312

4.6768

0.678

(3) 7}

3.4.2-7^ °1 ^ € 4 ductilityl-

young's modulus^ stress/strain

. Young's modulus^ 2:^7}

Young's modulus7l- ^fe
7A°] 4 4 4

3.4.2-1^
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3.4.2-7 7171| w ^

7131 3

Young's
modulus

(Pa)

ductility

austenitic
(316SS)

2.1x10"

0

commercial
ferritic/martensitic

(HT-9)

2.1x10"

0

advanced
ferritic/martensitic

(9Cr-2WVTa)

-2.1x10"

0

tungsten

3.5x10"

«l-^r

graphite

9.7xl0"01)
3.4xl010(J-)

(4)

Pb-Bi

Bi7}

Ni^l Pb-Biofl^ ^ ^ A E S € ^ ^ r

austenitic steel-c- ferritic/martensitic °ll

Ni

^ S 500-600°C

Si-§-[4.7]ferritic/martensitic^ Pbi^-i ^ - ^ ^

HT-9^: 500°C Pb^^i l\i : 15 jum ^^

austenitic steel^: 700°C Pb^l^ l\i : 1.3 mm ^-^

Ti, Mg, Zr-I- ^7>3r>^i4 ^ i Mo, Al, Zr 5 i ^ ^

• graphite^ P b i 500°C, Bi°fl 1000°C
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ferritic/martensitic i ^ ^ 600~650°C

— o

E C

1 O V

1 2 0

60

4 0

n

•-^^^^ Morfified

31ESS ^ v

-

J

ateet

J
400 4S0 560 640

Temperature, PG
7 2 0

3.4.2-1

(5)

3.4.2-8i

tioVA|-5l-Sf 3.711 ^ .q - (2),

$1
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4.
<£•§• 2

a ) , (

(displacements per atom) = cra^

AA dpa, appm

7]

displacement^

a^t, Cne,n = <Tne>ii(PtS.

H/He

a

^ ((p,

«fl dpa

1̂ ^r $1

flux, tfe-

trj-ef-

7} & 014.

3.4.2-8

U-43H s ] *

u
6

v4^-(n,p)i sit!-
7 l ^ l ^ s . ^ i^S}.**

austenitic
(316SS)

commercial
ferritic/martensitic

(HT-9)

advanced
ferritic/martensitic

(9Cr-2WVTa)

Hlt^-^r

tungsten

" l ^ r

graphite

mm ¥^1^1 ^ - f tils* beam powerSl 0.01% (^]%v^ « ^ ^ s l
1%)^ES D]oi=*J-(2o MWSl 0.01 %fe 2kW)

0 0 0 -

- 0 + 0

displacement M- I I/He
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-] ^ $ displacemet^

H/He « ^ f € *

£7]- fe-l; nfl 1-

]-^ ^^.ofl^i£ ^ ^ ^ c ] % ^ ] - t l . £\^*\±g_ 7]

-̂ r dispacementM- H/He ^ ^ ° 1 1-^ifl^^ *H

^o] ^ ^ . ^ 7 ^ ^ q-^q-^cfl ZL ^ ^ - ^ f e Hardening, Creep, Growth,

Void Swelling, Embittlemet ^°1 &4.

^ti>^^-S- void swelling 3} creep°11 îfe CMFS (conventional

martensitic/ferritic steels)7]- austeniticJS.^ #31 embrittlementCdpaM- He

°fl l̂'?!r)c>11-Aî  austenitic°m- advanced martensitic/ferritic ^ l^ 0 ]

CMFS ^ 4 # 4 . CMFSfe 300°C °)^£: ^°> DBTT(Ductilt to Brittle

Transition Temperature)* A

^ ^ S^§1-O]]A^ dpaM- He/H

fe 9Cr-2WVTa4 ^-^ advanced ferritic/martensitic

(6) ^ ^ ^ , ^, 7) A,

stress* ^ ^ ^ $l

^3<L£- 7}

advanced

ferritic/martensitic(9Cr-2WVTa)^- ^ ^ " 1 - ^ 5 . ^ ^ f n ^ - i : H^n

Pb-Bi4 wi^-s] ^^«-«-o] 500-600°C *]

#4.

4.
HYPERi
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0,4.

3 7 ] - ^

lGeV

, Gaussian, parabolic ^

1 ^ ^^- : HYPER7}

Pb-Bi S ^ ^fl^ 3.7] : ^

$!-§-.

• Pb-Bi

^f^-i orifice ^-S]
^7] #£

f-

Pb-Bi ^ 5 . : ^-^^r JIS^M ^ S # ^ ^ # ^ ^ ^ 0 ] pb_Bi

7} 2m/s# ^^1

Pb-Bi £51 : $H

600°C

E^jA : 55O°C^1H 9Cr-2WVTa^ yield strength^] 1/3

180MPa o ] }
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67]] ̂  o]Aj- Af-g-f- - o j ^ o ) f>\jL H ^ * ] ^2:7]] S.7}

c-fl tii%v^ Hj-Af̂ i ^ ^ - ( d p a ) 4 He/H

2m/s

Pb-Bi >
X] §}

$14. °led

feedback^ ^ J i ^ A ^ ^ i HYPER #*fl ^ s j

4.

HYPERS ^

3.4.2-201]
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Beam

Pb-Bi Pb-Bi

9Cr-2\ /VTa

t t t t t
Pb-Bi

3.4.2-2

stagnant ^ ^ A

4 Pb-Bi

514.

3.4.2-3i

fe 30cm x 30cm,

^ Pb-Bi4 S

^ lGeV, 2mA, 4

2mm,

r 340°C, ^ 7 l #

10cm ^ ^ , parabolic
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3,7) £ £ 340°C,

571°C

Pb-Bi

2m/sl-

Pb-Bi

6m/sS. ^7}*}?}

6 m/s^ Pb-Bi

5U4 .

Pb/Bi jTarget

Inlet

50!cm

i

Beam Window

Pb/Bi Coolant
Inlet

(Flow Path 4mm)

Beam Window
Steal ' '

(2mm Thickness)

Pb/Bi Coolant
Outlet

(Flow Path 4mm)

Protor Bee

3.4.2-3

HYPER

HYPER 7^°}

- 253 -



(]) O l ^ H l

HYPER 7^4$ *M1*>

I 5 ] ^ HYPER ^

tflsfl^

13.5

12.5

6.5

1.0

0.0

Upper
Plenum

Proton Beam

Cover Gas

Outlet

ff

T
Lower '

Cc

Jyp
leg

Plenum

Inlet
Nozzle

J

3.4.2-4 HYPER A | ^ |-fe meter

3.4.2-45]

3m ^

loss1?}

. Pb-Bi7V ^ s . f e

laminar flow^l

fl0W

300mm x

form loss*

duct

^ J l friction

^ Z/p=(fLPp
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*\7]x\ L(duct zH)=2

3])=608mm, P (Pb-Bi il£)=10.5g/cm3, v(Pb-Bi

^^)=1200mm2, f=0.184Re~a2=0.015

^: 25kg/s ^

, P(duct

)=2m/s, A(duct

=viscosity)<>14.

15000kg/s, ^ i £ 10-207]^̂

duct duct 3-6«H

mechanicl stress

7} 444

mechanical s t ress* <£o}}±7}

4.3.2-56fl o. 1 4

^ cfl 6420MPa^l

ufl 919MPaS

3.4.2-5 s| mechanical stress

pressure7>

Pb-Bi4 ^^°fl

^ Pb-Bil- 4 7]

static
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^ Pgh=0.97h(h:meter) 71^-oj z^cf .

Pb-BH 3*11*1 °W^% 7}% ° H ^ ^ 0.97x9.5=9.271^-

$] static pressure7f ^ f l « t 4 . S ^ ^ 3 Pb-BH 4?b static

pressured ^ 3.4.2-43 upper plenum

7m ^ H 6m 4^1 ̂  Pb-Bi7V $jji

-^-^^1 0.97x8.5+8=16.271^

mechanical stress

^ ^ 10~7Torr ^ S ^ j i

Pb-Bi7f static pressure* ^JL 9.271^^ ^JL ^ ^ 1 £ 7f

^ ^ I7l«a- 5§£.7l- -̂̂ §>Tfl ^14. °]^% 4 ° 1 ^ Pb-Bi7l-

2m/s ^S .5 . JL^fe- ^-fofl dynamic pressure7> ^ 0.271 ̂  ^5.7} ^4

§>7fl 5] 4 flow7f ^ ^ ^ % 4 ^^l^f^ ^-^°1 4-^-S.S dynamic

pressure^1 41!: mechanicl stress-^ -r-̂ 1 ~s} JL static pressure°ll $\ tb

stress1?} i ^ « b 4 .

^ ^ i ^ ^ 1 4 ^ i Jl^ fl^f ^ ^ H l ^ ^ stress^

t, (7r=Z/p/2 (t:^-^, R : ^ 4 # , Z?p:oa-^^», ^ ^ ^ ^-f 7 } G e

= /JpR/2t, ffr=/Jp/2 ol € 4 . °H
v^^f7r 971 <y-, ^ l f - 15cm, ^ ]

Von Mises stress (=sqrt( a 9
2+ a z

2+ a r
2))^ sqrt(682 + 342

0.52) = 76MPa ^£.7> S\JL ^fe 34MPa

elc-l^EflolHS 76MPa4 5 4 t ^- i : 7 f ^ ^ ^ S <sfl#

» §i^A^ ZL^ 4.3.2-54

919x971

180MPal-

mechanical stress'^^^Mi -̂̂ 117> $i^-# «t ^ $14.
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static pressure4 dynamic pressure 3.^ °}^^% 4

Pb-Bi 4 a ^ *fl^ Pb-Bi 4 ° J ^ 4 i^Sfl6) W . static pressure

e\n ^ 97] #, «i ^fl^^ Pb-Bii

. dynamic pressure^ ^ - f i ^ ^

Pb-Bi7} ^ 3 ^ L S ^-^sfl^i °0-^-i: 7>̂ >7fl slul ^ 4 O 1 ^ Pb-Bi

Vfe dynamic pressured ^ 0.271

static pressure

+dynamic pressure 0.27] <&=7.27l ̂ -^ ° J ^ # «>Jl 4 ^ . H-H-oflA-]̂  static

pressure 77

stress

^i f ^ ^ r ^ lOlMPa, ^-^fe ^ 59MPa

^ 919x771 «y-/57] °0-=1290MPaMPa ^ £ #

(2)

^ HYPER &

l ^ Pb-Bi

% ^Hfl^ ^ ^ ^ > ^ 4 . ^ ^ 3.4.2-6i ^

444
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Proton Beam
(lGeV, Parabolic, X|S=35cm,

2.5<m
I—•

40cm

t
20cm

,9Cr -2WVTa
=2mm)(t=2:

t t t
Pb-Bi

(l.lm/s, 340°C)

66cm

3.4.2-6

3 7 ] # 3.7]]

^r Pb-Bi

4.

stress

dpa ^ He

-a- 3.717}

mechanical stress7l- 7A°]

thermal

s .S parabolic £ £ # ^ r r ^^ -

inlet
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71 * m <r Si71 n

o].g. 3:4

mechanical stress ^-^l-& ^^-§H^ i^sflo]: fj-uf. ^

« f e ^ll^^Mi ^1*1 7 l#£ l^ OJJT o)Eitb ^#^T #^*flAi ZL

^ 3.4.2-6i

fl- 66cm ^ f i c ^

«];§- : =.̂ )| 2mm^l 9Cr-2WVTa

25cm ^^<^1 1̂̂ 1

: lGeV, ^ ^ , parabolic yd ^ i ^ - ^ S ^ 5 .

^If- + 5cm = yJ ^-«. ^1#

Pb-Bi i£7l ^ S . : ^ZT-^5] inlets ^-Br 340°C

^ Pb-Bi

° ] ^ Pb-Bi inlet ^ £ ^ f e

«] x\ifr7} HYPER Al̂ BfloilA^ A^«l-fe- 1̂̂ -<?1 20mA

Pb-Bi
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sjtfl^iff- : 13mA

1] *1# : 35cm (HJ ^-H. ^ ^ ^ - ^ ^ *1#£ 4 ^ * ] ^ 5 . 40cm)

Pb-Bi ^ 7 ] ^ £ : l.lm/s

i Pb-Bi ^ J i ^ £ ^ 499°C, yJ ̂ - 2 ) J L ^ £ ^ 534°C, Pb-Bi

2.1m/s, ^% ^31 ^^eflfe

-g- 71-^ ^^-7} HYPER7>

548°C, UJ^

594°CS. ^]

inlet

71] ̂
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scanning

• Pb-Bi

- orifice

- 20MeV ^1

- 1mA ^ 1.88xlO17 n/s

i*l MMeV

13mA <H afl 2.44xlO:8 n/s

§ 2-1

0 10 20 30

Target Oepth(cm)

3 °"

w 0.10-

s

1 °
1 0 0 6 - l
c

o 0.04-

Z 0.02-

000

6 8 10 12 14 16 18 20
Target Radius(cm)

3.4.2-7
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a>

CO
c:
o

10

0.1 -

0.01 -

1E-3 i

1E-5
1E-4 1E-3 0.01 0.1 1 10

Energy(MeV)

100 1000

3.4.2-8

- 20 MeV <*1 §1- fission

. ORIGEN

S 0.1
Q.

O 1E-3-

E
= 1E-4

1E-5

20 40 60

atomic number

—i
100

3.4.2-9
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£. 3.4.2-9 £M|-^

lt!!ZJ- S SAl-Eh ̂ 1 ^
1̂ 21 S SAF§^2^^

^A^(Ci)

3.3 x 105

9.8 x 103

4.6 x 1O2

grA^(kW)
2.0

2.1 x l O 2

8.1 xlO"4

3.4.2-10

Po-209

Bi-208

Pb-205

Cs-135

1-129

1.0

3.7

3.0

3.0

1.7

i - -
D - -

X

X

X

X

X

'l(y)
103

105

107

106

107

£!£!§Kg/y)
0.8

119.1

151.6

0.02

0.13

70-

60

50-

«>-

30-

20-

10-

0

3000-

2000-

0-

•—m-~^^_

—u— He prod, due to proton
—•— He prod, due lo neutron
—A— total He production

Window Radius(cm)
4 6 8 10

Window Radius(cm)

3.4.2-10

fission

= 76dpa/y
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He

4(3283) = 3598appm/y

Pb-Bi

Pb-Bi

499°C,

2.1m/s

: 534°C,

4 028*02

3.87o .02

3E6e.O2

,340o.C2

Contours ot Static Temperature (c)

(a)

Apr 10, 2001
FLUENT 5.3 (axi, dp, segregated, ke)

!• + Pb-Bi

v4 1Sfl.O2

4O2e«02 V

3 87e-02 \

3 71e.O2

I3 56e-02

3.40a. 02

Profiles of Slatic Temperature (c) Apr 10, 2001
FLUENT 5 3 (axi. dp. segregated, ke)

(b) 1JS-

5.406*02

5.20e*02 •

5.00e+02 -

4.60e+02 -

4 60&.02 -

S t a t i C 4.409.02 •
Temperature

(c ) i M 2 :
4.00e*02 •

3.80e+02

3.60..02 •

0

Slatic Temperature

_ ,:.... *

0 1 0.2 0 3 0 4 0 5 0 6 0 7 OS

Position (m)

Apr 10. 20O1
FLUENT 5.3 {axi. dp. segregated, ke)

5.4De*02

5 209.02 £

S00e.G2 —

4.8Ce.C2 -

4 60c^I2 •

StatiC 4 «o.02
Temperature 4 2 0 ^ 2 ;

4 0De*02 -

3 80e*02 •

3 60e*02 -

3.40e*02 •
0

Slatic Temperature

0.02 0.04 D.06 008 0 1 0 12 0 14

Position (m)

FLUENT 5.3 (ax

0.16 0.18 0.2

Apr 10. 2001
, dp. segregated, ke)

(c) (d)

3.4.2-11
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2 089+03

I.91e+00

1.74e»00

1.56e*00

1.399+00

1.226*00

6 95e-01

5.21e-01

1.74e-0!

OOOe.OO

Contours of Velocity Magnitude {m/s} Apr 10. 2001
FLUENT 5.3 (axi, dp. segregated, ke)

"S 2 39e-01

2t98-01

1 990-01

1.798-01

1.S9e-01

1.39e-01

U&e-Ot

9.948-02

7 968-02

5 97e-02

' 3 Sfie-02

|l.9Se-02

16.0de-O6

Contours of Dynamic Pressure (aim) Apr 10, 2001
FLUENT 5.3 (axi, dp, segregated, ke)

(a) (b)

3.4.2-12

: 155MPa(Mechanical), 104MPa(Thermal), 202MPa(Total)

/ I

(a) Mechanical Stress (b) Thermal Stress

(c) Total Stress

3.4.2-13 ±^z\\±
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- Windowless

orifice

LCS ^-Ji ^ MCNPX

ORIGEN «j^l-^. library

l t ^ 3 H CFX ^7}

- 20MeV

l, Pb-Bi
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3. f^*F $<% ^

- ^ ^ ^ S.AJ ̂ A^^. ojgfl Aj5^ igEflt- 7H«t Pb, W

*j*> ^ JH14 A ^ j o ] ^ 2 S f l J LAHET1- ]

4 ^ 4 i ^̂ 117f 4^ €^^1-4- #̂̂ 1̂ -1
1 ^ Sl^M- ?! ^^lS-Ai ^ ^ « t ̂ flu-] ^ t f l * 7f^§}$|ji Pb, W

Pb-Bi, Ta fe AA Pb, W

ofl 1^5} O^^TI I ^ S f ^ 7 | - # <£7] ^^-o]eH OH- ̂ Sfl Hi ofl^ x) # 0.5, 1.0,

1.5, 2.0, 2.5 GeV^ S.^^\ 4 # # 10, 30, 50, 70, 90 cmS

^ 50 cmS Jl^Al^^tll ^ o }

^ 4 ^ lOOMeV

(1)

ZL^ 3.4.3-1^ l GeV

13J1§>HS Pb7} w ^ - 4 ^ ^ ^ 4 4°>H: 7A
W 7> 3 £ £

saturation ^ 7 ] - ^ ^ .

J - t ^ Pb4 ̂ -f ̂ ^

i|fe 4## ^-^^ $14.
30
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0.5 GeV^Mi 2.5 GeV^ ^7J

80 n/p 3. Pbfe 10 n/p <*IH 60 n/p

£ W l̂ ^- f 10 n/p °fl

- • - P b

•: ' 5 21 25

proton energy ( G e V )

3.4.3-4

i-Pb
• w

OS U -5 M : i

p r o l o n e n e r g y ( G e V )

IS=30 cm, cm)

30 cm,

0.5 GeV

50 cm

fe 1.5

0.5 GeV^l^i 2.5

4 \ i disk-array ^Eflfi]

GeV, ^EHb ^lf- 10 cm£] Q*%±2.

^x-] -̂TJl 2 cm, *lf- 30

3.4.3-5i

disk 137fl

A
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$14.

.# ^ disk-array^

disk-array

d i s k

f- 50 cm, ^ ^ 10

disk-array
-iflci Shells

*f^[ disk-array^

30 cm,

shell-i:

shell

-
shells

3.4.3"6i

444
$14.

^- shells
514.

disk-array

3.4.3-7^

^ $14.
disk-array ^Efl7} i ^ f e o ]

^ ^r 5ZJ1 disk-arrayi shells n c] #

$14.
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20

15

10

5

I)

^To ta l Production "

- ^ Total Leakage

Cylinder

Top

/ , Bottom

- • ' - • " ~~r~ f -T- ~ " — • • • • ! - - • 1 • • • • —

20 30

Gap Width [cm]

(a) L-l-

c o

T3 -

2 I

25

20

15

10

5

0

/ ^
7

\

^ T o t a ! Production

^Total Leakage j

^ ^ ^ ^ ^ ^ — - :

Cylinder ' :

/Top

- - -—_

3=^=^*-- 1 • • • — • 1 — . . • • 1 . . . • —

20 30

Gap Distance [cm]

(b) S ^

3.4.3-5 30 cm, 2 cm^l disk 13 nm

- 272 -



2
CL

25

20

15

10

5

0

- /

,Totc

Jr..

,̂

I Production

al Leakage

-

Cylinder

/ .Bottom '.

/ -

• ' ~ ~ T 1 1 r—• 1 . ^ H , ,

20 30

Gap Width [cm]

(a)

Total Production

Total Leakage

10 20 30

Gap Distance (cm]

(b) S ^

3.4.3-6 MB 30 cm,

mi ^?H\ 10

2 cms| disk 13 ?H

£|c-| shel l*l̂ y-
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Height [cm]

(a) L-l-fcd

Solid Cyl inder (av.= 0.47)

' Disc Array (av. = 0.5*)

Height (cm J

(b) g ^

3.4.3-7
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4.

(D

^ Tfl^UH LAHETS

] volume source^ #^S&-

source term#

4

source

LAHET ^ 1 ^ ^ :

5. *> ^

3.4.3-2^1

S t nfl 2.67l]7>

3.4.3-H^

50cm ^-f<^

50cm

^ | # 10cm yJ). ^ ^

25.571]7V ^ ^ ^ ^r

%• 28.171]7} ^ f ^ s ] ^ 30cm

14. o) ^7>ir 30cm 5

30cm

fe- 0.2871]

100-1000MeV =^

5. 3.4.3-33 lOO-lOOOMeV 0.14

a 3.4.3-2*^1 ̂ i S ^ 3 100-lOOOMeV

3.4.3-43 g ^ 100-lOOOMeV ^^> °<H*rfe 0.00471]

ttfl^-^1 0.67fl(

estimate s i 4 .

0.1371],

50cm a ^

l.07fl(£s ^ ) ^

^ A J 4 ^ 28.17fl3 2-4%

^^\ under-estimate

under-

S^OJ 0.047]]5.

7fl, 4 s f l ^ - ^ ^ 0.37l]7f

3.2
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3.5.3.

°lt-
channel

(2)

LAHET5L

10.5g/cm3

f- 50cm

400°C ( ^ S . 10.2g/cm3)

° 99%,

9.4g/cm3)

3.4.3-1 ^ l # 30cm

surface
energy (MeV)

1.
10.

100.
1000.

total :

surface
energy(MeV)

1.
10.

100.
1000.

total :

surface :
energy (MeV)

1.
10.

100.
1000.

total :

'• side
number/proton
8.26579
9.78116
1.12762
0.27600

19.45058

: top

42.
50.
6.
1.

number/proton
1.83995
2.80543
0.25229
0.01000

4.90767

bottom

37.
57.
5.
0.

number/proton
0.43153
0.50342
0.09199
0.05933

1.08627

40.
46.
8.
5.
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3. 3.4.3-2 * | g 50cm

surface
energy(MeV)

1.
10.

100.
1000.

total :

surface
energy (MeV)

1.
10.

100.
1000.

total :

surface :
energy(MeV)

1.
10.

100.
1000.

total :

: side
number/proton
9.23433
6.45524
0.55594
0.13419

16.37969

• top

56.
39.

3.
1.

number/proton
4.02338
4.22362
0.29991
0.01010

8.55701

bottom

47.
49.

4.
0.

number/proton
1.65414
1.22188
0.15735
0.09050

3.12387

53.
39.
5.
3.

3.4.3-3 * I S 30cm

surface
energy (MeV)

1.
10.

100.
1000.

total :

surface
energy(MeV)

1.
10.

100.
1000.

total :

surface :
energy (MeV)

1.
10.

100.
1000.

total :

: side
number/proton
0.00000
0.00308
0.05090
0.14288

0.19686

: top

0.
2.

26.
73.

number/proton
0.00000
0.00580
0.02222
5.80894

5.83696

bottom

0.
0.
0.

100.

number/proton
0.00000
0.00052
0.02658
0.51114

0.53825

0.
0.
5.

95.

- 277 -



5 3.4.3-4 50cm

surface
energy(MeV)

1.
10.

100.
1000.

total :

surface
energy(MeV)

1.
10.

100.
1000.

total :

surface :
energy (MeV)

1.
10.

100.
1000.

total :

: side
number/proton
0.00000
0.00026
0.00593
0.00438

0.01056

: top

0.
2.

56.
41.

number/proton
0.00000
0.00335
0.01313
3.22359

3.24007

bottom

0.
0.
0.

99.

number/proton
0.00000
0.00026
0.01636
0.29451

0.31113

0.
0.
5.

95.

5}-. Pb-Bi

^ HYPER

50cm Pb-Bi i i S c # 35cm parabolic UJ#

# 62cm,

71 #5]
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4.

£ 3 £ - xyQ^&l 3 ^ ° . 5. ^ S l f e ^ ^^]%± ^ « 1 T T W180

(0.13%), W182 (26.3%), W183 (14.3%), W184 (30.7%), W186 (28.6%) 5.

H 5U4. S ^ ^ 3 1 ^ «]r^ 50 cm, ^ 1 100 en. ^ ^
y J ^ 30 mA ^ ^ - i : ^ 40 cm l̂ € ^

^ 4 , ojA>uj i ^ ^ l ^ 0.8 GeV4 1.5

180 -^, 2 id, 20 \£, 100

^-S-tb LCS ^ i 3.^91 CINDER'90[4.8] 7>

LANL ^ ] ^ i ^7l]s]xl ^ ^ 0 . 5 . 5 . ^ 7 l A ^ 0RIGEN2*

l LCSi

1- ORIGEN2^] ^ ^ A ] ^ «l-f-^^:

LCS <i>H 20 MeV °]§}^ ^ ^ ^ ^ r LAHET7>

fe.cll HMCNPfe LAHET4 ^B]

e§
vJl o]<q i ^ i ^ ^§ f lA^ CINDER'90i ^ ^ ^ 4 «V

CINDER'901- <»l-§-«Ml ^ ^ 20 MeV ^1§} ^ ^ 4 ° 1 ] ^?b ^ A ^ #

^ 4A] ORIGEN21- #-S-§T]o> «>fecj) ORIGEN2i 7]
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0RIGEN2°fl ^ ^ H ^ j ^r^°>

#9k°-B.£. 20 MeV °}*} f

(1)

^ 30 mA^l GeV^ ^ ^ ^ j - ^ - i : ^ 50 cm, fe^>l 100

20 MeV 1̂AJ" ^

1 71

20000

^- LAHET#

n ^ 3.4.4-1^ n 14S A i ^ ^ ^ 1 7fl7} °̂

^ 1 : ^ s j ^ ^ ^ 4 ^x>Hl^5l fg^x\ uj-El-^ ^Jolc}. o.8 GeV

1.5 GeV ^ ^-7H ^ - f i t̂ gfl Al^-gflol^^

1- 1 7H ^ A f A l ^ ^ 5 ] ^ 3 J ^ - SJj

fe 0.8 GeV^ 1.5 GeV S.^ W182 ^ ^ ^ 1 0.3070 4 0.7043 7HS 7}

W ^ # ^ 1 # ^ 7 > 2.0201 4 4.3913 o ^ S

W ^ ^ ! i t I t t # ^ ^ ^^^rfe 0.8 GeV l̂ ^ - f 3.6 711, 1.5

GeV l̂ ^ - f 7.4 7|S W ^ ^ T T °}^ 56 % Q 59 %# ^ 1 ^nf. 1.5

GeV̂ 1 ^ - f 0.8 GeV ^ - f ^ 4 ^ 2 «11

W 4-§-^-S Z=73, 72^ Ta, Hf ^
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0.8 Z=50

W 74^] Z=35

w

IOOO

10 20 30 40 50 60 70 80 90 100

o
g
Q.

V 0.01 -

2 0.001

0.00001

• 0.8 GeV
• 1.5 GeV

•

e/'

10 20 30 40 50 60 70

atomic number

0.001

0.00001
90 100

3.4.4-1 o| ajn|.i(|

1.5

7} 0.8

l # 51-^ Re, Os^

30 mA

- 281 -



W # ^ <& ^r $14. 0.8

GeV 2} 1.5 QeV4 3-f i AA 0.04%, 0.08% ^ ^ ^ l - # <£^r^ 5i^r
2 ^ HV-g-^ JfAJig- ^ ojoj

(2) ^

LAHET1-

^ ^ - ORIGEN2» ^sfl T i l ^ t l S ^ «]2:Af A] 4 ^ : 90

180 °d, 270 «y, 365 ^ ^M ^i^l ^ 4 ^ U 4 ^ ^ l T^-S- ^^°H 4 ^

l > i ^ f l > § b ORIGEN2fe 2.1 ^

LAHET1- ^sH £

ORIGEN2 decay library^

S l

# ^ ^ 4 ^ ^ - ?l l#t ^ Slfecll R (t) = N (t)

= S [1 - exp (-^t)] 7}

4. ^,
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R(t)

^ ° l 90 ^ ^ 1.2 x 10+6 Ci

W ^ Ta 91 %•& =L S}^1-^1 ^ ^

W181 ^ 121.0 °i, Tal83 fe 5.1 <H, W185fe 75.1

° ,̂ Tal82 fe- 115.0 °^^ *]&% &7] nfl^-^cf.

6lfili 3 : 4 ^ ^ y o v 4 ^ i 7 ] ^ ^ : ^r 91^ ^ # ^ - S W178 ( Ti/2 =

21.5 ^ ) , W179 ( T1/2 = 38.0 ^-)f Tal78 ( Tm = 9.3 £ ) ^^1 ^fecfl *]

1- « j ^ ^ ^r^-717> f i # | ^ o

4- 0RIGEN2 decay library^]

^ ^ 180 ^ , 2 \1 , 20 \1, 100 M^ ^ - f

-& ^:^*] exponentially :§-

^ ^ 13

180 °

5.1

W181^ 121.0 ^ S ^ t f l ^ o . s . ^ ^ 4 5 4 ?

>^ al^o] 9 0 ^ ^ 46% °114 2 A f f i J ^ ^ 56 %

23 % ^^ 13 % ^

^ S . Hfl82 (Ti/2 = 9 ^U^A) A

0.0019 $

1.5 GeV, 30

90 1!^ 2.7 x 10+6 Ci^S. 0.8 GeV, 30mA4 ^ ^ 1 ^ . 4 2 «fl 7]-^
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1.5 GeV si 7} 0.8 GeV

1 - «y-7l

l ofl

0.8 GeV4 1.5 GeV

3.4.4-2^r 0.8 GeV, 1.5 GeV,

2?

100000001

1000000 •:

100000-

10000-

1000

100-

1000 10000

3.4.4-2 S ^

(SSf f 30mA, 50cm/^o| 100cm

M-. Pb-Bi a ^

LAHETS ^1# 50 cm,

-, fission

75 cm^l

McV

Si

Pb-Bii *lf- 10 cm

ti>7j-7l 30
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(decay ORIGEN

20

decay library

10-

1 -

2 o.i-
Q.
5
Q.
5 0.01-
o
C
5 1E-3-

-

3 1E-4^

1E-5-

* * * * * *

• •

•
•

•

40 60

atomic number
80 100

3.4.4-3 Pb-Bi BL*\

= 3.4.4-1 Pb-Bi

Po-209
Bi-208
Pb-205
Cs-135
1-129

##7l(y)

10"
3.7x10°
3x10'
3xlOb

1.7x10'

(20mA ^ )
1.2

183.3
233.3
0.02
0.2

Qx}S. F.P.
(10 \ i cooling^1 g/y)

9400
5800
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3.4.4-2 ORIGEN^ Pb-Bi ^~ §J

d e c a y M

9011
180 <H

270 <a

365°^

180°^
2 ^

20^

100^

HYPER

(lGeV, 20MW, Pb-Bi

S3)
W?(Ci)

4.5x10°

4.7xlOD

4.8x10°

4.9x10°

3.2xlO4

1.5xl04

6.9x10"

41

yov4^(kW)

2.8

2.9

2.9

2.9

8.2x10""

3.2x10'"

1.3x10""

7.2x10"°

ESS

(1.3GeV, 5MW, Hg l ? j )

3.2xlOY

3.8

1^41 (kW)

10

1.8x10""

lGeV, 20mA
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5.

7\. dpa

dpa^r

He

^ ad^r dpa flux, tfe

1 GeV °^^H ^t t dpa ^ ^

1̂ Td^- displacement threshold energy,

section0]^. CJE^ J l^M^l Al^-sflolA| S

) ^ 600-1600 MeV

s 3.4.5-1^] 1

= (0.8/2Td)cTE S. ^<H*lfe

^ damage energy cross

^ dpa cross

&3L ^& 2750 barn ^ 5 .

^l dpa

3.4.5-1 |O | d p a

l̂(MeV)
600

1200

1600

1375

316SS

316SS

316SS

HT-9

dpa/year

0.55

0.55

0.55

0.55

HYPERS ^ - f ^ ^ - # ^

3.4.5-13 ^

dpa/year)x(255 ^A/cm2)=140 dpa/year

^ 20mA, ^]f- 10cm, uniform ^ ^ - ^ £

dpa ^ 1 ^ # ^§l]Ai

9Cr-2WVTa#

(0.55

5S4.

dpa cross section-
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3.4.5-2*11 4 4 4 SJife d p a <*

3.4.5-2 dpa

(MeV)

800

1200

1600

SS

SS

steel

W

Hg

W

(n/cm .s)

4.2xlO14

4.2xlOla

4.2xlOla

dpa/year

88

91

58

•3. 3.4.5-2^^

HYPERS

dpa/year^

140+106=246S

dpa cross section^: 3400

1015n/cm2.s £-

HYPERS

diffusion^

^-r-11 1 GeV °<H3*)-£1 F e ^ l ^ ^ He

0.56 barn°l£-S. 20 mA, ^lf- 10cm, uniform ^ff-

25200 appm/year^] He# ^ ^

106

o.s. He

4.3. A] ^ ^

a 3.4.5-3^1 d p 3 ; H e
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3. 3.4.5-3 A A | ^ 1 # S | dpa SI He

fast fission (steel)

fusion (steel)

ILL

ISIS

(0.8GeV, 160kW)

ESS

(1.3GeV, 5MW)

SNS

(lGeV, 1MW, steel)

EA

(lGeV, 10mA, W)

HYPER

(lGeV, 20mA, steel)

dpa

50

20

106 140

total

50

20

8(steel)

1KW)

80(steel)

150(W)

24

250

246

appm(He)

10(0.2 /dpa)

400(20 /dpa)

1000(steel)(170/dpa)

1100(W)(100/dpa)

10000(steel)(170/dpa)

15000(W)(100/dpa)

16000(64/dpa)

25200(180/dpa)*

4 . dpa VA He *$

<£*] HYPERS

. H J ^ 20mA, *]f- 10cm

uniform, parabolic 2 7M ^ - f l

l0 p/cm1.6xlOl0 p/cm .sec (uniform beam)
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15Q o v in
2

U—( 5 2 - r 2 ) p/cm2.sec (parabolic beam)
o

MCNP1-

3.4.5-H

cell IS.

n/cm2.sec

celH

unifrom ^ 4 parabolic

2.7xlO15

window center(cell 5)M- beam edge(cell 4)iLi::]- window edge(cell

S0ft gfl^j^- oev ̂  ojiq._

30cm

30ci A
—•—uniform proton beam
—O— parabolic proton beam

h i

0 1 2 3 4 5 6 7

Cell number
9 10 11

3.4.5-1 cell cell ^

[4.9]

dpa, He

^ ^ dpa ̂  He

: 100% F e S p ,

window center°H^| 78(uniform beam), 82(parabolic beam)

dpa/ylr "̂-H window edge°1]A"1 25(uniform ^ parabolic beam 2-^-)

dpa/yt- %v^-^r o
a
v ^ $!Si4. ° ^ ^ H ^^>Hfe uniform beam^ ^ - f

150dpa/y, parabolic beam^ ^ T - window centeHH 300dpa/yS. $}Q5\

^ 4 . afefA^ total dpa^r ^% ^° O H1^ ijcfls 228(uniform),

382(parabolic) dpa/ysL 4 ^ y j : 4 . z i ^ 3.4.5-3i UJ ̂  ^ ^ 1 ^ dpa

- 290 -



E

Uniform proton beam

a)

—•— window center
—o— beam edge
—A— window edge

0.01 0,1 1 10

E. MeV
100 1000

1

0.1

0.01

1E-3

1E-4-,

1E-5-J

Parabolic proton beam

- " — window center

- o — beam edge

- A — window edge

0.01 0.1 1 10 100 1000

E„, MeV

3.4.5-2

"5
Q.

13

4 0 0 -

350-

300-

2 5 0 -

2 0 0 -

1 5 0 -

100-

5 0 -

I
0 -

1 - uniform beam
2 - parabolic beam

i

7
T/

\ 2

\

\

\

window
center

m M B

10 15 20 25

Window height , cm

3.4.5-3 dpa
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He *M&

uniform beam^] -̂T"-fe- 30000appm/y, parabolic beam

60000appm/y^l 5]^ ^ ^ 4 ° H ^ ] t He ^ ^ j f

dpa ^ He

I^-^. 7]^ 40cm l̂ ^

35cmS ^^gsJS 4 . 13 # ^ 13mA ]̂ ^ i ^ ^ ^ f e parabolic
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6.

7}.

(1)

£ 3

Geometry

3.4.6-14

f. Casein Case2fe ^%°] ^ r t^ l ^^(adiabtic

Case3^r ^%v * i ^ ^ 0 ] Stlfe ^^(conducting solid)0]4. Casein Case2

^ Case3-I:

3.46-2^1

i10 cm
Beam ~*~

j Heat
IGeneration i

j i Region |

Pb/8i
Coolant Inlet

10 cnrj

10 ci

A : A A

10 cm; i I

Casei

Pb/Bi ;
Coolant Inlet

Case2

10 c

Window Steel I
( 2 mm thickness)

I

10 cmj

j
75 cm

10 cm!
! A A A

I j

Pb/Bi ;
Coolant Inlet

Case3

3.4.6-1 5!
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: lGeV,

Pb-Bi :

Pb-Bi :

p b _ B i

# 10cm, uniform/parabolic

7 l £ £ 340°C, ^ 7 l ^ £ 1.1, 1.35, 1.5, 2.0m/s

^ HT-9

£ 340°C

7JlAV.

Coolant
Inlet

3.4.6-2 Geometry

(2) <

LCS 5?H# ol-g-sfl^ ^ ^ J ^ - ̂ l ^ ^ f e c H 20mA

uniform/parabolic 1^7} 3. 3.4.6-14 3.4.6-2^ 4 4 4 $14.
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3.4.6-1 20mA, uniform

•, A|-O|7|- Pb-Bi,

5cm center

1mm)

5cm

4177.4
4177.4
4578.0
4578.0
4578.0
4578.0
4578.0
4177.4
4177.4

4535.3
4535.3
5119.2
5119.2
5119.2
5119.2
5119.2
4535.3
4535.3

4628.3
4628.3
4904.0
4904:0
4904.0
4904.0
4904.0
4628.3
4628.3

4437.8
4437.8
5034.8
5034.8
5034.8
5034.8
5034.8
4437.8
4437.8

4337.8 i 4337.8
4337.8 1 4337.8
4777.6 i 4777.6
4777.6 i 4777.6
4777.6 I 4777.6
4777.6 i 4777.6
4777.6 1 4777.6
4337.8 j 4337.8
4337.8 ; 4337.8

4437.8
4437.8
5034.P
5034.8
5034.8
5034.8
5034.8
4437.8
4437.8

4628.3
4628.3
4904.0
4904.0
4904.0
4904.0
4904.0
4628.3
4628.3

4535.3
4535.3
5119.2
5119.2
5119.2
5119.2
5119.2
4535.3
4535.3

4177.4
4177.4
4578.0
4578.0
4578.0
4578.0
4578.0
4177.4
4177.4

S. 3.4.6-2 20mA, parabolic .MM 5!

Proton Beam
Injection

10cm 9 c m 8cm 7crr

10cm

10cm

10cm

10cm

10cm

0.02

0.05

0.05

0.04

0.04

0.03

0.07

0.07

0.06

0.06

0.06

0.12

0.10

0.10

0.09

i 6crr

0.12

0.19

0.19

0.18

0.14

I 5crr

0.26

0.42

0.39

0.31

0.22

1 1 1 1
( xlO9

i 4cm 3cm 2cm lcrr

1.94

1.39

0.92

0.55

0.32

4.86

3.01

1.63

0.82

0.42

7.14

4.30

2.26

1.08

0.50

8.73

5.23

2.71

1.29

0.60

1
W/m3)
>

9.64

5.68

2.98

1.36

0.64

Proton Beam
Injection I i i 1 1

10cm 9cm 8cm 7cm 6cm 5cm 4cm 3cm 2cm 1cm

2mm 0.004 0.006 0.009 0.019 0.071 1.90 5.29 7.20 9.09 9.64

parabolic^)

Pb-Bi ^ 4 £ ° l l

i uniform^ «l*fl>H
^t | l uniform^
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2/
TC R'

•( R 2 - (R : , I

(3)

3.4.6-3^1

20mA

3.4.6-3 20mA A|-A|O|

(parabolic

~~~~~~~~~-~-BQttom Velocity

Cases~~~~~~~-——__

Casel

Case2

Case3

(Pb-Bi : 6m/sec)

(Pb-Bi : 15m/sec)

1.1 m/sec

1592 °C

808 °C

2277 °C

1597°C

1077°C

1257°C

947°C

1.35 m/sec

1361 °C

722 °C

2086 °C

1597°C

1027°C

1257°C

897°C

1.5 m/sec

1259 °C

684 °C

2003 °C

1597°C

997°C

1257°C

877°C

2.0 m/sec

1030 °C

598 °C

1808 °C

1597°C

927°C

1257°C

827°C

(uniform ^ )

——Bottom Velocity

Cases^~~" —--_

Casel

Case2

Case3

(Pb-Bi : 6m/sec) o}sfl^t

1.1 m/sec

1014°C

615 °C

1678°C

888°C

652°C

1.35 m/sec

890 °C

564 °C

1583°C

888°C

632°C

1.5 m/sec

8351

542 °C

1541°C

888°C

622°C

2.0 m/sec

711°C

491 °C

1443°C

888"C

597"C

parabolic^
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uniform tb ^ - ^ 4 ^tfl^SL^o] fe^--§. <£ ^ $14.

Uniform ^ Casel 3-f°flfe- ^^ fE .71-

1014°C44 ^ § } $ 1 ^ 2.0m/sec°^ 3-f 711°C44

4 . °1TT ^ ^°<H-£°1H o.^ tfl^^Cflow symmetry)

flow stagnation0! t « 4 ^fl^A^ ^ ^ = 1 4 . Pb-Bi

fe Pb-Bi #£71- nfl

Casein

# £ 7 l - 2.0m/sec°J ^-f«>flfe 491°C°J 1 4 1

l.lm/sec^ ^ ^ Casein wl5L*11^ ^\JL^5.7} <$ 400°C

$14. S ^ 7>o]= ^f-Jiir yJ^- ^«y- ^ ^ ^ flow stagnation

Case24

^-f4 ^t^ parabolic4
Pb-Bi ^°g#£7> 6m/sec7l- s\o]^ oy^^^-^ ^^

Pb-Bi ^ # 5 1 1 - 15m/sec7}-

Pb-Bi # £ # ^ -^-^•i:

10cmtl ^ - f i 20mA7>
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L.T ampereture t K)

Mo* = 2.O81Et03 M m = 6.130E+02

Jen 08 300

fluent +.47

Flu8nt Ire.

y1" l.77Et&3

1.SSM3

l.SZ>«

1.UEHJ
l.itttH

I.EE'tS
l.Z7E»03

1.13E-M
I.IE'BJ
1.11EHU
I « U
t.WEtCB

IBB 3-0 £*K

H a.siEna
S I 3.2CE-E
• ?.7StE
• ?.J!E>02
H a.3E«K
• G.«£tD?

L » Temperoturfi CKJ

Hox = I.B53E+03 Mir

v y

^ = G.13DE1-02 T I . B = 2.000E+01

J m 10 ZCC'D
fluent t.47

Flusnt Inc.

3.4.6-3 20mA, 10cm, parablolic * \

Pb-Bi : 2m/s, Pb-Bi : 6m/s)

M-. ^ Thermal Stress

HJ stress-fe- ^

1̂11 stress^ 3.7]} thermal stress^
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mechanical stress^ 4 ^ T $14.

£]^ 7}^- &47} € T &fe 7A°) thermal stress

thermal stress 4 ^ # ^

Stress 31^-1- 4*114^ 3 4 ^ ^5L£i7} | i ^ £ 5 . *}^ FLUENT

ANSYS code* ^-§-§1]^ stress 7\}^% T s S^}$i4 . Uniform

parabolical «1 sfl # £ ^"^ °1 $1^1^,

thermal stress7> H7ll £)fe- §-^l7> &T}. 4 ^ ^ parabolic ^ ^ ^ 7 } 4

parabolic ^ ^ - f 4 thermal s t ress* ^l^hsfl iL$J:4. S ? i ^ S

^ O ] ^ H J ^ - ^ ^ a ^XVAIS). ^^tHl Pb-Bife 2m/secS. *V^^cf. u]

- ^ 20, 10, 2mA<y ^- f^ l Tfl̂ V -̂ ^ e r 5 3 4 . ^ * 3^>^ FLUENT

^0^=. ^g]]A-] H& 3.4.6-44 ^-o] ^ a ] channel

channel^ Pb-Bi 3 l J l -&£^ Pb~Bi4

3.4.6-41- 4^^-S.

£ ^ f H ^ l t ANSYS°11 ° d ^ 4 ^ 4 . ^£^-^4^1 stress 1̂

SLQ 4-§-ii"5L Young's modulus, Poisson ratio, thermal

expansion coefficient, density ^°] &fetf| 9Cr~2WVTa4

» ^-i- ^ 4 ^4^i -^-4^ l-^^l HT-94 AJ-^i^4 ^
4 . *]£]& 4 ^ 1 - >̂l-§-§flA-i HI ^^-S]- Hj^l-ol Pb-Bi ^

^ 4 ANSYSS Jfl*jr$: thermal stress 4 ^ t 1 4 ^°1H ^

fe- ^-T-^1
 aJ -̂W- 2mA, ^ ^ l - ^ l Pb-Bi # £ 6m/sec4

3.4.6-6i 4 4 4 $14.

- 299 -



I
Pb/Bi Target

— Beam Window

50 jcm

3.4.6-4 Geometry

AN3YS 5 . 5 . 1
JAK 10 20D0
02 :45 :28
NODAL SOLUTION
STEP-1
sue - l
TIHE-1
BFETEHP (ATC)
DMX -.001393
SK! -612.936
SMK -705.216
_ 612.936
I S 623.237
p i 633.4B6
i M 643.739
prf 6S3.99
\=z* 664.211

674.492
681.743

i ! —i

3.4.6-5 FLUENT

2mA,

# ANSYSoil ^J^A|?i

Pb-Bi ^ £ : 6m/sec)
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ANSYS 5-S . I
JAM 10 200U
0 1 : 1 0 : 5 1
NODAL SOLUTION

I ANSYS S . E . I
JAK 10 2000
02:^:00
NODAL SOLUTION
STBP-1
SUB -1
TIME-1
SECJV (AW)
PoverGraphics
EFACET-1
AVBES-Kat
OHX -.001393
SHS -33163?
SHX -.96SE-»0S
^ 331637

I10E+08
tllS-

431E+06
537E+0E

3.4.6-6 ANSYS^I s| & thermal stress ^ l^ f S

3 ^ : 2mA, ^J&AFo| pb-Bi ^ £ : 6m/sec)

ANSYS Von Mises stress^

- § - 7 ] ^ stressl- yield strength^! 1/3 ^JES.
HJ ^^-71- 2mA o]Jl,

thermal stress^ 7]&x\

stressl-

^ 185MPa, *

9Cr-2WVTa^

180MPa^] s ]°

^^1 Pb~Bi

^ thermal

4.

(1)

HYPER

Geometry

rfl

3.4.6-7^
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D o )

^ V m/s, ^ T

Pb-Bi7>

of^ ^ o] 7]

^ parabolic &2.% ^vfe

5cm7]-

'4.
R, D, V, T, -8- 7 } ^

Proton Beam
(lGeV, Parabolic, Radius=R, Current=I)

2.5( m

.9Cij
(t

-2WVTa
=2mm)

• 2R+5cm •

t
R+2.5cm / P

t t t
Pb-Bi

(V m/s, T °C)

D

3.4.6-7
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^ Pb-Bi cover gas
167] HYPER Aĵ Efl

^ 5. 3.4.6-4

300°C

3.4.6-4 Pb-Bi SI 9Cr-2WVTa material property

(Pb-Bi)

density (g/cm'1)

10.46 (200°C)

10.19 (400°C)

9.91 (600 °C)

9.64 (800 °C)

9.36 (1000°C)

Heat Capacity

(Cal /g t )

0.035

(144-358 °C)

Thermal

Conductivity

(Cal/sec cm °C)

0.022 (160°C)

0.023 (200 °C)

0.024 (240*0

0.026 (3001)

0.027 (3201)

Viscosity

(Centi Poises)

1.7 (332 °C)

1.38 (450 °C)

1.29 (500TO

1.23 (550 °C)

1.17 (600 °C)

(9Cr-2WVTa)

item

Young's Modulus

Thermal Exp. coeff.

Poisson Ratio

Density

Thermal

Conductivity

Yield Stress

Heat Capacity

unit

Mpa

x ICf'TC1

kg/m3

W/m • K

MPa

JAg-K

20 °C

218

10.4

0.29

7730

26

402

loot

650

200 °C

207

11.3

0.29

7680

28

620

461

3001

199

11.7

0.29

7650

28

610

4001

190

12.0

0.29

7610

29

600

528

5001

181

12.3

0.29

7580

30

560

600 °C

168

12.6

0.29

7540

30

500

595.

9Cr-MoVNb

9Cr-MoVNb

9Cr-MoVNb

9Cr-MoVNb

9Cr-MoVNb

9Cr-2WVTa

9Cr-Mo

(2)

LAHET
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R4 ^ H

Q=1.88x 1 0 1 0 x — 2 £ j x ( i?2

7T i t

(cm)

10cm

10-20cm, 20-30cm, 30-40cm, 40

0.59, 0.31, 0.14, 0.07^ ^ «

(3)

(7» FLUENT

^ 3.71, Pb-Bi

A a ^ A j ^

1 - F L U E N T ! - ^ l - § - ^ 4 ) ^] ^

3.71 *1 D=50cm, Pb-Bi. i7l^5.fe 250°CS. - i ^ ^ ^ a l FLUENT

a 3.4.6-5i 4 4 4 $14. Pb-Bi ^

«fl̂ 1 -L& 3.4.6-84 1 ^ 3.4.6-9^

HI x]f-iEL4 5cm 4 €• ^ ^ - ^ ^ ^

3.4.6-84 ^ 3.4.6-91- i l ^ yJ^- ^cfl £ 5 — Pb-Bi

3711 ^ 5 f 4 4 ?§
v^

^ ^ ^ $14.
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3.4.6-5 , Pb-Bi

2mA

4mA

6mA

8mA

\ al x] s

Pb-Bi^\

5 7s

10 7s

15 7s

20 7s

5 7s

10 7s

15 7s

20 7s

5 7s

10 7s

15 7s

20 7s

5 7s

10 7s

15 7s

20 7s

5cm

1675

1654

1643

1632

3100

3058

3037

3015

4524

4462

4430

4397

4726

4726

4726

4726

10cm

644

634

629

624

1038

1019

1008

998

1433

1404

1387

1372

1827

1788

1766

1746

15cm

431

425

421

418

612

600

593

587

793

775

764

756

974

950

936

925

20cm

353

349

347

345

457

449

444

440

561

548

541

536

665

647

638

631

FLUNT

V Pb-Bi7> ^ ^

(1.0 + 0.59 + 0.31 + 0.14 + 0.07)xl.88x
n R f (// cm3)

7} S^JL,

1643I/VR2

ul<g 0.146J/g.°CS

I4.
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Pb_Bi7>

7] ^ i H ^ r 5. 3.4.6-54

d cm?]

2k w 2k

>^]fe Qd2/2k7>

28W/m.Kl- Af-g-*].̂  ^ . J E ^ O ] ^ 21383Id2/̂ R2AS

a 3.4.6-5̂ 11 fe yJ%^}^l^ ^£x}7]- 44M- &*1 ^^rtfl a 3.4.6-8^1

- f1^ ^^-7V 8.2mA, «]w}^ R=12.5cm l̂ ^ ° 1 H ^ ^ ^

Pb-Bi s)c}]££^ ^ .^ 42°C ^°l7}

21383x8.2x0.22/12.52=49°C -̂ tiling ^

q ^£^>o]fe heat flux^

# ^ ^ ^ - thennal

flux* # ^ ° >

^-ffe mechanical stress^} a>Hl3fl |̂-s.S. ° H tfl*V

1- ^ £ & 3.4.6-5^ 6mA, *lf- 20cm ^ - f i ^

&3-, A 3.4.6-64 £°} A ^ £ l S 3̂ ifl Pb-Bi

511- i#«l-J l °1^^-Ei 2:71

Pb-Bi7> ^ ^

$14.
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Pb-Bi7>

EL?]} ^}T1} =14.

^#§1-711 ^

stagnant

stagnant

S 3.4.6-6 Pb-Bi s.7\€:E.2\-

(l=6mA, R=10cm)

(4)

(3HH

$14-

#£(m/s)

20
10
5
2

1

5
10
20
50

100

Z7T2(i2H7fl^

235
247
260
281
297
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5. 3.4.6-7

aJt*l# f^l

£*M1!̂ *1«- #71-

Pb-Bi J 7 ] # E

Pb~Bi i M ^ S

-Thermal stress 7u4i

-aJ%v a H £ r £ # £

-HJ^- ^ Pb-Bi 2]t(l^£. 4

rfc, thermal stress ^V4i

-dpa ?J He/H appm ^v±

-U3"*l# #7]- 7 r ^

- ^ ' 4 a-i: -§AJ-

-UJ^- ^ Pb-Bi ^ltfl-^E #±

-Mechanical stress ^7]-

- S ^ ^ ^ 4 *$% 4°lsl Pb-Bi f̂5L#7l-
-Mechanical stress -it7}

-^<$2] Pb-Bi -a-g-^s>S. ^ z | l t 4 ^

-ii-a ^ A ^ r °l-g- JL-g-̂  7J-i

-¥-^ #7>

-§-°J"#7l-S. mechanical stress #7r

3.7}, 5)4: Pb"Bi

f- + 5cm,

^ , Pb-Bi

lGeV, ^ i ^ - ^ S parabolic

3.71

Pb-Bi i
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<>}

(5)

HYPER -£2fl» r̂*5

x]W°] 50cm°A ^ - f7

^ Pb-Bi ^ 7 ] ^ £ f e 320°C, ^

20, 25, 30cm ^-f^l HYPER

fecfl o] ^-fo]] HYPER ^ i |

r̂ 1671 <g- .̂̂  - a ^ & j i 1S^-
-1- ^^§}$I4. S. 3.4.6-8°1]

o] ^ ^ ^ B 0 C £V# 5

7ll, Pb-Bi

2mm, S 7 l # £ ^

ell ^^lA?i(w]^-

tft stress < 180MPa, Pb-Bi

^-7} 37M «j ^l f n

^ - f i ^ r Pb-Bi

^Al^tf. g_ 3.4.6-8i

600°C, Pb-Bi 3)ifl

tfl ^ £ < 2m/s)^r

500°C,

fe ^ tfl

3.4.6-8

j p b_B i 320°C,

Beam
Diameter

15cm

20cm

25cm

Tube
Diameter

20cm

25cm

30cm

£E7|^-5E

Needed
Current

10.8mA

10.2mA

11.7mA

1.5m/s,

Max.
Current

3.3mA

5.4mA

8.2mA

a oTtĵ q 167

Max. Window
Temperature

548°C

539°C

542°C

i tJ")

Max. Pb-Bi
Temperature

500°C

495°C

500°C

Max.
Stress

117MPa

123MPa

124MPa
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(6)

T i l l -

1# : 66cm

- Pb-Bi ^ 7 ] ^ £ : 340°C

- U ^ - ^ 1 - °^n : 1671 «y-

- ^ A -̂W- : 20mA

- ^ c M f - ^ l f - ) : 40cm(35cm)

- U^-^T-^I : 2mm

- Pb-Bi S 7 l ^ H : l.lm/s

7 } ^ ^ ^ : 13mA
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7. *&

HYPER
14 ^ A J ^ Fe recoil

He

recoil Fe^l ^M^lfe-

MeV ^°J^r J i ^ t " ^ °-} 90%7\ 60keV ^ l ^ ^ ^ l

4[4.10]. ^ ^ 4 1 GeV<>ll ^* t recoil Fe ^M^lfe l-2MeV 4

4 o l 5 i ^ 1̂ > recoil Fe7> sub-cascadel- ^ ^ 7 l P . S . l-2MeV

M*lf- ^fe- Fe 2A}S «1^*> ^^-^r # ^ 5U4- 44^1 lOOkeV Fe

He 7>^o] 7>^?V KAERI l̂ ion implanterS ^}^d £*£ S^-^^^r

^ $14. KAERI ion implanted ^r^ mA^l tfl^-^-o]H.S. $r£r

HYPER dpa ^ He ^ ^ JE.̂ 7> 7>^§>4. ^ ^ ^

^^5)>H microhardness^

$1

3.4.7-

Tandem (6MeV/10^A),

Tandem (3MeV/l^A), ^ ^ c f l t v s

cycloytron (50MeV/l^A) %•<>] *]•%-

] 7}- T E M f-^

^§l-C]-^ 3o] 4 .
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3.4.7-1 KAERI ion implanter

(Rp=346nm),

dpa=0.38°11

A/cm2 S

TRIM Codei £R> lOOkeV He
16

appm

l- 20

10

: 10

( JRp=110nm), ^ ^ He

ion implanter^

fl^ io16 7ll/cm2t-

42000 appm ^ o g^l 7 } ^ } 4 f e ^ 4 o
s
v ^

^ ^^11 0.3mm, 5cm X 5cm 9Cr-2WVTa ^ 1 - i - ORNLS.

5X3mm, ^ -^ 0.3mm ^ # 87111- ^ 1 - ^ Argon ^ ^ 7 l

1050°C oll^i 15^-, 750°C ^Mi 60^- ^ ^ 1 ^ e l « §}$I4. S 3 .47 -H

9Cr-2WVTa^l

3.4.7-1 9Cr-2WVTaS|

Cr

8.90

W

2.01

V

0.23

Ta

0.06

Si

0.21

C

0.11

Mo

0.01

Mn

0.44

N

0.02

Cu

0.03

Fe

Bal.
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microhardnessf- 103-*! 3. 3.4.7-2^ 4 4 4

o.^ yg*. dpa^H Zf cr (yield strength) =AKn=1/3 Z? M.H. (A:

, K:dpa, n=l/3)4 ^ ^ 7 } <£3j^ &fe31 dpa # ^ H

3.8dpa

o]o]]

strength)=l/3JM.H.

4 ^ 42000appm He

250-450MPa ^ S . ^

He

K

bulk^l

yield strength^ He

(yield

3.4.7-2 He

AH ^

1

2

3

4

5

6

7

8

UA/cm2)

54

54

18

18

27

27

23

23

54ApJ
(miirsec)

0:25

0:25

3:50

3:50

5:50

5:50

10:00

10:00

(ions/cm2)

1X10lb

1X10'B

3X10'b

3X10'b

7X101b

7X10'b

1X10"

1X10"

Si
(°C)

25.8-37.1

25.8-37.1

26.7-46.9

26.7-46.9

27.5-72.9

27.5-72.9

25.0-99.4

25.0-99.4

He ^ ^ U =

(appm)

4200

4200

12600

12600

29400

29400

42000

42000

dpa

0.38

0.38

1.14

1.14

2.66

2.66

3.80

3.80

5E A|-:*H

M.H.

(GPa)
2.46

2.15

2.29

2.26

2.16

2.21

2.18

1.94

M.H.

(GPa)
3.71

3.03

3.05

3.04

3.06

3.30

3.37

3.65

/(M.H.

(GPa)

1.25

0.88

0.76

0.78

0.09

1.09

1.19

1.71

3.4.7-2^ 4 ^ -n-Af^
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1 -

0 1 -

[2]
•

•

•

•

experimental data
— linear extrapolation

[2]

[3]

A

0.1

0,01

1000 10000

Helium concentration, [appm]

experimental data
- linear extrapolation

\

H/He
implantation [1]

\

100 keV
helium
implantation
our data

He/Fe
implantation
15/300 keV [2]

O.I

Dose, [dpa]

3.4.7-2 KAERI
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8.

3.4.8-1^ HYPER

2E

SH

IDs

Pb-Bi
seas xi

men,

3.4.8-1

7}.

'A>. 4

- 317 -



^ 5 . LCS(LAHET Code System)^- ^ i l ^ H 4~§-4^4 . LCS

LAHET4 MCNPi^ ^ 5 ^ 3 1 ^4 Af-g-

SH^-i-, 1 i H ^4 31 ̂ H 4 20MeV °l
7} £ f£)o] ojx] o>^ ^ 2 ^ ^ ^ t r ^ nj §v ^JXJ. ̂ s j ^ . ô  ̂  ^) 20MeV

3L471- i f - s l fe ^5.€- version^] LCS'^£-7} ^-S.

0] d e c a y ^ j^o . ^,^t}7) $n^ ORIGEN 2 H f

. ORIGEN 2 E f ol-g-§H^ 1 ^ ^ f s j - ̂ ^ 1 - ^

f ^1^11 *r Sifetfl 7 ] ^ ^ ORIGEN

ORIGEN
library^ ^ ^ ° l € - ^ } 4 . E t t

4 decay!- ^o] ^ ] ^ ^ ^ ^fe, ^ LCS^ ORIGEN l̂ €

CINDERS

(2)

^ FLUENT ^ ANSYS 2 E f

FLUENT tflAH ^-Bj^j^^A^ ?>O] 1 4 i^

i l £ ^-£L*H1 21̂ 1 version^ CFX

ANSYS*

4. ^ ^
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(1)

(2) Pb-Bi 1 ^ ^ ^

2S.71- a^Al^Efloi]A^ ^-^^- ^ oji. turbulence

^ ^ ^14*B^ Pb-Bi loop

4 . Pb-Bi loop ^ * H 7fl^o] ^A^& «

71 ̂ °1 $14. «̂ fl 1 ^ ^ «I4^ "t^A K^°A

^ 7l^o] 71]̂ S]J1 $11HS n 7}^4r Pb-Bii

(3) Pb-Bi

Pb-Bi ^ 1 ^ 1 ofl

Pb-Bi» ^z^ -^S . *}•%-*£ «fl ^ ^ ^ 1 ^ # S HYPERS] A)g-

fe- HT-9, 9Cr-2WVTa
# ^Sl-Al^^A^ ^ ^ Al7j

t^r^ ^ 4 4?>7HS Pb-Bi

^ ; Al 2 ^ , Pb-Bi ifl
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(4) Pb-Bi vfl 3*fl *q^ 3J !;£•§• 4 7]

BH ^m ^ £ j ^ r

on-line °-

Pb-Bi
] ^ ^ . ^ J I -i-^#2] ^-f«^fe filter ^

(5)

X]

Pb-Bi < I ^ ^ ^r-^4 ?b^€ ^ ^ ^ Pb-Bi

^ 590MeV °<M!*]- °J^r Pb-Bi J
o] MEGAPIE
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*ll 4

1996\i

7l

HYbrid Power Extraction Reactor)0!]

4 . ^ ^ 4-1 ̂  ̂ ] HYPER

183 3d £?g s u a i
3(4) S « 5/6/7 bHxl
HISS ^^Ife —ISOSJ
S2SJS S i E 19.5 at%
0IS3IE 0.97- 0.98

I 258 kgTRU/y

* • *

y
iQb

aj a s
TRU-Zr t
331/169 ;H SSS/StJXIl
Sell a s S I 2 i £ -22/30 at %
3 S S4J¥ a CD S£ 850/800 °C
[21.6 kW/m (& fa*a| = 1.6)]

I V-C-i*-

Pb-Bi ys,'
340/510°C
3 loop Alii

{1fic\'. 1'JIJMI,:. US JStm. S B • IJmA)

v :.i y
t t r

Ph-Bi

(l.lnu.'W -C)

9Cr-2WVTa SSf
tfeja2|IH Pb-Biw S5| °S * i
ilCH S)g g ^ ^ f e 1GeV. 13mA

4-1 HYPER A | ^
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TRU

Tc-99, 1-129^

Support Ratio(SR)7f TRU

Tc-99, 1-129*̂ 1 tflsflA-i ^ ^ * > &oj s]3E.^

^ ^ S SR(TRU) ~ SR(Tc-99, 1-129) ~ 4.5

40%

Scattered 7fl^-^ ^ ^ j o] ^ o i t q c ^ ^ ^ O]

- «fl, Pu-2404

]^-i:-i: 99.9%^

^ 4 ^ - ^ - S i - g £ : lOOOMWth

4 TRU* ^ ^ ^ ^ 4 .

2.

, H Y P E R S i ^ ^ ^<g£.

^ $ i ^ 4 . HYPER ^ 4 T^^- n]<y^3E. ^ tAS 0.97 - 0.98

TRU7>
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Alloy)4 ^-^^((TRU-lOZr)-Zr) ^ 7}x]o\] tflsflA-] ^tfl

HT-9-1: ^ i^

^ Swelling^! ^*V

^-^ Swelling^! nfl-f 7j-«|-o.S. Smear Density

^ ^ - 3 1 ^ 331, 16971}^

T 2-* = r W $ ! ^ hz.^ ^^ $_& ^

33171] «fl

3. T$

HYPER ^ ] ^

^ - S 340/510°CS. 1 ^

- 1 4 °^<*1-S-51 ^ - J i # ^§1] Al^Efl ^ ^ ^ . c ^ 1 0 0 ° c

2% ^ j L i : ^ - ^ 1 - 7tvo>^o>« ^

O]1Â  Al^tfl î zi-oD ^ ^ ^ . . 0 - 5 ^ =̂ 4O)Ooo kg/sec^

S.fe ^ 1.5 m/sSAl 7 l § ^ ^ S i | u|.Ef. x^zv ofl̂ l

A S ^47fl # £ 7 f 4 4 . o l ^ pb-Bi ĵAl ^ JfAl
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4 4 ^ T $14. HYPER ic-y hot channel^

^ ^l-&.£ 650°C 4 4 4

44
4 HYPER ^ i ^ £ ] ^-f 4 2.0
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