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SUMMARY

The characteristics of mechanical pump and electromagnetic(EM) pump

for liquid sodium coolant in a liquid metal reactor are compared and

analysed as a design concept of KALIMER coolant pumps. The type of

coolant circulation pump affects the selection of reactor type, economics,

and reliability of reactor. Though the mechanical pump has much

application experience and give satisfaction to the reliability of developed

reactor type, the possibility of development is limited and its large weight

and volume have a negative effect on the design of the economical liquid

metal reactor. The large scale electromagnetic pump has not been verified

yet, but it is expected to be demonstrated in time. Because the size of EM

pump is small relative to the mechanical pump, the compact reactor design

is possible. Therefore the selection of EM pump can be one of the

methods to improve the economics. Since the shape of EM pump can be

varied according to the arrangement of electromagnet coils, a new or

unique reactor type can be developed easily in the process of KALIMER

development. In the view point of economic LMR development, it is

desirable to adopt the electromagnetic pump.
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1.1

itig-A.<s] ^ j ^ S ? ] Super-Phenixl-

EBR-E1-8:

A)

5a4. ^ ^ S ^ T T

f̂l o]
Pump)!-

^^(Electromagnetic Pump)

f- Hfl̂ <H)Aî > A]-8- 7>^«l-^7l nfl^-ol^. Afls.^- s«g ^^.S] 7fl^-4 EBR-II
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1.3

1.3.1

fe PRISM M ^ A ^ 6.4 7l«g-<S] }̂<a-o] f ^ ^ 4 . o)

E.3. ^^L5] afls.fe. 871

3 £ 3 . 7̂̂ 1 sl-ji, NPSHfe 0.871 «g-

s.

5^-^S] Super-PhenixS)

Super-Phenixfil ^ - f -g^S. Rapsodiefif ^ ^ 5 . Phenix°IH

Rapsodie^ %E.%

Super-Phenixfe PhenixSl -§-#-§: 4«fl

ALMR

- *H |̂«l-5a471- n ^ f̂l̂ H ^ ^ s . ^^§1-^4. o.^ H
7l7Jl^j ^ ^ ^ ^ ^ S - ^ i 2700 Pl-^sl ^ ( c o n s t a n t speed) -fi-S.
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3. 1. PRISM

(a) Reactor Core
And Inlet Module

(b) Upper Plenum
(Form Core to IHX)

(c) Intermediate Heat Exchangers

(d) Form Lower Plenum
to Pump Inlet Manifold

(e) EM Pumps

(f) From Pump Discharge
Manifold to Core Inlet Plenum

Total

Core Flow ( £ /min)

Full Power

5.65

0.014

0.27

0.14

0.33

6.39

44.16

scram 10005: ^

0.016

~ 0

0.0007

~ 0

0.0007

0.0007

~ 0.018

- 1.79
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2.

Reactor

Country

i - t^ j , MWt

No. Loops

Pump Type

Pump Position

Total Flow, kg/s

2*1- "M îl- 311-
No. Loops

Pump Type

Pump Position

Total Flow, kg/s

DFR

UK

60

Loop

24

Cold

450

12

Cold

900

EBR-II

USA

62.5

Pool

1

7lTfliJ

Cold

481

1

Cold

481

PFR
UK

600

Pool

3

7lTfl*l

Cold

3090

3

7lTfl4|

Cold

2920

PHENIX

France

568

Pool

3

7131*1

Cold

2760

3

7 1 T B * 1

Cold

2280

BN-600

USSR

1470

Pool

3

71 Til 4]

Cold

6050

3

71 Tl| 41

Cold

5310

MONJU

Japan

714

Loop

3

7131*1

Cold

4260

3

7131*1

Cold

3120

SPX-I

France

3000

Pool

4

7131*1

Cold

16,900

4

7131*1

Cold

13,200
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PUMP CHARACTERISTICS

FLOW

SODIUM TEMPERATURE
TOTAL HEAD
AVAILABLE NPSH
REQUIRED NPSH
PUMP SHAFT POWER
PUMP SPEED

41.250 GPM
540°F
80PSI

52 ft • 540°F

40 ft • 540°F
2700 HP

1400 RPM
PUMP MATERIAL 304 AND 316 SST

PONY
MOTOR

SHAFT
SEAL

30 m. •*
DISCHARGE

MOTOR
2700 HP

(4 POLE INDUCTION)

$6 in. MOTOR
, > MOUNT

190 in. PUMP
TANK

30 in. \
SUCTION-*

ALMR

- 6 -



(induction motor)3. ^ s ] ^ * r-fr^£(free surface) U<M^ ?1 *

:£$ #•§•7](pony motor)7f

304SS £ ^

316SSS. ^ - 1 - ^ 4

1, 2«fl 4Efifl5i4. ALMR

7\. 2*\ i f - ^ 5 ^ 1 ^ 1 ^ ^ : 282t(540T), 63m(208ft) static

2602.4 £ /sec(41,250gpmH 4 .

4. $2.

4. 64^

Coastdown nMfe- main motoH^i 4§-^«-sl«H ^Tfl-S-^^ 10%

*^7fl §f^ pony motor7V

p|-. pony motors] a .2 ^ ^ 1 ^ : plant gas turbine generator0!!

impedance7]- ^^14 . 4 ^ ^ ^ ^ ^§3Sf ig^v E§H ̂ O ] ^ ^

]J1, ^S7l- trip^ 714 £ # / # aV-g-o] o!^- nfl ^ ^ >,

Q flow oscillation^ tflt!: ^ # ^ ^ # * 4 . a*V 2^} «

XI£^- i f " ^r^ f^(level probe)
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motor mounts s l«H *

9X°] $2.$ ^ 4 ^^171 (impeller) 1-

labyrinth 7 r i seal^ ^ ^ € ° 1 ^ i ^ ^r#Hov^l^ rotating face

(slinger)4 labyrinth seal^

20,000^1 ?r

system^ 4°1^1- 4*1*1

1.3.2 ^

1958^ *RS1 Atomic International^

10-2000 gpm

H> 5a.$_n},[7] ^ ^ . o f l ^ s 1960^^

* 7l)̂ -ofl ^^^1-71 Al^§1-^^cll Toshiba^ 1967^-^-Ei

10,000
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TOTAL HEAD IN FEET

8

H Um o

>
r
r

a S
s
z

J I
_J L

s s
NPSH

BRAKE HP

J I J I
S S i5 8

EFFICIENCY PER CENT

2. ALMR

- 9 -



o
I

u
CO

I
CO

05

CD

O

|

Hi

ARGON. SHAFT
ANNULUS PURGE

ARGON. SEAL
PRESSURE

CARTRIDGE VENT

SHAFT SEAL
CARTRIDGE

CARTRIDGE SUPPLV/ORAIN
OVERFLOW TANK VENT «/2

OVERFLOW
TANK

OVERFLOW TANK DRAIN

LOWER SEAL LEAKAGE

SYSTEM
SUPPLY ft
DRAIN
TANK

f LOWER SEAL
I LEAKAGE TANK

UPPER SEAL
LEAKAGE TANK 1

DRAIN DRAIN



General Electric°1Mfe 1977^1

%n$] £_7-o\] nj-2} f̂ efl 6,500 gpm^r # fe ^ S S ^ - E i 14,500

gpm (55,000 «

7)«H1 ^ ^ " ^ ^

z | i | ^ - 6 - H ^ ( ^-cf^ - ^ - £ ^ ^ 37r*l ^Hf l^ afl^^J-^-g. ^ = f ^1
3 ^ J l 140m3/hr

1978^ ^^-fil Atomic Energy Authority^

magnetic gap# # 3 # ° 3 ^ 7 l

* r f e HoV

.[15,16] 1982\!

^ Na side barl- 7}

1986H1 D l^"^ Columbia rfl «?-«HI >H ^ 4 ^ 4 ^ ^ bulk material^

<£^*m ^ 4 ^ ^ ^ S i ^ - ^ ^^ -8 - tb yf ^^-^,[29,30] 1987^

Dow Chemical Company^>Hfe 4^i-il^, iHMw, ^ ¥ 4 ^ ^

- ^ ^ ^ l ^ ^ £ 7 f 8151C

1988^ i h ^ ^ Efrenov

Electric Equipment Research Instituted BN-350
- 1 1 -



3,500

channels.*! <ajsfl^#s] S.^-°] 180 " 4 ^ ^Efl# 7r*l

3- &fe %2.3-*\ 4^ - M-efi^ ^ center return^

- ^ ^ FRAMATOME 4^1 Novatome Division, ^^-S] Sukegawa ^7]

S l - Flow Coupler^fe

'S^^Sa^.El Dl^"£ ALMR(PRISM)

1994\i^l

i MDP(Modular

Double Pool) Reactor«f ±^S, Plant 7H^^ ADP(Advanced Double Pool)

*7 l^ l f i1 flywheel^

tr ips]^£ flywheel^ 4]3

PRISMS

4,

2011 \ ! * H °J?^^-^S. ^ ^ ^ ^ S . < y KALIMER(Korea Advanced Liquid

Metal Reactor) ?!>§•§• ^ ^ jSLrfc 7l# 7fl^S.^l -^xflofl^^. A

« r ^ ^ ^ -Si^-B-S^H ^ ^ ^ 71^-

60«/min, 800«/min, 3 J L >̂-g- ^&£ 400°C,

-12-



u
4±

J2,
t—'

738J
J BOX

PUMP DISCHARGE
STATOn ASSEMBLY

STATOR ASSEMOLY

H.ET

38.00
ML

SPtC

TIC RODS

FLOW ANNULUS

SPACER BARS

I POLE

SECTION A - A

ANNW.US

SECTION B-B

LOW
AM4XUS

YP1AACE8RA



tit

Design Specification

Type

Number of units

Flow rate

Head

NPSH

Outlet pressure

Sodium temperature

2 Stator
ALIP

4 / module

75m /min

70mNa

18mNa

6.1 kg/cm2

375°C

(mm)

5.

- 1 4 -



i 4-8-

7)71]^

^ 6001C

rfl

*J 5] c>| o>

^4*1 ^^fe 4-8-

471 ^ . ^

nfl u | . ^ ^ T $lfe 71

^ 7flt" 3 ^ * 1 4-8-&£. 600°C,

. Pool

600TC4|
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2.

2.1

1954^ Aov-§-3-£ 120

gpm(454

1420 kg/sec ^ Q^ %*?} Q^Qo] 5U4. ^ ^ r ^ A ^ 7MH ^ ^

impeller, vane, diapgragm f-̂  7>-̂ -?-7f ^ S -fr«fl ^^-^1^1 *^*>fe- ^

* ^l^)t!:4. ^^l^"^0!! 4-8-SJ-fe 7l7Jl<̂  ^ ^ ^ ^ s ^^(centrifugal)

= , S 4 5 ] (rotary) %S., ^4(reciprocating) ^ ^

2.1.1

4

^^-§r impeller^ 2 ) ^ 4 ijv}*) Hl-g-ofl 5]*H £ 3 € 4 . radial

impeller^ axial impeller^ al*><^ ^ ^ head risel- ^ A

volute4 diffuser^- ^^-

S 7fl>d^ c ^ 4 $ ^ , ^^-^^(free surface)

^^^(completely filled design)AS. 4 ^ ^ ^ ! 4 . 4-n-OJl^ %*^ ±

- #•§• ^^>7l ^«>^ *J-^ ^ 3 ) o . s shaftofl
-17 -



shafH] SX4. sc s h a f t seal-g-

2.1.2

), 7H(gear), vane

positive-displacement typeAS.

A>-g-̂ -cf. O.^AHOI]A^ ZL-&9] working fluids. JLod-s) NaK

^ l S . ^ ^ ^ 3M3-.E34] 716] «O>^1^ 3000psi,

gpm -B-^ Al̂ oflA-1 bearing JL^-c.2. ^ a f l j f ^ l i } , vane

1500psi, 1200°F«Hl̂  5 gpm ^ 1̂̂ °11>H 15^1 ?> ^6> NaK-77

. shaft-seal^l

2.1.3

. diaphragm W<

>y^ol ^ o . ^ , 5376

-18 -



IMPELLER

DISCHARGE

TANK SPHERE

SEALING CONE

INLET

6.
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2.2

bearing°l ^-SL&H, dynamic seaW

H ^4^B £ M fl-Sl- 3)713±3.

-8-S.

Cf. ojnfl ^^7fl^A-1 7]-^ * j « i f " (Na)

Si-2-^,

S^ 713

4[6,17].

-20-



Af-g-
I i

2.2.1

duct duct

4.

51416]

2.2.2

(Induction Type) ^ S
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CURRENT

FLOWj/

-FIELD
STRUCTURE

7.
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5UJL, 3 ^

Induction PumpK, n ^ 9 ^ ^o] ^ 4 core^

84
-a-
ductl- 40)011 =.

, Flat Linear

, Annular

Linear Induction Pump)AS.

^ ^ (Helical Linear Induction Pump)£.3.

ufl̂ ofl t^s} qAl duct ^ ^i 'LV *J*HJ

duct • S ^ ^

-frS.1-

field

duct x\}o]7}

U r 600 °C

71

, 3:^01

01

-23-



a
(a) Submersible-in-pool type(pool
(b) Externally-supported-duct type
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CORE
OIL

II

9.
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- 9 Z -

ftfr

-fe-ir

(|n -l-K-̂ -Ri -f-tv^^ klv^fe # " 5 ^ 3-100 '

-f-ft-k

bis Is--B-

Ib-g-b

--bloSr ft 4QE*tSir [Kla^lY Ik-ft -tr-ir 1 ,^ ft (o tbIP3

^ ftR: feR> ^ ^ ^ P i fe* ftt^

fc ^k lQ tb^gr tv|irR ^rts^tb -ta-tn

^ & l2r-& t^Po^ ' # k t o 3 ^ ^th ' ^ to

^pnp ^ ^ ^ ^ fe-teifiU ^ifi-o-^ -5-^?Y ^ feb?



5. 3.

Duct^ ^

Cores] 3.71

Pole pitch

B̂-T- cores]

Coil « ^

& 7V A]

• ^ £ #§}•§• 3*11 €• ° 1 ^

•-B-^]7l- #B i7 f^ ^ ^ ^ ^ 1

• *]•%• ^cfl coil S1^7V ^

7 > W .

• §-7l#£7l- ^7l-«j-tf.

• #*lfil ^ £ , ifl-^ core^

^ 6 l 7 r ?^)^, -¥-7fl£. ^

7>*i^.

4.
• ^ 1 7 V 7 ^ c f .

• End effect^ 7^±^:^.
• ££ duct ^oi i tflsii -a-^i

^ ^ ^ o ] ^7V?Vc]-.

• ^ 1 ^ ^-7fl7l- ^7>?VC]-.

• ^ - ^ #^^r 3*11 ^-8.̂ -

• ^ 1 S ] -?-7fl7> &7}1\3L,

-§- ^cfl coil ^ ^ 7 1 - t b ^ €

4.

# i 1̂

t>4.
••fr^l7> *ei7ffe ^ ^ j o i

7J-^?t4.

^^14.
• 7 J - * ^r Sa^ ^^f l coil £\

*r7\ #±&^.

• ^-^S] ^-£7} ^-oV^14.

• 2xV#fi] ^f^ 2HH>i7V

^7f*>4.

• ^ 3 ^ ° 1 ^ ° d ^ * ir^o):

?t4.

• $.£*) ^7V*>4.

• °d^ ^ i ^ - * ̂ e i ^ «-4

- 2 7 -



4. ^S

tfl-r- core3

3.7}

Pole Pitch

—i—i ~r~

Duct^ ^

Coil ^

"I- <T7\ &

d Ĵ 7l D 2

# # *}•£

1 £ 4 3 core *l-§-3 ̂ 7H1
T T '"'^ 1 O I* ^*T » ' | i jL; / *-n 1 I^T ^ ~ •*!

-7> «y^s}-4^ pole pitch7|- i

f. ^ core^ 37l7> 7 i^ l ^ ;

- ^7fl7V ^7}^ % °13°1

pole pitch 7} .8.^£14, 4 -^

TT M coil ^ ^ 7 > # < H # J L , nE-Jig 4!

Pole pair7r

# 3.7fl *}

Duct3 ^-6

3 ^7> f-
r̂ 5i4.

^ f e ^d^-1- 37)1 *fl°> ^ H .

-£. edge effects. #7fl 3°1

4 . ^£'14, pole pair7]- uj-r-

• duct •^•^r ^l^]"^1"2] •sr*113

5. °1-1- #^-*l oiB êll ^^H0

coil 3^7}- ^L7|-^-ir^- ^i^-

". ^ COil ^ ^ 7 ] - - ^ ^ T 1 ^ ^

f̂l 47} core7]- ?i

[• ^y u}]^- c o r e 2 ]

^7}.^-o)l ni-e}- ^f-g

§ J 4 . Ol <*Al 7}

Sl-fe- # ^ ^ ^7 l

s. ^ 1 3 ^^ -fr
pitch7l- 4^-^*)-

^ 0] jg jg j£ji(-7)-

^ O . ^ Ol S^A) ^

SB -n-^1 ̂ fl-T-3 *r

l«o! ci 3 4 *

?
3

*d
4

°1
*1
111

- 2 8 -



2.2.4

1)

740 rsf 75ot * M ° I H ^r^*i ^l-^-i- sife ^-g- •& n= sa
4 . a t b Aov^°fl^^ xlSf^Al^ a.^ tflg^ 70 A/mSl ?]7M]-^-^^ ufl^ 1 5

-^^-^ 15,000^£S.

30 A/m Ye^A-1 ^ . ^ ^ o l 3)cfl7l- E]^ ^ ^ ^r 5U4.

30-50

0.9-1.0 T 4°1°11 21-g-i: £ ^r SÛ

6i 30 A/m

8,000

5U4.

- 2 9 -



8.B -

2.0 -

1.8 -

1.0 -

0.3 -

0.0 -

( l )

i l "i tn| i i I i 11 np " x ' T'l

10 100 1000
FIELD STRENGTH (A/m)

10.
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25000 i

10 100 1000
FIELD 3TREHGTH ( A/m )

11.
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124 ^3 133

500TC 1

Si ̂ 3 1 o ] ^ ^ . o] i j j - ^ ff£##3 Curie ^S.71- rflif 745°c

o.8«H slfe- * H t S - ^ . ^ 540^7)- s\v] Blochs] T3/2

Curie ^ r £ 5 ] 0.8«fl7> sjfe-

SI I 4 .

700°C

2) € ^

-§-71

71 fe-

#$7}

4*1 ^ ^

^ 7 H ^"^ W f e 1950̂ 41

-32-



2.5 n

2.0 -

1.5 -

0.5 -

0.0 J

0 200 400 600
TEMPERATURE ( *C )

800

12.
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25000

= 20000

15000 -

10000 -

< 5000 -

200 400 600

TEMPERATURE ( 'C )
800

13.
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s)71 x\^}^t^. Gordon f-[39,40]sl W i ^ f e 3.5%

Orthonol, 5-79 Mo Permalloy, 2 Vanadium Permendur, 16 Alfenol̂ f 2-81

Mo Perm- alloy 1- ^ ^ t f l ^ o . s . « H <=>) ^ ^ M S - l - l : Brookhaven # 4 ^

W-14 <£•% XS-ofl-H 1.8 x 1012 total neutrons/cmVsec^ f^xHr.0.3. 493

4 # %•<£ SAf^^cf. o] nfl<q #*fl3<y £ f ^ * H ? £ 2.63 x 1018 n/cm2 (^

^ 4 d\)xJ\7] En < 1 eV), n 4 r f ^ * H r 8 : 0.11 x 1018 n/cm2 (En > 1 eVH&

±*\ gamma fluxfe 1-2 MeV °1*H # 4 <̂1 ^ ^1» 7}%\ 5J A S 4 x 1011

l Orthonol^r Bjl^o.^. #11 toroid, 2-81

Mo Permalloy^ ^ ^ € - ^ Jiel(pressed powder ring)^lJi

S.^ DC ^^ofl S ^ 4 ^ # ^ 5 1 S . , AC

hysteresis loop l̂ ^ 4 ^1^-^S.l- 4-§-?t oscilloscope ^

DC ^>7l ^

°1 ^ 4 1 - ^ - ^ 5-79 Mo

Permalloy^ Orthonol^l nfl-f 3 . ^ ^ s . <y c . ^ ] ^ HV^OII 3.5% fl-^j-^ 16

Alfenol4 2 Vanadium Permendur^r ^ ^ 7 > nfl̂ - 3]-^- 5}^- <g ̂  534.

JZ. ^ ^ 4 ^A>O] <^^o. ^ ^ ^ 2.Al.7|. # v j ^ o , l £ ^ ) s j t . ^ o . ^

A1#O) S ^ - ^ ^ 471 ^-A^ ^ A

\# g . a>^ 7 f l ^ f e 5^79 M o

Permalloy^ f^^4 ^A>A!^ ^tfl^.4^0] ^Af ^fil ^rfl

93% ^SL ISCH^^- ^ ^r &&4. a?b 5-79 Mo Permalloy sf Orthonol s]

, Brookhaven ^ ^ ##3.°1I4 *3*H^! Schindler -§-[41]^

Ai^ ^ 1017 neutrons/cmVsec^ ^ ^ 4 ^ * 4^1 ul^Mr^KEn > 1 eV) 3:

A}- ^ ^A> ̂ o] go Hzo^ hysteresis ̂ - ^ i *

# ° m wfl<î  •a-f-̂ l̂ H" Heusler ^ - ^ i ^ i

0.4 Fe-Ni ^•^•^-oflAi^ hysteresis ^
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Coercive Force, Hc (oersteds)
o p o o

ro u
O O O • O

noe:

a.

o1

O
n>

c
(i<

•^

c

c



neoclor down lor
15-hour period ""•

neoctor dowrf

3.5 % Silicon rron.T

2 Vonodium Permendur

2.4
in 2

Inlegroled Neutron Flux (10 n/cm )

15.
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3)

3.$= 7]?im°.£.

Fe-Ni

20,000

Fe-Co

^- Fe-Ni

Permendur7} $ 1 ^

i S ^-8r Curie

£(750°C)

Permendurfe

2.3 T

1200°C)

7^1 JL °}A

4
Permendurfe-

- 3 8 -



fi. f1

01

2.9

60

x 10
2

0.15 u

5.3 x 10

6.0

"2
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2) JftSS)

o]

divertor^ limi

FFTF(Fast Flux Test Facility ; °1^-)

RTNS-H(Rotating Target Neutron Source ; v]^), 0WR(0mega West

Reactor ; D ] ^ ) , SM-2(3 *\°\), BOR-60(s^l6f), HFR(-B-^), FMUFR

(Fusion Material Utilizing Fission Reactor ; a ] ^ 4 ^-S-) :§-°l^-. a. ^ 4 1 -

529°C) ^ ^ ^ > 2:

16[42],

7[44]-

18[42] zie |J i H. 5[44], S

^5^(99.999% MARZ)^

30

70% IACSS. f

42} 7\O)7\ 5H6.T4 CflB̂  JA} ^ S] 95% IACS

400°C ^ - e i ' H 30 dpa ^ H ^ ^ ^ 4 ^Af ^ tfl^ 80% IACS

s) ^7 ]^5L£1- 4 ^ ^ 4 . ^.s^i4 529t°lHir ^ 30 dpas]

4 i # *f 85% IACS

- 4 0 -



TOO

80

60

20

411-430°C
Pure Cu

Cu-5NI

0.5% / dpa

100
Pure Copper

£23= C

20

Cu-5Ni

50 100 150

Displacements per Atom

200

16.

FFTF
Cu-5wt%Ni(430t:)s]

Swelling^ #7)

- 4 1 -



100

CO
o
<

4 0

2 0

0

_ O CUAI20 20% CW
A CUAI25 50% CW
O CuAM5 + B Annealed
V CuAI25 50% CW + Welded

j J I

— Cu - Cr2O3

u

o
o 80

60

40

20
ODS-2 (TEM Disks)

O ODS-3
<7 ODS-4

I I

0 50 100 150 200

Displacements per Atom

17.
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10 ,

to
o

40

20

KTA

HTS

o'

• MZC (HTA)

* MZC(HT3)

C! MZC (MIT *2)

O MZC (MIT «3)

O CuC.-2/

O
a

SO 100 150
Displacements per Atom

200

18. 411~414°Co)M f»9*f 2 4 « MZC Copper Alloy^ Swelling,

| , Tensile Strength.
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5.

Material

99.999% Cu
(MARZ)

99.999% Cu
(MARZ)

99.999% Cu
(MARZ)

99.95% Cu
(OF)

99.999% Cu
(OFHC)

99.95% Cu
(110-ETP)
99.999% Cu

(zone
refined)

99.999% Cu
+ 116
appm B

Heat
Treatment

Annealed

Annealed

20% CW

20% CW

Annealed

20% CW

50% CW

75% CW

Annealed

Annealed

Irradiation
Conditions

Unirradiated
16 dpa,@430t:
47 dpa,@430t
63 dpa,@430t
98 dpa,@430°C
Unirraiated
34 cpa,@414t

50 dpa,@41ir
150 dpa,@415°C
32 dpa,@529t
Unirradiated
3 dpa,@400t
15 dpa,@400t

Jnirradiated
3 dpa,@400t:
15 dpa,@400t
Jnirradiated
14 dpa,@400"C
Jnirradiated
14 dpa,@400t
Jnirradiated
14 dpa,@400t
Jnirradiated
14 dpa,@400t
1.2 dpa,@182t:
1.2 dpa,@220t
1.3 dpa,@250t
1.3 dpa,@275t
1.1 d p a ^ O O t
1.2 dpa,@350"C
1.3 dpa,@400"C
1.2 dpa,@450r
1.1 dpa,@500t

1.2 dpa,@182t
1.2 dpa,@220t
1.3 dpa,@250t
1.2 dpa,@350t
1.3 dpa,@400t
1.2 dpa,@450t
1.1 dpa,@500t

%
IACS

101.0
88.0
61.1
55.0
32.7
100.9
70.3

58.1
30.0

86.8

103.0

97.0

87.0

101.0

95.0

87.0
102.0

88.0

97.0

86.0

102.0

88.0

100.0

79.0

MPa

58

43
-

-

-

75

64

63
-

-

40

41

45

30

55

50

oTs/
MPa

-

-

-

-

-

171

116

131
-

-

Elongat

ion(%)

28.0

14.0

-

-

-

29.0

10.1

15.0
-

-

AV/V

(%)

0.0

6.5

22.8

31.5

55.8
0.0

15.1

22.7

76.0

1.8

0.0

1.8

6.8

0.0

2.1

6.7
0.0

5.4

0.0

8.8

0.0

5.4

0.0

34.0

0.05

0.08

0.34

0.56

0.49

0.55

0.29

0.18

0.00

0.03

0.36

0.59

0.56

0.39

0.06

0.07

Comments

PNL-WHC
FFTF-MOTA
Generation 1

PNL-WHCA A. \ M * T r A. A. VvV

FFTF-MOTA

generation
1.5 & 2

LANL
EBR-n

MIT
EBR-n

ORNL
ORR

- 4 4 -



6. A-j

Alloy

Cu-0.9Cr-

0.1Zr-0.05Mg

(MZC)

Cu-0.6Cr-

0.2Zr-0.02Mg

(MZC)

Cu-0.8Cr-

0.15Zr-0.04Mg

(MZC)
Cu-0.6Cr-

0.13r-0.05Mg

(MZC)

Cu-0.5Cr-

0.5Zr-0.05Mg

(MZC)

Cu-0.65Cr

-0.08Zr

Heat

Treatment

90% CW

+aged

75% CW

+aged

90% CW

+aged

75% CW

+aged

Annealed

+aged

Annealed

+44% CW

+aged

Irradiation

Condition
Unirradiated

16 dpa, @430"C

47 dpa, @430t

63 dpa, @430t

98 dpa, @430r

34 dpa, @414t

50 dpa, @411t

104 dpa, @415"C

150 dpa, @415t

32 dpa, @529t

104 dpa, @415TC

150 dpa, @415t

Unirradiated ,

14 dpa, @400t:

Unirradiated

14 dpa, @400t
Unirradiated

3 dpa, @400t:

15 dpa, @400t

Jnirradiated

32 dpa, @415t

50 dpa, @415t

104 dpa, @415r

150 dpa, @415t

Jnirradiated

32 dpa, @415t

50 dpa, @415r

104 dpa, @415"C

150 dpa, @415t

Jnirradiated

32 dpa, @415t

50 dpa, @415t

104 dpa, @415t

150 dpa, @415r

%

IACS
83.3

77.1

59.6

78.0

78.0

72.0

76.0

50.0

84.0

74.0

78.0
89.0

89.0

92.0

82.0

83.0

79.0

70.0

60.0

87.0

86.0

78.0

65.0

60.0

80.0

76.0

74.0

65.0

Oy/

MPa
450

267

360

240

430

380

285

200

240

175

155

150

2630

265

250

245

238

oTs/

MPa

320

310

300

260

280

380

400

390

390

390

Elongat

ion(%)
1.8

5.9

AV/V

(%)
0.00

1.03

0.79

6.53

1.10

1.63

8.10

7.80

0.47

8.50

7.50

0.50

0.10

0.00

0.10
0.00

0.10

0.10

0.00

1.20

0.20

0.50

0.70

0.00

0.10

0.80

1.40

2.10

0.00

0.20

Comments

PNL-WHC

FFTF-MOTA

Generation 1

PNL-WHC

FFTF-MOTA

Generation 1.5 & 2

PNL-WHC

FFTF-MOTA

Generation 1.5 & 2
MIT, EBR-n

Ingot route
MIT, EBR-n

Powder route

LANL

EBR-0

VIIT alloy made

by ingot route

tested at

PNL-WHC

FFTF-MOTA

jeneration 2
VIIT alloy made by

powder metallurgy

route tested at

PNL-WHC

FFTF-MOTA

Generation 2

[oint Research

Centre, Ispra,

alloy tested at

PNL-WHC

FFTF-MOTA

Generation 2

- 4 5 -



3. 6.

Alloy

Cu-0.4Cr
-0.19Zr
-0.06Mg

Cu-0.5Cr-
0.1 Zr

Cu-5Ni
-2.5Ti

Cu-0.03P
-2.35Fe
-0.12Zn
Cu-1.8Ni
-0.3Be

Heat
Treatment

Annealed
+ CW
+ aged

Unspecified

Solution-
annealed
+aged

75% CW
+aged
Hot
extruded

Jnspecified

20% CW
+aged

Irradiation
Condition

Unirradiated
1021 ncm"2,@100r
Unirradiated
1021 ncm"2,@400t

10" ncm"'i,@400t:

SxlO^ncrrf^OSSOt

10" ncm"",@400r

Unirradiated
1021 ncrrT2,@100t
Unirradiated
1021 ncm"2,@400r

10" ncm"i!,@4001C

5xl0zlncm"",@330r

10" ncm^,@400t:

LJnirradiated
34 dpa, ©4141
50 dpa, @411t
104 dpa, @415t:
150 dpa, @415t
32 dpa, @529t
Jnirradiated
14 dpa, @400t
Jnirradiated
14 dpa, @400r
Jnirradiated
14 dpa, @400"C

Jnirradiated
14 dpa, @400r

Jnirradiated
16 dpa, @430t
47 dpa, ©430TC
63 dpa, @430t
98 dpa, @430r
34 dpa, @414t
32 dpa, @529t

%
IACS

40.4
52.6
47.4
50.0
48.0
66.9
32.0
60.0
52.0
56.0
19.0
59.0

79.0
83.0

66.8
75.9
53.0
47.3
24.1

Oy/

MPa
400
500
250
50

50

400
400
290
85

90

429
425

337

563
211

oTS/
MPa

555
580

494

Elongat
ion(%)

8.0
3.0
7.5
24.0

15.0

8.5
4.5
5.0
32.0

37.0

13.9
10.9

10.6

3.2
12.0

AV/V
(%)

-0.28

-0.15

-0.29

-0.20

0.00
1.12
1.61
6.20
10.80
0.18
0.00
2.40
0.00
0.10
0.00
0.80

0.00
0.50

0.00
1.70
14.25
23.45
27.25
0.14
0.09

Comments

SM-2 Reactor
tested at 1001
SM-2 Reactor
tested at 4001
BOR-60
Reactor
tested at 100t

SM-2 Reactor

BOR-60
Reactor
SM-2 Reactor
tested at 100t
SM-2 Reactor
tested at 400 V
BOR-60
Reactor
tested at 1001
SM-2 Reactor
BOR-60
Reactor
PNL-WHC
FFTF-MOTA
Generation 1.5
& 2
Vlaterial from
MIT
MIT EBR-D
ngot route

MIT EBR-H
^owder route
MIT EBR-n
"lake route

MIT EBR-n

PNL-WHC
FFTF-MOTA
Generation 1,
1.5 & 2
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3. 7.

Alloy

Cu-0.48AI2O3

(GildCop-25)

Cu-0.38Al2O3
(GildCop-20)

CU-O.29AI2O3
(GildCop-15)
+200 ppm B

Cu-1.15A12O3
(GildCop-60)

Heat
Treatment
20% CW

20% CW
+

Annealed

50% CW

50% CW
+

Welded

Annealed

20% CW

80% CW

70% CW
+Stress
Relieved

Annealed

70% CW
+ Stress
Relieved

Irradiation
Condition

Unirradiated
16 dpa, @430t
47 dpa, @430t
63 dpa, @430r
98 dpa, @430r
Unirradiated
16 dpa, @430t
47 dpa, @430r
63 dpa, @430t
98 dpa, @430t
Unirradiated
50 dpa, @411"C
104 dpa, @415t
150 dpa, @415t
Unirradiated
50 dpa, @411TC
104 dpa, @415t
150 dpa, @415t
Unirradiated
34 dpa, @414r
32 dpa, @529t

LJnirradiated
50 dpa, @411t
34 dpa, @414r
32 dpa, @529t
104 dpa, @415t
150 dpa, @415t
Unirradiated
34 dpa, @414t
32 dpa, @529°C

Jnirradiated
3 dpa, @400r
15 dpa, @400r

Unirradiated
50 dpa, @411t
34 dpa, @414t
32 dpa, @529t
104 dpa, @415t
150 dpa, @415t
Jnirradiated

3 dpa, @400t:
15 dpa, @400r

%
IACS
84.0
73.0

-
-
-

79.0
-
-

59.0
58.2
85.5
82.4
57.0
58.0
75.8
58.7
42.0
29.0

-
-
-

88.5
74.5
83.5
85.2
64.0
57.0

-
-
-

94.0
90.0
88.0

91.6
74.3
81.8
87.2
68.0

-
87.0
83.0
81.0

Oy/

MPa
483
396
-
-
-
-
-
-
-
-

501
461
485
460
145
73
50
45
-
-
-

475
376
378
388
370
370
-
-
-

340
360
350

274
-

295
-
-
-

400
410
380

0-rs

MPa
-
-
-
-
-
-
-
-
-
-

556
481
500
480
204
143
70
65
-
-
-

500
397
411
441
410
390
-
-
-

-
-
-

359
-

372
-
-
-
-
-
-

Elongat
ion(%)

1.8
5.9
-
-
-
-
-
-
-
-

4.3
11.5
-
-

13.6
13.1

-
-
-
-
-

3.6
14.1
9.9
14.7

-
-
-
-
-

-
-
-

15.50
-

15.30
-
-
-
-
-
-

AV/V
(%)
0.00
0.13
0.48
1.30
1.30
0.00

-
0.13
1.11
2.35
0.00
8.55
-1.00

-
0.00
-0.30

-
-

0.00
0.22
0.70

0.00
-

0.31
0.61
0.80
0.00
0.00
0.30
0.56

0.00
0.80
0.90

0.00
1.96
1.17
0.62
3.20
3.90
0.00
1.10
0.60

Comment

PNL-WHC
FFTF-MOTA
Generation 1

PNL-WHC
FFTF-MOTA
Generation 1

PNL-WHC
FFTF-MOTA
Generation 2

PNL-WHC
FFTF-MOTA
Generation 2

PNL-WHC
FFTF-MOTA
Generation
1.5 and 2
PNL-WHC

FFTF-MOTA
Generation
1.5 and 2

PNL-WHC
FFTF-MOTA
Generation
1.5 and 2
LANL
EBR-II

PNL-WHC
FFTF-MOTA
Generation 1

PNL-WHC
FFTF-MOTA
Generation 1
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^ 30

MZC ^e ) ^-^-s] 7|.f) 75% CW + aged Cu-0.6Cr-0.2Zr-0.02Mg°lHfe

59% IACS°li4 400°C 14 dpa 2 4 ^^]fe 84% IACS

(point defect), ^ ^ ^(dislocation network), 7]^]S. & f-(gas-filled void)^

53AS <a-3^^ 5U4.

^ # ° J Ni,

Ni, Zn

= Po + XNiYNi + XZnYzn

pO : T 1 ^ ! ^ «] ̂  ^-(electrical resistivity of copper)

x : -g-ll Q±£] •§• ^-irdnole fraction of solute element)

Y : -8-^ Q±£\ JI-S-^I al^^o1- AoVir(solid solution resistivity

constant of the solute element)

4001^4 -S-4 ^ ^ ^ ^ 7 l ^ £ £ ^ ^-^ i r 529°C<>11

-^^r l - 0 ! ^ ^ Ni, Zn<>H cf€- ^ 1 ^ 1 : ^ ^>y^ nfl-f

#<H€- ^ 4 1 - J i ° H °1 ^ ^ 1 - ^ Y l 4

71 nfl^

17, n ^ 18 ^ n ^ 19[43]2f cH-oj a 5, 5. 64 S 7̂ 1 M-EJ-\+

^ ^ S . A ^ £3^1] tflgj.^

swelling 3!#4 ^|S.7l- 2:4

-48-



A ODS-1
"v/eld

ODS-3
ODS-1

ODS-2

ODS-4

Cu - Cr2O3

CuAf20 20% CW
Cu- HfO2

0 50 100 150 200

Displacements per Atom

19. Swelling£]

- 4 9 -



400r -¥-

(99.999% MARZ)2] fe- ^ 15%,

Copper Alloy)£} 1.1%°)H 1.5%

1.8%,

Strength^} ^

^ 60MPa,

L 514(99.999% MARZ :

: 0.5-0.7%, MZC Copper Alloy : 0.5%). Yield

4001, 30dpa^] *|J-A>/H J A } ^ 99.999% MARZfe

350MPa, MZC Copper Alloy^r

£.±7}

^M^(recrystallization)^, ^(grain growth)

:(dislocation structure)^

3)

HI-Tfl S]H

- 5 0 -



7] Til 3 ,

MARZ4 ^ ^ £ £ 4 § «^7l- 7\ s]

^ 71 Til 3

4.

MARZ14

400oC(KAPTON5l ^^)O}E.S-[45] ^^ ^ £ 7 f 500°C°

si
o J -^° l^ , SiC

f, waveguide ^

-^^-, SiC,

0I-8-S. 7̂-11 ^-71 # ^

- 5 1 -



±%x\^ pan-cake

NEXTEL, KAPT0N4 £•& ^-7)^^s] ^f-[45,47,48]^
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3.

3.1

471MWt -§-#?] ALMR(PRISM

S.̂ 1 *H*§ #x\q %* 47}7\ Qx}5LS) ±^°\) ^ A 5U4. %*$ 3-lr

n^ A$\ £ 4 . ^ 4 ^ ^ S ^ 2 ] ^ ^ q= Llm^U, ^ o l ^ 12.0m, -̂Tflfe

22.5t 7>̂ = £tf. ol ^ ^ o ] ^ . ^ ^ 43.5m3/min^.

^ S ^ 1 4 . ^ ^ ^ parameter!-^- a 8<Hl

3000MWt -g-^^l S ^ - i ^ Super-Phenix^H

V « i g i i f e 3j^o] ô  2.5mi ^ ^ ^ JfTfl^

PRISM4 v\%7\x]3, 47}$] lxj- ^ 3 7 | . ^ s

S 9)

-g-71

^ ^ ( C o a s t d o w n ) ^ :
- 5 3 -



3. 8. ALMR S.2) parameter

Pump Type

Flow rate (m3/min)

Develpoed Head (psi)

Sodium Inlet Pressure (psia)

Sodium Inlet Temperature (°C)

Line Voltage (Volts, rms)

Phase Current (amps)

Frequency (Hz)

Power In (kW)

Efficiency (%)

Stator Poles

Total Slots/Coils

Slots/Pole/Phase

Magnetic Length (m)

Stator Iron O.D. (m)

Stator Iron ID. (m)

Stator Current Density (amps/m2)

Self Cooled Annular

Linear Induction Pump

43.5

115

>11.9

336

521

1224

15.6

1187.4

48.4

8

96

4

4.78

0.74

0.36

1.236

- 5 4 -



3. 9.

13- ^

« 3 < M W 0

-T- O 1 ( m l3X 1 Vlll/

F-* 1 \I11/

-̂ j ̂  (m)

^SE^O| ^-Tfl(ton)

^•?fl(ton)

^S-S] -§-^(m/nun)

^S-&| *llS.(MPa)

Super-Phenix I

3,000

21.0

17.3

4

14

2.5

82

22

120

290

0.53

PRISM

471

5.7

12.0

4

12.3

1.1

22.5

43.5

0.8

MDP

840

9(14.4)

16.1

4

6.21

1.68

20

75

0.61

- 5 5 -



j & 0 . 4

R&D7>

j , MDP2}

fe ^ 7-37] c

PRISM Mode A it^fil -B-^ ^S-ofl-

^ AovEfl°il̂  43.5m3/min, 87)<$$1 head7}

1*}^ headl- ^ ^ 1 ^ ^ 7^c)7f d ^«>1^6> * } £ £

3.2

Coastdown^: ^)t t ^71^-^7} ^ ^ ^ 0 ) 4 . ^ ^ - ^ ^ A H I ^ O) B] *V

flywheel^: 5j

^- flywheel^

n ^ 20

(Synchronous Coastdown Machine)^)

- 5 6 -



POWER SUPPLY BUS

CONTROL-

RPSASSI
TRIP SIGNAL (

EM PUMP
CIRCUIT BREAKERS

DIODE BRIDGE
(nOTATING)

SYNCHRONOUS MACHINE

PILOT
EXCITCn

PERMANENT
MAGNET

•1-370 6$

-5T

I

§
a
o

O

§
p

o
>>

en

n

n



fly wheels Q*\t± Shfc-ff^-i: £•§•

profiled

2H

Coastdown^s] -frff profile°H, °}n$) ^ ^ H ^^s ] ^ . ^ - i - ^ 22̂ 1

^ ^ Solid-State

«g«

*d^: ̂ « H pony rnotorl-

3.3

cover gas

cover gas2} i f 4 ° 1 ^ *Hr^1Sol #^fl«r£-S. <̂ 7lÂ  c o v e r gas7>

voidfe i f - s i «:#-i-.4ef coreS.

4 ^-e| tb^i A ^ € voidfe 7fl#

void^ ^4°fl ^ * H reactor core^] -g-g-

seals] -g-̂ lt- e ^ ^ A S *M^- ̂  5U4.

Sife gas bubbled
- 5 8 -



FACIUTY
POWER BUS

CONTROU
REGULATION

PCS-

BREAKER

-ISOLATION
-TRANSFORMER

POWER
coNorrioNiNci
UNfT

RPS/TSS • EM PUMP ancurr
BREAKERS

IEMPUMPI SYNCHRONOUS
MACHINE

CLASS IE
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4- SS S^r Nî -^-CLS. 3i4(Mlt-8- cladej- -?-f-)

Si4.

- 6 4 -



600°C<HH

ALMR4 MDPSj ^ ^ f l ^ ^ H ^-g-^j-ji 5 1 ^ :s£(600T;WH3

Toshiba7f

testing^ ^ S . ^ ^ 1 4 . 43.5m3/min -g-^2] o] ^ n ^ . ^^tgo^ o)f, 37^4 -7

-. 1997^

Kwant f-5][49] ,

peak S ^ - ^ 33-37%, ^ ^ ^4n"fe # ^ 0.32^ ^ 23Hz

MDP

^ f e 600°C

fe Flow Couple,

compact^ ^ ^r 9l°-B.3-

S # IHXdntermediate Heat Exchanger)^ ^ ^ 5 ] - ^ ^ 7fl^£ n ^ i J ^ $1

43el
7}

- 6 5 -



3.5

•fr, 7 ^ 7 f l i ^S}-, i ] * i ^ seal^ jz^o] ^ . a^ t j - . ^ £ 1 4 3 4 3 ^ ^

A S maintenance7f

duct ^ ^ o | | ^ ^ S ]

. ALMR

30^ «LS, 2*> 7l7fl̂ ] ^4] ^ ^ 5 ] seal HJ& ^7l7> ^ 20,000^1 ?}(^

3.6

S. 10°fl
-S Capital Cost7}- 0.09mills/kW-hr ^-

°1 0.07mills/kW-hr ^ ^v^*}:4. ^ M - Plant Availibility

0.57millsAW-hr^ o]^°] ik^S-S. ^ ^ H ^ ^ #

^^^, -̂4 #^4^ 34
3 ^ ^ tfl-g-̂ -̂71- -y^^o^ *lja(|^^s. KALIMER°1H

- 6 6 -



3. 10. Busbar Cost Reduction for EM pump

Higher Capital Cost

Reduced Plant Output
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