TNB43-72-02
FhifF A £

Jiiﬁiiﬁﬂi 4 R BTy ©omeniX 40
TET S, 2001, 6. -6

(R ]

IR T —

19714 5H ~ 197243 H

\ﬁj Physical and Chemical Properties of Nuclear Fuels

May, 1971 ~ March, 1972

197253 H

BLIF - BRI SRR
o F X A



AEHOSMECIL-HE2RE - GRTEEIE. TRIZBHWEDEIZE,

T319-1184 FRIBEIRFIEBHEFN KTHIBR4EHA0
' HRER A 7V B RHAE
HHTRBAE SHTm AR

Inquiries about copyright and reproduction should be addressed to:
Technical Cooperation Section,
Technology Management Division,
Japan Nuclear Cycle Development Institute
4~49 Muramatsu, Tokai-mura, Naka—gun, [baraki, 319-1184
Japan

©) BIRE A2 VB 3EH4E (Japan Nuclear Cycle Development Institute)
2001 )




LU

TN843-72-02

% #% B W % F —

197145 A~197243 8

EREEE S £ X B [ Tar=v o RBEERE)
o4& F o B oM B m L )
= B B 2 | @) )
B OE E I )
SO R OE m )
B oA B 82 ( m E )
i x & E )

3

19714€5A~197243A

EEFRHOFRE S LURREHRFTOLLMLELT 2ENNOBREDIECEST 2.
7 — A QR B o

REOBREICET 2T — 2 # EMFMELRBRET, REUBHFTCRALATS
719 7T1ESARL1I9T2H83AZTCORGBRUEWRBET LR LAT - #
TER, £B LA



X L &

1. 2—5F4 7%

i)
i)
i }
V)
\2;
vi)
Vi)
Vi)
iX)
X)
Xi)
Xi)
Xlif)
XIV)
XV)

Xvi)

Phase Diagrams & Urystal Structure
Melting Point& Vapor Pressure
Thermal Expansion

Thermal Conductivity

Specific Heat

Gap Conductance

F.P.Gas Release Rate
Absorbed Gas Release Rate
Fuel Meat Release & Safety
Swelling Rate

Youngs Modulus

Poisson Ratio

Yield Strength

Ureep Rate

Structure Changes

Interaction between Fuel & Cladding

*) N141-76-14 { 1970.9 ) IT k 2,

2. @I@E roHES

VR — b FE &= | FITE

SN843-70—-13 ®HHHmEF—42 1970

SN843—-70—-14 EZBEMmiEr—s 1970 12

~19704£3 A

197047~
1970498

SN843—-71-08 BHAHBWET—#% 1971 6

19704108~
1971441

1—-31—-35
1-31—-06
1i—31—42
1—-31-38
1-31~-13
9—-01—-11 .
1-31—-82
1—-31—81
9-03

1—-31-—-83
1-31—52
1-11-53
1-11-62
1-31—-70
1-31—34
9—-01—-01

B 5 %
MR, BE, B, EE ()
B (F), &F, #R, HE
A, B E
R R, BB, EE ()
TEE), &F, B8R, LA
SR, Hrik

MR, N, A, WA, ITE




Phase Diagram and Crystal Structure 71-1
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Fig.1 The uranium-plutonium-oxygen
phase diagram for the section at
Pu/(U+Pu)=0.198

EZ B PuU+Pu: 0198
melting Point = 2800 T {Solid oxide) 07U 2.0

il RSB TCHEEA Y X EFEAL, BRLAU-PudSELFEIE, v KF
OBERFAEL1740~2170TTD (Pugg Upsg) Opx DWRERE L 5~ 5

b B HEU-Pu—0FTPuU+Pu=01980 ¢ 5% RT, A BOEIEU-UO0, &
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ANL-7688(1970) 215
A-CONF, 4979069, USA May 1971
(Qenava, SwitzerJand, 6—-16 September 1671
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Phase Diagram and Crystal St

Lattice parameters of irradiated
uraniuvm diozide

Lattico parameter, &
Sample | Burn-up %

unannesled j annealed
P.H. 8/6 1.1 - 5.4677
BC 12 4.2 - 5.4640
BC Y 3.5 85,4770 -
BC 11 7.1 5.4452 5.4022
BC 6 8.0 54762 -
BC 6 11.0 5.4767 5.4501

UXik Pu#t fission L7cBRIC,

AT WnD,

ructure 71—2—1

Measured oxygen "excess" in

irradiated

oxide fuels vs burnup

Fuel
initial eomposition

(Us.vPuo.a)0z.00

PuOz.00

Burnup Oxygoen excess
[atom: percent) (O units)
4.3 0.006
4.4 0.012
1.6 0.014
8.0 0.018
8.1 0.021
8.8 0.022
10.6 0.053
10.8 0.040
10.3 0.056
11.7 0.051
15.9 0.086
16.8 0.098

The composition of fission product inelusions

Initial fuet

Composition range of inclusions. in irradiated plutonium oxides

eomposition Mo Te | Ru Rh Pd
PuOrs  |B.5-15 (1LTH4.2-8.4 (6.1)] 7.8-15.7 (12.1)[4.6-6.9 (5.8} 6-10.8(¢.5)
PuOio  |0.3-15 (0.9)1.2-3.1 (L7)5.9-15.3 (8.0) [1.3-6.6 (3.710.9-13.2(7.5)

Elements forming selid-solution-
physical constants

Eloment Valency In.nic | Fission pl‘Odl‘lcb yield
-radius A por 100 fissions (ii)
Zr (i) +4 0.79 25.0
Ce +4 0.94 17.0
Lanthanides +3  [1.06 (Nd) ’ 34.0
Y 4.3 0.02 5.3
u +4 0.9685
U +6 0.50

Note: (ij The zirconium concentrztion is that remaining aftor formation of BaZrO;.
(ii) Calculations are a% 100 days cooling time.

f.p. BEWOFHEFME, start LEEOWE LR

T® paper Tif, M4 fuel DA % computer programme Z B~ THT &, B FHE
gr EEe =, BELABRLLDBRHIFPORFMAEOFERE FHIL, 2000 5D

TThbhi,

EEE UQ, @ lattice dilation—® XEBEHF, PutWEFEEBRLEO O/MEOH
&, FNEPuBit P c R E Nk inclusion® XMABHT L 9 59 V2,

HBRE S 4= FORBUWME S oxide latticelT A DAL, H~TRHIARU —Efbim
Hburn-up & ECEFAL EREIhE WD, Lk L Pu-B2{t¥it fission yvield spectrum

Dshift AP , % U oxygen—richiTi 5,

J ournal of muclear Materials 41 (1971 ) 143-155
The Chemical Effects
J.H. Davies and F.T. EWART

of Composition Changes in irradiated

1—.
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2 Melting Point
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Melting Point

771—1

N 0 25% Pul, O/M=2.00
= a v o/MeELL98
3 0 20% Pqu_ O/N = 2.00
G
&
=
‘...
— —
""E" 0 - I
8 : D—-lh —————— Q—_-_oq;""_'"— - ﬂi
& - S = B e -
ui T e e °m |
» 00— N i T Y. ¢
1) - T e e L8
@ -
=z _ Y=-0.20645 X -58.887 Fori5¢X€200 |0 =24.5
% . ¥= Change in observed melting point in °C
% ~200]— X= Burnup Xl0'3
< .
© | | I
0 50 100 150 200
BURNUP x10™2

FBR¥¥ ® Burnup 2imelting point L5422 B xR LA O THEA, Thik
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3 Thermal Expansion 1-31-42

REBLOBBEIELC >~ TRoth and Halteman B XEEHIC I b 100~120003% T

OF—2%BIEL TR, O/M232.01~213F CESTHIHERDT D L{ 2,
Conway HIC X W #EERH 2B THIELAZUO; ©F — % &£ Brett & Russell X 5Pu0,
OHEIRF COHEHEREMA NV =V aBEOC L2 2 BRI DANOREEREER
TEI DT TCFHLAESERE I BRI L8R E IR T E, fi~iE

(U4+25w/%Pu)0; :+ 800~20007C
AL/L=441X10 "4+6765X10 " T+2965X10 T TGC

(U+20w%Pu )0,

9

AL,/ L=436%X10 *4+6793x10 *T+292x10"°1®
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. | l R
- o]
) &n]— 0, MELTING POINT (SECTICH 1, NEF. 71 (e
Table 1  Thermal expansion of U0, and Pul, L : ; i
L {U-26 1 % Puy WELTING POINT LLECTION |, REF, 7) 4 N
Temprature T hermel Bxpanuon (%) [ ) T ?'/} 7]
«©) UOgl PuOg’ 25— {U=2% 5t G Pui0, (Esrlm\:sm/7 éf ]
1000 101 106 - r Pully WELTING POIT (S3CTIOH 1, REF, 11 — / "; 7
1200 127 134 L. / /, ]
1400 164 165 ol /‘{’/\— =
1600 185 196 - /&; FROECTED
1800 218 238 I~ /f‘ ]
2000 253 274 s F //\_ ]
2200 291 316 ] /‘f . ¥ .
2400 23¢* % r ey 77 o
2600 3747 § - \, 4
5 |k e B
£ anfm // CORNIAY. ¢tet IREF. 3 -
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2. Projsctod UD, values B FROMECTED . ,‘. - :'
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of and Ruwell* 18 I / ' ]
- & a
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- o5 —
L Y ]
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0 ¥ TR BRI R | I - [ 1 1.1 @ 1 Lt 1o | i ]

2m son 1000 e 2000 0 208

" TEMPERATUAE ("0)

Fig.l Thermal expansior of mixed oxide

GEAP—13582 Hove 1970
“Q ummary of (U.Pu)(); Pveperties Fabrecation Methods” Compiled by B.F.Rubin



Thermal Conductivity 71—2—1

© UOy e (U, Pu)O;@stoichiometric 486 100 % T.D. ®L#H#{EEE (900~30007K)

41.2
—_— e =-13 3 y
K (T) = 15 5T + 6.55X10 ™ +7% w/cmC

© Stoichiometric UQy & (U, Pu)Oy; (15% Pu, 954 T.D)

Table 1 [ Thermal conductivity of stoichiometric UO, and
(UG, Pu)O,(15% Pu, 95% . d.)

T (C) KUOE (w/em® ) K(U. Pu)Qz(w/cm.o)
600 0041 0043
800 0034 0036

1000 0029 0031

1200 06026 0028

1400 0024 0027

1600 0023 0027

1800 ooz22 0026

2000 6023 0.026

2200 0023 0027

2400 0024 0.029

O 95%T-DD (U, ,Pu)0,,, (15%Pu) 0RGREF

Table 2 ! Therm al conductivity of mixed oxide for different stoichiometries
(approx. 15% Pu, 95% t.d., K inw/an, °)

TCC)  KU,Pu)0yey KW PG, KU PO, K(U PudO, 4

500 0.024 0.048 0040 0032
1000 0021 0031 0027 0.024
1500 - 0025 0022 0021
2000 - 0oze6 0023 0.022

O Start up BO#HEHEE Stoichiometric (U, Pu)0, 85%T.D

Table 4 | Thermal cooductivity after startup for stoichiometric mixed oxide
starting density | 85% t.d.

Thermal conductivity K (w. an®)

Zone in Temperature
TCQ Homo gencous N on ~homogeneous fuel
starting stacting element ramnge
porosi ty porosi ty
600 0035 0.035 Porosity
Zone
800 0029 0029 <1300C
1000 0026 0026 P = 015
1200 0023 0023
1400 0022 0026 Grain growth 1300~
zone 1700C
1600 0021 0026 P = 005
1800 0021 0029 Columnar - =1700C
crystal zone
2000 0022 0030
2200 0023 0032 P =20

4—8—1



Thermal Conductivity 71—2—2

O burn-up O%HE
B L VEETALEEL: b AL WMOBRGHEE L=+,

Verbi ndung Dichte [%) T °K] K [w/an ged] Lit,
Uo, 838 500 0.060 3
1000 0031 3

100 1000 0042 3

2000 0026 3

Cely 88 500 008 12
1000 0034 12

2000 0.008 12

Yy Oy 100 1000 0.035 12
2000 0.030 12

710y 92 500 0017 12
1000 0020 12

2000 0027 12

38810, —62%Cey 62 500 0019 12
1000 0018 12

0y, 2 —3Y20; 100 1000 0.0629 12
2000 0022 12

ZeO, —15 %Y, Oy .89 500 0.015 12
1000 0017 12

100 500 0018 12

1000 00149 12

Z 0y ~T%Y, Oy 775 500 0015 12
-23%Ce0, 1000 0008 12

= pweiphasig

Vechindung TL°K) K Cw/ an-gad)
Sc0 5 00 050
: 1000 252
Ba0O 500 0.54

1000 340
4:0+Ba0 500 0.42
1000 1.80
§r0 B a0 1000 157
+25% Z c0,
U 298 027
Pu 298 0084
Mo 298 137
500 1.30
1000 113
2000 0.92
Bu 298 1.0
500 10
Rh 298 15
500 14
Pd 500 076
1000 080
£ -P hase 208~2000 0.8*
Mo. Te,Ru, Rh, Pd)
oxid . Binschiusse 1000 15*

* :rzesch.é tzte Werte

KFK—1245 (EURFNR-817 ) (1970)
“Variation in the Thermal conductivity of an oxide fuel €lement during burn up ”
by H. Kleykamp .



Thermal| Conductivity 71~3-1
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Pig.2.6  Fuel integral conductivity values developed
during irradiation of instrumented capsule

()st ® (U-20wt % Pu)O g

i) flE sy
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GEAP~13603 (1970
Center temperature Measurement of mixed oxide fuel from zero to3000 MWD, te

by B. R. Asamoto, P.E. Bohabay, D.W. Sandusky A.E. Conti.
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Thermal Conductivity

71-4-1
ZETTHAIN T Amixed oxide OBVEHEERX KT,
Mixed —oxide fuel thermal - conductivity oorrelations.
Atomics International
1-P
K{T, P=K(T)—mm—
1+ (a—1 1P
54.0 o s :
K(T)=—'IT—- +1749%10°*T°—0.0179 {Tin K)
0<<P<0,10 a=1.5
0.1 0<P<015 a=2.0)
0.1 5<P<020 =24
0.20<P<0.25 =26
General Electric
1 °
K(T, #)=0011+ (TinC)
T(04848—044652)
Karlsruhe
28 |~
K(T, PI=KM(1—¢ YEFEKMM(1—7P)
41.2
K(M=——"—+ 655x107% T3 (Tin K)
T+ 49
0<P<0.10 =25
0.1 0<<P<Q.15 7=2.0
0.1 5<CP<C0.25 7=1.7
Westinghouse
0.9 5<0<71.00
K (T, p)—(30—1){——————————-+291x10ﬂ3'ﬁ}
875+0.0503T
0.8 5<7P=<095
y 1
K(T, p)=(1—21p+p*)[r 533x10*21ﬁ] (Tin K
0.288+000252T

w here

K = mixed—oxide fuel thermal conductivity [W/ch]‘v_

= fuel

T
p =
P

tem perature

fractional theoretical fuel density

= fractional fuel porasity (P=1 — )

Nucl. Eng. and design 17(1971)361—370

™ Prediction of maximum lemperature ocr meiting fraction in a LMFBR fuel element” by D .H.

Thompson and W.W, Mare

4—10—1



Thermal Conductivity 71-5-1

i) REHEHE Table 1
A ECREBRICWH R R Sintered densities of (U , Pu )0y solid solutions
# . 1650C188MHAr — "
mple Bulk density % Grain sizo
- - t9 o
8 "% H, THEAs mumber WO PO ey T )
PuO, ¥ Pu metal % TR0 0 105 96 25
ik (425°C } LTHFEE TR-5 563+1.95 10.7 97 22
mERe EERBIIE 500 EoBEM TR-12 -13.411.95 107 97 30
#BCREETE &2 W AT - TR- 20 20.8+1.95 109 98 29
. — TR—- 25 256+1.95 108 97 21
7o ERAREOHER ERECT
TR- 30 30.3:+1.95 102 92 21
Fo - GCW-10 100 107 93 -
e e * TD= theoretical density-
1) S e

HE0L64cm XEZ 007 cm @Bk
EA@ £4 vad —oTx0.0005cmE THE

i) HisE Hk
HEHE L VAERE T RO Ak, BRIBREATERV —F — "+ 2ETH L,
mEOEA

A[(w/cm+*C)=4186apCp

« R,
poLEE,
Cp : H#

W) OF
(U, Pu)0, BEGOaAGEHERIRXNTEDLIN S,

A=1[ (44x107%a} Tms/z)T+~',Y[X(1—X)] /0094X+097 (1—X)1*+Re ] ™

a0 EFEHE A

Tm @A °K

X PuQ, 0EEIHE

Ry :PuQy A0 AR L ABLHF 3.08+ 004 (cm®K/W)

v) 5§ E
B EOHEX Armeco Fe & Pyroceram 9606 Offl & s LT £ 5 %LHART HoTo

J. of Nuch Ma t.38(1971)163—177 "The effect of plutonium content on the
thermal conductivity of (U, Pu)Oj; selid solutions. by.R.L. Gibby-

4~11—1



THERMAL CONDUETIVITY ¥ 167 (wher®el-

Thermal

vi) BREEREER

THERMAL CONDUCTIVITY X lﬂz Iulcm“l:l.

THERMAL CORDUCTIVITY X le twlem?c)

10
Ud, THIS STUDY (TRO} 9t5 T.D.
I o UpgsPugpsDz (TRSI 973 [0,
L = 0.0686 ¢ar
s 5 * MEASUREMENTS DURIHG COOLING ©
2o ~—~~—LEAST SQUARES FIT 10
L A xarencl
\a\ ----- CALEULATED FROM'EQ, 14
s b
L
: , U 1 ) { \ 1 \ 1 . 1
[ 200 £00 &00 100 1900 1208
TEMPERATURE, °C
The thermal conductivity of U Pu 0O as a function of
temperature bos .08 3
n -
e 0, THIS STUDY (TRO1 583 1.0.
o U gokupzo0p {TRZ0) 9% T.D.
Lz 0.0004 cn
o l- * MEASURED QURING COOLING
N — —i{AST SUUARES T1T 10
N =ttt
I \} —-—-CALCULATED FROR EQ. 14
°
s
|
I .
]

TEmkERATURE, %6

The thermal conductivity of U“ J."‘uo I]l:l= as a funetion of
temparature !

10
o, TS STUDY (120) 9% .0
- o Ug7gFhe.ag8z \RI0H 91e T.0¥
L .01 <
AN °  MCASUMEMIRTS DURIRG COULING
— — LEAST SQUARES FIT 10
, » s tasaTIl
\"-‘ — CALCULATED FROM ED. 14
el N *DATA CORREGTED 10
. DESITY SIONH
~
| N
~
al-
Ll T,
2 P T T TR SRR R
] 00 400 590 00 1000 1200
TEMMERATURE, ¢

The thermal conductivity of U, Fu

as a funciion of

temperature

Conductivity

71-5-2

10
—-——*UUZ THiS STUDY {TROI ¥6% T.D.
= F o Vg gsPug 120z LIRIZ: 975 1.0,
% T = 0.0055 cm
_; s - *  MEASURERENTS. DURING COGLING
N; D\\ = LEAST SQUAHES FIT TQ
E - a - taepnit
: ----- CALCULATED FROM €9, 14
Zoep
S
3
a L
H
3
3
o
N
=
=
£
z t
P L 1
] 200
TEMPETATURE, °I’.
The thermal cornductivity of T%“Pu 0 as a function of
tewmperature A8 vaza
1
—-—~‘.IIJ2 THIS STORY {TROD 96% 7.0,
s © Ug psFup 5Dy (IR25) 975 1.0,
c L = 00892 ¢
E ' o MEASUREMINTS DURING cool NG
s — —LEAST SOUARES FIT TO
-k ) xoimepTscl
= ====CALCULATED FROM EO. 14
= g
=
e}
2
et
=
H
g
o
[
=
E:
2 . P PR . ! . 1 . ) L 1 :
L] 0 400 00 L1 Loag 1200
TERMPERATURE, DC

The thermal conduetivity of U, Pu 0O as a function of
temparature ’

19
——u0, TRIS SIUDY 11RO Se% 1.0,
| & Fudz WGEWI0-GA1067H 913 T,0F
Y L = 0.0780 cm
\Y SARPLE COATED SHTH GRAPHITE
5 i ® ® Tubg IGEWIC-101767) S5 L.0.*
- L 1 00488 em
a UNCGATER SAMFLE. AIR
| ATHOSPHERE
o — —~LEAST SQUARES FIT fo
= ek PR FAT 1)
=
. ~ CALCULATLD FROM ED, 14
r
= L *DATA COMRECTED 10
= DENSHTY SflOMlE
3
a
= 4
H
3
-
3 L
z
£ 2L
o L I L 1 L [ 1 . P P ) I
[] 209 00 L] 0g 1903 1108 1408 o0

TEMPERATURE, o

The thermal condvctivity of PuQ as a function of fempe-
raturae 1

EXPERIMENTAL RESGULSS

G
a
E
s
S
~
=
=
o
f
=
=
5
s
a
=
5
o
o
=
=
=
S
S
E

CALCULATED FROM £Q. 14

60

wig Pl‘lD

2

The thermal sonductivity of (U,P‘u)q a0lid solution as

& funetion of Puoa content

4—11—2




6 Gap Conductance 9-01-11

GEFRBC REBTUTOBELC ONTHBETEATORMBIILH 2 51t % DREEE
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Table 1 Summary of conditions ewbodied in measurements

of gap conductivity
T
‘f “kdr ,

- Cold Diametra! Fue] Diameter. T, Measured
Experimenter Gap, . in . W em Fill Gas Gap Cond.
Bain®’ 000 t00.0331  0.660.to 0.7 38 to 8  ArgonMostly, 116 to 2460

) - Some W-He
Dunem 0.002 t00.012  0.334 to 0.432 40 to 54 Helium 635 to 5100
Baily et ) 0002 t0.0.000 0218 0.5 Amon 600 to 2000
Craig et al?’ 0.0008 to 0.0101  0.218 32 to 4 Argon or 520 to 3000
) Helium

S U0, (U.Pu)0Oy ~=V¥wob
W& SUS 316,304
o FTDGap Conductance UDOWTOTF— 2% % &:b/};f‘j)
% hg=1873e"“7'605)
hg Btushr - ft*— °F
G Cold diametrical gap (cm)
6 3~ diametrial gapé b 2% 95 %O EEKEIR 540~2850Btu hr-
ft*—°FCdhb, chidd2 DKL TE D,
1) A.S.Bain Microscopic , Autoradiographic and Fuel.”Sheath heat

transfer studies on U} Elements , AECL—2588(1966)

2) R.N.Duncan CVTR Fuel capsule irradiation. CVNA-153(1962)

3) W.E.Baily, etal. Effect of Diametrical Gap Size on the In—pile
Performance of Fast Ceramic Reactor Mixed—Oxide Fuel- Trans.Am.
Nuc!. S8oc. 8 1.1966

4) C.N.Craig, etal . Heat transfer coefficients between Fuel ahd Ciadd

ing in Oxide Fuel Rods. GEAP-—5748(1969)

5) G.R.Horn Fuel to Cladding Gap Conductance analyses.

BNWL—1349~-1(1970)
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(U.Pu)0: BB DW=k, Table 1 3B LT3, T2 GapRBEODHMICEL T
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BEL 77y ATHVoTWE, IL9mil OWPF x » 7REHB D 10KW 11 Bl ET

10000MWD. T3 TORBETHELTLET 92 L2 H{ELTWD, Fig.2 T 20000 MWD /T
Bl 75 »20F — 28 bobdblWninbhb,

a2y bt Fig. 12bbhbXdCEBK A3 v FHKE N,

E.G.Stevens et al. FFTF Fuel pin and Subassembly conceptual
Design Methods and Data BNWI.—1064(1970)
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Table 1

TFuel and test characteristics and pogt-irradiation results

" prelrridation Time at Outword Extent of fuel Struttural !
Prairradiation Filt Steady-State /L Feature 2% = of Fuel Radiuss
Pin Fuel/Ciad Gap {fn.) Gas Power {hr.) kwfft % gy Ry -
1 0.0025 * 0.0005 tig 19 . 16,3 2.2 65.0
H 09,0025 1 0.065 Ha 1 u.7 25.2 42.0 -78.2
3 €.0025 ¢ 0,005 He n 35,5 .z 39.4 . 72.5 .
4 0.0026 = 0,005 he 10 36,4 32,5 47.2 76.0
5 9.0171 v 0,95 He' 100 ?75.0 0 0 68,9
[ 0,0117 + 6.005 594He-41%xe 190 25.0 0 o 69,7
T 0.0116 = 0,005 24%He-76%ke 100 25.0 17.2 23.8 75.4
8 0,013 + 6,005 xe 00 25,0 . 81,07 4.2 83.5
Notes:

2. Yalues arg avg, of 12 egually spaced measurcments on the circunferesce

A, Ry = Inaer boundary por.-free zone
RZ = Quter toundary porp-free zons

RB = Columnar grains; assumed 1800° isotherm
R! and R2 min and max, respectively, of fuel melting at steady.state - melting temp 2750°C

4, Rate of power increase during charging - 60 %/hr
Rate of power decrease during discharse - 3%/sec

304 SS #EE

¥yw? 23
?EZ?-\"’-\?W?T#]Z:‘

s,

A,

Brzewso Puls —UU, =V oy b

0-M 1.96 95% T.D.

11 3
113

Fi

1, Fuel consisted of cold pressed and sintered pellets == Uﬂﬁ - 25 wt % Pub,=95% theoretical
il

density = oxygen/metel 1,95 = 0,61 - Pu 23%/Pu B7L; Pu. 2%9/Pu T1%3 U443/L normal - Clad 306 L S5.

A DB g f 4Xe, He £ ML He +Xe

EXVRT

OIBEOEEHEx» 72t 2< b, SNOUTFEFBL 100hr BH L, BE
BHFETELIC LI F vy 7 T H o2 s AT s wo

Fp w7 argr 22 XeBERE ALABLEERTT 5, £+ v 7IPOKXK

1.

2,

o4+ 3 Gap conductance ©

BEin 113
o

¥y o 7EHEFER, V427 »ORICEHKRL TS,

HETEE WV,

TR OO TEESIL LY

LPOBRE TR XeBEOKRELS ZL LM, PLEAEKEC R -

SEE, BN, BELE, BE, @8 (BRERE

BEVRIV, »3 VREGLH

..A. Lawrence,dJ .A. Christensen ,

I..A. Lawrence, etal, WHAN—FR—56(1971)

BNWL —1349—2(1970)
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I “Effect of Temperature and Burnup of Fission Gas Release” Ceramic Nuclear Fuels,
International Symposium, Washington (1969 )
A merican Ceramic Society W. BR. Bailey et al.

@ L.W. Neimark et. al., Trans, ANS. Vol. 11 (1968)

® H. Lawton et. al., “he Irradiation Behavior of Pu being Ceramic Fuel Pins”
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o¥Eme £ LT %,
vibro-¢compacted DPFREOBRE v (U, 15%Pu) »» 5D release fraction
R, B¥EH<—>7 7B, KEHBEL T TR TEDLIN D,
2 B
R=1-—-3 exp( e)
#H AR, 300~450w/  cm OHBER TOENL, RUFT78~83%TD © 2 3 ¥ —HE OH

HATORLCER VBB L Ao L L, 550w/ cn® linear rating®éin, Bitipo
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s,
MR — B EN O gap & DR

gap B 5055 1504miCA D & release fraction I 40% 05 70%RICE 5,

Fouth United nations internation al Conferencl on the peaceful Uses of A tomic Energy -
Geneva , Switzerland 6 —16 September 1971 .

Irradiation Testing of fuel for the British Prototype Fast Reastor
H .Lawton et al.
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BRFREOBH EERRBICET 2RHAEB TS HHESL, SHHBE LA RICRBEE
Coap b REMDOLPLERTD D, 00 ARECORBER BB T 24 BELE NSNS
DRRF—FHREIA TN, L LZO IS 2ERT — 510, BF 4 125X -OkEI D
B BERETORBROBESM WM oRMEN, BRNOHEES, BiEUEEHNOBE,
MAGA, REEE, RB Y ORBOERFARZERL o TERLFRE TS 5o

RE, COLSZBERBTTOHBE = —FPRBEBHEEN T 7 — FLZETRA CES
EIhTWnb,

HETTOERF—2&LTH

1L RESBHOWBRAMEET OB, bEF B,
UO; OKREBATH , $340Cal-gU0: DAR 3+ ¥ —5HBOLEWE & B,

2 MHEELB TH, BEOLEVWE I XBEE TE WA, Swelling OB F.P.fuel—
¢lad @ ratcheting Z & THRBTOBRBEOLIVHEET T2 LWL 452, %
ARBRHEAB TR 7 0% OoRGER THIBT 2 ABEFAE TIE, 45 ~65%L Lok
OB TR T, ik, BETORBIBEOLEWLR2LZ LIREE D %,

3. KHHHMEECIAHBRBELACLILZ 7 vy aF 0N, BEEHEOCRT WS ¢
ERBHE D22 2K E2BEECE 2%, BENIROBBEETCESE T, BE LA K
Ed R S TWnAENE0 2 ha X ABBEFELT WD,

i) BB BRI E B FP & XHH
i) BREERLC X B EEEE
i) BB EBBES o OE
1) OB REH 0N LOPLERA 2 23 CHEFSORBEIIBL A A e
i) OBECZ 0.2NOHBEORTWHEO LEWETABEARBOBEE 2 £+ ¢
LAEAWREL S EFHIEANES, 3 L1%ZHEELEVWESTZIESEH20% OBE S
BErr T T EFAING, L2 LEBRE OB : FIABFRTHIO T —HRERIO%
BHREREL 2V, TABRBIRIALAFP ¥ 2B OEBVE L LI B,

4 WERB LI MV Y cOMERRAOCEI, BIAr¥ OBM L ¥ —~DEmE —
BECTFHLTNDIO LD 2~4f i E\n, .
FrY v aeTRLA R A HEBEESAVATREATFTOXEEB 2 £, A.1. O
FNARBRZETH 107~ 10" BET 2, tACYEHORBL VIEE+ 2 PP #
AL DEEE Y ~OWEEROTERE A I (A -T2, FPH 2 Ol n TS E
PADTHE C 2 RABTLANCBAMORNABES KD & 5TEEARBR AT & A b
NTnd, FRBBHOOMECKENIONF | ) ¥ 4 & OHEEBICHEME L TS
%Eﬁéﬁét&#bbhfh%of
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K.E,.Gregoir, P. E. Novak, R. E. Murata, Failed Fuel Performance in

Naturally Convecting Li uid Metal Coolant

GEAP-13620, June 1970,
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8.0% FISSION GAS RELEASE 24.0% FISSION GAS RELEASE
PRE TRANSIENT POST TRANSIENT
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39204 |
B
=G —
EEQa
g 0.0 i . | I N 1 " | . 1 1 —
g Y0 2 4 3 8 ) 12 14
AXIAL POSITION ABOVE BOTTOM OF FUEL COLUMN IN INCHES
— F FUEL COLUMN -]\

Responze of mixed oxide fuel pin to transient overpower

% B 25% PuOy —U0,(93% U™ ) ~v o b
93% T.D. 304SS #%E (0.25"0.D.)

* B FBR—ITOKW/ {1t TMWD T TEBHL, 8UDOF.P.B7 Vv 2T I
THLZELOR WEBE € > (PNL-1—2)% TREATF 4 FIHB LT 75KW 1t ,
295Cal g M.O. DB AT A EH T & S0

OB B -HBETORMEOCEZKIY Olad 2L LPLET 2 (T F.P#
Transient TABKKHEIN B bbb wka
HHEREROSSWOEBERE AR D btk

FP A =iEH 8 %A 25%& 3L .

235 9 Z7OBd Transient fl&EEEFM TR E R 5Tk,

HEEC 2V MERTE THBERR ST s Tnik,

S S

A P IERT - ZETE THRAEECE VWL 20w aHEE BB o ERoZEsAEK
F.P. 25fa2% b, Swelling LAZRETld elastic strain 2T A TEHK
W AR D B,

G .E.Gulley ,J.E. Hanson » R.D.Leggett,F.E.Bark. Response of EBR-I
irradiated Mixed oxide fuel pin to an over power Transient in TREAT.

HEDC —SA —84.19870
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S #:249% Pu0, U0, (93% EU ) HH v v

Ef 0.216"

BB 10.23g/cc

Hrv7 5 I

0. M 199 195

273 316ss(0.25"0.D.)

ys) HEIOM 199 L1950 2K D 25%Pul; —UQ.RE ¥ > (B9 A D PRIITKIG
D0, 12ft/sec , 1000~1050°F O+ b+ ) v 2T 1 8~20KW ft. SE
5 8700MWD /T2 TGETRTRHE L, >} U v & L B8O KE 2 OM lErat

EOEBhEL LN,

B KR!l Low OMOBRBEEMERERI)II 19503013 18%, L9903 0 21
NThok, CHIRFELAE L VEZEKRED ok,
2 WEENEOEMLE, 195 OMET%, L990/ME 23%Td ok,
3. %?J_J’Dh‘ftﬁtﬁré&i%ﬂ CYORMMOBE~NDP LRESE Tk, BEOELR
F1UNEBE Td ko
4 O GRBHRE S SICT R A, Ru—103 , Zr—950 + b ) 9 & & E#H
PIERD bR ES ko |

22y Pl Fr T eABREORDI MY v o ROREAERAREEREF AL ONTS ¢
%o Tnsd (70~130ppm o
KBEDOLMFBRCWE 10ppmA FT520 T2 OEBHK & n,
2 FPYY AREELMFBRTHE 20~30ft/sec CHLEWOTerrosion
ZLKRELZBHET

R.E .Murato, C.N. Craig, H.C.Pfeffeler . P.E.Novak Effect of 8 toichiometly behavior of
M ized —Oxid fuel During Extended Operation in failed pins.
GEAP—13730 July1971.
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Fuel

Table 1

Number of Speciment
Ovientation of Specimens

Fuel Parameters
Type
P owder Praparaticn Process
Fubrication Process

Composition{ PuU+Pa )
Stoichjometry
U--235Enrichment(% )
Density (pm-ce)

Pellet Diameter( in )
Lenzth of Fuel (in.)

Cold Diametral Gap (in.)

C lad Parameters
Material
Quter Diameter( in.)
Wall Thickness
Inside Diameter( in. )}
Metal lurgical Condi tinn(a)

Operating Parameters
Feak Power (EW./£t)
Ocolant Bxit Temperature(°F }
Axiat Fuel Pin AT(°F)
AT Between Canters of Fuel
Pin SectionsCF )
Coolant Velocity( f1/8ec)
Average Bumup(MWd/‘Ib)(c)
Operating Days

Meat Release and Safety

Upper Section

198930001

Plamed
18—20
1000—1050
90

45
10
7300
25

(a) CW—Cold Worked
(b) Based on 18 0MeVfission

B9A experiment and opersting parameters

2
Axially-Aligned

Lower Section

Solid Pellet

Coprecipitation

Cold Press and

Sinier

02490001
195540001

9306+032

10.23%009

02160+00002

5031E0017

00050002

31688

02500001

00150002

022040001

31—1.728%6CW
Actual
239
1014
8a
42
12
8700
25

(¢) Datermined by Baoicchemical Analysis for Neodymium Isotopes?

POST-IARADIATION FROFILE

FPRE-IRRADIATION FROFILE

L

o318

or

[

FUEL PIN DIAMETER {1,

H 2

4

DISTAHCE FROM BOTTCH EAD PLUG WELD (1)

Profilomatry data for 1.99 G/M fuel section

PRE-IARAGIATION PROFILE

71-9-2

1 H

Plg.2

9—24—2

QILTANCE FROY BOTTONM EXDPLUG WELD Lin]

Profilometry data for 1,95 0/M fuel section
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Summary of transient test results computed

C6B—1 (C6B~2 (6B—3 C6A-1 C6A-2 C6A—3

Sodium Sodiutm Gas Sodium Soenium Gas

Filled Filled Bonded Filled Filled Banded

Specimen Pellet Powder  Pellet Pellet Powdet Pellet

TREAT Transient Neo. 1308 1308 1308 1312 1312 1312
Peak Specific power (KW ft) ~196 ~196 ~196 ~232 ~232 ~232
Total Specific Energl{cal- gm) ~338 ~338 ~338 ~371 ~371 ~371
Peak Fuel Temperature (°F) 5419 5150 5620 5607 5253 6070
Peak Cladding Temperature({ F) 1132 1214 860 1353 1350 960
Cladding Breached - No No No No No No
Cladding Deformation (%) <0.5 <0.8 ~0.4 0.5 ~1.6 <05
Mol ten Fuel Volums (%) ~21 . ~47 ~28 . ~60
Fnel Movement No Some Some Some Some 8 ome
Central Void No Yes Yes Yes Yes Yes

*Molten fuel boundaries were not clearly defined

H OB :U0, (10%U )% 3 vHBEB2%UT.D. 2V » } LIRBFEHME SUS316.
0250" 0.D. x 24"Length 0015" AE
Na bond & He bond
75 4 v bUQ: 15" Length

pil I C6A-.CBBL 20D F 4% T e AT ~RBHOIETOBHE Y% AN TTREAT
FTRHA Lk, 3 KO ryFXxhEh 2 I ¥ HE 82% T.D.- T@QHe® ¥ FX v o
F, @Naw ¥ Fv o b, @Na Ky FEBTEIRB I b A - TWa,

1. Transient BE OB O Y HiEL L,

2 HARYFRV o PEANEELIHO 2 HFRACRBOBE 2B YL bk,

3. FLIUY Axvy FOHICHEH, vy bR ERTAIWRLELLED ok,

4 FHY v ARy VEHTRRABROLEASARES, BBy 202 "BED
o

B, FRrYU D AR YFLABDLLENWIDOBEBHEOREMECOWTENE E
fADED %V

6. HIGERAS 1.50& $ 15/sec. D rampik, »2HoEEE T L, F

FY D ARy FPEYRZAOWEBL LLHE20n, 40 Transient Ah T 30
# —ik 1500watt sec/ g Wd A AN LMFBROEKICHY T 5 mELH

®oOR:

HFHEEENT B ko

7. FFY Y LAOFER, PLEEFHECE Lk L2 LESEE Ty =K
A VEEREB A, thid> ) o aRBOERMO BBICL 5,

8 BMBOFA FFHDE2F7AOBBEAGRBRE+@HFIMICEHILLRERL AL,

T.HIKIDO, J -H.Field . Performance Tests of Sodium— filled powder and pellet oxide fuel
under transient operation GEAP —137 22 July 1971
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Fuel Meat Release and Safety

Symmary of test results

71-11

Test Number 319 322 329 323 326 327 328
Fuel Enrichment (% U—235) 3 3 3 10 10 10 10
Reactor Period (msec) 4.2 3.5 305 6.1 4.6 376 315
Total Energy Deposition )
in the Fuelfleal /g T0: } 200 244 276 277 370 £717 572
Energy Depesition at the
Time of Clad Failure No No
(calsg V0 ) ) Failwe Failure {(a) (a) 350 430 480
Measured Suriace Temp—
erature Riae (C) 1040 1210 1330 1380 1220 at 950 at 420 at
Melted Meltel Time of Time of Time of
Failure Fajlure Failure
Maximum Measurea Transient
Pressure at Bottom of
Capsule(pst) 0 0 0 0 150 290 550
Velocity of Water Column
(ft/sec) 0 0 0 0 10 26 64
Nucdear to Mechanical )
Energy Conversion (%)"°7 e s e aeees 0.01 0.06 0.35
Average Surface to Volume
Particle 8Bize (mils) --e-- 538 22.6 118
Metai-Water Feaction(s)? ¢ 0 13 16 57 14 36

{a) Undetermined.

(b) Based on energy deposition at time of clad Pailure.
{e) Assumes formation of Fey® from all of iron . CrO; from 8ll of chromfum, amd
NiO rrom § 0% of nictkel. Not corrected for pessible Ul —water reaction.

Y B U0y ~vw b (10% UP)
1/40.D. SUSHE

il i : Water loging ¥+ 742 CDCEFAL, spx—type ORBEREH T 2,
B C BRI LEWE LONb, A 0¥ —ANE 200~570G1gU0, Td 5o

ot Bl BBOLEWE244~276Cal /g U0, THEBS OB LI 54D TH 5,
2. 200Cal/gUQ, TREHACHEBEESOLEH LEEREL, 572Cal g UO:TH
B LB ETSEECHAE Lk,

o oo e W

IEEERED bivd n,

BEEOWBIE276Cal /g U0, TBEIE WOIRB TEHF T oo

40002l /g UO, LETHBEBE OBRBUA CALIK & » THERF ko
K—HEBEOREE, BRI XKEWEILARBOL L E N,
EEE R A v ¥ —OREZHBEMNE S, 275Calg U0, % TRIE

7. 572Cal /g UO, TMax®ENwEH bh, 550psi THEB = 20 ¥ —FH#H

EZ 04U THoTs

T Ay b EBRHMEBEOHMAL CDCFy T rOBRPEBRRBC D @B CTHEATE 5,

J.A. Mc Clure.L.J.8iefkem , Transgsient

Stainless steel clad oxide fuel

IDD~ITR —100(1968)

irradiat of 1.4%'0.D.

rod to 570Cal. g U0,



Fuel Meat Release and Safety

71~12

TABLE I

Comparlson of Experimental Results {rom Pisten-Autoclave
Test S5, with 53, and 54

—

Test

g8-5 5-3 S-4

Evacuated | He-bonded |He~bonded

Total fission enerﬁv,

cal/g U0k 509 480 120
Flssion energy at first

pressure pulse, cal/g UG, 430 140 480
Amplitude of largest

pregsure pulse, pst 2940 840 1800 240 250 260 270 250
Impulse from largest . .

pulse,® dyn-gec 3.3%10" | 0.68x 10" | 1.48x10 1200 40 200 137 wo e

Sum of impulze [rom all ’ 7|
pulses, dyn-see 24.2% 10° | 2.39 x 10* [10.4 x10°

k [t m 1 n ) ) P i
Calculated fractionat . S 380 380 400 40 420
conversion of nuclear Time- after Peak Power, omec
to mechanical energy £.9%107{ 21 x10"* 25 %107t
Period during which ’
major pressure pulses Fig. 1, Pressure response data for piston autoclave
occur, msec 285 18 12

= = Test 85 with evacuated fuel pins,

mpulges calculated from pressure-response data based on appli-
cation of the pressure to the area of the piston {0.601 in.%).

HH B e UQs ~Vvay b (10%BEU)
voeR64 7 HEZ(5x10 "torr)
WES 3045.8. 029°0.D. HAE12 s

il i F PN v AHADER Y yA— 2V — UM SEADBEB Y L4 FOLI — L
L basEls 522 —% TREATH T 45.6msec. OFFHT509CalgU0,
Drarv—%5%, BRBOART 3 ¥ —OBMN X+ ¥ —~OLHWEE He
K FOBEEHBT S,

= H#o: ] BHZEFRFPOBAE, BHH cF ¥ —OFHBE T He #4 FOBFE L T,
HERE ENaoEMICIVHI00BEOREITILIXI0 *Choke Lo
LNat#kEH okt z2HAEEHTREO N A %o Hicks & Menzines Z
L AR/ EMO0 3 L vIEBEL AT,
9 HaFy FOBSE, MEEINaoBEEOEM» A % 10°* ~107° order
f&ﬁfco
3. FHArzd, BH2940psi THe® > FO540psi L hKEH ok,

J.Barghusen ,»at al. Molter Fue] Bodium Interaction inmn a Maltipin
Meltdown Test with Evacuated Fuelpins Trans.Am.Nucl.Soc.14 1(1971)
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Fuel Meat Release and Safety

71-13

Table 1  Defected helium-bonded UG -20 wt%h Pul, fuel pins exposed
to sodium
Poatirradiation Cladding end . %, 70 Defect Characte da:les,in.‘ .

Buraup, Element Diam., Thickness, Kathad of | Inirial Length at Depth

Elenant | Subsasamhiy at. ¥ ¥abricater in. in. Fuel Fab. of Pallet | Smear | Clad Suxface into Fual
007 X050A 5.8 AL 0,292 304-0.020 comppt. . | 198 79.4 | 16.5 0.80 0.020
.ﬁ: 1012 9.6 WHEC 0.262 316-0.015 pach, wix z.00 | sab | 82,4 0.83 0.028
CL5 2012 ‘ 0.262 §-0.0 b ’
Soteoa 9.6 HREG . 316-0.015 co-ppt. 1.99 o 8.0 0,66 0.013

2pafact produced by 0.015-fu~wids sbrasive whesl.

Dyoninal

# B} :20%Pul; — U0, “Vv » b

mEET79~84%T. D-

R R

24 v7

WwES SUS 304,316

BB ARBCATREE2 2T FACHREOS ~ 1.0 t/Mmin. BESHEOC3ppm
OF PV AR TERL, RRAB LMV Y 20RIGEFA S,

ERENCHAEBRMLECBLIL, AR 2T > vAEBRBE L2 5 v 7% R
HEE ik,
BEROMEME 700°FT25~37 BEREHBTHE, XBOMUET 1.8 ~23 3
AL E P ks 1200°F CERLAAR 007 255 H% 61 3 +»@
BEEREMS S - 7o
700~1050°FC 428, 1200°FT458/H, 587 HHERLAR
FC15(Tof )X 103 I VOEEBNRD oo
Na ¢ T 2R8 CoHNOPLE 20O BILEF MY v 2aTHLINT

Who L LA FHEEBBE T, >+ ) v 2—REBORIGERPpHEFD bR
&Z”‘Ofco

S.Greenberg , etal.

Effect of Exposure to Sodium of Defectry Mixed
Oxide Fuel Element , Trans. Am .Nucl. Soc. 11 1 (1971)
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Fuel Meat Release and Safety

Table 1
Typical energy conversion in mark- 1T loop experiments
{(flwid frietion net included

Experiment deslgnator £2 H2 £3
Geometry 1 - pin plus 1~-pin % - pin
6 - dummy pins preirradlated

Test fuel U, mixed oxide UV0;
Coolant kinelic erergy, J 2 1 29
Initial coolant kinetie

energy, 4 5 neg neg
Work done on plerm

g, J 101 43 ]
Work done apainst

puamp, J 9 neg ]
Tolal, J 107 a“ 85
Encrgy avallable, J 2.1 x 10 9.3 x 10° 5 x 10"
Percent conversion 0.05 0.05 019

B :2UQ ;3 (U. Pud0: ~Svayb

t : TREATHF OoMark—II loopx®HAL, v )y 20fhoFT s s
LT, AR zixzry 0GB AERATLI zFrx—2HF~N5E,

1l ZHAAF—EFEFRL005~019%Tdh5b,
2. FEIWRLAKEREBTWLH, $HHo#Hs KT 2BE2OLE, 3 £EE
K EH LRI T 2REOHEHESK DWW THARE T %\,

®:

L.W.Deitricl, Evaluation of Energy Convention in TREAT Mark-—T loop
Experiments Trans.Nucl. Soec. 14 1 (1971)
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10 Swelling 1-31-83

BE, FETHE, BITILh TWE3 XY . ) » 7BEORMOTMBE, LT RTRK TS 5,

td
D
T

1800 C Te

o
[¢Y]
1

o

ro

1
o

2200°C Te

30
010 L BAPD DATA

S
N/ E2D-1

b
<
F

1400 T Tc

5 inch-Long Fuel Specimens. with
15 mil clodding thickness

A Strong Radial
j Restraint

! I ] !
50 60 70 80 80 100

10%° FISSIONS / cc

3 5| A - a R b
0.7 % AV VA0 L /ce <57 v+ 50%~200% WMRBREOEBRERY b
0.1~0.3 % 4V/V/ 10" cc BARIY PORE 1800COBAHEAT 0.3%
042 DHED & 5,
0.13~0.54 % 4V/V 101/ cc BRTHZER
RECEIBEFRWOFLAERBEEE LARFOF— % (GEAP 5583 )

UG o0 20% M | 032% pet at% Burnup {0.13% per 107° fiss cc)
(Uan P‘-‘zn) Os.00

Pu,,, Fission

030% per at% Burnup (0.12% per 107%° fisscc)

EEORLCHES F— 2l 1at /0 BBERODEH2HMB XY oV 7% 4HE+5
ELTWa,
~1.0~1.5% 4V 2% Bu SERELBEERMIC LS

~04 2% 4V, 1%Bu EHRRESBELYHEEE THROBELO

b
5]

~05% 4V 1% Bu # MoO, LB
0.61% 4V/1%Bu " Mo Oy BET 5,0

FTOHOEZEFCERTEIRMNL FCRI F—2¢kERd A2 v, BRI EO =Y Y
VOBRBBEC ORI A Y —BELFET D, LKy BB D, (LA
AR, BESTOME{OBERMBRAY . ) » 7BCEELTH30)



Swelling 71-1-1
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1 Surface Gos [
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Q

Fig.1 Irradiation

specimen
]
1.2 1.6
Burnup, 1029 fissions per en®
Fig.2  External swelling of UO, at
high temperature
@ @ &5 ® ®
Unirrodioted  Fuel swollen Fug! Zone~ Secand
fuel by fission gas containing refined step
bubbles lenticulor irrodiated repeated
void fuel
. ]
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) boundaries o
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Fig.3 Schematic diagram of the swelling process in uranium
dioxide at high temperature

M4ttt ¢ Bnriched UOs 97%TD 28mm FLzEfl~v o b

97% TD l.dmm #
90%TD R zefl A L
WEE 0.5mm HE W— 26wt % Re

" REEE 1325C~19007C
Wi 8 ~12KW.”m
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Swelling 71-1-2

T EBCETARAY L) IO A2 A AL DWTHEERET 5, BREGREZRLD

AR, [EBER, vy XRE > VOBEBREHRT B,

T ABRENEBEEORRREAR (AP RFETRKEL R S,

(75 7B bh BRI HFIREE )

2oLy v rEReTEER, MERKERT 57 2RFP T 5o
MEIATWAREIK 1600CH LOBRTH vy XRK 4 FBRER, FL~ET T

OBEEHEIELTY S,

4% @ A
D=3 BUOCEMICE-TIIAFP # 28 @sa8—CamLARERY =V >~
Va3 =X I

@@ Vo IRKA PR EEEF YT, MR, 7797, HAGRTEE
Wi LTERL, REMHE FTHRO~A-TBHLTY (,
rOBRTH—GHFLTVWARI RS 2GHRBLYY R, #4 FKx b,
FOBE L AROERAZHEOLEVWEEOR WEBR ALK S

@G BUHS b LRTAE, FP A ABUBRBACE—CRBEELL,
2Ty »ZEEBZT,
cpF o e xB@EEINC, FRE~NGARH X, v IR¥( VO
#Ehld vapor transport €L b, zone refining 7o £ X AL W &
RABE > Tnho

TEBTOAY ) I NEBEREFT VY XRKF Y FORBBOFLFERELTW

%, Bubble migration®Z&£FE{ Nichols DEFr L TR -T2,

RETCERREFORE A YOEHEADIOETH 5o

Journal of Nuclear Materials 38 (1971 ) 26~ 34
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Swelling

Swelling rate associated with solid fission products

L0, 4o (20% Enriched}

£i-235 Fission

generation
(UBDP‘"2D‘02.00 (G Depleted)
Pu-239 Fisston
MNogative coqtritution {ATV) -0.97% per at. % burnup

or
{Fissiun or destruction of the matrix) -0,30% per lﬁzuflss/cc
Av.i’
Miximum pasitive contritution (T} +1.27% pec at, % Larsup
or

[Generation of fission products) +0.51% per 1020 fiss/cc

+0.30% perat. % burnup
or

Tolzl minipium solld eontribution

-1.009 per at. % burnup
or
-0.41% per 1020 fiss/ce

+1.32% per al. F burnup
or

v 0.54% per 10°

LI
fiss/cc

+0.32% per al. % burnup
or

+ 0,127 per 1020 fiss/ce +« 0. 135 per 1020 fisgfee

| B IEGRRFPORY 2 Y v S~ OB R BT

B B CEGKFPa)ZERBRY (BAKCERE) Zr, Y, La, Ce, Pr, Nd, Pm, Sm, -

bl EEBRNEY Ge, As, Nd. Mo, Tc, Ru, Rh, Pd, Ag, -
c) EGEMTED BaQy Zr, Sr0sZr
d) -t ofh ( & {4k ) Rb, Cs, L
( 44> ) Br, Se, Te,
(# = 1}Kr Xe
BAR®O PP S EEEBLY & 20 7 5 2 OABEM (%)E 2 VABEDS
E%%Ea&hﬁ,Uozm(U,mnogoﬁﬁa&&Lf(ﬁi)a&ao

BE&EFP L HhFERIE

U0, 40 20% &%
( Uy Pug,, ) 0,00

Pu,s,e

0.32% per at% Burnup (0.13% per 10°° fisscc)

0.30% per at% Burnup (0.12% per 1¢6°° fiss/cc)

Fission

4V

HRENLBEFEL TS HEATE, 013% per10%fission/cc &% D
LafiEhnEED, 054% av per10®fission/cc Td b, BHEHE
#B%ﬁmoas%—%%emn“fmsmm%cf@éa@%zﬁ&1m5o

A IHEROTAY) VOB FH(F -2 )T EDEELALIOTE L, BEFPPTHE
EE, (LFEMEABCOWIEERLHE TS 5, BHEFPORY = ) ¥ 7/ ~OEHE
DEFO 7o e ABREEBELINTnE, SHBREHERFP SBEERFPOMALLZ D

EBRF-2O0BTOH#BHREZT L,

GEAP 5583
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14 Fuel Creep " 1-31-70

B ICs T 2R OBMMNZE % At 2 72 Fuel Creep Model % #F+ 5 HiEn k%
EHEOTHE. CARBKBKERT AR TOREBEoBERIEIE2H A TA>ERMIEOR
N T2LEHBELEOENRELS ZZRRMND D, chilgll+sHERQDOEL LA
5o

@ EHnEET2LEHET S Time Mesh /3 (F 2,

@ EHNRBETLHELE Creep Model EEAE IC Strees — Straingn K X TE

CET BB B,
Bt oz ) —T2Far bl LT, KOXNEHERT 2, (G.EQO=Fr2FHELTYTF

A )

e=60+é1 + €

264.0W—150020 X0 M+218340
BT

€9 = A,/ (D—85.71)a*" eXp( )1/d2

165.7 —
elzqu/TD_87j5)aLnexp( 65.7TW+443020 X0 M 949000)

RT
ep=Bga"

d=grain size ,

W: 7a = vA%ﬁ"%W/o

D: Density(T.D)
T:&® #E(K)

o:Stress(psi)

¢ : Neutron fluence

Ay i L24X10°°, A;=6.611X10*
B=8x10"

OM:0,M ratio

2 Ay LROEFAMEG.EOTF -2 -2 FERALTPuSHEFREOEATEINZ L OKCLA
D THB, A O/ MOLIKIBZ ) —TEHEEREED 1448 L ¥
100.7TOE:2FL AT EICEnTEFARLCARKL,

2 G EOoxFr»CEPuESHEE, OMICIZEBHIEITh Tnin,

M. S. Seltzer. Review of out . of -~ pile and in - pile creep of ceramic
nuclear fuels, BMI -1906, (1971)



Creep 71-3

Iﬂ"

T T T T 7 7T
L GronSm 2025, p .2
Dascaty 92.8 parcent 0 LI I I 2 R A D I D A
L. Ciewes draen io hi Egusaan (11} .. 6000 ps i
4 .
10-’ = -
7 [ -
| =
£
s s t :
- ]
b4 [ 4
& a
: £t '
i S 1000 p3:
o -
L Gran Sixa - 22028 -
Denaity : 93 percent
O/Pu; 178
IO-‘
0 0 20 30 40 50 60 TO €D S0 0D
Plutonium , w/o
Strovs g
Fig,2 Stomdy-state cresp rate versus Plutonium
Pig.1  Stendy-state compression creep rate versus content. for coprecipitated UQ, -Pud, tested in

applied atress for coprecipitated (Iw,, U )0, .

compragalon at 1550 C from lichnboy and lvans
and (Pu U )0 from Fohaboy and Hvana

N #¥:PuO,; — U0, (20.30,100 w0 Pu)
Density 92.8%, 94~98%T.D
grain size 22~25 p

0/M=195, 200

+ B EMmsY -7
@S N, —6%H, +H; 0
5 77 900~8,000 psi

H OB 1475~16257

2 Ay b PusHEENLTELABEZ )V -—T=Ff o8l ¥—pE{bkT 5,
(Marple Hough

DF—F—) w/0Pu 0% 2% | 5%| 104 | 15%
Keal imesl 127|104 | 102 | 1 11

M. S. SELTZER, J. 8. PERRIN, A. H.CLAUER, B, AAWILCOX ! Review of
out of pile and in - pile Creep of ceramic nuclear fuels. BMI 1906
~(1971)33
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Creep

15001 I 1 T J I T ] T ]
: STRAIN RATE be™
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1300|— ok —
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\E: ,"')/
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w
@
b
W 700 —
E / - ‘/’
-4 /’
[ 4
L. 5001 Y NF -
el )
300l —
NF
O T | | I l ] | ;
: 500 1000 1200 1400 1600 . 8OO
TEMPERATURE,°C

Fig.1 Effect of temperature and strain rate on the
strength of high density (X 96% TD) U0, 20 wi% PuQ

1 UQy3— 20w 0 PuO.,

OM= 1,97, E 880,89,91,93.96%T.D
iy UO, " Ca<20, Li<50, P<100;:ppm
PuO, #F Ca<200,Li<5,V<100 ppm‘

D4 AT

CERELRECRBRF IV

FEE L WRIETOBRARERD %o

J.T.A.ROBERTS and B.J.WRONA, J. of Nue! Mate. 41, (1971) 23 - 38,
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Creep 71-5
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R

U0, 0 U=211, Grain Size 0.6 0 pm
Specific Surface area 337m® /g
it Al--4, Ca<<20, Or+--10, Fe«. 48, Ni-~+52 (ppm})

) #k : bending
EEEO92h ', 92%X107 . h7h, 92X107%. !
BE R.-T.~18007C

2 A} UO, ®Brittle—Dactile transition tempi11000C(¢ =0092h7"),
1375C(e=092h"1), 1450C(¢=9.2nh ")

R. F. CANON, J.T. A. ROBERTS, and R. J. BEALS : Journal of the
American Ceramic Society, 54(1971}105
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Structure Change
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Fig.. 1a. Photomicrograph of UQ,;—~PuO; fuel irradiated at Fig. 1b. Mixed-oxide fuel element model fllustrating the three
17 KW/ft in EBR-II. regions of distinct microstiucture. '

Table 1
Characterization of mixed-oxide fuel-element models.

Fractional fuel
density Temperature [°C]
Peqi Peol . Teqi Teol
Atomics International [1, 2] 0.95 0.98 1600 1800
General Electric [3, 4] 0.97 0.99 1650 2150
Karisruhe [ 5] as-fabricated  0.95 1300 1700
Westinghouse [6, 7] 0.97 0.99 1600 2000
i) R OREEHE®HD %,
REEEOHEMR
i) SEMBERR,,, ERD I,
Teni 2
eat Qfyel Ry
iz Kfade=—(1— —--——-—-)
2
Tsurf{ L R fuel
V) BERGFERR, |, 28D 5,
T 2 L : 2
col 9 fuel Reqi eat R'col peqi R’eqi
4x[ K, ,dT= - (1 =22 +z(1—————)1n————
2 o 2
Teqi L RfUEI fab RJeqi P iab Rjcol

V) FLFLRERED b
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Vi) BABREEE Tvoid 2 R . A% M4 50 & 0200 5,
. 2 _mnz2
in Tv;{tdCOIdT: 9 tuel Peol (Rcol Rvoid _ szold o col )
‘ 2
Teol L pfab B’fuel R’zfu'el void
Vi) BREBMAEEIFETRD B,

Tmel t Q@ iuel © ool B’2col B’fnelt B’2V0id RCOI '
axf K., dT= . . -2 —— In )
Teol L pfab B’fnel Rfuel Rme”

Vil) BLAEEL AR OEIA £RD B,
molten mass 0ot (R —R%.i4)
F= = -
total mass Piap Biruen
ix) st & #

In put data s LTHOLYZFMECONTHELAEREZT T

Steady-state parameters for an FFTF type fucl element at center of core.

Parameter nane Units Numerical value

- Smear density %TD 85.5

| Active-fuel length cm 914

3 Outer clad dismeter cm - 0.584

b Clad thickness cm 0.038

;E Fuel pellet diameter cm 0.493

= Clad material 1658

E Bond Helium gas
Fuel-melting temperature °C 2800.0

g

2 Inlet temperature °c 316.0

=]

2

= Pitchfpin diamcter 1.24

-]

é Flow rate kg/hz 494.0
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Structure Change 71-2-3

Estimated maximum tempcrature or metting fraction in an FFTT type mixed-oxide fucl element at center of core.

H=0.6247 (1100) €

Peak Max. fraction of
linear . Fucl fuel melted b
power Coolant Sodium?2 CladOD? CladID2  surface -
Case [W/em] mixing temp. temp. temp. temp. GE Al KA wd
% [l ral i°cl [°c)

0 3904 413 423 464 855 (2182)  (2111)  (212%) (2197)
IA 563.6 [} 457 472 528 1093 0.095 (2582) 0.036 (2718)
1B 563.6 100 413 426 485 1049 0.064  (2562) (2786) (2752)
2A 867.1 0 532 556 637 1505 0.569% 0.366 0.538 0.509
2B 867.1 100 413 430 519 1387 0.528 0.331 0.500 0482
3A 13008 0 641 676 787 2089 0.838 0.726 0.823 0.808
3B 130083 100 413 434 566 1868 0.788 0.664 0771 0.753
4A  2008.8 0 818 872 1022 wLkk 1.0 1.0 1.0 1.0
4B 2008.8 100 413 441 637 2649 0.903 0.953 0.973 0971

#H=0.8519(1500) H=1.1360 (2000)
Max. fraction of Max. fraction of
Fucl fuel melted Fuel fuel melted
surface surface
Case  temp. GE Al KA W temp. GE Al KA w
Ircl ' ¢l

(1]
1A 942 (27513 (2508) (2695) (2684) 839 (2658) (2447) (2597) (2611)
1B ‘899 (2719 (2483) (2855} (2654) 795 (2617) (2418) (2552) (2577
2A 1273 0.494 0.295 0.462 0.454 1114 0.443 0.244 0.406 0.408
2B 1156 0.457 0.258 0.421 0.420 996 0403 0.200 0.361 0.370
34 1742 0.761 0.635 0.744 0.725 1503 0.711 0.585 0.694 0.677
3B 1521, 0.714 0.588 0.697 0.679 1282 0.667 0.542 0.646 0.641
4A 2497 0.503 0.920 0.953 0.949 2128 0.902 0.835 0.895 0.887
4B 2112 0.898 0.827 0.888 0.879 1743 0.845 0.765 0.834 0.822

At the axial node where the maximum fucl temperature occurs.
Maximum fuel temperature if no fue! melting occurs. Numbers in parentheses are in °C.
Gap conductance [chmzncj (Btu/hr £12 °F).
Fucl-element model.
*#+ Exceeds fuel-melting temperature (2800°C).

+ O o R

Nomenclature

F = weight fraction of molten fuel

K = thermal conductivity

L =length of fuel column

g/L = radial heat-flow rate per unit length

r = radial distance in cylindrical coordinates

Nucl. Eng, and design 17(1971)361-370
Prediction of maximum temperature or melting fraction in a
LMFBR fuel element by D.H.Thompson and W.W.Marr
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K. J. Perry. G. F. Melde, R. N. Duncan (GE-BRDO ) Fuel —Clad Reactions Observed in Stainless—
Steel —clad Mixed -Oxide Fuel Pin Irradiation. Transaction A. N. 8. 14, (1971 ).
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E. Rolstad and K. D Xnudsen ; Studies of Fuel - clad Mechanieal Interaction and the Resulting
Failure Mechanism, Fourth UNITED NATIONS INTERNATIONAL CONFERENCE ON THE
PEACEFUL VSES OF ATOMIC ENERGY, Geneva, Svritzerland, 6—16 Sep. 1971
A/CONF. 49 /P /295, NORWAY June 1971,
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C.- N. CRAIG, XK. J. PERRY, R. N. DUNCAN, W. K. APPLERY, C. N. SPALARIS. W. E. BAILEY;
Steady — state irradiation performance of UQ, — Pu(), fast reactor fuels, Trans. A-N. 8 14, 1,

(1971} 23.

FOURTH UNITED NATIONS INTERNATIONAL CONFERERENCE ON THE PEACEFUL

USE OF ATOMIC ENERGY ; Geneva, Switzerland, 6—16 Sep. 1971
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