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Study of Fast Reactor Fuel Pellgt/Cladding Mechanical Interaction (I)

*¥
Masayoshi Ishida

*¥
Masaharu Sakagami

Kotaro Inoue**

Abstract

A mathematical model of fast reactor fuel pellet/cladding mechanical
interactipn(PCMI) has been developed. This PCMI model is intended for
the prediction of mechanical behavior of a fuel pin under steady state
irradiation.

For the purpose of the model development, a comparison of PCMI models
employed in the existing fast reactor fuel behavior codes was given
through literature survey. The employment of plane-strain approximation
with axisymmety for the stress-strain field is common approach in these
PCMI models. However some recent data of irradiation experiments suggest
the correlation between cladding plastic deformation and reactor power
cycle. If strong PCMI is expected during reactor power change in a power
cycle, stfess concentration in cladding will be expected due to the PCMI

with cracked fuel.

* Work performed under contracts between Power Reactor and Nuclear
Fuel Development Corp. and Hitachi Ltd.

*%  Atomic Energy Research Laboratory, Hitachi Ltd.
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After the consideration above, the following features are included
in the present PCMI model:
(i) For the prediction of PCMI during steady state irradiation,
the model employs axisymmetric, plane-strain approximation.
(ii) If strong PCMI is expected during reactor power change, non-
axisymmetric, plane-strain or plane-stress model in (R-8)
coordinate will be used for the evaluation of siress con-
centration effects, which is not predicted by the axisym-
metric model above.
In this study also @ preliminary structure of calculation flow block
is prepared for the PCMI model to be realized as a computer code. Also
some in-reactor and out-of-reactor experiments have been proposed for

fitting and testing the PCMI model.
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Table 2.1 A comparison of fuel/eladding mechanical analysis aspects of

some fuel rod performance computer codes

Code Name LiFe-11) CYGRO-F?) perave-2?)  satuan-14)0%)  pamuso1®)
(Organization) {ANL) . (WARD) (GE) (GfK) ( INTERATOM )
Approximation for Plane-strain Plane-strain Plane-strain Plane-strain Plane-strain &

stress—strain Plane-stress
field: (2}
Mathematical method Iteration FEM (Finite FEM Iteration Finite differ-
for the field egs.: Element ence
Method )
Gap iteration: _ No No No Yes Yes
Number of fuel zones: 3 Multi-ring 2or 3 2or 3 Multi-ring
* (>3)
Fuel cracking: Modified elas— Modified elas— Zero stress Zero stress Zero stress
tic modulii tic modulus condition conditien condition
(E & v)i3) (E only) :
Mechanical analysis
of cladding

Primary creep: No ~ Yes Yes Yes Yes

Secondary creep: Tes Tes Tes Yes Yes

Plastic flow: No Yes No Yes Yes

Thermal expansion &

swelling: Yes Yes Yes Yes Yes
Mechanical analysis of
fuel

Large creep deforma—

tion: Yes Yes - Yes Yes Yes

Plastic/Brittle-fuel-

zone concept: Tes Yes Yes Yes Yes

Pressure dependent ' '

hot-pressing &

gas swelling: Yes Yes No No Ko
Mechanical interaction
of fuel/cladding: Friction Friction Friction Stick Friction

Notes: (1) 411 are primarily intended for LMFBR fuel pin analysis
{(2) W¥With axisymmetric field approximation

{3) E: Young's modulus, V : Poisson ratio
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’ 5:1.4611 ' /
3t kx'+. : (Cladding: solution-annealed
i /4;-6D= L Type 1.4988 steel)
¥ 2 i .
;4; ,// Rapsodie:+ Fuel A
// + Fuel B
¥ DFR 435 !
1+ GJ:'& / 35 8}
5 Numerous
‘*—!,measured values
0 ) 1 1 1
1 2 3 4 % 8L
Fig. 3.1

Proportion of cladding mean diameter
increase and length increase measured over
the fuel section of UO,-Pul, pins.

Maximum burnup is about 10 at.% U+Pu.
(From Ref. 13)
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5 v 7 { Radial cracking ) W2 A, 7 7 9 7 REWX L DV¥EBEFM~OH
BHOHBME*BASVy PRAFLBOBERABERICLIBEIM~F LR
L b, h‘jjj_tﬁ%’ri%ﬁfi LR Uy b AECE SN E ( Restructuring ) %
Bl , HPAiMoE¥ilAEE T, *hrhoBlhedio L A¥EFmA

@BREEBLEDLD(, 2OH , 2y . )2, 2)—7 , FP #AXRBHERUF S

# B {L ( Hot preseging ) A FOHBRHEFT T 5, ‘Jf*'}%%ﬂﬁ;ﬁﬁﬂ?ﬁ% Gap

‘clos ure@E’é B BM N8B 0 E-EE Y.L b BHLE N T 0B 0
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WU ) € X A Gap opening W E A E T , PCMI # F I N 5 & %K
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Rubin et al. W X AEBR—I ToEBEE £ o@BETHKH , ~8at .%burnup
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EBENVy b s 24y 70BFAMUHEE2LNLTWE, 2RI, Gap
opening € £ b B #ICE > vy b DR Y 2 ) ¥ 7 ( Unrestrained

swelling ) KL 2D THD I, tEALATNALS

CoEKRERLE
Rubin et al., W I BHFHRO— 2% Fig. 3.2 KA LA, BHEK I B &,
BEHORAY 2 ) v FeBCBHRBUEREL 0D BE 4 05% T, C
RLOKRERLBMERBEERBLELTHWE , LEATh T 2,
EBR-I B v i@+ 5, Lik © Rubin et a1, W X 2 3 D LR OE
2 4% Rapeodie TORMHEHEBR-2LIBFE LA TW B, F.,Anselin ot al, T
CHBETALAMFET02 T3 AL T 2,
"Up to a critical irradiation level of about 6 to 7 at.% burnup, the
elongation of both pins and fuel column is very low, but about the same;
beyond that critical value (when cladding.diametral distension becomes
noticeable over a significant portion of the fuel column), fuel column
and pins elongate axially to each other with a rate larger for the fuel

iEvery thing happens as if under the critical burnﬁé;“théwf;élueolumn
{;as stuck to the cladding, and beyond that threshold, the fuel column was
;no longer stuck and could elongate freely

Y — excerpt from i;f.Eﬁroéégﬁ”Nﬁclé;r Conf“%

Francois Anselin et al.,

Trans. ANS Vol. 20, p.323, (Apr., 1975)
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b, chbEEMT AL, Pig. 31020 %0 oEE LA bTH
Eﬁﬁ%%ﬁ%%&%%%ﬁ%%fﬁﬁatt%%@fﬁéoﬁwwiéﬁ
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ht FHEFRE 7)) -7 HEBx2 e~ F T35 9, |

AHORIK , ROAREBLTE (, ~BRE , By PcMIBRBMHMIED
kofﬁﬁféﬂ%ﬁ@¢éh&%iaﬂéoC®$Mm%ﬁ%%%ﬁ¢é

N vy PAREADLE DB W ( Plastic and creepy ) W O HERESW

TWn b, %i.% LMFBR @‘ft%ﬁﬂ@ﬁﬁ*h&hﬁfﬁﬁﬂi ﬁzk‘b‘%ﬂ@@

_V\ﬂ%"ﬁ’i’% o’ClA% ) o NV oy fﬂ)ﬁ#ém%&fﬁﬂﬂ)ﬂﬁﬂfﬁéﬁﬁﬁﬂ‘f&

AV oy b %‘% o T V=%‘3 L2 L oKL EDODEREFOAL—F « T 7[%

%

Fuel length increase,

3.54 5 6 7T 8 9 10 11 12

Fig. 3.2 Fuel column length increase
as a function of burnup.
(From Ref. 16)
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L, TOBRB%#D3 TICRTHEME %2 E B ( Mechanical behavior ) %
Ay 170Nk EE T, Table 3.1 K2 EBTHh, ~vy b+ IUH
%ﬁi%h%’hmivc,&fcﬁi*ﬁﬁ{’ﬁﬁﬁtbfb&’fzﬁ'féﬁbf,C:!’L'&‘Glth'}EuB
hTwadbodrsb , 0oKREERL ko

Table 31 DEHRFEDO 5D, vy + JUBROERKHET 2 $ 0 DH KX
e FrlC L ARRE , ARG LEHE - HHGEBRBOFBALLI S, I DI, T
hbooFRAKR . R b 25y RoBEER(Xv )7, 7))
— 7 RE) ,PLUBEBEEOLECETAERT — 2 ( Material pro —
perty correlations ) A BA S , FEMEHRIHAEWL 2, T TRAET
HZPOMI = F ol , BREZHBIH - FRTRVvy  JUHBROBBNED
PRETE—DOEY o~ ThDB, MTTH, COPCMIETF AV THRAT
rEEMEARE L= T vO2BRNEABMBAROVWTRRT 2o =7+ OFMA

33 HibMEBEIKERL £,
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POWER CYCLING

Table 3.1 IRRADJATION PERIOD CHARACTERISTICS OF LMFBR FUEL FINS

IRRADIATION PERIODS

*
{Length of Interval)

FELLET

CLADDING

PELLET/CLADDING

» Differential thermal

START-UP
(Several Hours) .

expansion
Extensive cracking
(radial & axial)

. Differential thermal -

expansion

Differential thermal
expansion {(between the
two)

PCMI depends upon
residual hot gap

!

STEADY STATE IRRAD, *
(More than 100 hrs)

.

* Fuel restructuring

Swelling (initially
free, restrainded '
afterwards)

* Creep (irrad. & thermal)

Densification (hot
pressing)
FP gas release

+ Creep {irrad. &

thermal)
Swelling (with FP
ges pressure loading)

+ Pellet/Cladding dif-

ferential swelling
(Deformation depends
upon which is more
creepy, pellet or
cladding)

L

POWER CHANGE FROM
STEADY STATE TRRADL,
(~1 hr)

.

Differential thermal
expansion (with ¥P zus
bubble expansion
effect)

Rapid EP gas release

*Differential thermal

eapunsion

» Potential insiantane-

ous plastic flow due
to short-term PCMI <«—-

*Differential thermal

expansion

l

Short—term PCMI

Shutdowm
(A few hours)

Differential shrinkege

* Cracking from inside

to outer surface
Potential FP gas bubble
precipitation under
tensile pressure

+Differential thermal

shrinkage

sDifferential thermal

shrinkage

!

« Differential thermal

ANOTHER START-UP
(Several hours)

expansion {with FP gas

bubble expansion effect)

« Potential new cracking

Note:

*Differential thermal

.

expansion

Differential thermal
expansion

* Potential strong load-

# Buppesing irradiation experiments

[
(i)

ing due to fuel crack
ratcheting & crack
blocking {short-term)
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< T 0 72359 ZEE

T
fuel c

Tfuel = Tc : BN
0200 E— VCHET L,
ﬁﬁ%mﬁﬁﬂOQ%%—P%%%?%EEu,Xﬂ—b-Tyfﬁ@ﬁ

c

i

wPMI@W%&%EELﬁC&Kléoce%%,ﬁﬁﬁ@@&ﬁﬂ@
ﬁf@ﬁﬁ%#(YNMcmﬁﬂm)@ﬁ%%ﬁﬁﬁ@%%ﬁ%iﬂ%oi
ﬁthaw,co;5ﬁ%ﬁﬁ@%%&@%ﬁﬂﬁ%f—ﬂ®%ﬁwé%




Table 3.2

Fuel Deformation Components

Fuel Strain

a{Recoverable Strain

'ﬁ Permanent Deformation]

(1
| Elastic Strain i
Thermal Expansion
(4
—| Isotropic Volume Dilatation Irradiation Swelling
(5
Densification
(6
( Irradiation Creep
2
|
] Creep Strail
| (7
Thermal Creep

“— Short—term Plastic Strain

W

Note:

[aS I

=1 gv A

Hooke's Law

Plastic Flow Model {Prandtl-Reuss Rule)

Plastic Flow Model for Soft Core Fuel, and
Simplified Cracking Model for Hard Structural Fuel
Empirical Equation for Solid-EP Swelling, and

" Pressure Dependent Equation for Gas-EP Swelling

Pressure Dependent Densification Equation

Empirical Equation

Empirical Eguation




Table 3.3

Cladding Deformation Components

Cladding Strain

(1

—| Blastic Strain

¥

—3 Recoverable Strain

—iThermal Expansion

— Isotropic Volume Dilatation

Irradition Swelling

(4

—| Creep Strain

L{Dens ification (5

(6

—] Irradiation Creep

(2

(7

—‘IPermanent Deformation

Y Thermal Creep

— Short—term Plastic Strain

A

Note:

=1 VIR W oY

Hooke's Law
Plastic Flow Model (Prandtl-Reuss Rule)

Plastic Flow Model with Strain, and Irradiation-hardening

Empirical Rate Egquation
Empirical Rate Equation

Empirical Rate Equation with Strain-hardening
Empirical Rate Equation with Strain-hardening
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46.5 Hot end
P > 1~ 6.7 ku/Th
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M
!
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1. o Core :
.‘ 1 mid-plane |, ~ 10.7 kvw/ft
o ‘ 47
b ] ‘
i \\  F 10 o -
\ 1. Central void e T
3 2. Columnar grain
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4. As fabricated
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\.
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= 40 _ ' .
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relative \?H //kﬁ
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Fig. 3.3 Fuel restructurings at different axial positions

(calculated by a design code on a Monju fuel pin).
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DIARETER INCREASE, %

+J4 WEASURED FOTAL SHELLING
+—- CALCULAFED PRECIPITATE DENSIFICATION
+— CALCULATED STRESS FREE SWELLING

== TOTAL CALCULATED SWELLING
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Table 3.4 Main features of the present PCMI madel

Fy

Stress—strain field

(R-Z) model:

+ Ayxisymmetric, plane
strain approximation
with axial and radial
multi-ring nodalizea—
tion.

* Will be the main body
of the PCMI model.

(R-8) model:

+ Non-axisymmetric,
plane-strain or
plane-stress approxi-
mation with finite
element formulation.

+ Will be used primari-
ly for the evaluation
of stress concentra-
tion due to strong
PCMI with cracked
fuel at a certain
axial point.

+ Crack generation con-

.

Fuel cracking Deformation components

Both for fuel and

dition: cladding:
Thermal expansion,
o, > I Tole1 < TC creep,

swelling and short-

ic flow.
Crack healing condi- term plastic o

tion:
S
g
<0k Tfuel = e
or

No cracks in grain-
growth completed
region.

To determine the number
of cracks:
Use modified elastic
medulii, E & V, or
use (R-6) model for
radial cracks.

- For steady state calcu-—

lation, use zero stress
condition in cracked
fuel region.

Axial PCMI

Frietion model with
a constant friction
coefficient.

Notes:

di: Principal stress

Op' Fracture stress of fuel

Tfuel: Local temperature of fuel

T 2 Brittle-to—ductile transition temperature




LA BREEI ST 5 Gap opening_@%gﬂﬁsmjﬁrﬂe%ﬁtﬁﬁﬁ&&c&r}s
THETE S,
corsamBEREY AL FRETESPOMIO—FE LT, MEAD
5&5290)/—1“1‘@31&&73@130}&1}:,CO.Z/—F'(K@%'&:?I%%;’F#
B LDWER~OEREKIL , BEF~OBMFTBHEORELD 2. — K
Kid, BRE BEROE -~ ONESRMEREOL L CHFALE S/ — FHO®
BHwHEEEREE L, T TH, chxBEe s r»cHKAILTBR, TOB
%,%Ea‘éﬁfﬁrﬂﬁ(éaﬁj})Kléﬁﬁé%\uiﬁﬁ?%o%Bhé@%
ﬁ&ﬁmﬁr‘ﬁlﬁ'ﬁﬁﬁk?}&bf,%ﬂ-%ﬁ%aﬂ%jﬁﬁﬂ/—F?ﬁi@ﬁ?E’a?%
5 E L2 5308ETF B,
Zi‘iitfc'éabfcﬁﬁPcMI%fJVkaﬁ%%&UzFﬁﬁ@PCMI“‘Ef!viﬂi%
HiKESwT , ccTBEETHPoOMI =7 v OEA % Table 3.4 T F & D,
Table 2.1 THHFAKZEFA LB T B L, F@EH(R—0 ) =T +OH
Hzlkidd , BrHlLne 7r 0H A%, Table 34 OHFHE TR F
PCMI 2 F A+ DN FRA LT ER TV, i b, TableddTHH O 7 7
yﬂ-;&vaVCEQ'j"%ﬁt’i,zkﬁﬁ@ﬁ;‘v-yﬁ--'&?’)v@?sﬂﬁlfc%ﬁbkvbi,

BERBHIETE L TE W,

3.3 BB =vy PDZ Fy F¥T

FORA~b + Ty 7THREECENT , £ 7 Sy ZBBRBEEHIL 77y 7T 5
crR Al LA REREETH L, HHZBRICHIHAEK L S L, LMFBR
Ea@miw ( (U,Pu)o0, )y vy bRV y PRLc  REREENS 4
M%@CT,”H/9F§EQ%Eﬁ60tb*VyFQMEmﬂaﬂlhmmm

gtress JWET 2T & HBH 5,




BABAH vy pOBEBEBERENDEA AT .T.A.Roberte et al, € Lk A

2)

S B F— 20— Pk Fig. 35 KB MLAC BEOERKLAE , <Ly b

B, tOBE (RBO—REBE) CBLTE33 ) JBHD , b D0l

T, It Brittle—to~ductile transition temperature &N Tn %,

Roberts et al, O FEEBBIT & % & , T, vy tOFHEE & Porosity

ik &L , U0, —20 "0 Puo, BABRELBHILCHL TROEXBRXAB LN TH

3,

52x10%(1—09023P)

= 2734-1né_(nr 1) (00343012 ) (3.1)

7,(°C )

P ! pellet poroeity fraction
§e: slastic strain rate
CORE LIV EVEEER CE <V b AZ D (2~ 5% )OERER T,
MLRBRTHBONAWBERE o, BRRNTEAL LN D,
6n (kg/on®) = 53140565 T( C)
T NVvy FERE
Fig.35 T ,BRET, IVt BAEHERKFIA T2 , BERFEEDLT
T AR RS RABERKRIGD ( Tield stress ) DEEERFHERL T
BEtELLhAH , chitHicTr2ERATzOoOLM22 THEAL TWE W,

23)

sEpAhRDIC , U0,V y I~®lié'ﬁiﬂ‘3730y Fhoxm» b5IHT %5,

2

ay(kg/cmz) — 1.08x10%x10 /1225

T : vy bBECC)
ﬁ(&l).&(}'aF,ay %* PFig, 3.6Kfﬁ7ﬁtfi&&bko{ﬂb,Tc o
48 -tk Porosity, PR 012( # o T, MEEEO ~ vy F BHEL 88%4T.D.
KHinT2)2RAwnk, 24, T, RUo ORABTERLAHIEIEER7T —

¢ y




1800 T T 1 © T 7 17
1600 |- ﬂ -1 o! Fracture stress
™. 1400 | /' '\ J e: Elastic limit
3} o /1o oNF NF: Not fractured after
;ia 1200 0 o o“NF . 2 ~5% strain
. 1000} _— © Ol W 4
0 § ]
@ 800 0 Lo -~
2 600 Vo
0 h v
400 |- ‘e HNF
‘N
200 | ‘\, .
o} L { 1 { ] | i ] N

800 1000 1200 1400 1600 1800

Temperature, °c
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Fig. 3.15 Various states of cracked fuel




Table 3.5 Conditions to the stress field to approximate
the stress field in cracked fuel

No. of stress Stress field
field type conditions™ Situation of the fuel ring
1 Q} = 0, Ge =0 Radially and circumferentially
free expansion
2 a, £ 0, 06 #0 Radially and circumferentially
restrained
3 0; # 0, Oé =0 Radially restrained and

circumferentially free expan—
sion

Note: * With generalized plane strain condition
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(@), Contact between fuel pellet pieces (Case I)

\ ‘ Cladding
\\\ /// Fuel pellet

R
Fuel Cladding

Fig. 3.17 Contact states between fuel pellet pieces, and
between fuel pellet and cladding




Table 3.6 States and Continuity conditions on contact surfaces between

fuel pellet pieces (Case I)

States of Conditions for +the Continuity conditions
on surface forces
contact surfaces contact surface states .
: and displacements
o )
open -u, +u >0 dp, — dp, = O
A B A B
(no contact)
dq_A—dq_B—O
o
PA + dPA =0
0
qA + qu =0
stick —u®+ul’ <o dp, — dp, = O
: A B - A B
qu - qu =0
duA - duB =0
dV’A—dVBzo

Note: For the definition of the notations,

following Table 3.7.

see the notes




Table 3.7 States and continuity conditions on contact surfaces between
fuel pellet surface and cladding inner surface (Case II)
States of Conditions for the Continuity conditions

contact surfaces

contact surface states

on surface forces
and displacements

.
open P >0 dp, ~ dp, = 0
(no contact) A A B
qu - qu =0
! o
Py t dPA =0
o
q, + qu =0
. o - N
stick Py <0 dpA - de = 0
o - o
IqA|'SM!PA| dq.A“dq.B"O
duA - duB =0
d.vA - de =0
slip pAO <0 dp, - dpy = O

qu— qu: o0

dUA -_ duB = O

| q‘AO+qu |= H I PAo+dpA |




Notes:

The symbol 'o' denotes the initial value in the incremental
analysis, which is integrated from the initial incremental
stage to the previous stage

The variables are defined as follows,

Py dpA : Total and incremental nodal forces of contact point A in

qA’

A’

A!

dq.

azimuthal direction (Case I) or radial direction (Case 11},

: Total and incremental nodal forces of contact point A in

"
radial direction (Case I) or azimuthal direction (Case 11),

duA : Total and incremental nodal displacements of contact point
A in azimuthal direction (Case I) or radial direction
(Case II),

dvA : Total and incremental nodal displacements of contact point

A in radial direction (Case I) or azimuthal direction

(Case II),'

.

Friction coefficient.
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Table B.1 List of stress-strain field eguations for numerical solution

{1) Mean strain: @EE: (r,t} = Q+ [GCT] + E
(2) Radial displacement: au = u(r,ilir)- = (-—-)u(E } - r{ 1- (—') }8 (t) +% €
R
{2} Strain parameter: e = elr,t) = - “(—E)u(RI) - \
(4) Visco-plastic parameter: A=hi(z,t) = {(1—-g(r t))u+ 3 eq} - (B-47)
i
{5) Mean- stress: g=glr,t) = %{ - 278 - S+ 8 } + Ur(RI) (B-52)
(6) Axial strain: nE, = az(,t') =8+ et _ft/\S dt /
Sz t -
=€+ E +6,, (6, = foA S.zd:t) - {B-56)
{7) Rate of stress parameter: § = é(r,t) = 2G{é -—AS} (B—47)
(8) Axial component of . . . .
deviatoric stress rate: 8 =S St = 26{ & (8) - € -As, } (B-48)
. u(RI) 5
(9) Rate of mean stress: o=olr t.) LBU(R )+GB{2—— +2€ (t) 4(€ +ptT)1+/\(Sys }+2JI\Si (B-56)
5__,/ 1 v
: : e g H—!f_ . i R
(10) Axial strain rate: "‘Q.‘\E\Z,ﬁgz(t) = [2L G] { =37 (le+ Fr) + 2L G(E +/\s )} (B-60)
iy e TS =
{11} Redial displacement rate R Ry _» -1 1 k- ; "
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N . T‘H‘ e (3—63)
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