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Introduction

. Nuclear Energy is a key technology to solve the
global energy and environment problems.

LWRs are mostly utilized and most reliable
nuclear power plants.

. Japan is now operating 55 LWRs and constructing
more of them.

. Worldwide demands for LWRs have led to global
grouping of the reactor vendors including
Japanese makers as key players.

- LWR fuel designs are advancing to attain the

targets such as higher fuel burn-up, plant up-
rating, longer operation cycles as Weﬁ as higher

fuel performance and higher reliability.
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International Grouping of
Nuclear Reactor Vendors

* Toshiba — Westinghouse : PWR &
BWR

« Hitachi — General Electric : BWR

* Mitsubishi Heavy Industry — Areba :
PWR

I) PWR Fuel Development
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PWR Plant and Fuel

Gontrol Rod Drive Mechanism

Reactor Vessel Head

Upper Support Plate

Outlet Nozzle
Upper Core Plate 3 '1 Al Sl
Core Buffle | i '

Fuel Assembly

Inlet Nozzle

Reactor Vessel

Lower Core Plate

Core Barrel

In-core Monitor Guide Tube

Reactor/Fuel

PWR NPPs in Japan

e 24 PWRs in operation (most recent : Tomari-3 of Hokkaido)
e APWR (Tsuruga-3/4) are under licensing

(af4a(a(a (2023
_OHIP/S MIHAMA P/S

@44
TSURUGA P/S

Loop Number

In operation

IKATA P/S -
( j Test operation

~ )\ Under licensing
(APWR)
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Mitsubishi PWR NPPs

70's 80's 90's 2000's 2010's 2020's
F_—*A ——— T, Commercial Operation
Imported In-house Further Improvement & - Tsuruga-3/4
Technology & Teg:s“:c""grl‘es Development using
-l.g?_aAll_z:‘:\ilgni ~ Experiences Mitsubishi Technolog} < v
9 Units ] 7 Units 8 Units
APWR
6,793MWe __ 5,805MWe 7,680MWe Licansing &
gl Construction
[U[29] 3] APWRUpgrading [} [Eohanced |
National Program for (Industry Group) i E:Ir’f_'ormance
LWR Improvement & oWall Verified
standardization Evolution of
Technologies
e Simplified
Design
i W
—
US-APWR:
Leading Plant for
Global Market
Satisfying Internationa
“.Requirements
ey
Features of PWR Fuel
D el _/,,fControI Rod Cluster (RCC)
Features

@ Core of PWR plant is composed of required
number of fuel assemblies depending on the
thermal power,

® For reactivity control, mainly, chemical shim
method, that is to adjust concentration of boric
acid dissolved in primary coolant as neutron
absorber, is used .The rod cluster control
assemblies (RCCAs) are also used to control the
reactivity.

e Fuel assembly consists of support grids, control
rod guide thimbles, top and bottom nozzles and
about 200 to 300 fuel rods. Single enrichment
pellets of uranium dioxide are put into the fuel
rods. The cladding of the fuel rods are zirconium
alloy tubes. The ends of the clad are sealed with
end plug. The clad and plugs are weld together.

&

Bottom Nozzle

Schematic view of Fuel
Assembly ( 17x17)
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Increase of Loop
\ Numbe
: Al 2

Construction Unit Cost

Capacity

Increase of Fuel
Assemblies
! 2 N

A o 257 assemblies

4 loops

( APWR) . Rk
1,500 MWe Class

History of Design Improvement

<< Mission : Improve Fuel Economy & Reduce Spent Fuels>>

Development of
48GWd/t Fuel

Development of
9GWd/t Fuel

PPN BT TTT 70T T W SR TSP ST SR 1Y 1 ) L St =1 =
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Types and Basic Specifications of PWR Fuel in Japan

14 x14 1525 1777
Type
Fuel 10n 12n 12n 12n
assonﬁbly Cross sectlon dimenslons 197 214 214
8 (mm square)
Top nozzle Number of support grids 6 7,8 7 9
Total length of assembly 3.5 4.1 4.1 4.1
(m)
Support grid Welght of assembly 0.5 0.6 0.7 0.7
Uranlum welght (ton 0.4 0.5 0.5 0.5
U02/assembly)
- Total length of fuel rod 3.2 3.9 3.9 3.9
Fuel rod ‘ (m)
Control rod Diameter of fuel rod 10.7 10.7 9.5
guide thimble , Number of fuel rods 179 204 264
) . (rods) , |
A [, i Pellet diameter( mm) 9.3 9.3 8.2
/)y F'“d‘““g "'H) Pellet length( mm) 12.6 12.6 11.5
\ / |
/4 17 | Number of pellets Appr. | Appr. | Appr. Appr.
k Approx-4 cm (pellets) 240 290 290 320
Pellet Materials: Pellet Uranium dioxide, gadolinium
containing uranium dioxide
Cladding tube
Control rod guide Zircaloy-4, etc.
thimble Zircaloy-4
{ Support grid Inconel, etc.
Top and Bottom Stainless steel
Bottom nozzle nozzles

Advanced PWR fuel over

55GW

;

d/t(A)

] Providing Step2 fuel (55GWd/t) with high reliability

e Plant operation

1. Longer fuel cycle (13 = 24 EFPM)

2. Plant power uprate
™ Advanced PWR fuel over 55GWd/t realization

1. Even more improved fuel reliability

2. Reducing fuel cycle cost and spent fuel

3. Enhanced corrosion resistant advanced cladding (M-MDA™
J-Alloy™)
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Improving Reliability (1)

PWR Grid Spacer

#Preventing Grid-to-Rod-Fretting Wear
Stable spring force against rod vibration and rod
diameter change ‘

@|mproving reliability to GTRF wear issue
€ Seismic reinforcement
€ High DNB margin

Modified mixing vane shape and angle

High performance I-type grid

Improving Reliability (2)

Guide thimble

¢ |mproved design against IRI (Incomplete Rod Insertion)
¢ Improved RCC (Rod Cluﬁ?r Control) insertion availability
by keeping enough clearan: 2 between RCC and guide

thimble at dashpot area

Bottom Nozzle

# Preventing debris fretting failure

4 Improving debris trapping
performance of bottom nozzle

Built-in Filter bottom nozzle
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Advanced Cladding Composition

Concentration [wt%]

Alloy

Sn Nb Fe Cr 0 ZIi
Zircaloy-4 11'27' - 0.2 | 0.1 - | Balance
MDA 0.8 0.5 0.2 0.1 - Balance

M-MDA™ | 05 | 05 03 04 - Balance
J1 (3-

Alloy™) = 1.8 S 01 jBaIanlc:g,
J2 (J- i i ; : ‘
ey, G e e e
33 (3- : o | ;
Alloy™) 2.5 | | - 0.1 Balance

What is M-MDA™ ?

« M-MDA™ (Modified MDA)

v Corrosion resistance is highly improved, but the basic
properties are maintained, with :

- Optimization of Sn, Fe, Cr content
- Inheritance of Nb content

Alloys | Sn | Nb | Fe | Cr | Heat Treatment

Zircaloy 4 1;- - 0.2 0.1 Stress Relieved

MDA | 0.8 | 0.5 | 0.2 | 0.1 | Stress Relieved
M-MDA™ | 0.5 0.5 0.3 0.4 Stress Relieved
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Mechanical Properties
P Enough strength (similar to MDA)

P Enough ductility even hydrogenated up to 800ppm H

BURUTL GT axiv tenisile st &t S35 & Result of axial tensile test at 360°C
600 (No hydrogenated tube specimen) (No irradiated tube specimen)
[ =woa ® M-MDA-SR
| _ — |
23 i smmoA |
.§ e ‘ [ i [
w I | r
30 7,’__7_%#__ —
S | ‘
w — - S S — |
3 °Fr | | 1 ¢ ‘e J
e 10 | 1 —fl—f — T J
. |
0 500 1000

T 0.2%Y.S. [MPa]  U.T.S.[MPa]

Hydrogen Concentration [ppm]

LOCA Properties

1.E+01 Y
¢ M-MDA-SR

950 ';‘I———'*'_"—‘g—‘
J . M-IIDA-SR‘
§ . T 1.E+00 & : :::: e
E " % *2ey4 .'% . °* e A Xzyd
.5 s | § g
é 85D | ;'; 5 VEO1 5
¥ .E. i h
‘ i
; oy e 1p03 b—
[ 2 4 6 8 1 6 7 8 9
Burst Pressure [MPa] Reclprocal Temperature 10000/T [1/X]
Burst temperature vs burst pressure High Temperature corrosion rae

v M-MDA has similar properties for LOCA busts and HT
“corrosion tests compared to Zry4 and MDA.
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Out-of-pile properties

@® Corrosion Test (Autocrave)
* Pure water, RCS (2.2ppmLi+500ppmB)
Steam, 70ppmLi

Superior Corr.
Resistance than
MDA

@ Basic Properties \

* Melting point, Phase transformation, Density,
Thermal conductivity, Specific heat, Thermal expangion

@ Mechanical Properties

* Axial tensile (High/Room temp, hydrogenated) >Compar‘able to

MDA
@ High temperature properties
* LOCA burst, Hight temp oxidation, LOCA quench

In-pile performances of M-MDA™™

Corrosion resistance Dimensional stability (Rod Growth)

_— — 14— - e T
r M-MDA (The LTA program) \ \

-
N
o

12 | © MDA (LTA results)

¢ M-MDA (LTA rosuits) |
@ MDA (The LTA program)

-
o
o

Fitting lina for Zircaloy 4

Zircalo
IrGaioy ¢ 1.0 Zircoloy 4

[}
o

[ ° MDA

Low tin Zircaloy 4

Fuel Rod Growth [%]

w
3
c
4
2
=
@5 0.8 | © moa .
39 e y [
'z o 60 | !
é E . | 06 | : > 5 % ¢ |
= | R % | x S S |
Ep © @ B o4 | 'S o
E $ : | |
é 20 + e 2 3 ] | 02 F |
0 & — . ; - 1 a0 L |
0 10 20 30 40 50 60 70 80 0 2 4 6 8 10 12 14

25 0 2
Rod Average Burn-up [GWd/tU] Fast Neutron Fluence [10*°n/m*(>1MeV)]

Watanabe et al, WRFPM2008, Seoul, Korea
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What is J-Alloy™ ?

« Corrosion and hydriding resistance
Enhanced property than conventional alloys

- PWR stakeholders jointly developed

5 PWR utilities + Fuel vendors
+ Tube manufacturers

- J1 apperance

Sn Nb oy Zr Remarks
1 - 1.8 - Balance | High corrosion resistance &
proper manufacturability
J2 - 1.6 0.1 Balance | Corrosion resistance in

lithiated environment

J3 - 2.5 - Balance | Challenge for the highest
corrosion resistance

Corrosion Resistance and
Hydrogen Pick-up of J-Alloy™

‘ Comosbn TestResults / 633 K W ater x 300 days Out-of-pile test
j: 120 S e ————————————— e e,
2 OWeghtGan i
‘ R O Hydrogen Uptake ﬁ
| 1.00 |

':E ‘::. OHydrogen P tk-up Ratb ez i

=1 i
| gn.g 0.80 —
| 2% | |
| =3 060 ||

£ —|

W B

2= 040 ] ||

& o

S g

s

= 020 | W o
0.00 L 1 .
J1 J2 J3 Zry—4
Alby

Takabatake et al, TopFuel 2006, Salamanca, Spain
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Out of Pile Test Summary(1)

ltem Characteristics of J-Alloy™

Microstructure I Mainly Zr-Nb base Eo}npounds precipitated on a-Zr
atrix.

Fatigue/Creep/SCC & Different to 1he7 éBnQéﬁﬂonal Ir-Sn base stress-relieved
alloys, but enough applicable to PWR fuel cladding.
Physical properties & Almost comparable to the conventional Zr-Sn base
alloys, except for at high _hr-:-irrnﬂgrgture region.

Lower than the conventional Zr-Sn base alloys.

Phase %—
fransformation

temperature

Corrosion properties %}- Befter than Zry-4.
& Accelerated in neither lithiated nor oxygenated

environment.
Hydride related No severe degradahon even when hydrogenated Up to
properties 800ppm.

Out of Pile Test Summary(2)

ltem Characteristics of J-Alloy™

High temperature Due to low trcnsformahon temperqture creep s’rrength

creep test degradation comes at relatively low temperature.

e g i Consequently, burst temperature simulating LOCA

LOCA burst test / tends to be lower than the conventional Zr-Sn base
alloys.

Impuct on safety analysis would nof be severe.

High temperature ), Oxidation rate was almost compqroble to Zry- 4 dnd
oxidation test

Baker-Just equation is conservatively applicable in
safety anciysis.

Ring compression | &~ e o

tash ¢ Residual ductility after oxidation is lower than Iry-4,
1 however, LOCA quench test (integral thermal shock

LOCA quench test test) showed that J-Alloy™ met 17%.

(Thermal shock test)
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Plan for J-Alloy™ Irradiation and PIE

*  After verifying required performance of the J-Alloy™ cladding tubes in these out-
of-pile tests, lead test assemblies including J-Alloy™ cladding fuel rods have
been irradiated in the Spanish commercial reactor, Almaraz 1, since April 2008,

2001.4 _“2-009.4 2007.4 20084 2000.4 20104 20114 20124 20134 201}.4 2016.4
i i Itis planned that the irradiation at
M::.:,:a,::bi?;gzgn Almaraz Il will be continued up to 2012
out-of- i aiming to achieve fuel rod burn-up of
ut-of-pile Test )
approximately 70GWdft.

I—> Irradiatjon

<steys | <endeys | <acys | <4t CY>

Onsitel PIE

Hot Cell PIE

«  After each cycle of irradiation, on-site examinations, which focus on cladding
corrosion and LTA dimensional measurements, will be carried out.

«  Then following tests such as hot cell PIE and power ramp test on selected J-Alloy™
cladding fuel rods will be carried.

High Burnup Fuel Program
International collaboration

|es 100 05 |10
55 GWd/t | Vandellos Segmented Fuel (~60 GWdlt as rod average) |
:;hgt; Burnup (MDA, Large Grain P?llet) |__4____> Halden Rainp, SCIP
ue Vandellos Irradiation Extension (65~75 GWd/t as rod average)
BRI NA !
(MDA, Large Grain Pellet) | ;
.................................. R Ak el ALPS, CABRI, ISOTOPY Program
High v;:mlqguq,s.ggm (~70 GWdlt as rod average)
Burnup (M-MDA™, 52, Large Grain| Pellet) 3
Fuel ; L SSCIP, ALPS-2, CABRI
Exceeding ? E Y .
55GWd/t | | e
i ; (J-Alloy™) !
5 (expected) SCIP,

future ALPS
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Al (as lines
1) In-core cladding creep behaviourfidiigd .. ..,
Irradiation of pressurized cladding in Pl di— ressre s
condition, tracking diameter change. 1 g
Various stress conditions can be appliecj|i

pressure change. NI ometer gnuse
’ = | booster rods
2) In-core cladding corrosion behavj | s}
Cladding corrosion behaviour under selfi-/,
coolant condition exceeding current PW [ i
(local boiling, high power, high Li) | |l Creeprig

S CI P OECD./Studsvik Cladding

Integrity Project

« Study cladding integrity during
ramp condition. Recent ramp
experiments showed incipient
crack from outer surface

a) Ramp experiment +
Element test

b) Modeling of fuel behaviour

under anticipated abnormal BWR cladding : incipient
8 crack from outer surface
condition

(Reference)

Anna-Maria Alvarez Holston,et.al.,"Studies of Hydrogen
Assisted Failures Initiated at the Outer Surface of High .
Burn-up Fuel" 2007 WRFPM,San Francisco PWR cladding : un-

penetrated crack
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SUMMARY of PWR Fuel

- Development of the advanced PWR fuel for
effective operations has been carried out and
succeeded in the development of the fuel assembly
of the maximum burn-up 55GWd/t(A), Step2 fuel,
already introduced in NPPs.

- Fuel vendor is striving to develop the advanced
PWR fuel over 55GWd/t(A), having a high efficiency
while keeping high level reliability along with the
integrated nuclear power plant technology.

+ Fuel development is based on various R&D
achievements in cooperation with domestic and
overseas organizations and international projects.

II) BWR Fuel Development

1. GNF-Japan Fuel (Hitachi-related)

2. NFI Fuel (Toshiba-related)

GNF: Global Nuclear Fuel
NFI: Nuclear Fuel Industries

Ab-- 15
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BWR CORE STRUCTURE

FOUR FUEL ASSEMBLIES CONSTITUTE ONE CELL UNIT

CHANNELBOX
TOP GUIDE

CORE COOLANT
FLOW IS
UPSTREAM

SOURCE

IN-CORE FUEL SUPPORT
MONITOR
CORE \
SUPRORT BWR PRESSURE
VESSEL
TOTAL 764 ASSEMBLIES IN BWR-5(1100MWe)
MONJU Rokkasho .
\ Reprocessing
\ - Plant
;:g-n mﬂ;al;xc K::::I Co- m:ﬂ Elshegﬁ Power (Commercial planls, as of December 2005)
@@@@@@ @ Hokkaido Eleduchéco.@-h% ElecmcPowerDevelnpmamCa‘-cmé U Enrichment
Hokuriku Electic Power Co.~Shica
fT—] Tohom%%% Plant
The Japan Atomic Power Co.~Tsuruga
@ﬁﬁﬁ Ghoku Electric Power Co.~Namie*Odaka
%gémpnmrm.-um a J‘MOX
Tne Kansal Blectic Power o0 Tu'nwElacthanaOa—FuDas’di
EEEE p e i e v O
%%wgmhmmﬁm \ TnkyoﬂeclmPomen.—Fuk%ﬂ% Low Level Waste
a 2 3 4 \‘ o \_ .
Mm SR N gpan Alomic Power Co,-Tokalﬂ DlSpOS&]
D 0 5T
The O i Fove Co- /o é?"' L
ﬁﬁ of mw&mm— Shikoku ERslic Power Co@.—lkala
] . i
B Tokai Rep. Plant
Oulpul scale 2 nopera in) = wﬁz"lm
o a0 || B SomEm
Under GOOMW  Under 1,000MW  Over 1,0004W 5] Prepaing for constrction srint " i M4945 JOYO
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CHARACTERISTICS OF BWR FUEL

. Channel boxes separate coolant flow for

each fuel bundles.

- Core design flexibility allows
coexistence of different fuel designs,
9x9 and 8x8 types as well as UOX and

MOX.

- Keeping channel dimension, fuel rod
array designs can be selectable for
reload fuel, so that latest (most reliable
and economical) fuel designs can be
adopted commonly in all BWR types.

FUEL ASSEMBLY MECHANICAL DESIGN

—_—

UPPER
by~ TIE PLATE

-l
b -

hupmu e

"l_— FUEL ROD
ik

‘1\

.:_:'_l?ax}_: WATER ROD
-:-Lw.—
W4 — SPACER
’.F"’. ‘%',
A :f‘r.__:.
il
¢ — LOWER
b\ L TIE PLATE

Example ( STEP-IIl 9X9A)

‘BWR fuel assembly has
square Lattice of 13cm X
13cm, with the length of 4.5m

‘Fuel rods and water rods are
bundled with spacers and
upper/lower tie plates.

‘Eight of peripheral fuel rods
(two of each side) are
screwed into lower tie plate
and fixed to upper tie plate,
holding full assembly weight
while fuel handling.

‘Expansion spring adjusts
elongation difference between
fuel rods and water rods.
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FUEL ROD

‘FUEL PELLET
Fuel Pellet

UO2 or U02-Gd203, Sintered to
96-97%TD &t‘ ﬁ |~1 e

(Gd: burnable absorber for

reactivity control) ~{cm
“CLADDING TUBE
Zircaloy-2
AE—
"o .., | - _F- — -

Zirconium liner

~4m
e o~
_.:{. o e L L —————— -3 — jl.:ji.__:,._.-
Lower End- |« > >l Upper End-
Plug Filled with Pellets Plenum Plug

LATTICE DESIGN CHANGES IN 40 YEARS

| Tx7

“““ - [ 8x8 |
| Bx8+

| BXB+Z r-LINER(STEPM) |

HIGHER FUEL RELIABILITY _HIGH-BURNUP 8 X8 (STEP- Il) |

I
== L

- [ HIGH BURNUP 9x 9 (sTEP- 1)
HIGHER FURL CYCLE ECONOMY

BOSSEOED (835656656)
eloleleleToTole) CedCeCOeC
20Q0! OO\)-)\JOC‘.DC‘|

(elw] O i
¢ QO QO D20 0000
0R0C0O 8’3&1 2> E‘Sg -‘§§'-‘3¥"Q\Q{O|
199390000 90980000 1900005066
1] OC ) YO ) sle)e] YO 1 ~ -
5288588¢] 83859388 |ssssessay
e Ty gy TP stEp1 STEP- 11 STEP- 11I(A)
AVERAGE BURNUP
29.5 GWD/TU 33 GWD/TU 39.5 GWD/TU 45 GWD/TU
AVERAGE 3.0% 3.4% 3.7%
ENRICHMENT i
3.0% @ : WATER ROD
Zr=liner Fuel for Ferrule Spacer for A
PCI Resistance Thermal Margin @ : PART-LENGTH ROD

A6-- 18




Seminar Nasional Daur Bahan Bakar 2009
ISSN 1693-4687

&

\

ober 2009

ACHIEVEMENT OF FUEL CYCLE ECONOMY

7]
-
m
v
L
%d%2a0sss

LA
i
44
3

-
50
5 i
5 45 L
o 45GWD/TU
§’ 40 STEP- | Ldaddly
o 39.5GWD/TU
2 38
§ 30| 8% '33GWD/TU
S 5‘zs)c;wwru
1980 1985 1990 1995 2000 2005 2010
0._
- | FUEL CYCLE COST
g ‘20: I Enrichment
= B cost affects
i =30 SPENT FUEL this difference
m b—
= a0 b STEP-1 STEP-1I STEP- I
[ | 4

40 s

30 35
BATCH BURNUP, GWD/TU

FUEL RELIABILITY TREND

? O Japanese BWRs
DU.S. BWRs —

Normalized Failure Rate

Nl ppn fodlloas il o

g6 88 90 92 94 96 98 00 02 04 06

Year

BWR FUEL FAILURE RATE
Fuel failurer4té i5'16W APt R s DEbrisFretting " most frequent
failure cause both in US and Japan. Longer cycles and plant up-rate

may increase PCI failure potential.
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WHERE TO MOVE NEXT
MORE FUEL CYCLE ECONOMY

»Higher Bumn-up

STEPIIL9x9A+
(HIGHER ENRICHED)

STEP-III, 9x9A
( CURRENT)

INTEGRAL PLANT ECONOMY

i »Longer Operation Cycle
»Up-rate Existing BWRs

GNF10x 10 FUEL DESIGN (GNF2)

1010 LATTICE

HIGHER FUEL THERMAL MARGIN
MORE OPERATIONAL FLEXIBILITY

ADVANCED FUEL MATERIALS
CORR?SION RESISTANT CLADDING (GNF-
ZIRON

ADVANCED ADDITIVE FUEL
ADVANCED INCONEL SPACER

HIGHER CRITICAL HEAT FLUX
LOWER COOLANT FRICTION

| OPTIMIZED PART-LENGTH RODS

NEUTRON ECONOMY IMPROVEMENT
LOWER COORANT FRICTION

| ANTI-DEBRIS LOWER TIE PLATE |

s St At s s e gty ia

FI‘FI%-[FS?(-)FI\TUEL FROM DEBRIS

A6--20




13 Oktober 2009

BWR Fuel Design Change Experience and
Forecast of NF I

Fuel Fabrication under 10aoies
license of the other

fuel vendor’s design
RSO0
R B

S High Burnup8 8 ( ~39G

Advanced 908

aségaga

RV M Fuel Fabrlcatlon
‘”“’%& 5888888 New8 x8Zr-liner( ~33GWd/t) of own Fuel
sojesies ‘ | design
%8888% New8 8 ( ~30GWd/t) : —7 g
slele’ele’s! ‘ : > / |

d[t) ’ I: ///’ //.\/ J

Safety evaluation code development Pid 4 i . ,

3 }”'Tj- I _Yi T -.":,’_.
9 >@Fuel design, /“
Safety analysis & Ilcensmg

& authorization ] N
|
I
|

BWR Fuel Fabrication
Experience and Forecast

1500 20,000
15135 assemblies
. H9Xx9B March, 2008
| I High Burnup8 x 8 o
[ [ New8 X 8Zr—liner : 1 15,000 i
o 1 a
2 1000 B New8 x 8 t £
E m8x8 s
z ' <
> 10,000 -
4 S
5 i)
I 3
% 500 =
15000
|l|l|| <

Flscal Year
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Reliability of NFI Fuel

Assembly |Fuel rod | No. of Leak rate
Number | Number leaker |

BWR Fuel | 15,135 |990,652| 9 9E-06

v Failure rate of NFI fuel is relatively low compared to fuel failure rate in foreign
countries.

v No leakage were caused by design and/or Manufacturing problem.
v There are some failures due to suspected debris fretting.

v Debris-filter equipped fuel assemblies were delivered per customer requirement to
reduce the risk of debris fretting and to improve the reliability of NFI fuel.

v No fuel equipped with debris-filter was defected up to today.

RECENT FUEL RELIABILITY CONCERNS (US)

SECONDARY HYDRIDING

Secondary fuel degradation of failed rod was found in 1990s. The story is that
Zr-liner fuel degrades more quickly after failure by secondary hydriding, as pure
Zr- liner is easily oxidized by steam intruded from primary leak hole, producing
more hydrogen. To improve corrosion resistance of Zr-liner, Iron was added to
liner. Iron content was selected where SCC susceptibility was not affected.

« PCI-SCC
SCC mechanism is a combined effect of corrosive fission product and tensile
stress produced by pellet-cladding mechanical interaction. PCI-SCC was a
systematic failure cause in 1970s to early 1980. Zr-liner cladding was an
effective solution to mitigate PCI-SCC. More recently, PCI-SCC failures were
found in Zr-liner fuel, locating at pellet missing surface because pellet missing
surface intensifies cladding stress concentration by bending mechanism. Pellet
specification was tightened recently.

Corrosion

CILC (Crud Induced Localized Corrosion) was explained by a combined effect of
high Cu water chemistry and low corrosion resistant cladding. There are a few
isolated cases of heavy corrosion by crud induced or other unknown causes. Not
only Cu source elimination, but corrosion resistant cladding was also applied
(optimized controlled chemistry and heat treatment).

Debris Fretting

Flow vibrating debris (turning, wire) wears down cladding surface. This is the
current primary failure cause. Debris control during plant outage, and use of
debris filter lower tie plate are getting popular.
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PCI-SCC FAILURE OF Zr-LINER FUEL
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11 Oxide spallation (no leak).

- B. Cheng et al., “Effects of Noble Metal Chemical Application on
Leak hole of cladding by corrosion Fucl Paformance?, 2004 Intcmational Meeting on LWR Fuel

due to heavy crud deposition. Parformance, Orlando, Florida.

E.J. Ruzauskas et al., "Fuel Failure During Cycle 11 at River

Bend”, 2004 Intemational Mecting on LWR Fuel Performance,
Orlando, Florida.

Thinning of claddin
thickness by corrosion

(CILC).

W.E. Baily et al., “RECENT GE BWR FUEL EXPERIENCE",
1991 International Topical Meeting on LWR Fuel Performance,
Avignon, France.
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~ Debris (turning?)

Fuel Rod

-~~~ Flaw in spacer

_ Flaw on fuel rod and
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(b)
Figure 3. Debris Frelting Failure, (a) showing the presence \.E.Baily et al, “RECENT GE BWR FUEL EXPERIENCE",
of the responsible debris, and (b) revealing the 1991 International Topical Meeting on LWR Fuel Performance,
clodding perforation after removal of the debris, Avignon, France,
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HIGHER PERFORMANCE WITH MORE
RELIABILITY

More reliability margins are required for
higher fuel duty:

HIGHER BURNUP

Longer residence time in core enhances waterside
corrosion and associated hydrogen pickup. Hydrides
affect cladding ductility.

HIGHER PLANT CAPACITY FACTOR

Longer cycle and up-rate increase fuel rod power,
resulting in higher cladding tensile stress by pellet-

cladding interaction (PCI).

3NE DEFENSE-AIN-DEPTH PROGRAM

To provide solutions towards zero fuel failure:

® Advanced Alloys to Lower Hydrogen Pickup
“GNF-Ziron” (High Iron Alloy) to Lower Hydrogen Pickup
Hydride-free new alloys under study
® Advanced Additive Fuel
“Al-Si-O” (Grain-boundary Phase) for PCI-SCC Resistance
® Advanced Debris-Filter
“DEFENDER”(Anti-Debris Lower Tie plate) to Eliminate
Debris-fretting Failure Completely.
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