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• Requirements

• Research and Development 
(R&D)

• Tools and methods

• Thermo-mechanical design

- Fuel Assembly and fuel 
rods
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9 00 MW P WR

1 300 MW PWR

1 450 MW PWR

EDF is operating 58 Nuclear Power 
Plants in France….
EDF is operating 58 Nuclear Power 
Plants in France….

2006 availibility 
ratio : 83,6%

….and several other projects overseas

+ One EPR under 
construction

Nuclear = 65% 
of installed 
generation 
capacity

Nuclear = 85% 
of electricity 
generation
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PWR Fuel CorePWR Fuel Core

Fuel Assemblies (FA)

Control rods

900/1000 MWe ��� � 157 Fuel Assemblies

1300 MWe ��� � 193 Fuel Assemblies 

1450 MWe ��� � 205 Fuel Assemblies

EPR ��� � 241 Fuel Assemblies
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The Fuel 
Assembly
The Fuel 
Assembly

264 Fuel Rods in 
one Fuel Assembly

Bottom 
Nozzle

Cladding

Fuel Pellet
(UO2 or MOX

Bottom 
Plug

Bottom Grid

Grid

Fuel Rod

Guide Tubes

Top Nozzle

Holdown spring 
system

Spider

Control Rod

Upper Grid

Al2O3 pellet

Fuel 
Rod

Upper 
plug



Nuits Boréales SFEN 2 juillet 2009, Palaiseau6

For EDF, 58 NPPs mean 61 200 Fuel 
Assemblies under irradiation at a time…
For EDF, 58 NPPs mean 61 200 Fuel 
Assemblies under irradiation at a time…
… in an aggressive environnement :

• Coolant Temperature ~300°C 

• Coolant Flow speed  >4m/s 

• Coolant chemistry

• Up to 6 years in the reactor

• Corrosion

• Grid-to-rod fretting

• FA distortion

• Etc…
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As a Utility generating 85% of its electricity 
from nuclear, EDF has to face ….
As a Utility generating 85% of its electricity 
from nuclear, EDF has to face ….
….multiple contraints : 

- Economical : produce the cheapest KW/h

- Industrial : plan the outages with enough flexibility such that 
“cheap” nuclear electricity is available when the demand is 
high 

- Environmental: minimize the waste by using reprocessed fuel 

• The response :
- Balance the fuel cycle, 

- Power up-rates

More and more aggressive conditions for the fuel

Leakers less and less accepted
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Design the fuel to be safe Design the fuel to be safe 

• The fuel cladding is the first barrier � its behavior has to 
be assessed in all anticipated situations
- Normal operation

- Off normal conditions

- Accidental conditions

• The operator wants to avoid « bad surprises »
- Leaking rods have no direct impact on safety but pollute the 

primary circuit � $$$ !
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Fuel design and Safety requirements-
Design situations
Fuel design and Safety requirements-
Design situations

• CLASS 1 : Normal operation
- No failure of the first barrier (cladding)
- Performance of the purification system consistent 

with a few leaking rods
•CLASS 2: Low frequencies events

-No failure of the first barrier

•CLASS 3 : Low probabilities accidents

-The 3 barriers might be damaged 

»Bring back the reactor to a safe state, 

»Few damaged rods 
•CLASS 4 : Hypothetical accidents

-The fuel core remains sub-critical 
-Core geometry remains coolable

In depth defense principle (3 barriers)
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Beyond design basis accidentsBeyond design basis accidents

• Beyond « Class 4 » accidental 
conditions,  situations are 
investigated but not directly included 
in the fuel design

• In those extreme cases the 
objective is not to preserve the 
industrial facility but to ensure 
coolability and confinement 

• Multiples Accidents
»Steam Pipe Break + Steam 

Generator Tube Failure for instance

• Severe Accidents
»Melting of a fraction of the fuel 

• Core melting
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For EDF, Fuel has to be …For EDF, Fuel has to be …

Provide additional safety 
margins to be used by the 
operator to generate gains  

-PCI limits

-LOCA, RIA at high B-up, Etc..

�����
���	
���
��

�����������

No bad surprises degrading 
operation

-Manufacturing defects

-Grid-to-rod fretting

-Fuel Assembly distortion, Etc..

�
����

Resistant to unexpected events or 
conditions modifications

-Corrosion 

-Debris

-Handling , Etc..



Nuits Boréales SFEN 2 juillet 2009, Palaiseau12

How to be sure the Fuel we are buying is 
reliable, robust and high performance ?
How to be sure the Fuel we are buying is 
reliable, robust and high performance ?

• EDF is not a fuel designer

• Trust the Fuel vendors ?
- Yes but eventually EDF is responsible for the fuel behavior in 

its 58 reactors

• Take advantage of competition among the fuel vendors ?
- Yes but the fuel market is not open enough and time 

constant to improve a fuel design is long 
»Validation of corrective actions seen 5-10 years later 

»Similar in-reactor problems affect all the designs almost 
simultaneously
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Introduction dispositifs anti-débris

Taux de défaillance 2008 :
     900 MW                     : 0,12 %
     1300 MW + 1450 MW : 0,46 %
     Taux moyen             : 0,26 %
Rappel Taux 2007          : 0,20 %

Field data is a good “a posteriori”
indicator for fuel reliability and robustness
Field data is a good “a posteriori”
indicator for fuel reliability and robustness

Mainly 
manufacturing 

defects

Debris filters 
introduction

Cycle length 
increase 

1300MWe 
Units

Mainly 
Debris

Mainly grid-to-
rod fretting
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35,7%

8,2%

50,0%

6,0%

Unknown/Undetermined
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Grid to Rod Fretting

Manufacturing

Fuel failure mechanisms 

Grid-to-Rod 
Fretting

Crud/ 
Corrosion

Unknown

Fabrication

Debris

PCI-SCC

Mechanism

1997-2006 period 
In France

In the  USA
2000-2005 Period
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EDF’s defectless unitsEDF’s defectless units

58

70

79
76

88 87

75
78 78

70

90

81

0

10

20

30

40

50

60

70

80

90

100

1995 1996 1997 1998 1999 2000 2001 2002 2003 2004 2005 2006

year

%
 o

f p
la

nt
s 

fr
ee

 o
f d

ef
ec

t



Nuits Boréales SFEN 2 juillet 2009, Palaiseau16

FA distortion generates recurrent 
handling problems in 1300 MWe Units
FA distortion generates recurrent 
handling problems in 1300 MWe Units

…grid 
damages 

Interaction between 
distorted FAS results 

in …
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On site FA distortion measurements are 
regularly performed in 1300 Mwe Units
On site FA distortion measurements are 
regularly performed in 1300 Mwe Units
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FA distortion evolution in 1300 Mwe Units : 
slight improvements despite longer cycles
FA distortion evolution in 1300 Mwe Units : 
slight improvements despite longer cycles

•
•
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How anticipate and be “confident” a new 
Fuel Design is reliable and robust ?
How anticipate and be “confident” a new 
Fuel Design is reliable and robust ?

• In-reactor feedback is a useful “a posteriori” indicator

• One way to anticipate : simulation

• Fuel is a complex composite combining thermal-hydraulic, 
mechanics, physics, neutronics 

Dedicated R&D approach in which EDF is 
playing an active role
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EDF’s approach
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How R&D helped us to 
address a “class 1” operating 
problem related to the fuel 
assembly structure 
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Grid-to-rod fretting caseGrid-to-rod fretting case

• 92 rod failures in 28 FA have been 
observed in the French 1300 MW PWR 
CATTENOM-3 in March 2001

Cross flow and 
grid springs 
relaxation

CFD Calculations 
show zones with 

higher cross flows…

…consistent with 
failure location in 
CATTENOM-3

excessive rod 
vibration at the 
first grid level
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Out of pile tests to “qualify” new Fuel Assembly 
designs regarding grid-to-rod fretting
Out of pile tests to “qualify” new Fuel Assembly 
designs regarding grid-to-rod fretting

Cross 
flow 

injection

•A Specific Experimental 
Protocol (associated to 
simulation calculations) 
is applied to evaluate 
how a design A is more 
or less sensitive to 
fretting wear than a 
design B  

•Protocol applicable to 
any out of pile loop test 
facility
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Out of pile full scale tests to assess 
new Fuel Assembly designs 
Out of pile full scale tests to assess 
new Fuel Assembly designs 
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How R&D helps us to assess the fuel 
rods safety margins 

(from “class 1” operating conditions to 
“class 4” accidental events)
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The Fuel Rod The Fuel Rod 

Clad-
pellet 
gap

UPPER PLUG

BOTTOM PLUG

SPRING

Fuel pellet

Fuel Rod 
CLADDING 

= First
Barrier
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In-reactor fuel behavior included 
various inter-linked phenomena
In-reactor fuel behavior included 
various inter-linked phenomena

• Fuel Pellet 
interaction

• Stresses

• strains

Power 
History

Pellet Temperature

Fission Gas 
Release

Rod Internal 
Pressure

Gazeous 
swelling

Thermal 
expansion

Thermal 
transfer 
degradation

Design Safety Limits 
ensure the integrity of 
the first barrier
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Irradiation effect on the pellets Irradiation effect on the pellets 

New pellet

Radial crack

Cladding

Irradiated pellet

5
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Pool side and hot cells PIEs to improve 
database for high burnup fuels
Pool side and hot cells PIEs to improve 
database for high burnup fuels

• Thousands of measures covering various 
duty cycle lengths, fuel types and 
chemistries.

- Corrosion, growth, FA bow, rod bow

Pool side 
corrosion 

measurements

ZrO2 
µm
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Hot cells experiments to improve 
simulation
Hot cells experiments to improve 
simulation

• Fuel Characterization for models 
validation

» Fuel pellets (microstructure, 
fission gas, …)

» Cladding (corrosion, mechanical 
properties tests, …)

• Separate effect tests for models 
and limits

» ballooning, burst, oxidation in 
LOCA conditions

» Fission gas release in rapid 
transients,…
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Fuel behavior during a « Class 4 »
Accident
Fuel behavior during a « Class 4 »
Accident

• Two main type of accidents lead to fuel overheating

- To much power � Reactivity Initiated Accidents (RIA)

- Not enough cooling � Loss of Coolant Accidents 
(LOCA)
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Example : LOCAExample : LOCA

Cathare calculations (EDF-CEA-Areva)
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In Pile Separate Effect Tests to improve 
simulation and margins assessments
In Pile Separate Effect Tests to improve 
simulation and margins assessments

• Instrumented fuel rods 
irradiations in MTR 
(OSIRIS, Halden and 
soon …Jules Horowitz 
Reactor (JHR)) 

» Fission gas release, EOL 
internal rod pressure, 
cladding lift-off 
threshold,…

» International programs 
reduce the costs

JHR 
in 
2015
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In Pile transient tests to improve fuel 
performance
In Pile transient tests to improve fuel 
performance

RJHNSRR 
(Japon)

CABRI 
(France)

• Integral tests (either too much power or not enough 
cooling)

» Power ramp in OSIRIS � PCI limit well defined� allow 
faster startup rate : <17h to NP

» RIA tests in CABRI and NSRR � RIA limits for 
accident studies. 

» LOCA tests in Halden and NSRR � support LOCA 
limits re-evaluation at high burn-ups. 
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SummarySummary

•As far as possible, EDF is developing models, 
codes and methods to evaluate the designs 
proposed by the fuel suppliers            

•Domestic and international R&D programs are 
widely used

•There is room for improvements : still a lot of 
interesting topics to investigate !

Preserve the safety 
margins !


