
F ft re o ^ ,̂<T'*L 

COMMISSARIAT A L'ENERGIE ATOMIQUE 

CENTRE D'ETUDES NUCLEAIRES DE SACLAY CEA-CONF ~ 8452 
Service de Documentation 

F9M91 GIF SUR YVETTE CEDEX 
R2 

THE FIRST SUPERPHENIX FUEL LOAD RELIABILITY ANALYSIS AND VALIDATION 

MARBACH, G. ; BECHE, M.; PAJOT, J . 

CEA CEN Cadarache, 13-Saint-Faul- Iez-Durance ^FrnnceJ. IRDI , DMECN 

Communication présentée à : I n te rna t iona l conference on r e l i a b l e fuels for 
l i q u i d metal reactor 
Tucson, AZ ^USAJ 
7-11 Sep 1986 



THE FIRST SUPERPHENIX FUEL LOAD 
RELIABILITY ANALYSIS AND VALIDATION 

G. MARBACH M. BECHE J. PAJOT 
CEA/IRDI/DMECN/DPFER/SDEEC CEA/IRDI/DMECN/DPFER/SFER CEA/IRDI/DMECN/DPFER/SFER 

Commissariat à l'Energie Atomique 
Centre d'Etudes Nucléaires de Cadarache 

13108 - SAINT PAUL LEZ DURANCE 
FRANCE 

ABSTRACT 

The excellent behavior of PHENIX driver fuel and the burnup values 
currently reached suggest that the first SUPERPHENIX fuel load will meet 
the design lifetime. 

However, to ensure the reliability of the entire load, all the 
parameters affecting fuel behavior in reactor must be analyzed. 

For that purpose, we have taken into account all the results of 
the examination and verifications during the fabrication process of the 
first load subassemblies. These data concern geometrical parameters or 
oxide composition as well as the cladding tube and plug weld soundness 
tests. 

The objective is to determine the actual dispersion of all the 
parameters to ensure the absence of failure due to fabrication defects 
with very high statistical confidence limits. 

The influence of all the parameters has been investigated for 
the situations which can occur during power-up, steady-state operation 
and transients. 

The fabrication quality allows us to demonstrate that in all cases 
good behavior criteria for fuel and structure will be maintained. This 
demonstration is based on calculation code results as well as on validation 
by specific experiments. 
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INTRODUCTION 

The main characteristics of the SUPER PHENIX subassembly are 
indicated in the following table : 

Max. subassembly power (MWth) 10.2 

Max. fuel element linear power (W/cm) 470 
Nominal cladding temperature at top of fissile 
column (°C) 620 
Subassembly height (mm) 5 400 

Subassembly weight (kg) 580 
Number of pins 271 
Distance across flats on hexagonal tube (mm) 173 
Outside dia. of fuel pin (mm) 8.5 
Dia. of spacer wire (mm) 1.2 
Oxide density (% theorical density) 95.5 

Dia. of pellet (mm) 7.14 

The dose and burnup objectives for the first SUPER PHENIX load 
are about 80 dpa (NRT) and 70 000 MWd/t on the most heavily irradiated 
subassemblies. 

This performance is now successfully achieved by the standard 
PHENIX subassemblies for which 90 000 MWd/t i.e. about 85 dpa (NRT) is 
a routine value. 

However, this demonstration is not sufficient to ensure fuel 
reliability in all the situations likely to occur in the reactor. 

Beside the normal operating situations (category 1), the following 
cases should be considered : 
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- incident situations (category 2) resulting in automatic reactor 
shutdown, 

- accident situations (categories 3 and 4) for which, depending 
on their probability leve^, it must be possible to restart the reactor 
or maintain it in a safe configuration. 

We have therefore defined a design procedure which is explained 
in this paper and illustrated by examples. 

1.- DESIGN PRINCIPLES AND CRITERIA 

One of the fundamental safety assumptions adopted for the French 
fast breeder reactors is the concept of a clean reactor : the contamination 
of the primary sodium system must therefore be kept as low as possible. 

The design of the fuel element has to be calculated so that the 
cladding acts as a first barrier against fission products under the various 
operating conditions. 

In view of this, the main purpose is to demonstrate that, for 
the first two situation categories, the expected rate of cladding failure 
is extremely low (objective rate not exceeding one failure per year). 

In the event of a failure, however unlikely it may be, we have 
to prove that the failed element could be detected and removes from the 
core before any loss of fissionable material. 

In case of a 3rd category situation, in which the reactor is shut 
down far an extended period, low fissile material dispersion must be 
demonstrated as well as its compatibility with the protection and 
purification systems. The reactor can be restarted after partial fuel 
unloading if necessary. 

These principles are converted into criteria for the cladding, 
the fuel and the assembly, based on the experience and fuel behavior 
analysis. 
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STRENGH CRITERIA FOR FUEL SUBASSEMBLY INTERNAL STRUCTURES 

The core components are submitted to a high neutron flux, with 
the following major consequences : 

- loss of steel ductility 
- distortion due to irradiation creep and swelling 

There are two main types of mechanical strengh criteria : 

- those intended to prevent failure due to instantaneous plasticity 
(allowance is made with respect to the failure and plasticity limit), 

- those intended to prevent failure due to thermal creep (in this 
case, check that the "utilization rate" obtained by addition of the damage 
of all situations to be considered is less than one). 

The numerical values of the criteria are based on those defined 
by ASME. However, a higher pessimistic margin is provided by considering 
the harmfullness of both primary and secondary stresses. 

Stress assessments are performed by viscoelastic or viscoplastic 
calculations taking account of irradiation creep and swelling. 

FUEL BEHAVIOR CRITERIA 

Our experience with oxide fuel ensures correct behavior under 
a wide range of operating conditions : the fuel behavior criteria are 
mainly based on safety principles : 

- for first category situations, very low central melting hazard. 
- for second and third category situations, yery slight fuel melting 

is assumed. 

BEHAVIOR CRITERIA FOR THE FUEL ELEMENT BUNDLE 

In all the situations considered, it must be ensured that bundle 
distorsion does not hinder cooling of the fuel elements. 
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SPECIFIC CRITERIA RELATED TO THE OCCURENCE OF CLADDING FAILURE 

For the various possible cladding failure scenarios these criteria 
are intended to ensure that detection and related actions can restore 
the reactor to a condition such that a significant safety margin can be 
ensured with respect to dispersion of the fissile material from the 
subassembly into the core and its internal storage area. 

Besides these criteria, in line with the prevention of cladding 
failure, the fuel elements are tested for leakfightness before they are 
loaded into the reactor. 

2. - RELIABILITY DEMONSTRATION APPROACH 

To obtain excellent fuel element reliability, an overall approach 
is required : 

- definition of criteria based on fuel element operating experience, 

- definition of reactor operating conditions ensuring that the 
previous criteria have been determined for a range in which they are used, 

- fabrication quality control, 

- analysis of fuel element safety, taking into account the various 
operating situations and the uncertainties related both to the irradiation 
conditions and manufacturing parameters. 

Schematically, this approach can be described as follows : 

- Preliminary design calculations are performed at the project 
stage to define the fuel element geometry and the extreme operating 
conditions (temperature and power). 

- The initial assessment of the uncertainties is used to draw 
up specifications. This is an essential and critical stage, since the 
fundamental problem in establishing specifications is to define limits 
that are technically compatible with fabrication requirements, while 
maintaining design dispersion within an acceptable range. 
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- The safety analysis is subsequently performed, Its purpose is 
to check that the previously defined criteria are met. It takes into account 
actual situations occuring when the reactor is in operation, with the 
thermal and neutronic uncertainties. 

The dispersion of the manufacturing parameters can be considered 
at two levels : 

- from the specifications, 
- from the measurements and controls performed during the 

manufacture. 

Although the specifications check is essential, it is not always 
sufficient. Only the follow-up of measurement values throughout the 
manufacturing process allows for a precise evaluation of the efficiency 
of the various inspections. 

Moreover, in case of manufacturing difficulties, this analysis 
is the only way to substantiate acceptance of a waiver or a modification 
of the specification. 

This analysis of the manufacturing parameters encourages a 
profitable dialogue between the manufacturer and the designers, and ensures 
that subsequent loads will benefit from each preceding fabrication run. 
The specification allowances can thus be optimised according to subsequent 
behavior dispersion. 

We endeavour to apply this approach on all levels, e.g. oxide 
geometry and composition, or steel composition and elaboration. 

The safety analysis is naturally based on a fuel behavior model. 
Various calculation codes are used to describe, for example : 

- the behavior and distorsion of the cladding and wire, 

- the behavior of the bundle, 

- the thermal behavior of the fuel, the release of fission gases 
and the effect of fission products. 
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These codes are qualified by application to the behavior of standard 
and experimental fuels in RAPSODIE and PHENIX. 

However, certain c mplex phenomena have not yet been modelized 
as a whole. In such cases, the safety demonstration is based on specific 
irradiation examinations conducted under conditions representative of 
the least favorable situations to be considered. 

This approach was used for the failure analysis. 

It is of course impossible to discuss the complete analysis in 
this paper. We have chosen to illustrate this approach by 3 examples 
representative of different criteria. 

3.- ILLUSTRATION OF THE APPROACH BY 3 EXAMPLES 

FUEL MELTING HAZARD 

The thermal behavior analysis for the first SUPERPHEN1X fuel load, 
with an objective of 70 000 MWd/t, shows that the main risk of central 
fuel melting is present at the beginning of life during the first power 
ascension at the maximum flux plane. 

In the most heavily irradiated subassembly, the maximum temperature 
reaches 2 200 °C : 

- for rominal operating conditions, 

- for manufacturing parameters centered in the specifications. 

The analysis of measurements and checks performed during manufacture 
shows that taking account of the average manufacturing values results 
in a very low deviation from this value (less than 1°C). 

To take into account the uncertainties concerning irradiation 
and manufacturing parameters, we performed a survey on the sensitivity 
of the various parameters. 

- 7 -



We considered : 

- the uncertainties on the measurement of actual linear power 
in operation, 

- the uncertainties on the fuel thermal behavior model, principally 
due to the uncertainty on the fuel thermal conductivity, 

- the uncertainties on the fuel cladding temperature, 

- the uncertainties due to the dispersion of the principal 
manufacturing parameters. 

These parameters are listed below to illustrated the difference 
between the effects of dispersion on specifications and on measurements 
during manufacturing process. 

The following table shows the temperature deviation at the pin 
center within one standard deviation for the variation of each parameter 
for the most heavily irradiated subassembly : 

(In °C) From specifications From measurements 
performed in manu
facturing. 

Cladding inside dia. 27 12 

Pellet dia. 63 40 

0/M ratio. 22 8 

Density 24 22 

This comparison shows a clear decrease in the dispersion after 
manufacture with respect to their assessment from specifications. 

This is an important effect as it results in a significant reduction 
of the fuel melting probability. Calculations show that the fuel melting 
probability is approximately : 
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3 x 10~4 by estimating the dispersion of the manufacturing 

parameters from speci f icat ions, 

2 x 10" 5 by estimating the dispersion of the manufacturing 
parameters from measurements. 

In both cases, the r isk remains low and the margin with respect 
to the melting temperature is su f f i c ien t . 

STATISTICAL A8SENCE OF CLADDING FAILURE HAZARD AT THE BEGINNING OF LIFE 

Our experience shows that the main cladding fa i lu re r isk during 
the f i r s t part of the fuel l i f e was due to imperfect tightness o* welds. 
I t may also be noted tha t , although they allow release of f iss ion gases, 
these defects do not always result in an evolution of the fa i lu re and 
there were cases where this type of pin in PHENIX reached the specified 
burnup without tr iggering a delayed neutron detection signal. 

We were very careful to prevent th is type of fa i lu re on SUPER 
PHENIX due to the great number of fuel elements and the desired r e l i a b i l i t y . 
We also took advantage of PHENIX fuel manufacturing experience. We have 
completed and formalised i t while keeping wall-proved techniques and 
principles. 

The application to SUPER PHENIX of a qual i ty control program 
involving both qual i ty assurance procedures and systematic follow-up 
performed by a specialised organization ensures better manufacturing and 
inspection control . 

Ultrasonic weld penetration inspection and X-ray examination of 
the plug welds are qual i f ied and approved procedures. 

Fuel elements showing tightness defects are detected on inspection 
by helium permeation tests : those showing internal defects l i ke l y to 
develop such as insuf f ic ient weld penetration are eliminated by ultrasonic 
examination and those showing porosity type defects by X-ray examination. 
External defects are eliminated by geometrical and visual inspections. 
Sample for metallographic inspections are systematically taken from 



production l ines. 

For a l l 3 types of inspection above, we have estimated the non -
detection for a fa i lu re that would normally result in reject ing the product. 

Type of inspection Probabil i ty 

Leak test V i r tua l l y n i l 
Ultrasonic weld penetration check 0.5 x 10"* 
X-ray inspection 1 x 10"* 

The probabi l i ty of accepting a defective pin has been global ly 
estimated as 10"?, which does not modify the results given by the ab^ve 
table. 

The probabi l i ty for evolution of the undetected defects present 
in the reactor is d i f f i c u l t to estimate but, considering the experience 
acquired during the operation of PHENIX reactor, i t is reasonable to assume 
that the fa i lu re r isk remains below one pin per year. 

4. - MECHANICAL CALCULATION OF CLADDING AT THE FISSILE COLUMN UPPER LEVEL 

Our calculation codes allow for the assessment of stresses and 
damage to the cladding at a l l levels. We thought i t might be interest ing 
to describe the case of the f i s s i l e column upper l eve l ; which is the hottest 
position in normal operation. 

The core themal protection system has been defined so that in 
category 1 si tuat ions, the cladding temperature does not exceed 700°C 
at that leve l . 

The fuel pin plenum was designed with a considerable safety 
allowance between the end-of- l i fe primary pressure stress of the f iss ion 
gases and the material fa i lu re stress. 

For a pin with a burnup of 70 000 MWd/t at maximum f lux level 
and assuming a total f iss ion gas release, the ra t io between the minimum 
fa i lure stress value and membrane stress is 5:1 at 700°C so that no 
instantaneous p las t i c i t y fa i lure is to be feared. 
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The absence of a thermal creep failure risk must also be checked. 

Under nominal operating conditions and again assuming a total 
fission gas release, the strain due to thermal creep expected at the end 
of life is extremely low : 1.2 x 10"8. 

We then performed a calculation including uncertainties, taking 
into account : 

- the least favorable geometrical parameters : the calculated 
stresses obtained correspond to the minimum thickness and are increased 
by an amplification factor relative to the maximum acceptable defect. These 
values are defined by the specifications and checked on all the tubes, 

- the most severe thermal conditions, i. e. 700°C throughout the 
life of the pin, 

- the probability of a cladding/oxide chemical reaction. 

The expected strain is 6 x 10"^ which, even in the extreme case, 
leaves a significant margin with respect to failure. This low failure 
risk is validated by the high temperatures reached during experiments 
performed on RAPSODIE and PHENIX with significantly higher stresses. 

The absence of failure for such strains is also validated by out-
of-pile annealing of irradiated pins at high temperatures : at 800°C, 
strains 10 times greater were required to obtain failure. 

CONCLUSION 

Our approach, together with the excellent quality of manufacture 
makes us confident in the possibility of reaching the expected burnup 
for the first SUPER PHENIX load. However, this is only one step and we 
have already implemented new materials for the subassembly structures 
that should allow to achieve 100 000 MWd/t in the same reliable way. 

- 11 -


