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A B S T R A C T .

The main safety aspects of PuO, microheterogeneities in the pellets of LWR

mixed oxide fuels are reviewed. Points of interests are studied, especially the

transient behaviour in accidental conditions and criteria are deduced for use in

the specification and quality control of the fabricated product.

1. INTRODUCTION.

An important safety problem for mixed oxide fuels fabricated by the method

of physical mixing is the possible presence of fissile microheterogeneitics in

the pellets.

Modifications of local power distributions can occur due to large particles

or aggregates ; moreover, in transient conditions, the influence of those fissile

aggregates near the pellet surface is important for the clad failure risk. Some

very severe power transients inducing PuO, vaporization showed it in experiments

where the expulsion of high temperature fuel particles towards the cladding in-

duced a localized perforation [1] .

The present paper deals first with a theoretical analysis of L WR mixed

oxide fuel behaviour in steady state and transient conditions.

Then, some criteria are proposed for use in fuel specifications and quality

control of the fabricated product. A procedure is described for the possible

acceptance of non-conforming pellets with large particles.

Finally, a short survey is made of the techniques used for the detection of

possible microheterogeneities in the pellets.

Some aspects related to L M F B R mixed oxide fuels were considered in [2],

including also implications for the parameters of the fuel fabrication process.
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2. EFFECTS OF PARTICLE AGGREGATES.

The theoretical analysis refers to fuel pellets with 9 % of fissile pluto-

nium introduced in some rods of the BR3/4 PWR reactor core. The cladding mate-

rial is Zircaloy. The maximum linear power is included between 260 W/cm and 510

W/cra according to the location of the subassemblies inside the core and to the

burn-up.

Fresh fuel conditions are considered here ; indeed, the burn-up could reduce

the importance of microheterogeneities for the cladding integrity, when there is

3 significant diffusion of PuO, in the UO, matrix ; the evaluation of these phe-

nomena is in progress [3] .

2.1. STEAW STATE ASPECTS.

They are studied from two point-of-views : first, the segregation of PuO2

in the mixed oxide pellet and second, the presence of a large supplementary par-

ticle inside a standard pellet.

(O Using a one-dimensional neutron diffusion computer code [4] , two fuel pins

are compared in an infinite medium : the first with homogeneous mixed fuel and

the second with all the UO, at the centre of the rod and the PuO2 concentrated

in a layer at the pellet periphery, each oxide atom number being the same in

both cases.

Concerning the microscopic distribution inside the pin, the thermal neutron

flux depression is reversed with PuO_ at periphery (the ratio, between thermal

fluxes at the rod centre and at periphery changes from 0.6 to 1.19).

Assuming that the total power generated is the same for both cases, the re-

lative power distribution between U0, and PuO, materials remains roughly identi-

cal (91 Z in PuO2, 9 Z in UO,), but the power density is obviously strongly mo-

dified : the inverses of the ratio between the rod average power density q and

respectively the local values at the centre q and at periphery q , for the ho-

mogeneous and heterogeneous cases are :

qc/qw

Vqav

Homogeneous

0.81

1.35

Heterogeneous

0.11

8.07
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The comparison of these extreme cases shows a small decrease of reactivity

in the heterogeneous conditions (- 0.178 I).

On the other hand, the influence on the fuel average temperature reactivity

coefficient is very weak.

(2) From the macroscopic point-of-view, an apparent enrichment increase El can

be defined for the pellet with a large supplementary particle :

El - 1 + y —-s

where the coefficient 7 equals 0.666 or 1 according to the detected particle is

made equivalent to a sphere or a right cylinder. D is the diameter of this

equivalent particle ; a, the pellet diameter ; E., the nominal PuO2 enrichment and

E_, the PuO_ enrichment in the particle. The apparent enrichment increase is

about 9 % with a 1 mm diameter particle in the reference fuel and the local in-

crease of linear power has the same order of magnitude. Indeed, a critical si-

tuation could only occur in steady state if severe nominal conditions exist al-

ready from the point-of-view of the DNB heat flux.

2.2. TRANSIENT BEHAVIOUR.

The fuel element transient behaviour is investigated for limited power in-

sertions, inducing just fuel melting in the fissile particles in a rather short

time interval to avoid that PuO- diffusion into the UCL matrix minimizes in fact

the local hot spot. A parametric study is performed mainly with a one-dimen-

sional radial transient model of the fuel rod in the THEATRE 3 code. Fuel and

cladding are divided into radial layers of various thickness and one of those

contains pure fissile material. The whole rod length is simulated by several axial

regions linked together by means of the convection of the coolant, which flows

unperturbed. Some check calculations of the ID result pessimism are performed

by means of a 2D(r,6) finite element .heat conduction code, which simulates half

a pellet with half a large particle.

Fig. 1 shows the isothermal curves for a 1.15 mm diameter particle at the

periphery, at the time of maximum clad temperature in a reference transient.

For the same transient, the ID simulation provides a maximum clad temperature

25 X higher than at the hottest point in the 2D case.

Several important features of the particles are investigated in the parame-

tric survey : they are their dimension, location and geometry as well as the

fraction of fertile material inside the fuel particle.
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(J_) Particle dimension and position.

These effects are investigated for a 60 ms triangular power pulse, provid-

ing about 840 J/g of fissile material, which induces PuO2 melting.

Fig. 2 gives the relative value of the maximum cladding temperature T_M du-

ring this hypothetical transient, as a function of the pure PuO2 particle diame-

ter D and the distance L from the pellet periphery. The reference value, cor-

responding to an homogeneous fuel (D » 0), is 496°C in the considered extreme

situation. About a factor of two is obtained for the temperature increase with

a peripheral layer equivalent to 0.8 mm fissile aggregates, but if the distance

L is 0.1 mm, the factor is only 1.4. These results are given as a qualitative

example, because above 800°C, changes in the structure of Zircaloy should be ta-

ken into account.

The uncertainties in the gap heat transfer coefficient have only a small

influence on these transient results.

(2) Particle geometry.

As in the fabricated mixed oxide fuel, various shapes of particle appear,

the particle geometry effect is analysed with the SPARTAN code for very severe

power transients inducing PuO, vaporization. This code evaluates the transient

behaviour of a fissile sphere, cylinder or disk embedded in a matrix assumed to

generate heat with a lower order of magnitude. The comparison of the dimension

and distance from the periphery for the three geometries is based on two parame-

ters scanned during the same transient : the maximum pressure reached in the va-

porized PuC>2 and the maximum temperature in the matrix at a given distance from

the particle.

Fig. 3 gives the diameter of a cylinder (Dc) and the thickness of a disk

(D,) versus the equivalent sphere diameter (D ), as well as the minimum distan-

ces from the periphery (Lg,L ,L.) where a particle of the characteristic dimen-

sion D is allowed, for each geometry. L is taken along a radius, L in the di-

rection perpendicular to the cylinder axis and L, perpendicularly to the disk

face.

Concerning the dimension, the cylinder diameter must be smaller than the

spherical one and the disk thickness still smaller. Concerning the distance,

the cylinder and disk should be more distant from the periphery than the sphere.



- 5 -

As observed particles have almost never standard shapes, in practice the

choice of the approximate geometry is made according to the ratio of the outer

dimensions obtained from neutron radiographies. The particle picture is assumed

to look- like an elliptic curve and the axes of the ellipsoid volume are measured

on two neutron radiographies in perpendicular directions.

C3) Solid soluticn.

The herebefore results refer to ru.re PuO2 particles. However, the parti-

cles are often a solid solution of U0- and PuO«. For those cases, an equivalen-

ce relationship is used to deduce the effective diameter from the measured va-

lue :

Deff * D ( l " A *)<r/2 ( 2 )

for 0 < <p < 1 /A, where <P is the fraction of UO- (• 1 - E,) ; A, a function of the

reference transient and the fuel type (namely the fission rate in UO^ fraction)

and 7 has the same value as in the relationship (1). Fig. 4 shows the variation

of the ratio between the effective diameter and the measured diameter, as a func-

tion of the U0» fraction in the particle for two values of A and both 7 options.

3. CRITERIA FOR FUEL CHARACTERIZATION AND QUALITY CONTROL.

3.1. STEAVV STATE.

Assuming that the local power increase is proportional to the enrichment

increase El defined by (1), the steady state criterion compares El with the safe-

ty margin SM. SM is defined as the ratio between the local linear power in no-

minal conditions and the limit linear power taking into account the minimum D N B

heat flux ratio. (Studies [5] shave shown that the measured D N B average flux

with about 20 % power spike is roughly equal to the flux without power spike).

The comparison between El and SM is performed for the most critical situation

during the reactor operation (for instance, full power operation with a partial

insertion of control rods).

Fig. 5 shows an example of El and SM, respectively as a function of the

particle diameter D, for the first parameter and of the axial location Z of the

pellets along the typical rod, for the second parameter.

Having a typical diameter (DR), one value of El corresponds to it according

to (1) and the value of SM (« EIR) on the same vertical co-ordinate axis gives

the two axial limits (ZA,ZB) of the rod zone along which such large particles

cannot be tolerated, because the safety margin must be higher than the enrich-

ment increase.
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In practice, the steady state aspect is not critical, and the main criteria

are based upon transient conditions.

3.2. SPECIFICATION DEFINITION AND INTERPRETATION.

Having fixed a reference transient and a maximum allowable peak cladding

temperature during it, the maximum dimension of quasi-spherical particles toler-

ated in the considered fuel can be determined, assuming they are located at the

periphery of the hottest pellet and using safety margins due to uncertainties in

the parameters and unaccuracies in the control measurements. It needs a set of

calculations like those providing the results of Fig. 2.

The specification about microhomogeneity is generally expressed in terms of

a mean value for particle size and a maximum allowable limit ; the figures given

in the specification refer to pure PuO, particles with a well defined and regu-

lar shape. The practice learns that the particle size distribution is a long

term reproducible characteristic which is even not disturbed by an inci-

dent, but mainly depends on the feed material characteristics and process para-

meters. The conformity with the upper limit of the specification is obtained by

feed material reception, by sieving the PuO- powders on an appropriate screen

and sintering the pellets under diffusion promoting conditions.

Nevertheless, if an incident occurs, a more precise interpretation is pos-

sible taking into account on one hand, the calculation codes developed and on

the other hand, the detailed results available from a set of various tests. The

characterization of the defects by particle dimension interpretation, shape eva-

luation, location determination and Pu concentration in the area are very help-

ful to make the decision of acceptance or rejection.

3.3. ACCEPTANCE PROCEDURE FOR NON-CONfORMWG ROVS.

When the routine controls detect fuel rods including pellets which do not

conform to the specifications, additional controls are required to provide cha-

racteristics of the microheterogeneity. These are used in the sequence describ-

ed hereafter :

- first, neutron radiographies (N/R) in two perpendicular directions allow to locate

the particles in the pellets and to obtain a good idea of their shape ;

- second, the use of Fig. 3 provides the equivalent spherical diameter ;

- third, if the maximum Pu fraction in the particles is known accurately enough,

the equivalence relationship (2) can be applied to deduce an effective diame-

ter ;



«• 7 «

- fourth, a systematic application of the criteria deduced from the steady and

transient studies for the concerned reactor allows to accept or reject the

rods taking into account the dimension of the quasi-spherical particle, the

position of the pellet along the rod and the future situation of the rod in

the reactor core. A graph allows to connect the particle diameter 0 and the

pellet axial position Z in the rod.

Fig. 6 shows a typical example for a particular rod position in a core : the

curve A is deduced from the steady state criterion (Fig. 5) ; the curve B for the

transient is obtained from the comparison of maximum cladding temperatures for

peripheral particles within and without the specification limits. The transient

criterion is indeed more severe than the steady state one. The rejection zone

is shaded.

The measured position of the particles inside the pellet may be used to re-

duce the degree of conservatism of the graph (Fig, 6), but this is performed

only in a second approach. On the other hand, some considerations about the ap-

pearance of the pictures produced by the N/R are used to estimate the degree of

accuracy of the procedure. When it is doubtful, the rod is rejected.

4. QUALITY CONTROL.

4.1. GENEKAL CONSIVERATWNS.

The criteria cannot be kept apart from the control procedures used to gua-

rantee that they are fulfilled.

A quality assurance plan is associated to each fabrication, giving essenti-

ally the normal controls and audits performed when the process is in-control du-

ring qualification and routine steps. A tendency to deviate from this normal

way has to be detected as soon as possible and actions have to be defined imme-

diately to correct the situation.

The homogeneity of mixed oxide fuel must be characterized from the macro-

scopic and microscopic point-of-views.

The macroscopic aspect is interpreted in terms of total Pu or fissile en-

richment of a mixed U0 2 - PuO» lot ; it has to be verified and guaranteed on gram

scale of material ; the manufacturing process of physically mixed U0 2~Pu0 2 fuel

may achieve this macroscopic homogeneity.
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Inspecting smaller units of product, microscopic heterogeneities could ap-

pear in limited areas where the Pu concentration is higher than expected by the

mean value of the lot. Agglomerates or PuO, particles, coming from feed mate-

rial or by fabrication process, have to be evaluated versus the specification.

Process auditings, material traceability, destructive and non-destructive test-

ing of feed material and final product are the basic controls performed to assu-

re conformity to specification. The controls are made on samples drawn from

each inspection lot.

The process auditing is the first action of quality assurance to prevent

heterogeneity incidents.

Audits of the process begin already at the PuO2 powder supplier's plant and

continue at the fuel fabrication plant : there are namely the approval and fol-

low-up of the process and job instructions for all the operations affecting the

particle size, the control of screens, the traceability of materials, the ins-

pection lot codifications, the sampling rate determination.

Taking the results into account, the audits and sampling frequencies can

change in order to assure an acceptable quality level ; moreover, the traceabili-

ty will also allow a possible sorting of lots of products.

4.2. INSPECTION OF MATERIAL.

Various non-destructive and destructive techniques allow to evaluate the

fabricated product versus the homogeneity specifications.

The main controlled features are :

- the general aspect to be compared with visual agreed standards ;

- the particle size distribution (mean value and dispersion) ;

- the upper limit verification.

A brief description of the main tests is given hereafter.

(J_) The ceramography technique is the most usual way of examination of the mix-

ed oxide fuel pellets concerning the analysis of the internal structure. Stan-

dards may be compared with samples obtained by this technique for each inspec-

tion lot.

(Z) The examination of the ceramographic preparations by means of alpha-autora-

diographic photography is a powerful aid to prove the degree of microhomogeneity

of the mixed oxide.
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One or several sections of a pellet are generally examined for a comparison

with the standards representing the process average quality. For each section,

a representative area is investigated for establishment of the PuO, particle si-

ze distribution (for instance, 100 particles are measured on a 100.x magnifica-

tion) and the histogram is established. Fig. 7 shows an example. The mean va-

lue and the dispersion observed in the representative area of the section are

deduced.

However, it is clear that the presence of a large PuO, particle will not

have changed neither the shape of the distribution nor the mean value of the

particle size ; it would be represented on the graphs as a very small peak dis-

tant from the present population, pointing out a possible incident in the fabri-

cation process.

(3) When a Pu-rich area is detected in an inspected sample, the microconcentr-

ation of Pu can be estimated by microprobe scanning of the area or colour auto-

radiography. It allows to determine the dilution factor of the solid solution.

(4) A very powerful control technique is the neutron radiography (N/R) [6] .

Heterogeneities in mixed fuel pellets can be detected also by this non-des-

tructive method. The most convenient packing for the pellets being the cladding

tube itself, this non-destructive test is generally performed on rods. The N/R

gives a lot of information such as :

- integrity of the rod components ;

- presence of possible foreign substances or lack of material (black spots on

films) ;

- macroheterogeneities as far as plutonium concentration and density variations

are concerned ;

- microheterogeneities such as Pu particles or Pu-rich areas represented on the

films as white spots. The interpretation of the films assures the detection

of the particles above 150-200 microns. It provides the dimensions of the

particle, the evaluation of the shape and the localization.

To achieve the interpretation versus these characteristics, it is necessary

to use standards with pellets containing well defined particle sizes, to examine

two films from the same exposure disposition (for differentiation between de-

fects in the material and in the films) and to make two exposures at 90 degrees

(to be able to calculate the position of particles and to detect two small par-

ticles instead of a big one).
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The standards include a complex combination of Fu concentration and parti-

cle dimension parameters, in order to simulate most of the situations.

To guarantee the maximum PuO, particle size of the specification, it is ne-

cessary to withdraw a large representative sample (i.e. many pellets loaded in a

rod) from each inspection lot and to make a N/R of them to detect tendency of

process incident.

Would white spots (representation on the film of PuO- particles) bigger

than the upper limit of the specification be detected, then several additional

tests are performed : alpha-autoradiographies for the evaluation of the matrix

homogeneity, N/R to estimate the importance of the anomaly and to try to find

out the cause of it, microprobe analysis, etc.

As the N/R technique is a non-destructive test, it can be used for sorting

the material involved in the incident and it can assure, after rework, that the

new rods produced contain only pellets with PuC^ particles within the specific-

ation.

5. CONCLUSIONS.

The presence of Pu microheterogeneities in mixed oxide fuels introduces sa-

fety problems only in some particular conditions. The probability of having a

large fissile particle or aggregate is not zero and the studies performed to un-

derstand the fuel rod behaviour with such heterogeneities point out the impor-

tance of the dimension, the location inside the pellet, the geometry and the di-

lution in connection with typical transient situations.

Those results allow to propose criteria for L WR fuel specification defini-

tion and for an acceptance procedure of non-conforming rods.

On the other hand, control techniques detect the possible heterogeneities

and are used to accept or reject the fabricated product, in connection with the

theoretical studies. If necessary, a correlation between techniques is very

helpful for anomaly evaluation, for correction action and for rework.
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