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1. O b j e c t i v e s
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Fuel pin modelling has been pursued at the Institute of

Materials and Solid State Research (IMF) of the Karlsruhe

Nuclear Research Centre (KfK) with the main objective to provide

a detailed quantitative analysis of the fuel pin behaviour in a

LMFBR under normal and off-normal operation conditions. The

computer programs and models developed at the IMF serve the

purpose to aid effectively in the development of an optimized

fuel pin concept for a LMFBR.

In the design of fuel pins and in the evaluation of their in- O

pile behaviour the answers to some important questions have to ~

be found. These questions are:

How large are the temperatures in the fuel ? This question

concerns particularly the behaviour at BOL. But also the de-

velopment of the temperatures with increasing burnup is of

interest.

- When will the gap between fuel pellets and clad be exhausted ?

What are the mechanisms which influence gap closure ?

When has mechanical interaction between fuel and clad to be

expected ? How large is the load onto the clad and what are

the phenomena which influence it ?
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- What extent of clad deformation can be tolerated without

running into clad failure ? What is the influence of neutron

dose, temperature, corrosion attack, and cyclic forces on the

state of the clad ?

- What may be the reasons for clad failure ?

In answering these questions computer programs can play an import-

ant role.

The activities at the IMP in the field of fuel pin modelling

cover the following topics:

- development of computer programs and models,

- validation of these programs and models,

- application to the design of fuel pins for irradiation ex-

periments,

- assistance in the evaluation of operation data and post-

irradiation results, and

parametric studies on the influence of design parameters,

operation conditions and certain material phenomena on the

in-pile behaviour of the fuel pin

2. Development of computer programs and models

The computer programs and models which have been developed

at the IMF deal mainly with

the total fuel pin,

a transverse section of a fuel pin,

- certain material phenomena, and

certain geometric structures of a fuel pellet in the fuel

pin.

The first category is represented by SATURN-2 and SATURN-3,

computer programs for the simulation of the in-pile behaviour

of fast breeder fuel pins with mixed oxide fuel pellets.

Three versions of the SATURN computer program are available

in the second category: the original version SATURN-1a /1/ and

the more sophisticated version SATURN-1e, both for the analysis

of the behaviour of a fuel pin with mixed oxide fuel pellets,

and the version SATURN-1k for the analysis of the behaviour of

a fuel pin with mixed carbide fuel pellets. The version SATURN-1e

is also part of the computer program SATURN-2.

For the study of single material phenomena several

independent computer models have been developed. They deal with

the heat transfer through the gap or the interface between fuel

pellets and clad, restructuring effects in mixed oxide fuel

pellets, the formation of the zones with columnar and equiaxed

grain growth, fission gas release and the mechanical interaction

between fuel and clad under steady-state and transient operation

conditions /2,15/.

Special problems of the heat transport out of the fuel pellet

to the clad and the coolant are analysed with a fourth category

of computer programs. They calculate the temperature distribution

in the fuel pellet and the clad for an eccentric position of the

fuel pellet, for a cracked fuel pellet with a radially displaced

fragment or with a tangential crack /15/. For the design of

irradiation experiments in capsules several computer programs

have been developed which calculate the temperature profile in

the capsule /3,15/.

In most of the computer programs and models analytical methods

are applied. They are supplemented by numerical procedures.

Finite element methods are used for some non-symmetric configur-

ations in addition to analytical methods or in special cases

where analytical methods cannot be applied.

3. Validation of computer programs and models

Whatever the type of the computer program or model is, its

validity must be demonstrated. That means, the program or model



must be adjusted to or verified by the results of irradiation

experiments or checked by independent calculation methods which

have been proved to be right.

Upto now the following models used in the SATURN or the

other computer programs could be examined: cracking of the

fuel pellet, pore migration, columnar and equiaxed grain growth,

U/Pu segregation, 0/M redistribution, fuel/clad heat transfer

and mechanical interaction between fuel and clad /2,4,5,6,7,8/.

The validation process has not yet been finished. Appropriate

irradiation experiments are still needed, particularly, concerning

the fuel/clad heat transfer at BOL arid the behaviour of the clad

under transient conditions.

In parallel to the validation the comparison of different

computer programs and models is very useful for their qualifi-

cation. Such a comparison was done, e.g., between SATURN-1e and

FRUMP in 1976 on a simplified basis /9/.

The main difficulty in the validation of the computer models

turned out to be the lack of data needed or the fact that the

data were too inaccurate. The activities in this field have,

therefore, given a strong impulse to a better qualification and

characterization of the fuel pin and its components and a more

accurate determination of the reactor operation conditions.

4. Application to the design of fuel pins for irradiation

experiments

The IMF of the KfK performs irradiation experiments in the

frame of development of the fuel pin for a LMFBR. In the pre-

paration and optimal design of the experiments the computer

programs and models mentioned before are used to predict the

in-pile behaviour of the fuel pins in more detail. One aim of

the calculations is to show that the desired irradiation

conditions will be attained in the reactor. Another aim is to

assure that critical limits will not be exceeded taking into

account, e.g., deviations of the actual pellet parameters from

the nominal values due to fabrication tolerances /15/.

5. Assistance in the evaluation of operation data and post-

irradiation results

For the analysis of irradiation experiments the correct

knowledge of the operation conditions is needed. Great effort

has been undertaken to improve the interpretation of temperature

measurements used for the determination of coolant and clad

temperatures and linear rod power /15/. The heat flow from the

fuel pellet to the coolant can vary around the pin due to

eccentricities. These can be caused by an eccentric position

of the fuel pellet within the clad or the fuel pin within the

coolant channel. In experiments with capsules or loops eccentric-

ities in the structure of the device might be added. As conse-

quence of the studies one has to postulate that, in general, at

least three thermocouples are needed at each axial position of

interest in order to identify a possible heat flow gradient

around the fuel pin.

The interpretation of post-irradiation results is assisted,

e.g., through the determination of temperature profiles. They

are needed for the analysis of the corrosion attack to the clad,

the migration of fuel components and fission products, and

restructuring effects of the fuel pellet. Furthermore, the

computer programs are used in the detailed analysis of the

structure changes and the swelling behaviour of the fuel pellet,

the deformation of the clad and the strength of the mechanical

interaction between fuel and clad /2,4,5,7,10,11,15/.



6. Parametric studies on the influence of design parameters,

operation conditions and certain material phenomena on the

in-pile behaviour of the fuel pin

A great deal of the activities in the field of fuel pin

modelling at the IMF has been devoted to parametric studies.

They have covered calculations of the in-pile behaviour of

the fuel pin under the influence of 0/M redustribution, U/Pu

segregation, fission gas release, variation of the as-fabricated

fuel pellet density, fabrication tolerances, linear rod power,

startup and cyclic operation conditions /5,6,9,12,13,14,15/.

These studies have led to a better understanding of the fuel pin

behaviour. They can be used to identify those parameters whose

influence is especially strong.

Objectives of these studies are to work out proposals for the

optimization of the fuel pin performance and the establishment

of appropriate specifications for the fuel pin design and to

find out critical operation conditions for reasons of safety

or economic operation.
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