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Introduction

The specialists meeting on predictions and experience of core distortion

behaviour was held at Mottram Hall, Wilmslow, England, under the

auspicies of the National Nuclear Corporation on 1 to 4 October 1984.

The meeting was sponsored by the IAEA on the recommendation of the

International Working Group on Fast Reactors (IWGFR) and was attended

by 28 participants including observers from Belgium, France, the Federal

Republic of Germany, India, Italy, Japan, the United Kingdom, the United

States, the Union of Soviet Socialist Republics and the IAEA. The

meeting was chaired by Mr K F Allbeson of NNC.

The purpose of the meeting was to provide a forum for the exchange of

information on core distortion in fast breeder reactors. Emphasis was

placed on the predictive computer codes.

The technical parts of the meeting were divided into five major sessions

as follows:

1 overview of National Programmes including the identification of

key issues to be considered in the following sessions

2 calculation methods for core distortion and mechanical

behaviour

3 validation and qualification methods

4 design and evaluation of core styles

operating experience.



During the meeting, papers were presented by delegates on behalf of

their countries or organisations. Each presentation was followed by a

short open discussion on the subject covered by the paper and a short

discussion was held at the end of each session where time permitted.

Summaries of each session were also made. A final session was held to

agree session summaries, conclusions and recommendations from the

meeting. One of the recommendations called for a formal proposal of a

verification benchmark, this has been produced by Dr R G Anderson and is

included at the end of section 2 of this report.

It should be noted that in some presentations additional material was

presented in amplification of the papers and in answer to questions

raised in discussion. This is not included in this report.

Session summaries, conclusions, recommendations, the meeting agenda, a

list of participants and all the papers presented are included in this

report.

A visit to NNC and UKAEA laboratories was provided on Wednesday

afternoon 3 October.

The assistance of NNC and UKAEA laboratory staff is acknowledged.

Summaries

Session 1 - Overview of National Programmes

Eight papers summarising different national approaches to core restraint

were given. The UK paper described the change from the unrestrained

core of PFR to the passively restrained CDFR design, which will be

developed and possibly modified in the context of European

Collaboration. PFR had demonstrated the ability to reach 8 to 10%

burn-up in a driver charge subject to relatively high NIV swelling.

However, new materials with lower NIV swelling should be available for

CDFR.



The DeBeNe paper described the different passive restraint systems

KNK-2, SNR-300 and SNR-2, as defined by design criteria concerning

deformation, forces between sub-assemblies and reactivity effects.

Consideration of seismic response will influence the design choice for

SNR-2. The calculational methods used were described in some detail and

results for the three codes were contrasted.

The French paper discussed the Rapsodie core, which had no specific

restraint system, and went on to describe the 'natural restraint'

systems (provided by the reflector and neutron shield) of Phenix and

SPX1. Design criteria for Phenix (increase in the across-flats

dimensional end of life to be equal to the initial gap) and SPX1

(sub-assembly head displacement while at power, displacements, length

increases and handling forces during shutdown; free bowing; and power

coefficient of reactivity) were given. SPXl studies have also shown

that the seismic response of the core introduces some other requirements

to the design. Calculation methods were described briefly and core

performance design parameters for both SPXl and SPX2 were presented.

An Indian paper described the FBPR core, which being similar to Rapsodie

should present few restraint problems. Core restraint will be required

in the future PFBR and a programme for the confirmation of the design of

a naturally restrained system has yet to be formulated. The need for

good characterisation of the chosen fuel cladding and wrapper material,

15 Cr - 15 Ni-Ti steel, was emphasised.

The Italian paper described the core of the PEC reactor which utilises a

'forced system1 system of restraint similar to that of the British PFR

for core restraint. The first design solution was however found to have

an unsatisfactory seismic response and a second solution involving i

passive upper core restraint ring and additional interaction pads which

linked the groups of 7 sub-assemblies was adopted. This configuration

will limit reactivity perturbation, guarantee control rod insertion, and

maintain the integrity of the sub-assemblies during a seismic event.



The new core design has led to a need for extensive experimental and

theoretical work to show that the fuel handling criteria, and terms of

load and displacement, will be satisfied. Limits imposed by the seismic

criteria were outlined.

The Japanese paper described the contribution of bowing to the JOYO

reactor power coefficient of reactivity. Like JOYO, MONJO has a passive

restraint system, a moveable active restraint system having been

rejected. The effect of design targets on plans for the restraint

system for the large demonstration reactor was explained. Various

calculational codes, both two and three-dimensional were described, the

two-dimensional having been found most useful for design purposes.

In the paper from the US the requirements and lifetime criteria for the

design of a LMFBR core restraint system was presented. A discussion of

the three types of core restraint systems used in LMFBR core design

were given. Details i ; the passive core restraint system selected for

FFTF was presented and the reasons for this selection were given.

Structural analysis procedures being used to manage the FFTF assembly

irradiations were discussed and operational experience was reviewed.

The uncertainties in ci :rent design data (such an NIV swelling) ware

indicated and the consequences for accurate quantitative modelling

described.

The paper from the USSR described the passive restraint systems adopted

for the cores of BN-350 and BN-600. The system utilises plates which

link the tops of the neutron shield rods for (BN-350), and plates

connected to the barrel (BN-600). The reactivity effect of changes in

coolant flow rate in BN-350 and BN-600 • ̂s discussed.



Session 2 - Calculation Methods for Core Distortion and Mechanical

Behaviour

Six papers were presented describing the computer codes used by the

several participating nations. Considerable detail was given in many of

the papers and only the salient points are mentioned here.

The Japanese paper described a sophisticated 3-D finite element program

ARKAS. In this code a folded plate structure model is used to describe

the hexagonal assemblies. To represent the non-linear stiffness, due to

contact of the assemblies a fictitious element (the joint element) is

placed on the contact surfaces between adjacent assemblies. This

element can be used to represent friction effects and can also describe

the state of partial, or angled, contact.

A sub-structure method is employed within the numerical procedure, to

save computer time and memory. Torsional affects are dealt with by the

partial contact routine in the sub-structure method. Large arrays can

be treated by the program.

The American delegate described the US code ABADAN which is a 3-D finite

element code developed from ABAQUS. The main features are the treatment

of irradiation and thermal creep, swelling, thermal expansion, non-

linear gap closure and friction.

In the absence of sub-structure only a limited number of ducts can be

modelled. This conserves computing time and cost.

Results were presented which followed the model through four cycles of

operation and confirmed the benefit of passive restraint, particularly

with respect to recovery of thermal bow at shutdown. It was felt that

corner touching of ducts defined the true limit of life criterion.



The British delegate introduced CRAMP, another 3-D code, with implicit

sub-structure, which addresses the problem of non-linearity introduced

by contacts, which are mapped in chronological sequence. The code can

model spokes, sectors and full cores, with or without friction, but

neglects torsion. The program is notable for its efficiency in terms

of computing time and core store requirements.

Instabilities, caused by sliding events which spontaneously release

strain energy, are coped with by calculating the final state and

continuing the computation from there. This code is incorporated in the

COSMOS suite.

The French delegate introduced their suite of four codes developed for

the calculation of the mechanical equilibrium of a FR core. SOLO

calculates for each isolated sub-assembly the global deformations of the

assembly, due to thermal dilation, swelling, creep and point forces.

HARMONIE is a 3-D code which calculates, from the SOLO results, the

resultant bowings and interactions in the core as a function of

irradiation time. The solution model again consists of determination of

the map of contacts between assemblies. TRACAR processes the HARMONIE

results and allows calculation of deformed sub-assembly shapes and

handling forces. HARMOREA calculates in 3-D the reactivity effect of

horizontal core distortions from HARMONIE results and • < tronic

coefficients.

The Italian delegate introduced the code SISCO and described how it was

used in conjunction with HARMONIE. Their approach is similar to that of

the French one, SISCO taken neutron damage and temperature data from

CITATION and THECA and calculates the free displacement of a single

element due to differential swelling and thermal expansion. The output

is used by HARMONIE, but, as yet, there is no automatic data transfer.

The resultvS from SISCO have been compared with BERSAFE, with excellent

agreement.



The Soviet Russian delegate introduced a code which was basically 2-D,

and employed a row of rods of increasing rigidity to represent a sector.

The model takes account of the hexagonal shape of the assemblies which

are treated as beams hinged in the upper and lower diagrid plates. The

interaction of the fuel pin bundles, with the wrapper are neglected, as

are frictional forces and torsion. Some account is taken of creep

strain. The calculation proceeds by computation of free bending due to

swelling and temperature gradients and an iterative procedure is

followed to place the assemblies within the boundaries formed by the

motionless central assembly and the outer barrel.

This approximate 2-D method has the advantage of not requiring large

internal storage but has a number of identified disadvantages. This led

to the formulation of a 3-D code which allowed complete calculation of

the contract forces at the wrapper flats, residual bows, and withdrawal

loads. It was shown that the ultimate burn-up criterion was loss of

inter-assembly gap.

After lunch a wide ranging discussion took place at which the following

key points were agreed:

(i) that 3-D shell or beam codes would be required for operational

agreement, whilst 2-D codes, would probably be sufficient for

most design purposes

(ii) sub-structuring was an important factor in reducing computing

time and storage space

(iii) there was a need to establish how detailed the modelling of

contacts between assemblies should be

(iv) friction was generally regarded to be a desirable inclusion,

although, as yet, we are uncertain about the level of its

significance



(v) the inclusion of non-linear stiffness considerations were more

important for free standing cores. This is particularly

important with regard to seismic considerations

(vi) it should be possible to calculate reactivity effects by

obtaining values from the assembly distortions output by the

3-D codes.

Session 3 - Validation and Qualification Methods

The subject matter of Session 3 was validation and qualification

methods. It must be recognised that this was not the only session in

which this topic was discussed: it arose also from parts of papers

presented in section 2, and papers scheduled for later sessions also

bear upon this subject.

The first two presentations of the session outlined the experimental

programs in the UK and France (in collaboration with Italy) aimed at

validating their respective core distortion codes. It was notable that

the approach adopted in the three countries was rather similar.

In the UK two rigs have been used. The CRUPER rig models the lower

restraint plane of the CDFR, where a short axial section of 91 full

scale sub-assemblies are compressed by a series of mechanical rams.

Loads and inter-wrapper gaps are measured widely across the model core.

The second UK rig, CHARDIS employs full scale dummy CDFR sub-assemblies

in a group initially of 19, but with a planned expansion to 91.

Mechanical jacks are used at the two restraint planes, and movement of

the bottom ends is also possible (to simulate effects of bowing). Loads

on the central sub-assembly can be measured, along with the

charge/discharge loads into a dummy charge machine.



The French rig consists of 106 full scale sub-assemblies in SPX1

geometry, with loads applied to groups of sub-assemblies by means of two

large jacks. Sub-assembly head displacements could be measured, but not

inter-pad loads.

The results obtained in both countries gave encouraging agreement with

the predictions made in each. Calculated displacements using HARMONIE

against the common French/Italian rig results were within 20% of

measured values in smaller groups of sub-assemblies (up to 19) but less

good for larger groups, and when holes were present in the array. This

was attributed mainly to friction. The UK results In CRUPER also gave

reasonable agreement with CRAMP calculations, the calculated results

generally being rather higher (i.e. pessimistic). Although measured

load differences may be locally very different from predictions, in no

case do the highest measured loads significantly exceed the highest

predicted values.

Both these experimental programs represent a practical approach not only

to code validation, but also to the demonstration of the engineering

design concept: precise agreement in detail with computed values is

hardly to be expected.

The third presentation of this session, from the UK, argued a case for a

series of multi-participant benchmark studies with the aim of

verifying/validating computational codes. Likely key problem areas

were identified, and proposals made for comparisions of increasing

stages of complexity. These could be either code - code comparisons

(essentially verification) or comparisons with experimental models

(validation). Following discussion, it emerged that delegates were

clearly in favour of the proposals in principle, differences being

mainly related to the relative importance of code/code as against

code/test rig comparisons. It was generally agreed that at least as a

first stage, code/code comparisions should be priority. The USSR,

Japanese and UK delegates were in favour of subsequent extension to rig

test comparisons. The UK, France and US delegates did, however, warn of



possible difficulties in interpreting experimental results. It was felt

that one advantage of code/code comparisons would be the simulation of

reactor models, which would require the minimum code modifications. The

exercise could additionally be a useful means of undertaking sensitivity

studies on the influence of key parameters. Operators expressed the

need for validated codes, and asked that when making comparisons with

experimental results these should be accurately characterised.

It was agreed that recommendations in favour of the proposals should be

recorded and transmitted to IWGFR for further consideration. A more

detailed proposal of the benchmark tests will be prepared by the UK

delegation for forward transmission to the IWGFR. This proposal will be

included in the proceedings and circulated to delegates. The IWGFR

representative agreed to investigate the possibility of funding the

organisation of meetings for discussion of benchmark results by the

IAEA.

Session 4 - Design and Evaluation of Core Styles

Six papers were presented in this session, covering a wide range of

topics concerned with core design.

The paper presented by the Indian delegate was mainly concerned with the

choice of materials for the wrapper and pin cladding, for both oxide and

carbide fuels. The effects of material choice on dilation, bowing and

flow reduction were considered. The paper highlighted the difficulties

encountered by countries which have just started their own research

programme and have to rely on published data. It was concluded that to

minimise flow reduction, a similar material was desirable for both

wrapper and pin clad. It was further recognised that wrapper dilation

rather than bowing could be life limiting.
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The paper from Japan presented details of anlaysis of FBR core

distortion. The paper suggested 2-D analysis should be adequate for

design purposes, with 3-D analysis providing confirmation once the

design parameters have been set. In addition to bowing, pad and wrapper

extraction loads, change of reactivity resulting from core distortion,

and absorber rod/guide tube interactions were considered to be of

importance.

The DeBeNe paper presented results from the application of the 2-D FIAT

and BIER codes applied to the SNR-300 restraint system. The advantages

of employing a ferritic restraint ring to allow different thermal

expansions were emphasised. This system leads to more lattice freedom

in the core refuelling condition. A hysteresis loop in reactivity

during transient was explained, and the clear advantage of using a fuel

management system to maintain core interactions at an acceptable level

was demonstrated.

The paper from the United Kingdom was concerned with the implications of

increasing fuel burn-up from 10% to 15% and possibly 20% at some future

date. It emerged strongly that the limiting process is dilation of the

wrapper which can lead to unacceptable loads during withdrawal into the

charge machine once wrapper to wrapper interference exceeds a limiting

value. A number of design alternatives were presented to solve this

problem, and the most attractive of these appears to be a change to

thicker ferritic wrappers. To this end a programme of irradiation

testing of sub-assemblies with ferritic wrappers is already underway.

The paper from the Italian delegation presented the results of a series

of design assessments and experimental studies on the PEC core. For

seismic reasons the PEC design was changed from a single pad style to a

double pad style which resulted in a more complicated analytical

problem. Detailed results were presented from a continuous analytical

study designed to calculate wrapper bow, handling loads and

geometrically induced reactivity changes. An ongoing programme of

experimental tests was also presented, which included tests on seismic

response for code validation purposes.

11



The French paper presented project calculations for Super Phenix 1,

performed on a 120 sector of the core using 3-D codes. The effects of

uncertainties were included in the calculations. Maps of swelling

bowings at the head level were presented for nominal power at the end of

core life. The effects of absorber materials on sub-assembly bowing

towards the centre of the large core were clearly demonstrated. Further

parametric studies were performed on Super Phenix 1 core using the same

analytical model. The effect on reactivity of sub-assembly stiffness,

and pad position and stiffness were determined.

The papers presented in this session demonstrated that large analytical

and experimental studies are being carried out by member countries in

order to investigate a range of core restraint designs. The effect on

core design of seismic events is being studied by several countries.

In obtaining the initial design parameters for a fast breeder core there

is some conflict of opinion as to whether a 3-D analysis technique is

necessary.

Session 5 - Operating Experience

A French paper reviewed core distortion experience gained from RAPSODIE

and PHENIX. Post-irradiation examination of sub-assembly wrappers from

the former gave data on irradiation swelling and creep, and an optical

in-reactor measuring device has provided data on the displacements of

sub-assembly heads, interpretation of which had been hindered by the

lack of adequate neutronic and thermo-hydraulic characterisation.

Post-irradiation examination of PHENIX wrappers had been very useful,

and had led to the choice of 20% cold work Ti - stabilised 316 steel for

the SPX wrappers. Optical location of the sub-assembly heads had not

been completely successful; and an ultrasonic device, making use of

high-temperature transducers and intended to observe the displacement

of sub-assemblies during operation, had been unsuccessful because of

flow-induced vibration at full power.

12



A Japanese paper described work to explain the observed variation of

reactivity with power in JOYO Mk I and Mk II cores. The small

differences between sub-assembly clearance in the two cores which were,

significant in terms of thermal bowing behaviour were noted. It was

shown that the prediction of reactivity variation was much improved when

thermal bowing was taken into account, but particular attention had to

be given to the rotational rigidity and the clearances at the

sub-assembly foot mounting, the effective stiffness of the inner

reflector elements, and the distribution of gamma power in the reactor.

In addition post-irradiation examination had shown very small permanent

deformation of wrappers, as expected. Measured sub-assembly withdrawal

forces were not consistent with calculated inter-sub-assembly loads.

A UK paper reviewed the operational limits on distortion of core

components in PFR, and the codes used to predict distortion. The

methods available to make in-core observations of the extent of

distortion were summarised, with reference to recent information on

swelling in PE16 and EN58B. Problems of differential swelling, causing

buckling or disengagement of composite components, were emphasised. The

routes by which advice on irradiation limits is given to the plant

operators were described. It has been found necessary to perform

calculations for each sub-assembly in order to provide adequate

operational advice to achieve both high burn-up and economic use of

fuel. The experience gained will also be of value to future reactors.

A paper from the USSR described calculations and measurements of the

loads experienced by irradiated BN-600 sub-assemblies during withdrawal

from the core and in the fuel handling equipment. The measured loads

are compared with the results of distortion calculations and

measurements made in the decay pool. Loading criteria are set in terms

of brittle failure. A statistical analysis of withdrawal loads were

presented, from which the effect of bowing was apparent. Implications

for burn-up limits, and also for design, can be drawn. In particular it

was noted that extrapolation of experience at 7% burn-up showed that it

should be possible to attain 10%.

13



A German paper described the procedure planned for assembling and

analysing distortion data for SNR-300. Data on design and fabrication,

operation, and post-irradiation examination will be filed (according to

criteria of relevance), partly on line. The subsequent analysis and

evaluation will allow design improvements, and will also provide advice

to the operating staff on the choice of sub-assemblies to be examined in

detail, and on fuel shuffling patterns. Particular mention was made of

in-vessel calibration, in which bow measurements will be made, and a

cell in which observation in an inert gas environment will be possible.

Conclusions

(i) Current Fast Breeder Reactor designs have cores that take the

form of natural or passive restraint, of which there appears

to be a number of different types. The need for restraint has

been heavily influenced by seismic considerations. No actively

restrained designs are being pursued.

(ii) Useful results have been obtained from 2-D codes (row models)

particularly in design, where homogenity is presumed, and for

parametric studies, where only relative results are required.

Reactor operators felt a need for 3-D codes (modelling arrays)

because operating reactors are invariably asymmetric.

Comparisions between 2-D and 3-D calculations have shown

differences in the absolute values of the results.

(iii) Most of the codes have been written specially for the problem,

e.g. HARMONIE, BOW, CRAMP, NUBOW 3-D, FIAT, DDT and ARKAS, but

ABADAN, a modified version of the proprietry code ABAQUS has

also been used. Proprietry codes, by their, widespread use

have implicit verification, and may have the benefit of a

dynamic capability.

14



(iv) The use of specialist codes raises the prohlera of validation

and verification. Most countries have full size 3-D core

mock-ups with arrays from seven sub-assemblies upwards. During

the meeting an IWGFR code verification benchmark was proposed

and will form the subject of a recommendation of the IWGFR. It

was concluded that a validation benchmark (code against

experimental rig) was less useful at the present time but

should follow at a later date.

(v) There was general agreement that all the core systems would

benefit from reduced material swelling and variability. In the

drive for higher burn-up the trend appears to be to maintain

the current core styles but use improved (low swelling)

materials.

(vi) Core refuelling operations are seen to be significantly

influenced by code predictions in a number of countries. The

need for rapid PIE turn around was widely recognised.

(vii) Although core distortion causes problems for designers and

operators there is much evidence that these challenges are

being successfully met in the operating reactors.

(viii) The range of the discussion in this Specialist Meeting revealed

areas of overlapping effort in the different countries. This

was particularly evident in the area of code development and

experimental rigs.

(ix) Although few papers dealt with problems of differential

swelling (other than bowing) in individual components, the

meeting recognised the potential implications of this aspect of

core distortion and would support its inclusion as a specific

topic in further core distortion meetings.

15



Recommendations

(i) It is recommended that a verification benchmark under IWGFR

auspices should be set up in accordance with the proposals

included in these proceedings. Validation benchmarks (rigs,

reactors) should be pursued at a later stage.

(ii) It is recommended that a Specialist Meeting on the core

response to seismic events should be sponsored by ' " IWGFR in

the near future.

(iii) It is recommended that in the areas of code development,

experimental rigs and operating experience for core distortion

problems the IWGFR should press for greater international

exchange of information.

IWGFR Benchmark for Core Mechanics Codes (R G Anderson)

At the IWGFR SM on 'Predictions and Experience of Core Distortion

Behaviour' on October 1 to 4 at Wilmslow, Cheshire, UK there was a

formal discussion of core mechanics benchmarks. It was recommended that

an IWGFR verification benchmark exercise ('code against code') should be

conducted. The discussion recognised that validation benchmark

exercises ('code against experiment') should be pursued at a later

stage.

Three key points emerged in the discussion which assist in designing

verification benchmarks with wide interest:

(i) codes have been developed for reactor problems rather than for

rig problems - it follows that reactor problems will generally

need less code adaption than rig problems

(ii) there is a preference for simple problems which focus on

understanding the behaviour and which include the key numerical

difficulty of the non-linear "gap/load problem'

16



(iii) there is considerable interest in the sensitivity of the

results to variations in the model and its key parameters.

It emerged during the IWGFR meeting that the range of core support

systems being considered is wide and that it would be necessary to AGREE

a compromise problem - to obtain wide benchmark interest.

A single sub-assembly geometry must be AGREED together with pad levels,

stiffness and support definition. AGREEMENT would be needed on whether

to allow dilation contact and whether to cross-couple pad stiffnesses to

the face loading configuration. The support conditions at the bottom of

the wrapper must be AGREED.

The 'reactor physics' needs to be AGREED (damage dose distribution) and

material 'rules' must be DEFINED. Whilst the 'reactor physics' and

'rules' can be defined very simply it is important to AGREE that the

common benchmark contains features relevant to current designs.

A 'reactor design' comprehending bottom support, a core restraint system

and initial gaps would need AGREEMENT. A 'duty cycle' should be DEFINED

which must include AGREED temperatures throughout life. It is observed

that although an axial T is a key feature, a radial variation of

temperature may not be seen as essential.

The AGREED benchmark would be defined as a 360 degree problem enabling

participants to apply full core, sector or equivalent - spoke (2-D)

models. It is, of course, easy to build large problems with no symmetry

(using for example two types of wrapper material). Smaller problems

could be dealt with using general purpose finite element codes in

addition to special purpose codes. An AGREEMENT on problem size would

be needed.

It is a matter for discussion how far the benchmark would be extended to

cover such variants as pad position, gap distribution, support system,

material rules, and friction. Each participant might agree to examine

the impact of one or more variants.

17



The proposal is that the IWGFR should be asked to convene a Consultant

Meeting to AGREE a benchmark verification exercise for core mechanics.

The UKAEA would be prepared to circulate a detailed, preliminary

proposal to delegates in advance of sucVi a meeting, to prepare and

circulate a final proposal and the results. The IWGFR would be asked to

convene a further meeting to assess the results and to discuss

validation benchmarks.

18



Meeting Agenda
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1200 - 1345

1345 - 1415

1415 - 1530
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Tuesday 2 October

0900 - 1015 Session 2: Specialist Papers - Calculation Methods
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Session 1 - Overview of National Programmes
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1/1

1/2

1/3

1/4

1/5

1/6

1/7

1

1/8

Note

Title - Author(s)

UK Overview Paper - R G Anderson*

Overview of the Design of Core Restraint Systems
(DeBeNe Review Paper) - J Heinecke*

General Presentation of the Core Mechanical Behaviour
Approach in France - A Bernard*, J P Van Dorsselaere*,
E Francillon*

An Overview of the Indian Programme Related to Fast
Reactor Core Mechanical Behaviour - S Govindarajan*,
S B Bhoje, S R Paranjpe

Overview of PEC Core Design and Requirements for PEC Core
Restraint Systems - F Cecchini*

Review of the Activities in Japan - T Ikegami*

Overview of Core Designs and Requirements/Criteria for
Core Restraint Systems - W H Sutherland*

An Analysis of Fast Reactor Fuel Assembly Performance.
Taking into Account their Mechanical Interaction in the
Core and Refuelling Line Capabilities - Yu K Buksha*,
I M Zabudko, I N Kravchenko, L V Matveenko

Paper 1/8 was a paper combining the contributions made in sessions 1, 2,
3 and 5 by the Soviet Union.

The presenter of each paper is indicated with an *
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Session 2 - Calculation Methods for Core Distortions and Mechanical
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Paper No.

2/1

2/2

2/3

2/4

2/5

Note.

Title - Author(s)

ARKAS: A Three-Dimensional Finite Element Code for the
Analysis of Core Distortions and Mechanical Behaviour -
M Nakagawa*

Calculational Methods for Core Distortions and Mechanical
Behaviour - W Sutherland*

Development and Application of the CRAMP Code for Fast
Reactor Core Assessment - J C Duthie*, R C Perrin,
J Adamson

Presentation of the Calculation Codes of the Mechanical
Equilibrium of a French Fast Reactor Core - A Bernard,
J P Van Dorsselaere*

Prediction of PEC Core Mechanical Behaviour - F Cecchini*,
R Di Francesca, J McLoughlin, P Neri

Paper 2/5 was a paper combining the contributions made in sessions 2, 4
and 5 by Italy.

25



Session 3 - Validation and Qualification Methods

Paper No.

3/1
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3/3
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A review of the UK Core Mechanics Experimental
Program - W D Barnes*

Experimental Validation of the HARMONIE Code -
A. Bernard, J P Van Dorsselaere*

Code Benchmark Follow up - R G Anderson*
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4/2

4/3

4/4

4/5
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Design Implications of Core Mechanical Behaviour -
S Govindarajan*, P Puthiyavinayagam, S B Bhoje

Evaluation of Core Distortion in FBR - I Ikarimoto*,
Y Okubo

Design of the SNR 300 Core Restraint System -
J Heinecke*, E Konigsdorf

CDFR Design and Performance Implications of Extended
Burn-up - W D Barnes*
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5/1

5/2

5/3(a)
5/3(b)

5/4
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Core Distortion Behaviour, Operating Experience in
France - A Bernard*, J P Van Dorsselaere
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Y Matsuno, Y Watari
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IWGFR Meeting on Predictions and Experience of Core Distortion
Behaviour ,\-4 October 1984

UK OVERVIEW PAPER

R G Anderson, UKAEA, Springfields Nuclear Laboratories,
Salwick, Near Preston, PR4 ORR, Lanes, UK

1. World designs of core support systems to cope with material swelling,
creep and other changed mechanical properties induced by neutron irradiation
have ranged from fairly loose arrangements allowing virtually free
sub-assembly distortions (in PFR) to tight arrangements with low distortions
and substantial restraint loads (in, say, FFTF). An important intermediate
design is the French "natural" restraint used, for example, in the PHENIX
series of reactors.

2. 8 /o burn-up or more has been demonstrated over this range of systems for
relatively high swelling materials and, with better materials coming along,
target burn-ups of 15 /o should be attained.

3. A substantial, continuing effort has proved necessary to back up each
chosen design to full burn-up. This effort continues in an operational and
Post Irradiation Examination context for PFR (the free standing design) and
has been underway for the CDFR passively restrained core for ten years* in the
design, analysis and development stages. The experience gained for both
designs confirms the feasibility of a range of different systems of core
support for normal operation.

4. Specific problems of sub-assembly distortion and their interactions in PFR
have been predicted and observed. Operational actions (e.g. rotation,
discharge) have been taken and extensive Post Irradiation Examination (PIE)
undertaken. (A UK Paper on PFR distortion after about a full-power year will
be presented). Experience of core distortion in PFR plays a key role in our
developing understanding of core support problems.

5. In the light of the improving understanding, CDFR was designed as a
passively restrained core which minimises costs (capital, operating), provides
excellent safety margins and will take a range of high and low swelling
materials. (A UK paper on CDFR core support will be presented).

6. The justification of the CDFR design is based on confidence built up from
understanding the behaviour of PFR and relevant rigs (CHARDIS, CRUPER). This
understanding is linked with the code CRAMP which plays a key role in the UK
strategy (and is discussed in a UK paper). The UK propose to offer for
discussion a set of Bench Mark problems related to CRAMP and other factors
during the meeting.

*Many of the important, early design decisions for CDFR were based on the
sector code SABOW developed by R E Haigh. The code has now been superceded by
the more general code CRAMP developed by R C Perrin.
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7. The forward thrust of the UK program is to continue with development of
the CDFR passive restrained core design. At the same time discussions will
take place with our European partners to rationalise our development
programmes taking account of financial considerations, reactor timescales and
licensing requirements in the different countries. The UK will continue to
have a wide interest in the development and performance of core support
designs and we shall pursue these interests on a reciprocal basis wherever
possible.

25 July 1984
SNL/LM

1/1-2
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OVERVIEW OF THE DESIGN OF CORE RESTRAINT SYSTEMS

DeBeNe Review Paper

Jochen Heinecke
INTERATOM, Bergisch Gladbach, Germany

1. INTRODUCTION

This paper deals with the three Fast Breeder Reactors
KNK II, SNR 300 and SNR 2. They differ mainly in three
characteristics, namely size (Fig. 1 ) , plant-type and
status: KNK II is a loop reactor with a thermal power of
58 MW, it is running since 1977, just now the second
core load has reached about 150 EFDP,
SNR 300 is also a loop reactor with a thermal power of
762 MW, it is currently in the final phase of construc-
tion, first criticality is scheduled for the begin of
1986,
SNR 2 will be a pool type reactor with a thermal power
of 3420 MW, the negotiations between utility and manu-
facturer are in full swing, a corresponding engineering
contract, which will cover a four years work, is expected
in the next months.

2. CORE RESTRAINT SYSTEMS

The core restraint system of KNK 11 is shown in Fig. 2.
It is a passive system with three pad levels and one
restraint ring, which limits the deflections of the outer-
most reflector subassemblies at their tops. There is one
peculiarity, namely an elastic hinge formed by a spring
assembly in the heads of these reflectors. The purpose
of this hinge is to limit the forces between adjacent
subassemblies.

The core restraint system of SNR
It is a passive system with two pad
restraint rings. There are no hinges
the desired limitation of the forces
quate choice of the radial gap to the
ring. As in KNK II there is no transfer

300 i s shown in Fig. 3.
levels and two
in the reflectors,
is reached by ade-
upper restraint

of bending moment
between the subassembly and its grid plate insert

The core restraint system of SNR 2 is not yet fixed, but
the system shown in Fig. 4 is likely to come. It is a
passive system with one pad level in the fuel region, two
pad levels in the reflector region but without restraint
rings. The bending stiffness of the reflector subassem-
blies, which are affixed to the diagrid as rigidly as
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practicably possible» serves as flexible restraint. Alter-
native solutions are under consideration: a second pad
level below the core in order to reduce residual bowing,
restraint rings in order to limit definitively fuel move-
ments and corresponding reactivity effects under seismic
incidents. In contrast to KNK II and SNR 300 the SNR Z
is a pool type reactor, which requires an axial shielding
(long head ends of the subassembly) and a radial shiel-
ding (additional radial shielding subassemblies ) . Both
penalize the core restraint: long head ends lead to
large head deflections; due to the presence of the shiel-
ding subassemblies restraint rings, if desired or neces-
sary, are difficult to place.

3. DESIGN CRITERIA

There is a certain number of design criteria for the de-
sign of a core restraint system. These criteria are rela-
ted to

a) deformations
- incore subassembly head displacement
- ,incore subassembly bending
- permanent subassembly bowing

b) forces on
- pads
- gridplate insert
- rings

c) reactivity effects
- jumps
- power to flow coefficient
- power coefficient

The allowed values differ from one reactor to the other,
corresponding to the design of the subassemblies, the
handling device and the reactivity requirements. Some ty-
pical values are listed below:

Design_criteria_for_KNK_II/SNR_3QQ

. maximum incore subassembly
head displacement

. maximum permanent subassembly
bowi ng
force on pads
extraction force

1 0 / 1 7 mm

8.3/25 mm
3600/3600 N

20000/20000 N
should not lead to

maximum
maxi mum
the power to flow coefficient
a positive power coefficient
reactivity jumps due to subassembly movements
must be less than 1 $.

1/2-2
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The values for SNR 2 are not yet defined. But c
cerning the reactivity effects there is already
a request for a negative power to flow coeffici
in order to ensure a satisfactory core behaviou
during unprotected accidents.

ent
r

4. CALCULATIONAL METHODS

The codes used for the core restraint analysis are
shown in Fig. 5. The main tool is the code FIAT,
which stems from the code NUBOW developed at Argonne
National Laboratory (ANL). FIAT is a 2-dimensional
code, which calculates the mechanical equilibrium
configuration for a spoke through the core. Bowing,
dilatations and forces are calculated taking into
account the following effects:

thermal effects
. expansion
. bowing caused by differential expansion

- neutron induced effects
. expansion caused by swelling
. Rowing caused by differential swelling
. bulging caused by creep under internal pressure
. bowing caused by creep relaxing the bending stresses

- elastic bending
- local flexibilities in the pad levels
- clearances at the support and between adjacent

subassemblies
- operating conditions

. shut-down state

. raising to full power

. different power to flow ratios
- subassembly management

. replacement of irradiated subassemblies by
fresh subassemblies

. rotation of irradiated subassemblies

. exchange of irradiated subassemblies

FIAT uses as input temperature fields, calculated by the
subchannel code IACOB and neutron flux fields calculated
by the neutronic codes MOCA or KASYS. Reactivity effects
are determined by means of the 2-dimensional code BIER,
which processes the deflections from FIAT and the local
reactivity coefficient from the code DIXYBOWP, a 2-di-
mensional perturbation code.

FIAT has been used extensively for the design of KNK II
and SNR 300, its method and the results were accepted
by the licensing authorities. FIAT is also used current-
ly for studies on SNR 2.

1/2-3
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In addition to the 2-dimensional codes we have deve-
1 opped a set of 3-dimensional codes, DDT and DDTAB for
the mechanics and D3BIER and KASBA for the reactivity
effect. But up to now these codes have not been used
for parametric studies not to mention project calcu-
lations. Concerning the verification of DDT a set of
benchmark-calculations has been performed, which lead
to an excellent agreement between the results of DDT
and the results of two other 3d-codes.

4. TYPICAL RESULTS

Some typical results of the core restraint calculations
are presented in Fig. 6, 7 and 8. Fig. 6 shows the bowing
lines and the load pad forces for KNK II/2 at end of
life. Deflections and dilatations are rather small com-
pared to the available gaps. This is due to the small
irradiation dose in this small reactor. Fig. 7 shows the
corresponding result for SNR 300. Deflections and dila-
tations are large. In order to avoid the additional con-
tacts outside the pad levels, a certain management of
some subassemblies is foreseen, depending on the results
of intermediate measurements of the deformation of some
subassemblies after one and two thirds of the residence
time of the subassemblies.

In Fig. 8 the influence of the loadpad stiffness on the
reactivity behaviour for SNR 2 is shown. With increasing
power to flow ratio an increase or decrease of the reac-
tivity is achievable, depending on the value of the stiff-
ness. Extensive studies have shown, that the loadpad
stiffness is one of the key parameters for sign and mag-
nitude of the bowing coefficient.

5. OUTLOOK

The optimization of the core restraint system is an im-
portant condition for the safe and reliable operation of
a fast breeder reactor. For KNK II which is under success-
ful operation and SNR 300 all requirements from safety
and operation have been met with help of a ring type
system. For SNR 2 the decision between the ring type system
and the free standing core has to be done in the next fu-
ture. Within these considerations the advantages of a ring
type restraint system of limiting deflections during opera-
tion and limiting of possible movements under seismic con-
ditions have to be balanced against the somewhat more com-
plicated structure of the ring type restraint system.
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GENERAL PRESENTATION OF THE CORE
MECHANICAL BEHAVIOUR APPROACH IN FRANCE

A. Bernard, J.P. Van Dorsselaere
CEA/CEN Cadarache/DRNR, St Paul Lez Durance FRANCE

E. Francillon
NOVATOME/EK, Lyon - FRANCE

ABSTRACT

This French reviev paper presents the evolution along time of the
FBR core mechanical behaviour approach, from RAPSODIE to SPX2, through PHENIX
and SPX1 : core designs, knowledge of the irradiation laws, project criterias,
calculation codes, and R and D fields.

1/3-1
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In this introducing presentation, the statement of the core mecha-
nical behaviour under normal operating conditions will be presented through
its time evolution, following the different steps of the FBR development in
France. Thus, the evolution of the general knowledge, the evolution of the
design of the successive cores and the evolution of the calculation tools will
be presented according to their natural connexions.

For the 3 french reactors, RAPSODIE, PHENIX and SUPER-PHENIX, we
will see what the state of the core behaviour knowledge was, what considera-
tions led to define the corresponding core design, what computer code was
available, and what the observed behaviour during operation pointed out for
the following project.

Finally, the status of work concerning the project "RAPIDE 1500"
will be presented.

1. THE RAPSODIE CORE

When the first core of RAPSODIE was designed, in 1964, the specific
knowledge of the core mechanical behaviour was very poor : steel swelling and
creep under the fast flux were quite not known at all, and the only mechanical
requirement for the design of a fast core was to avoid the core compaction
accident of>EBR I.

In this context, the free flowering (or free clamping) core concept
was selected and the spacer pads were located exactly at the mid-core level.

Of course, no computer codes were available as no problems were to
be solved. There was just a simple model to evaluate the efficiency of the
pads during a ATcore perturbation.

Then, the RAPSODIE core behaviour during operation, gradually poin-
ted out the problems of the distortions due to swelling and creep under irra-
diation. The corresponding observations were mainly the bowing of the wrapper
tubes (WT), pads subsiding and typical deformation of the faces of the wrapper
tubes due to sodium internal over-pressure. Next, the head displacements
during handling operations were soon also observed.

So all these problems were known, if not overcome, when the PHENIX
core had to be designed.

2. THE PHENIX CORE

At this time, two computer codes were developed :

The first one was ARGO : this code calculated the individual beha-
viour of the wrapper tube. Swelling and creep laws were introduced
and the code calculated the increase of length, the variation of the
distance over flats, and the free bowing of the wrapper tube.

The second one was ORGUE : this code calculated in 2D, ring by ring,
the mechanical behaviour of the whole core, and specially the inter-
actions between the subassemblies submitted to their different
bowing values. A post processor of this code was used to evaluate
the handling forces.

1/3-2



ARGO allowed to optimize the wrapper tube thickness and the gaps
between them, according to the given value of the core pitch. The correspon-
ding criterion was that the distance over flats of the wrapper tubes should
reach the value of the pitch (no more gap between the WT) at the end of the
life. Of course, the irradiation laws, obtained from RAPSODIE examinations,
were not very well known before the first PHENIX results were available.

The PHENIX core behaviour brought (and is still bringing) many
useful informations concerning the wrapper tube behaviour. But mainly, the
more significant point was the need to develop a 3D computer code to inves-
tigate more accurately the very heterogenous core of this reactor. We will see
furtherly that even with such a 3D code, it is not very easy to survey preci-
sely such a core, because of its experimental vocation.

3. THE SUPER PHENIX CORE

The SPX1 core design was made in the direct continuity of the PHENIX
core.

It is a free flowering core, and stamped pads are just above the"
fuel area. The wrapper tube design optimization was performed with swelling
and creep laws fit to PHENIX. The titanium stabilised 316 cold worked stain-
less steel was chosen.

The mechanical behaviour studies of the SPX1 core use the 3D codes
system HARMONIE, developped in the same time.

For these studies, the project mechanical criterias to be verified
by the calculation are clearly defined as the following ones :

wrapper tube optimization criterion : the maximum distances over
flats reach the value of the pitch (no more gap) at the end of
the life,

criterias at the nominal power situation :

head displacements of the surveyed subassemblies (fuel subas-
semblies) limited to assure the efficiency of the detectors,

head displacements of the control rod subassemblies limited to
assure the operation of the moving system,

criterias at the zero power situation (handling situation) :

limitation of the increase in length of the wrapper tube,

limitation of the head displacements,

limitation of the handling forces.
These limitations correspond to the handling machine capability.

criterion for the subassemblies out of the core : free bowing limi-
tation for handling and transport problems,

criterion concerning the reactivity response of the core to a varia-
tion of the AT core. This requirement corresponds to operation and
safety general requirements and is related to the efficiency of the "pads
coefficient".

till SPX1.
This was the summary of the state of the core behaviour problems

1/3-3
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4. THE SUPER PHENIX 2 CORE

Super Phenix 2 is a fast breeder reactor of 1500 MW whose pre-design,
realized by NOVATOME, will end in 1985. With regards to the general mechanical
behaviour, the main options of French breeder reactors are kept :

a strong foot staked in the diagrid,
one pad plane above the active core,
natural restraint of the fuel core by blanket and shielding subas-
semblies around it.

Subsequently, we emphasize the main differences between this reactor
and Super Phenix 1 with respect to subassemblies and core design.

4.1 SPX2 subassemblies (figure 1)

On the table 1 are summarized the geometrical specifications of fuel
subassemblies of SPX1 and SPX2.

For the SPX2 subassembly, the distance between flats is a little
larger but the heights of the pad plane and of the head above the diagrid are
quite equivalent.

The main difference is the shorter spike. The comparison shows that
the SPX2 subassembly is stiffer than the SPX1 subassembly of about fifty
percent, mainly due to the short spike.

4.2 SPX2 core (figure 2)

The subassemblies set on the diagrid are distributed in the follo-

wing way

8 rings for the first zone (208 s.a)
3 rings for the second zone (180 s.a)
33 control rods
1 blanket ring (78 s.a)
3 rings for the shielding subassemblies between blanket and 2 rings
of internal storage.

All these subassemblies have an hexagonal wrapper tube with pads
pressed on it, like the fuel subassembly. Their flexibility is also quite
equivalent.

Round the internal storage there is one or two rings of shielding
subassemblies which are billets without pads.

A present assumption is that the four rings between fuel core and
internal storage allow to uncouple them on a mechanical point of view. The
works on core behaviour, which are now performed by NOVATOME with codes deve-
loped by CEA for the SPX1 project, have to confirm that there is no contact
between internal storage and the third ring of shielding subassemblies.

Beyond the diagrid, are 3 shielding billet rings set on a lateral
support. They are not concerned by the core mechanical behaviour.

1/3-4
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4.3 Core performances

The life time of the subassemblies and their doses are presented on
the table 2. For SPX2 these values represent an objective. The forexpected dose
for the start up is 180 dpa, and life time is about 1150 EFPD.

One has to notice also a large difference between SPX2 and SPX1,
with respect to the neutronic core behaviour, which has consequences on the
mechanical behaviour : SPX1 is a power flattening core and SPX2 is a dpa
flattening core. So the dpa doses on the first ring of the second fuel zone
are in proportion more important for SPX2. It was already one of the most
sollicited rings by thermal and neutronic gradients and we expect strong
efforts between this ring and the next one.

4.4 Criteria

The design criteria related to primary and secondary handling, the
control system operability that we have to check, are for the moment identical
to those already presented for SPX1. But with the evolution of the subassembly
design, the short spike and the core design dpa flattening which leads to
important gains concerning the reactor block and the fuel cycle, it seems to
be difficult to respect the criterion of 1500 daN concerning the subassembly
extraction. For one given value of elastic bowing, the friction efforts are
2.5 greater for a SPX2 subassembly than for a SPX1 one, and it cannot be
balanced by the gain on the weight between the two subassemblies.

4.5 Research and development

Because of the ambitious performances aimed for the fast breeder
SPX2, it is necessary to have a constant Research and Development program. It
has been defined by NOVATOME and CEA together and the main directions are the
following ones :

Structural material : an important irradiation program has been set
up to search and find a material that doesn't swell.

Modelization

The codes actually used for pre-project will be developed to take
into account :

the evolution of irradiation characteristics (flux, temperature) on
a long time,

management of the subassemblies, that is subassemblies of different
irradiatiops in core at the same time,

the spike gaps and friction between pads.

Test

The program concerns subassembly handling with regards to the short
spike and bowed subassemblies.

Introduction and extraction tests will be realized in air at
CADARACHE with deformation of the lattice and of the subassemblies.
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Data

Tests and codes will be set up to improve datas of modelization.

Tests concern : - pads behaviour
- friction coefficients

and codes concern the wrapper tubes temperatures.

5. CONCLUSION

This general presentation concerned the time evolution of the core
mechanical behaviour approach, from RAPSODIE to SPX1, and in more details, the
status of the work as to the SPX2 core. The following papers will not bring up
again the SPX2 works, and will focus on the codes, the experiments, and the
calculations used in the framework of the SPX1 project.
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TABLE 1

GEOMETRICAL SPECIFICATIONS OF FUEL SUBASSEMBLIES
(SPX1 and SPX2)

Distance between flats

Wrapper tube thickness

Total length

Spike length

Pads plane height above diagrid

Height of the end of hexagonal

section

Pads gaps

SPX1

173

4.6

5.4

1.15

2.6

3.9

0.4

mm

mm

m

m

m

m

TfffTI

SPX2

178.3

4.6

4.85

0.6

2.75

4

0.4

nun

m

m

m

m

DSD

TABLE 2

CORE PERFORMANCES

Fuel

Blankets

SPX1

LIFE TIME

640 EFPD

960 EFPD
1600 EFPD

DOSE

127 dpa

75 dpa

NUMBER
OF CYCLES

2

3/4/5

SPX2

LIFE TIME

1400 EFPD

1750 EFPD

DOSE

220 dpa

~ 160 dpa

NUMBER
OF CYCLES

4

5
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Fig 1 : SUBASSEMBLIES COMPARATIVE DESIGN
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Fig 2: SPX2 CORE
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AN OVERVIEW OF THE INDIAN PROGRAP1 RELATED TO
FAST REACTOR CORE FIECHANICAL BEHAVIOUR

India 's commitment to Fast Brteder Program bagan with the construction

of F8TR (Fast ßreeder Test Reactor) commencing in 1972 wi th tha French

know-how. This reactor of 40 FWt capacity is similar to tha French

reactor RAPSODIE in many respects. Tha nominal core configuration of this

reactor comprises 65 driver fuel subassemblies surrounded by Nickel

r e f l e c t o r , rad ia l blanket and s tee l re f lector zones,, For a peak burn-up of

50 nUD/Kg for the f u e l , tha s t ructura l matsriale of the subasaemblies

experienc« a peak fluenca of 5 x 10 n/m (E > 100 kev) . The wrapper

tubas of f u e l , control rod, blanket and Nickel subassemblies ara »ade of

20* CW AISI-316 U There i s neg l ig ib le swelling in this material for tha

target f luenca. Further, the presence of Nickel re f lec tor surrounding the

core keeps the f lux gradients in the core low© Very l i t t l e bowing

deformation is ant ic ipated due to the phenomenon of swelling. Bowing

deformation due to temperature gradients is again small and 2.9 mm is tha

maximum estimated free bowing deformation a t the top of the subasaembly.

Thesa deformations are important from neutronic considerations. The fue l

and Nickel aubassembliea contact a t a level s l igh t l y above middle of fue l

column through raised buttons on wrapper surfaces» This leve l has been

chosen to insure that there i s no change in core r e a c t i v i t y due to bowing

deformation and the net temperature and pew or coef f ic ients of react iv i ty

remain negatives No elaborate developmental program was i n i t i a t e d for

FBTR with respect to core d istor t ion behaviour ao the design was adopted

from tha RAPSODIE reactoro The lone exception was an experimental stress

analysis carr ied out for the wrapper tube subjected to in te rna l pressure

load and load at buttons» This was mainly to confirm the stress values

estimated using ana ly t ica l methods.

FBTR is expected to go c r i t i c a l by early 1985. With that the most

important phase in tha Indian Breeder Program begins - Design and

Construction of large p.*3t reactor of 500 FW(e) capacity. Preliminary

design studies of PFBR (Proto-type Fast Breeder Reactor) have already

been completed and a project report has besn submitted to the Government

for sanction* For a peak burn-tip of 50 HWO/Kg of f u e l , peak fluence of
27 2

materials in core of PFBR goes above 1 x 10 n/m (E>100 kev) . For this

fluence swell ing of materials i s s ign i f i can t . Studies car r ied out with
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regard to core mechanical behaviour of PFBR indicate that Cld AISI 316

is inferior to Ti modified austenitic stainless steel with respect to

wrapper di lat ion, bowing and dif ferent ial swelling aspects.

For the purpose of study of bowing configuration of core9 a computer

cod« 'BCW' was developed around 1980» The dataila of the code have bean

reported in SHIRT 5. Though the code considers a core sector for

interaction analysis, the assumption that a l l assemblies in s hexagonal

ring have identical characteristic«, reduces the study to that of a 3ingle

row of 8ubaosemblies with varying stiffness characteristics fro» rou to

row. This cods is very useful for parametric studias as tha input ID

simple and the run time is low. Houevar, for da tailed design, a more

sophisticated code is essential and efforts are already underway toward»

developing a code similar to the 'STRAW' cod« devoloped in Belgium.

One of the major d i f f icu l t iaa in the prediction of the core

behaviour has bean the uncertainties in the material data. For PFBR, we

have selected 15 Cr--)5Ni - Ti steal for fuel clad and wrapper tube and

our endeavour would be to characteriso the irradiation behaviour of this

material within narrow band of uncertain!tins.
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OVERVIEW OF PEC CORE DESIGN AND REQUIREMENTS FOR PEC CORE

RESTRAINT SYSTEMS.

PEC is an experimental loop type fast reactor of 120 MW

Thermal.

Its main purpose is the in-pile development of fast reac-

tor fuel.

To meet this requirement a test loop has been provided at

the centre of the core. The test loop has its own cooling

circuit and is thermally isolated from the driver core« When

the test loop is not in position, it is replaced by six non-

fissile elements and one-fissile element. The test loop con-

stitutes a geometric restraint on the internal boundary of

the driver core.

To ensure the satisfactory handling of fuel elements near

the loop the driver core (78 fuel elements) was arranged in

groups of seven.

This concept was evolved in the early seventies and has now

been trasformed into hardware on the construction site. Most of

the non fissile core components are in course of manufacture.

Meanwhile the evolution of dynamic seismic calculation meth

ods has proceeded and it has recently become apparent that anti_

seismic precautions must be taken not only with the PEC loop

structures and systems but also with the design of the core it-

self.

Consequently, the PEC core is currently undergoing a series

of anti-seismic design modifications to ensure a safe seismic

perturbation and shut-down. These anti-seismic modifications are

aimed to limit the extent of reactivity perturbation during the

seismic event (before the control rods have scrammed) and to

guarantee control rod entry at any-time during the seismic event,

A further requirement is to guarantee structural integrity
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(coolability) of the fuel elements during and after a seismic

event•

For this reason a core restraint ring has been located

above the active core. This restraint ring constitutes a geo-

metric boundary which limits core element displacements«

The restraint ring was dimensioned so that sufficient gap

was left to handle fuel elements in the decay positions.

In correspondance with the restraint ring a second set of

pads have been positioned on the core elements, with the main

objective of reducing core compaction during the seismic event»

At the same time all core element feet have been modified to'

limit seismic induced stresses to within the design codes cri-

teria.

The aforementioned modifications and in particular the se£

ond set of pads, which are necessary for the anti-seismic design,

create new and increased difficulties for fuel element handling.

We are now in course of proceeding with experimental and

theoretical work relating to the recent core and fuel element

anti-seismic design modifications« The static mechanical equi-

librium calculation codes available within SNEA are:

- SISCO, and HARMONIE,

SISCO has been developed by ENEA and calculates, the free

displacement of a single element due to differential swelling

and material thermal expansion.

The computer code HARMONIE has been developed by the CEA

in France and enables whole core mechanical equilibrium calcu-

lations to be made in 3D using SISCO input data.

The experimental programme in support of the element hand!

ing numerical analysis is. presented in a series of tests with

the objective of determining separately loads envoived in fuel

element handling from the following parameters:
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- The interaction effects between element feet and the corre-

sponding feet-housing for a group of seven forced elements.

The tests have been carried out in the CEDI sodium test fa-

cility at the ENEA-CRE at Brasimone.

- The influence of the most highly deformed group of seven

elements and the resulting forces, on surrounding elements-,

This test relates to the two pad concept.

The v/ork is currently in progress in air at the ENEA-CRE

at Brasimone.

- Tests with the prototype fuel handling machine (MCs).

These tests will be carried out in the IPM sodium facility

at the ENEA-CRE at CASACCIA-ROME.

- Fuel element feet and various contact zone mechanical tests.

Work has been carried out at the AGIP Centre at Medicina,

With regard to core restraint requirements, we have been

able to retain the original requirements with the two pad

anti-seismic core as follows;

- compatible fuel element handling loads: with handling machine

characteristics.

- Maximum displacement of fuel element head during element

handling 4 1 3 mm,

- Con?istant displacement of fuel element heads with their

monitoring instrumentation (core outlet temperature measure-

ment thermocouples and delayed neutron sodium sampling inlet).

- Nominal clearance between outer ring of elements in decay

positions and core restraint ring during element handling >5 mm,

- Reduced mechanical interaction between driver fuel core and

the central test loop during handling
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- Maximum displacement of head of control rod guide tube

(in which control rod function can be guaranted) 23 mm.

CONDITIONS IMPOSED BY SEISMIC REQUIREMENTS

— Maximum dynamic displacement of control rod guide tube head

shall be such as to guarantee control rod scram during the

reference seismic event (TSS) •

— Maximum reactivity perturbation due to TSS (which may occur

before the control rods have scrammed): 60 cents.

— The maximum inelastic deformation of core elements, which

may result from a TSS event, shall be such that the struc—

tural integrity (coolability) of the fuel elements can be

guaranteed.

Experimental verification of this requirement shall be made

simulating the reference TSS event.

The aforementioned theoretical and experimental verifica-

tion programme will be completed in 1985»

We trust that the work carried out in Italy may contribute

to the safe development of fast reactor core design.

We hope that a technical exchange may develop in the frame-

work of existing and future international collaborative agree-

ments .

TSS = Safe Shutdown Earthquake.
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REVIEW OF THE ACTIVITIES IN JAPAN

Tetsuo Ikegami

Oarai engineering Center, Power Reactor and Nuclear Fuel Development
Corp, Oarai-machi, Ibaraki-ken 311-13, Japan

After completion of all the scheduled operation as the breeder
core (MK-I core) in December 1981, the experimental fast reactor JOYO
was converted to the irradiation bed (MK-II core), which took about
eleven months, and is now under its rated power (1OOMW) operation.

The safety examinations for the prototype fast breeder reactor
MONJU by the Nuclear Safety Commission of Japan were completed in April
1983. Based on these examinations, the permission of the Prime Minister
for the reactor establishment was issued in May 1983. Since then, the
civil works have been intensively conducted by PNC.

The design study aimed at economy and the study to select key
specifications such as reactor type (loop or tank) have been pursued for
the large demonstration fast breeder reactor.

In JOYO, the measured power coefficients in the beginning of the
operation cycle of MK-I and MK-II cores showed following
characteristics.

(1) The measured power coefficients had power dependence, while the
the calculation without taking account of core distortion
predicted little power dependence.

(2) The power coefficients measured in MK-I and MK-II cores
corresponded each other below the power level 65MW.

(3) The sharp increment toward negative direction was observed above
the power level 50MW in MK-I core.

(4) In MK-II core, the increment toward negative direction was
suppressed above the power level 65MW, and the absolute values
of the power coefficients decreased above the power level 85MW.

The bowing analysis was performed in order to investigate these
observed characteristics and the following conclusions were obtained.

o The evaluated power coefficients taking account of bowing effect
agree better with measured ones than the calculated ones without
taking account of bowing effect in MK-I core.

o In MK-II core, the above characteristics (4) can be explained
qualitatively that it is because the outward displacements of core
fuel assemblies are suppressed by bowing at high power level.
Although the analytical results show not so good agreement
quantitatively with the measured power coefficients, it is
suggested that they agree better depending on the uncertain
parameters such as the heat generation in the reflector region,
the threshold moment for leaning and the stiffness of the inner
reflector.
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o It becomes clear from these results that the power dependence
observed in the measured power coefficients in JOYO is due to the
bowing effect.

The dimensional measurements of fuel assemblies in PIE and the
withdrawal load measurements have also been conducted in JOYO. The
burn up of fuel assemblies is relatively low in JOYO, so that the
swelling can't be the main contributor to the core distortion so far.
The detail investigations such as comparison with the bowing analysis
are in progress.

The core distortion study of MONOU, whose average burn up of fuel
assemblies is 80,000MWD/T, started in 1971, and it was supposed at
that time that the refueling might be difficult because of large duct
swelling if the core restraint system like OOYO had been adopted. So
that the following three points were selected as R&D items:

o Development of low swelling stainless steel.

o Development of analysis code for the core distortion (2D,3D)

o Development of movable core restraint system (exterior and
interior cramping mechanism)

The results so far are:

o The target burn up of 80,000 MWD/T can be achieved with the core
restraint system like JOYO, because of the progress in the
investigation of the swelling characteristics on core distortion
(or the progress of low swelling stainless steel development), and
it's not necessary to adopt the movable core restraint system.

o The three-dimensional structural analysis codes
HIBEACON were developed.

RAINBOW and

o But the two-dimensional representative row analysis is more
practical for the design calculations if the input data were
selected properly, for example the upper limit value for swelling
and the lower limit value for creep within their uncertainty.
Thus the two-dimensional analysis code DEFLECT is used mainly and
the three-dimensional analysis code is utilized auxiliary.

o Although the movable core restraint system was not adopted as a
result, a series of test such as cramping test, withdrawal and
insertion of fuel assemblies was conducted by a full scale mock up
experiments on the way of the development of the system. The two-
dimensional analysis code was evaluated through the analysis of
these experiments.

The large demonstration fast breeder reactor is on the conceptual
design stage.
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Althrough the development of the low swelling stainless steel is i
the mainstream, the core restraint system can't be neglected because
of the high burn up. The core restraint system of the large !

demonstration fast breeder reactor is similar in concept to that of
JOYO and MONOU as shown in Fig. 1.

Two kinds of the lower spacer pad locations, upper axial blanket '
portion (u.a.b) or lower axial blanket portion (l.a.b), were
investigated. The following tentative limiting conditions were
applied to the investigation:

o reactivity change due to bowing at power ascension L. 104:

o reactivity change due to bowing during one cycle operation > -10<fc

o displacement of subassembly top at refueling ^= 15mm

o permanent displacement f= 30mm

o displacement of control rod guide tube top ^ 8mm

The main results of the investigation are summarized as follows:

o The reactivity change due to bowing decreases with the increment
of gap at the upper spacer pad location.

o The reactivity change due to bowing doesn't depend on the gap at
the lower spacer pad if the gap at the lower spacer pad exceeds
0.8mm in u.a.b, and 0.4mm in l.a.b.

o The limiting conditions are satisfied if the gap at the upper
spacer pad is 0.8mm and the gap at the lower spacer pad is 0.8mm
in u.a.b and 0.4mm in l.a.b.

It became clear through the investigation for the earthquakes that
the design of the core restraint system should take account of the
earthquake-proof not only the bowing effect.

Several calculation codes has been developed in order to analize
the core distortion. The main features of each code are described
below.

DEFLECT
o It is a two dimensional representative row analysis code.

o It is based on beam theory and calculates displacement due to
bowing, contact force, strain and withdrawal load.

HI BEACON
o It analyzes the whole core bowing behaviors, at various power

levels during startup after refueling; after a certain time of
operation at full power; after cooling down to the refueling
temperature and subsequent relaxation of the restraint system.

o The code can treat the heterogeneity of a core. It also

1/6-3



handles 30°, 60°, 120° and 180° sectors of the whole core,
assuming a boundary conditions of rotational or reflective
symmetry.

o Clearance gaps are included at the lower support points.

RAINBOW
o It is the same as HIBEACON except it adopts the finite element
method and solves the three-dimensional force balances among
core elements simultaneously, and can handle friction forces.

These codes are put to practical use in the analysis of bowing
behavior of JOYO, the design of MONJU and the conceptual design of
DFBR.

Recently ARKAS was newly developed. It is a three-dimensional
bowing analysis code applying the finite element method and has the
following characteristics in geometrical model:

o The hexagonal wrapper tube is assummed as folded plate structure
instead of beam structure.

o A fictitious finite element (called "joint element") has been
newly derived to be placed on the contact surfaces in order to
represent the nonlinear stiffness due to contacts and
separations of adjacent wrapper tubes. Consequently, the
friction forces, off-center loading, the wrapper tube tortions
and wrapper tube rotations can be handled.

The numerical analysis techniques adopted in the code are as
follows:

o The Newton Raphson method in the non-linear calculation

o The substructure method in order to reduce the degree of freedom

o The block successive over-relaxation method in solving the
linear matrix equation

The application of the code to the large fast breeder reactor
showed reasonable results, but the further validation is necessary
through the experimental analysis and the comparison with other
codes.
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JOYO MONJU DFBR (Conceptual phase II)
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OVERVIEW OF CORE DESIGNS AND REQUIREMENTS/CRITERIA
FOR CORE RESTRAINT SYSTEMS

W. H. Sutherland
Applied Systems Development, Westinghouse Hanford Company

Richland, Washington 99352, USA

ABSTRACT

The requirements and lifetime criteria for the design of a Liquid Metal
Fast Breeder Reactor (LMFBR) Core Restraint System is presented. A dis-
cussion of the three types of core restraint systems used in LMFBR core
design is given. Details of the core restraint system selected for FFTF
are presented and the reasons for this selection given. Structural
analysis procedures being used to manage the FFTF assembly irradiations
are discussed. Efforts that are ongoing to validate the calculational
methods and lifetime criteria are presented.

1/7-2



1.0 INTRODUCTION

The design of Liquid Metal Fast Breeder Reactor (LMFBR) Cores requires the
exact positioning of core assemblies in close proximity to each other.
Furthermore, during the operational history of the reactor it is necessary
that motion of these assemblies be minimized so as to not jeopardize the
safe and reliable operation of the reactor. Environmental conditions
within the reactor core; high temperatures and temperature gradients, high
neutron flux and flux gradients, cause the assemblies to expand and to bow
in direct contradiction to the requirement for minimum core motion. Thus,
it became necessary to design some type of core restraint system that
would provide adequate dimensional stability during the operation of the
reactor but allow the assemblies to be removed upon reactor shut aown.
This design of an adequate core restraint system was further complicated
by the confirmation that the proposed materials for core components fabri-
cation swell significantly when exposed to a high fast flux environment.
This volumetric growth called irradiation swelling does not reverse itself
upon reactor shutdown as do thermal expansions. Thus, the advent and con-
firmation of the phenomenon of material swelling required the design of a
core restraint system which could accommodate high levels of irradiation
swelling. This paper describes the development of a core restraint con-
cept designed to satisfy the set of requirements and lifetime criteria
associated with a high swelling core component material.

2.0 REQUIREMENTS

Design of a Liquid Metal Fast Breeder Reactor (LMFBR) core restraint
system requires the satisfaction of both functional requirements and per-
formance requirements. The performance requirements vary with the
specific objectives of the breeder program and will not be addressed
here. The functional requirements are aimed at assuring the safe and
reliable operation of the reactor core and its associated interfacing
systems and are thus, generic, to any LMFBR core system. The functional
requirements can be broken down into four major categories: 1) Reactivity
Control, 2) Refueling Requirements, 3) Interface Requirements and
4) Design Life. These requirements generally turn out to be in direct
conflict with each other as is the case with reactivity control and
refueling. To satisfy the reactivity requirements all interassembly gaps
would be set at a minimum value but these small gaps would result in
excessive forces being required to remove the irradiated assemblies from
the core. Thus, an acceptable core design requires trade-offs between
conflicting functional requirements. A brief summary of typical core
restraint system functional requirements is given in Figure 1.

The reactivity controls are imposed to assure the safe and predictable
operation of the reactor and to insure that the fuel pin damage limits are
not exceeded. The fuel pin damage limits are defined by the core step
reactivity insertion which would bring the fuel to its limiting condition.
The maximum step reactivity insertion may be determined by the permissable
core motion allowed by the core restraint system design. The refueling
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REACTIVITY CONTROL
MAINTAIN A NEGATIVE POWER COEFFICIENT AT ALL CORE
POWER LEVELS

LIMIT STEP REACTIVITY INSERTIONS SUCH THAT THE FUEL
NORMAL PLUS UPSET DESIGN CONDITION DAMAGE LIMITS ARE
NOT EXCEEDED

REFUELING REQUIREMENTS

CORE COMPONENT INSERTION AND WITHDRAWAL LOADS NOT TO
EXCEED DESIGN LIMITS

CORE COMPONENT HANDLING SOCKET TO BE POSITIONED
WITHIN REFUELING GRAPPLE RANGE

INTERFACE REQUIREMENTS
MAINTAIN ALIGNMENT OF THE CONTROL ASSEMBLY DUCTS
WITH THE UPPER INTERNALS STRUCTURE

ALIGN DUCT NOZZLE EFFLUENT WITH UPPER INTERNALS FLOW
COLLECTORS

LIMIT BOWING OF THE CONTROL ASSEMBLY DUCTS

PREVENT EXCESSIVE CONTACT OF DUCTS IN THE ACTIVE
CORE REGION

DESIGN LIFE
NUMBER OF YEARS TARGET LIFE AT A SPECIFIED LOAD
FACTOR FOR CORE COMPONENTS

NUMBER OF YEARS FOR PERMANENT CORE RESTRAINT HARDWARE

REFUELING FREQUENCY

FIGURE 1. Typical Core Restraint System Functional Requirements.
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requirements are derived from the desire to keep the assembly insertion
and withdrawal loads to an acceptably low value. Furthermore, bowing of
the assemblies must be sufficiently restricted to allow the refueling
grapple to locate the assembly handling socket. The interface require-
ments are concerned primarily with insuring the operability of the control
assemblies which imposes a limit on allowable misalignment and interac-
tions with neighboring assemblies. The design life of the assemblies is
controlled by the objectives of the irradiation program and has a signifi-
cant impact upon the acceptability of a particular core restraint system
design.

3.0 CORE RESTRAINT SYSTEM DESIGNS

Three types of core restraint system designs'^) have been used in LMFBR
core design. The leaning post concept is exemplified by the British PFR
core restraint system design depicted in Figure 2. The essential features
of this design are the location of transverse support pads in the lower
axial blanket region of the fuel assembly and the forced contact of the
support pads with the leaning post by means of a cantilever beam spring in
the fuel assembly nozzle. The fuel assemblies are clustered in groups of
six with the center leaning post housing the control rods. All thermal
and irradiation induced bowing of the fuel assemblies takes place above
the leaning post contact point in a region where the fuel assembly is free
.standing. This design concept does not allow the use of irradiation creep
to offset the effect of bow due to differential swelling. The permanent
residual bow due to swelling will continue to increase with increasing
fluence and eventually the assembly lifetime will be limited by the fuel
handling machines capability to locate the handling socket of the assembly
to be removed. An increase in assembly lifetime with this design concept
can be accomplished by either rotating the assemblies frequently to
straighten them or developing a satisfactory low swelling alloy.

EBR-II, Rapsodie and Phenix have used a free standing core restraint con-
cept depicted in Figure 3. In this concept the long close fitting nozzles
provide cantilever support for the free standing core and radial shield
assemblies. Pressed dimple type spacer pads are located either in or just
above the active core region. The fuel assemblies are free to bow outward
at the top until they interact with the shield assemblies at the core
periphery. The large number of shield assemblies act as soft springs and
absorb and diffuse the loads produced by the-bowing of the fuel assemblies
due to differential swelling. High bending stresses in the fuel assem-
blies are prevented by irradiation creep. Lower stresses are produced in
the shield assemblies, however, these are not relaxed out because of the
much lower flux values in this region. Assembly lifetime limits with this
concept are associated with the spacer button indentation load limit and
the difficulty of maintaining tolerances and alignments in a large reactor
core with a spring type boundary.
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4.0 FFTF CORE RESTRAINT DESIGNS

The core restraint concept employed in the design of the FFTF core
restraint system was specifically designed to accommodate the high levels
of swelling associated with the reference duct structural material
(Austenitic Stainless Steel - 20% CW AISI 316). This concept defined as
the limited free bow core restraint concept is shown in Figure 4. Essen-
tial feature of this concept is the use of core formers on the exterior
boundary to limit the bowing of the fuel assemblies. The core formers are
attached to the core barrel and thermally expand and contract depending
upon the relative temperature distributions. Lateral restraint of the
fuel assemblies is provided at three locations, top and bottom of the
assembly and at a location just above the top of the active core. This
middle restraint is located at this position so that the fuel assemblies
will bow radially outward from the core center in response to temperature
gradients generated across the ducts. This also eliminates the need for a
mid-core spacer button system to control the reactivity response of the
core. The nozzle-receptacle interface is designed to allow free in-plane
rotation of the nozzle resulting in a pinned rather than a cantilever
structural support. Free bow of the fuel assemblies is controlled by
setting the gaps between the core formers and the radial shield assem-
blies. The radial shield assemblies are designed to have low flexural
bending stiffness so that the core restraint loads are transmitted
directly to the core formers. The core former gap settings restrict the
amount of duct bowing which can occur due to differential swelling and
thermal expansion. The stresses which would result from differential
swelling and thermal expansion are either eliminated or relaxed by
irradiation creep resulting in relatively low on-power core former
restraint forces. Shut down of the reactor eliminates the temperature
gradients across the ducts and the ducts deform elastically through their
limited free travel. This results in significant duct straightening upon
reactor shutdown. Furthermore, the differential thermal contraction
results in the tendency to reopen the core former gaps.

The optimum restraint system from the refueling point of view would have
been core formers actuated by hydraulic rams which could be withdrawn to
facilitate the withdrawal of fuel assemblies. Major problem with the
activated core former design was the inability to guarantee the initial
compaction of the core within required limits. Thus, it was necessary to
design not only a mechanically activated device to move the core formers
but a measuring system had to be designed to locate accurately the core
former position. In addition, compaction testing in core mechanical
mockups were never able to demonstrate that repeatable compaction of the
core could be achieved within the allowable dimensional tolerances.
Because of these unresolved design considerations the core former gaps
were set statically. The static gap values chosen were set to allow
adequate restraint load reduction for refueling ana at the same time limit
free core motion such that the potential step reactivity insertion limit
would not be exceeded.
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The limited free bow core restraint concept used in the FFTF core design
is expected to have high burnup potential even with a high swelling duct
material.

5.0 FFTF CORE RESTRAINT DESIGN LIFETIME CRITERIA

The core restraint system concept used in the FFTF core design has resulted
in duct deformations being calculated to be assembly lifetime limiting
when the reference material (20% CW AISI 316) is used. The duct deforma-
tions which may be lifetime limiting are shown in Figure 5. The three
limiting deformation mechanisms are duct bowing, duct length change and
duct dilation. The duct dilation and duct bowing results are combined to
create the ultimate duct lifetime limit which is duct withdrawal force.
Satisfactory operation of the FFTF reactor has required that an operational
limit be placed upon each of the duct lifetime limiting variables.

The limit on duct length change^) is 0.65 to 0.75 in. depending upon
the core sector and is based on the capability of the fuel handling and
in-reactor storage system. If this limit is exceeded, the In-Vessel
Handling Machine cannot, in a reliable and automatic mode, remove core
subassemblies and then deposit them in In-Vessel Storage. A secondary
length change limit of 1.0 in. is imposed to prevent a subassembly from
contacting the bottom of an Instrument Tree (a reactor upper internal
device for making core temperature and flow measurement and providing
secondary hold down).

The unrestrained residual duct bow is limited to a maximum value of
0.9 in. which assures that the assembly will fit in the In-Vessel Storage
pot. Assembly bow also has an effect upon the withdrawal loads, but the
limited free bow core restraint concept results in a saturation value for
residual bow at a value significantly below 0.9 in. This bow saturation
value is a direct result of the interactions between irradiation creep ana
swelling in a constrained system.

Permanent duct dilation occurs as a result of two effects. One effect is
the uniform volumetric growth due to isotopic swelling. The second effect
is the cross-sectional irradiation creep deformation due to the internal
pressure loading. A great deal of uncertainty exists as to how restrictive
these limits should be to assure the structural integrity of the ducts and
the ability to refuel the core. Major concern with refueling is the
problem of pulling the dilated core region through the spatial envelope
created by the above core load pads of the adjacent assemblies. This
envelope does not form a rigid boundary but rather a spring supported
boundary with the spring constants defined by the interactions with the
remainder of the core. Because of the uncertainty involved with the duct
dilation limit, the residence time of a duct is carefully examined any
time its radial dilation exceeds 0.070 in. This value corresponds to the
radial clearance in the load pad envelope when the dilated section first
interferes with the load pad. Whether this 0.070 in. dilation constitutes

1/7-10

73



WITHDRAWAL
FORCE

BOW —

AL

\/

I I
I i

U

n
AD

\

\ / \/

FIGURE 5. Duct Lifetime Limit Variables.

1/7-11



a hard limit for that particular assembly depends upon the dilation history
of all ducts adjacent to that assembly. If most of the adjacent assemblies
have short residence times in the reactor, then the allowable radial dila-
tion may be raised to a value as high as 0.130 in.

The withdrawal loads limits imposed on the fuel handling machine are a
4000 lb hardware limit and a 2000 lb software limit. The automatic
software limit can be over ridden manually.

6.0 ANALYSIS PROCEDURE TO MANAGE FFTF ASSEMBLY IRRADIATIONS

Lifetimes for the reference material FFTF subassemblies are expected to be
dictated by the duct lifetimes. Two types of structural analyses'^) are
performed on eac!'. reactor operating cycle to determine the duct lifetime
limits. These are core-wide single assembly analyses and core-restraint
system analyses. These analyses require updated values for the fast
neutron flux, temperatures, and pressures for each reactor cycle consis-
tent with the modified core loading for each cycle. Core reload simula-
tion is accomplished by modification of component history data bases and
can simulate reload of assemblies with new or previously irradiated assem-
blies as well as assembly shuffling and rotation.

Core-wide single assembly analyses involve the calculations of decoupled
duct dilation and axial growth on an assembly by assembly basis for the
entire fueled region of the FFTF core. The resulting duct dilation calcu-
lations represent upper bound values since duct-to-duct contact is not
considered. Reducing the conservatism in the calculations requires a
core-rest?-dint system analysis where the interaction between assemblies is
assumed.

The core-restraint system analysis includes the effect of power and time
dependent structural response with respect to subassembly interactions and
external core former boundaries. Core subassembly deformations, interac-
tion loads, and reactivity effects are calculated at each time or power
step. Deformations include in-reactor bows (restrained), permanent
residual bows, and duct dilations. Withdrawal loads are calculated from
the normal loads on subassemblies interfaces times the appropriate coeffi-
cient of friction at refueling conditions.

Results from both sets of analyses are used to determine the core refuel-
ing scheme based on duct lifetime for the next reactor cycle.

7.0 VALIDATION OF CALCULATION METHODS AND LIFETIME CRITERIA

FFTF represents the first attempt to utilize the limited free bow concept
for core restraint design. Therefore, it is not only necessary to validate
the computer codes used to predict the subassembly lifetimes but it is
necessary to establish that the lifetime criteria are realistic and con-
sistent with observations.

1/7-12

IS



Code validation involves two concepts; verification and qualification.
Verification is defined as the demonstration that a computer program
actually does correctly what it is supposed to do; that is, it solves
correctly the model that was programmed, regardless of whether the model
is a valid representation of any particular physically realistic system.
Qualification is concerned with the use of computer programs for solving
real problems and relating the solutions to experimentally measured
results. Verification of the structural computer codes for core restraint
calculations does not present any unique difficulties, but the same is not
true for qualification. Two types of data from FFTF exist to assist in
the qualification of core-restraint codes: 1) operational data consisting
of withdrawal loads and In-Vessel Handling Machine length changes, and
2) Postirradiation duct dimensional characterization consisting of length
change, residual bow, and cross-sectional dilation. The use of these
types of data for qualification has the obvious disadvantage of lumping
all of the uncertanties; environmental conditions, material properties,
geometrical discretization, and boundary conditions, into the measured
response characteristic. Thus, the correlation of analytical predictions
with experimental results is by no means a straightforward procedure. It
can be expected that there will be differences between predicted and
measured values and qualitative agreement, not quantitative agreement,
should be sought.

Major effort is also involved in establishing the proven duct lifetime
criteria. Considerable conservatism has been purposely built into the
duct lifetime criteria. Fuel assembly economics dictates that the fuel be
used to its maximum limit. Thus, the incentive is high to remove as mjch
conservatism in the duct lifetime criteria without placing the refueling
of the core in jeopardy. Careful examination of all available reactor
data will be required to establish optimum duct lifetime criteria.
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Abstract

An approach to assessment of fast reactor fuel assembly

performance has been considered« A concept of passive restraint

of fuel assemblies in a reactor adopted in the USSR is descri-

bed* Some methods for calculating the interassembly interacti-

ons during operation are briefly outlined, some calculated re-

sults are presented« A problem of fuel assembly performance du-

ring refuelling taking into account the refuelling line capabi-

lities is considered«. Some results from fuel assemblies opera-

tion experience in the BN-600 reactor are given»

Introduction

The achievement of high burn-ups in the fast reactor core

calls for a comprehensive approach to the determination of ope-

rational reliability of all the components of the system: the

fuel assembly - the core- the refuelling line« This implies the

necessity of ensuring the performance of both a single fuel as-

sembly and of the core as a whole» By the performance of a sin-

gle fuel assembly is meant the absence of substantial changes

in its geometrical dimensions with preserving the integrity of

fuel pins and of the hexagonal wrapper both during its resi-

dence time in the core and in the course of its handling from

the core to the out-of-pile storage • The provision of the core

performance as a whole calls for the normal operation (functio-

ning) of the control system as well as for carrying out fuel

assembly loading and unloading without applying any large for-

ces» The solution of these problems necessitates design and deve-
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lopment efforts, a complex of calculational and experimental

studies«

This paper treats the state of affairs in the USSR as re-

gards the design solution of the core restraint problem;calcula-

tjonal studies of the core deformation at mutual interaction of

fuel assemblies during operation; the operating experience with

fuel assemblies refuelling and travel through the refuelling

line»

I« Design Solutions for Fuel Assemblies
Restraint

At present in the USSR a concept of passive restraining of

fuel assemblies from displacement is used« Fuel assemblies are

mounted with their lower ends being inserted into diagrid seats

of the triangular lattice« The lower ends of assemblies are se-

aled in their seats with the use of helical seals which reduce

waste leakages of sodium from the diagrid plenum« Vertical dis-

placements of fuel assemblies are prevented without any special

mechanical devices due to their weight exceeding the buoyant

force« To prevent transverse displacements, the fuel assemblies,

along with their being fixed in the diagrid, are provided with

spacing pads in the upper part«

In the BN-350 and BN-600 reactors, at a nominal initial

inter-assembly gaps being ~» 2 mm, the gap., between pads at ze-

ro reactor power is 0,4 mm« For perspective loading of the BN-

350 and BN-600 reactors designed for higher burn-up the inter-

assembly gaps of ~- 3«5-5»5 nm are envisaged with retaining the

above gap between pads«

At the periphery, fuel assemblies, including the core, blan-

ket and storage, are encircled by neutron screen whioh restrains

the radial displacement of fuel assemblies« The neutron screen

is a shield made up of steel rods (BN-350) or shells (BN-600)

connected along the perimeter by means of superimposed plates«

In the upper part of the neutron screen there are provided

spacers which duplicate the external configuration of assemblies

array« The gaps between neutron screen spacers and peripheral

assemblies are <~* 2 mm« The main values which characterize a po-

ssibility of radial displacements for fuel assemblies are pre-

sented in Table 1.
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1.5-2.5

Table 1

Reactor ßfl-350 BN-600

Fuel assembly pitch,mm

Fuel assembly flat-to-flat,mm

Fuel assembly flat-to-flat
across pads,mm

Gap between neutron screen and
peripheral assembly pads,mm

Maximum possible radial displa-
cement of a fuel assembly lower
end in the diagrid, mm ~0«15 ^ 0«,15

The size of gaps between pads is in accordance with thermal

expansion of fuel assemblies at nominal heating of sodium in

the core that prevents reactivity fluctuations caused by fuel

assembly motion» An important characteristic which determines

the choice of inter-assembly gaps is also the value of the hyd~

rodynamical effect of reactivity« As experiments at the BN-350

and BN-600 have shown the effect due to a change of sodium

flow rate from zero to nominal one is ~ 5«10""^Ak/k that cau-

ses no anxiety from the viewpoint of safety«?

The acceptability of the passive restraint method for pre-

venting fuel assemblies from displacements has been confirmed

by the BN-350 and BN-600 operating experience»

II» Some Methods for Calculating the Fast Reactor

Core Inter-Assembly Interaction in the Process

of Operation and an Evaluation of Their Performance

Non-uniform swelling of fuel assembly wrappers in the fast

reactor core due to non-uniformities of temperature and neutron

flux distributions causes, under high fluences,significant bo-

wing of fuel-assembly strappers that can result in mechanical

interactions between them. In this case, considerable reducti-

on of initially small inter-assembly gaps due to swelling, ra-

diation creep of the wrapper under the action of coolant still

further hardens operating conditions of the core» To ensure sa-

fe operation of the core (retaining of subassembly integrity,a

possibility of its withdrawal from the core and travel through
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the refuelling line, the prevention of control rods failures,

etc«) it is necessary to know the kinetics ot inelastic stra-

in of the wrappers and interaction forces "between them«

The first step in solving this problem was the development

of simplified two-dimensional codes the main feature of which

was the use of the core axial symmetry condition* Under this

statement each hexagonal row of fuel assemblies was substituted

by one fuel assembly which averaged in itself all the proper-

ties of the row, i»es, a three-dimensional cylindrical model was

substituted by a plane two-demensional one representing the

reactor by a series of parallel rods whose rigidity increased

with their distance from the central rod:

where j is the assembly row number;

j =1= the central assembly;

E = the modulus of elasticity;

I = the moment of inertia of the assembly cross-section«

The model is based on the following assumptions:

- the cross-section of the fuel assembly wrapper has the shape

of a hollow hexagon;

- fuel-assembly wrappers can be approximated as a simple rod

hinged in the upper and lower diagrid plates and it is pos-

sible to use the Bernully hypothesis of plane cross-sections

as cross-sectional dimensions of the wrapper are small com-

pared to its length;

- fuel pin bundles within the wrapper do not interact with it;

- forces acting upon faces are normal to them (frictional for-

ces being neglected);

- rod torsion is not considered;

- creep strain is taken into account according to the ageing

theory«

The calculation of core fuel assembly bending begins with

the determination of their free bendings which are calculated

from the equivalent bending moment caused by the swelling and

temperature gradients« Then the following iteration procedure

is realized« At the first step an attempt is made to place fre-

ely bending fuel assemblies within rigid boundaries formed by

the motionless central fuel assembly and by the shell« In so

doing fuel assemblies are superimposed upon each other« The
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range of this superposition and its magnitude determine the

point of application and the magnitude of contact forces at

fuel-assembly flats» The bending forces for this cross-sectuin

are found from the contact forces» Then displacements of rod

axes from the free bending position are determined and the ful-

filment of bending and contact forces equilibrium conditions

and of strain coincidence conditions is verified» Unless they

are fulfilled, a correction of bendings and of contact forces

is made, and the procedure is repeated«

The two-dimensional problem does not call for a large in-

ternal storage and,therefore,is convenient for technical stu-

dies and optimization analysis but it has a number of disadvan-

tages which cannot be eliminated within the frames of the two-

dimensional model«

1« Even under conditions of the complete symmetry of the

core the distribution of contact forces along the wrapper flats

is appreciably non-uniform whereas the two-dimensional model

gives only contact-force values averaged over external and inter-

nal flats.

2« The hexagonal ring of the core assemblies after reduc-

tion of gaps represents a sufficiently rigid structure to pre-

vent fuel assemblies from their through-motion from the periphe-

ry to the centre« Therefore, the rigidity of a fuel assembly rep-

resenting such a ring in the two-dimensional model should take

into account this fact, otherwise the calculation gives exces-

sively high contact forces values for the central fuel assemb-

lies« For taking this into account an appropriate coefficient

depending on the extent of gaps reduction and on the distribu-

tion of forces over the ring faces should be chosen approxima-

tely from a three-dimensional problem solution»

What is more, the fast reactor core is heterogeneous in

its composition« The core contains a large number of control

rods having substantially higher rigidity than fuel assembly

wrappers and,besides, considerably distorting the neutron flux

and temperature distributions that affects bendings of adja-

cent fuel assemblies« Partial reloading of the core is also the

cause of heterogeneity« The two-dimensional calculation proce-

dures can only appoximately ( in an averaged manner) take into

account these heterogeneities whose precise definition calls

for using complicated three -dimensional codes«
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That is why three-dimensional procedure and code for calcu-

lating core assembly interaction forces and strains under the

same assumptions have been developed«

A search for the equilibrium state of core assemblies is

carried out in conformity with the Lagrangian variational prin-

ciple under a condition of minimum potential energy of the sys-

tem at strains coincidence conditions being met«

Due to the linear dependence of the radiation creep rate

on stress the solution of the creep problem is reduced to sol-

ving a number of elastic (elasticity) problems with adjusted

moduli of elasticity decreasing with damaging dose build-up«

Evaluation of radiation availing is reduced to adding of

bending caused by swelling strain non-uniformity over the fuel-

assembly cross-section, to the thermal bending.

Equilibrium equations for the fuel-assembly system will be

those which assure the equality of bending forces acting upon

an assembly to resultants of contact forces over flats» as well

as the condition of the equality of contact forces acting Upon

opposite faces of two adjacent fuel assemblies:

Here P and P are bending forces which act upon an assembly

along x - y directions, «/* (ra= 1,«*«,6) the contact force at

the m-th face of the hexagonal wrapper»

A condition of coincidence of strains for two adjacent

assemblies A and B is reflected by the fact that outlines of

these fuel assemblies cannot overlap, i»e», the gap between

assembly axes should be greater or equal to the sum of halves

the increments of flat-to-flat dimensions of the assemblies

being in contact with account for pressing-down of two adjacent

flats due to contact farces:

k k
where _i, i (k=A,B) are displacements of the hexagon axis

y
at a level i (i=1 is the pads level, i=2 the core centre level)
from the free bending position along X and Y axes caused by the

bending forces action; x-̂  • * ^T ± are the free bending coor-
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dinates of the k-th fuel assembly at a level 1,0 t: n- is the
Hi« JL

"bowing of the m-th flat of the hexagon A due to the contact

force; () (m+3) m Od£ i
 i s t h e t o w i nS o f 'tlie hexagon B flat adja-

cent to the m-th flat of the hexagon A at a level i; Di half
the sum of flat-to-flat dimensions of the hexagons A and B al-
lowing for swelling and radiation creep of the wrapper«.

Along with relationships (1) and (2) it is necessary to

use relations taking account of a relationship between dis-

placements and forces, that is:

, (3)

where k1 and k2 are rigidity of flats at levels 1 and 2,res-

pectively; k-i-1» ̂ 12»
 ko2 in^luence factors»

The potential energy of the fuel-assembly system is the

sum of potential energies of strain of separate subasseblies

which are the combination of the assembly bending energy due

to forces of adjacent assemblies reaction and of the energy of

flat bowing by contact forces at two levels: at a level of pads

and of the core centre»

The bending energy of the rod with the modulus of elasti-

city variable over length may be written in terms of rod axis

displacements from the initial position at the top level and at

the core centre level where force interaction between fuel asse-

. mblies takes place»

By expressing from (1) and (3) the rod axis displacements

in terms of flat bowing we obtain the total energy of rod stra-

in expressed as quadratic form due to bowing of flats at two

levels to which a symmetrical positively determined matrix

(12 x 12) corresponds and the total system energy is expressed as

a sum of such quadratic forms» The presence of a large number

of fuel assemblies in the core involves difficulties with mini-

mization of such quadratic form and even with its storage in

computet memory» To reduce this form to a sum of squares it is

necessary to pass from the old basis to that whose elements are

eigenvectors of the energy matrix»

Using hexagonal rod symmetry we can, on the base of the

group representation theory, pass to new basis vectors within

the coordinates of which the energy looks as follows:
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6a,
4

where q^ (i = 1,•••,12) are the first coordinates«

By substituting coordinates in strain coincidence equati-

ons (2) and by writing it in a matrix form B ^ b, we arrive

at the following nonlinear programming problem:

to minimise 1/2 Q. GO,

under conditions that B<7— b«

A dual Lagrange problem is to maximize 0 (-\ ) at ̂  ̂  0,

where

(5)

This problem is solved by the gradient procedure using the

6 5 >) function gradient value

, where JJ •= ~
(6)

Each row of the matrix D contains not more than 22 non-zero

elements so the gradient rise algorithm whose main ope-

ration is multiplication of the matrix D by the vector is easi-

ly realized and shows good convergence rate«

The code developed allows to calculate contact forces at

assembly wrapper flats, residual bowings, the bowed wrapper

axis position and assembly withdrawal efforts« In Pig«1 the

results of test calculation of contact forces at BH-350 as-

sembly flats in 5600 hours of operation under ateady-state ope-

rating conditions without any reloading are presented« Pig«2

shows variation with time of contact forces (P^) and starting

forces (P ) for fuel assemblies adjacent to control rod ducts
s

of the BN-350 reactor« It is seen from the figure that up to

the moment of all fuel assemblies coming into contact the rate

of efforts growth is negligible,.and after closure of all gaps

these forces start to grow almost exponentially»

A correct definition of ultimate burn-up to a considerab-

le degree depends on the correct choice of atressed-strained state
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(SSS) danger evaluation criteria.At present for the evalutuion

of the core performance as a whole the criterion of SSS evalu-

tion based on deformation of core components is used« This cri-

terion is determined not only by the operating conditions and

materials properties but depends also on specific geometry of

both a single fuel assembly and the cora as a whole« Jllowable

deformations for fuel assembly components are determined by geo-

metrical compatibility of fuel pin cladding and a wrapper, as

well as of fuel assembly wrappers and the core with its inherent

inter-assembly design gaps«

During irradiation of fuel assemblies in the core, irre-

versible deformation of the wrapper occurs« Changing in flat-

to-flat size of the wrapper is caused by radiation creep of ste-

el under the action of internal pressure of coolant and of a

fuel pin bundle (when highly swelling cladding materials are

used), by radiation swelling and thermal expansion of wrapper

material«' In a general case, the determination of ultmate fuel

burn-up at which core disassembling with the use of the avai-

lable handling machine becomes impossible because of assembly

deformation can be presented in the following form:

ß A ft
J J (7) y

ßo is fuel burn-up at which some fuel assemblies come into con-

tact in the middle plane; A/3>' is the burn-up increment during

which closure of available gaps takes place and all fuel assem-

blies come in contact between themselves in the middle plane;

6ß" is the burn-up increment during which the development of

forces within the rigidly fixed core comes up to ultimate per-

missible values« The value of ßo is determined on the basis

of kinetics of deformation for maximum burn-up fuel assembly

wrappers and of available inter-assembly gaps« Aa was noted

above after all fuel assemblies coming into contact a severe

growth of interaction forces between them begins« In this con-

nection when determining ultimate permissible burn-up the fol-

lowing relationship should be used:
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In this case the criterion of allowable deformation of the

wrapper ia written as

A (9)
gap

where /\ s™3"*" is the maximum increment of flat-to-flax size

of the highest "burn-up fuel assembly wrapper;

A „_ is the initial inter-assembly gap;gap

A (2n +1)
k=_6S£ is the coefficient taking into account the

SI j

recharging ratio.Here n is the number of rows in the core;
2 n * i: S. is the total radial flat-to-flat dimension incre-

ment of vrrappers at time moment of burn-up when S = s
g ap*

In so doing, based on the real loading diagram of the core a

direction with the greatest number of fuel assemblies having

reached maximum burn-up is chosen»

In the criterion (9) the effect of fuel assembly bowing

due to thermal and neutron gradients is not allowed for* Ho-

wever, as was shown by calculations for conditions and struc-

tures of fast power reactor fuel assemblies an error due to

this effect is negligible« Therefore, criterion (9) can be

used for engineering estimates to a sufficient degree of accu-

racy«

A set of conditions under which fuel assemblies are during

their operation life determine requirements on fuel assembly

materials and design that should ensure their performance du-

ring the operation life» The ultimate permissible value for

wrapper material swelling is determined by the maximum radia-

tion dose, the wrapper flat temperature, the flat-to-flat si-

ze and inter-assembly gaps«The ultimate permissible radiation

creep value is determined by the flat-to-flat size?wrapper wall

thickness, inter-assembly gap, wrapper temperature^ internal

pressure of coolant and of fuel-pin bundle and by the irradi-

ation dose» Fig-3 presents calculated estimates of ultimate

permissible swelling and radiation creep values for the BH-350

and BN-600 reactors based on criterion (9)» As is seen, designs

of fuel assemblies for these reactors put rather stringent re-

quirements; on wrapper materials» Por advanced fuel assemblies

of the BN-350 and BN-600 (3) these requirements are substanti-

1/8-10



ally reduced.

III. An Analysis of Fuel Assembly Behaviour

during Refuelling and Their operating

Experience

Conditions of fuel assembly flats loading when evaluting

stressed-strained state of a wrapper in the refuelling line

are determined by geometrical compatibility of spent fuel

assemblies whith their inherent deformation and of the refu-

elling line structural components ( the handling machine guide

tube, discharge elevator, etc.). Following the sequence of

spent fuel assembly movement through the refuelling line, for

an assessment of fuel assembly performance it is necessary to

determine its stressed-strained condition at its withdrawal

from and insertion into the core and reactor storage (Px), at

its putting into and discharging from the elevator, at pulling

of a fuel assembly into the guide tube of the handling machine

during its travel through the out-of-pile part of the refuel-

ling line and, at last, at putting it into the spent-fuel sto-

rage drum.

For the determination of fuel-assembly stressed-strained

condition in the process of withrawal from the core or reactor

storage a problem of travel of a deformed assembly through a

bent channel formed by adjacent fuel assemblies and the guide

tube of the handling machine is being solved. The solution of

this problem calls for a knowledge of complete picture of de-

formation of all fuel assemblies. Residual bowing > transversal

deformation of all fuel assemblies are determined from con-

sideration of the core as a whole. Knowing these values, under

an assumption of an absolutely rigid channel, there can be de-

termined possible points of contact of the fuel assembly being

withdrawn with the channel formed by adjacent fuel assemblies

and the handling machine tube and the values of forces arising

at fuel assembly travel through this channel» Having determined

the forces acting upon the fuel assembly being withdrawn in the

process of its pulling through a bent channel we can determine

atressed-strained state of the fuel assembly wrapper and efforts

for fuel-assembly withdrawal from the reactor

*(z) = f. R(z)-k
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where /-? = forces acting upon an assembly including support

responses, K = the friction coefficient»

The problEm of stressed-strained state determination for

a fuel assembly at putting it into the elevator sleeve to a large

extent is similar to that of pulling of a defOTmed fuel

assembly through a channel of the given form» In case of

putting a fuel assembly into the discharge elevator sleeve it is

formed by the elevator sleeve and by the handling machine quide

tube«

Prom the analysis of fuel assembly stressed - strained

condition in the process of refuelling there can be drawn a

conclusion on the ultimate permissible forces applied to

assemblies being handled with the aim to preserve their integrity

and to determine main requirements to the refuelling line

components design» To a first approximation, with account for

irradiated material embrittlement, the ultimate permissible

forces can be determined from the brittle failure criterion«

By means of measurements of forces during refuelling we

can obtain operative information on the general state of the

core and from comparison with the calculated data to pick out

fuel assemblies with maximum deformation which can be damaged

during refuelling«

At withdrawing of a fuel assembly from the BU-600 core the

gripper of the handling machine pulls the fuel assembly into the

guide tube of "an internal diameter of 122 mm« The present design

of the handling machine tube allows a fuel assembly with the

hexagonal wrapper of 96 mm and with the maximum bowing of 10« 5mm

to entar it without any efforts« Under irradiation in the core

the flat-to-flat fuel assembly size increases that, naturally,

decreases the amount of bowing at which a fuel assembly freely

enters the handling machine tube« The measurements of spent fuel-

assembly geometry carried out in the decay pool show a conside-

rable scatter in deformation of fuel assemblies being practi-

cally under the same operating conditions« So, for fuel assemb-

lies reaching a burn up of 1% hat* a discrepancy in the hexa-

gonal wrapper flat-to-flat dimension from 97 mm to 99 mm was

observed« In Fig« 4 a relationship between the maximum flat-to-
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flat dimension and the discharged fuel assembly bowing at

which the fuel assembly enters the handling machine tube without

any efforts is given (1). Similar dependence has been obtained

for the elevator sleeve with an innner diameter of 118 mm which

in the upper part ha3 a hexagonal hole with a distance between

flats of 104 mm (2)* On the basis of these dependences and result:

of geometrical measurements of wrappers in the decay pool the

performed calculated estimates of the hexagonal wrapper stressed-

strained state in the BH-600 refuelling line have shown that the

wrapper integrity at burn-up of 7% h©at* is assured at all sta-

ges of travel through the refuelling line» An extrapolation of

results to higher doses reveals that the present design of

refuelling line components ensures, the integrity of fuel assemb-

lies being discharged at their burn-up reaching 10% h«at» as well

The system of forces measurement adopted now at the BN-600 allows

to register forces arising at fuel assembly handling at various

stages of its movement» However, in order to judge of the

performance of the core as a whole it is nessessary to know in

particular not only the maximum force value but also the situa-

tion at which it arises«.

For example, in the lowest position of the gripping device in the

handling machine tube the forces indicated by the system are

starting forces depending both on the general state'of the core

and on a possible seizing of a lower end in the diagrid seat»

Forces registered at upward fuel-assembly movement are caused by

fuel-assembly travel within a bowed channel formed by adjacent

assemblies» In case of a relatively "free" core when inter-

assembly gaps are not fully closed these forces should not be

significant« A considerable increase in forces is observed at

passing of a fuel assembly section with the maximum flat-to-

flat size increase through the pad regiono Pig» 5 shows

typical curves of withdrawal force variations at upward fuel-

assembly movement obtained at the BN-600 reactor, for an assembly

with low burn-up (~2% h«at«) and,accordingly, with small defor-

mation and for an assembly with high burn-up (~ 7% h.at«)«

The results of statistical analysis of starting forces and

of forces at pads are presented in Figs« 6,7 for fuel assemb-

lies with burn-up of ~ 2% h«at», 4-% h.at« and 7% luat»

Forces at pads for a~7% h*at, fuel assembly proved to be maximum
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as compared to all the rest« Nevertheless, they did not

exceed the forces permissible from the wrapper integrity point

of view« In the analysis, attention was given to studying the safe-

ty and control rods effect upon fuel assembly 'behaviour» 3?ig»7

presents histograms of withdrawing forces for central and

peripheral fuel assemblies of a low-enrichement zone«. It is

seen from the figure that for peripheral rows there is no basic

difference "both in forces on pads and in starting forces for

fuel assemblies surrounded by other standard assemblies and for

those adjacent to control and safety rods« The central fuel

assemblies being in the core near automatic control rods and,

especially, close to safety rods were withdrawn with forces

larger that those for the major part of fuel assemblies« It ap-

pears to be caused by their greater bowings related to neutron

flux and temperature distortions«

At further movement of a fuel assembly through the refuel

ling line the measured forces proved to be lower than those at

pads« Into the handling machine tube fuel assemblies entered

practically without any efforts«

Maximum forces recorded at placing a fuel assembly into the

elevator sleeve had a scatter from 0 to 300 kg« Therefore, the

design and experimental studies performed have shown the for-

ces recorded at withdrawing BU-600 core fuel assemblies reaching

7% ho at« burn-up and at their travel through the refuelling

line to be not critical from the viewpoint of fuel assembly

integrity«

Conclusion«

The available in the USSR codes for the calculation of

fuel assemblies interaction in fast reactor cores allow to

analyze fuel assembly condition in the process of reactor ope-

ration« On the basis of this analysis providing the complete

picture of deformation and stressed - strained state for all fuel

assemblies of the core, the forecast of fuel assembly behaviour

during reactor refuelling with allowance for refuelling line
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elements capabilities is made« Such a comprehensive consideration

of the problem provides a possibility, on the one hand, to

determine ultimate burn-up levels for operating reactors and,

on the other hand, to carry out optimization studies and to

choose designs of fuel assemblies, refuelling line devices for

the reactors being developed« Practical realization of these ; •

methods, however, requires further development both for refi-

ning calculation algorithms and for obtaining input data on

material properties, fuel assembly failure conditions, etc,

So, e.g., large uncertainties into calculations of forces

acting upon a fuel assembly are introduced by the response in a :'

fuel assembly lower end at its starting and friction coeffici-

ents between wrapper flats in sodium« Therefore, at present in

the fuel-assembly performance assessment practice a position

of conservative simplified engineering calculations is still

sufficiently strong» With the accumulation of experimental data

the process in this region is obvious«

BN-350 and BN-600 operating experience reveals both the

validity of choice of design solutions for the core restraint sys-

tem and refuelling line components and the necessity of

improving wrapper material properties as regards radiation

swelling«
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ARKAS: A THREE-DIMENSIONAL FINITE E1EMENT CODE FOR THE ANALYSIS
OF CORE DISTORTIONS AND MECHANICAL BEHAVIOUR

M. NAKAGAWA
NAIG Nuclear Research Laboratory , Nippon Atomic Industry Group
Co., Ltd. ,4-1, Ukishima-cho, Kawasaki, 210, Japan

ABSTRACT

Computer program ARKAS has been developed for the purpose of
predict ing core d is to r t ions and mechanical behaviour in a c lus te r
of subassemblies under steady state conditions in LMFBR cores.

This report describes the a n a l y t i c a l models and numerical
procedures employed in the code together w i t h some t y p i c a l
resu l ts of the analysis made on large LMFBR cores.

ARKAS i s programmed in the FORTRAN-IV language and i s
capable of t r e a t i n g up to 260 assemblies in a c l u s t e r w i t h
f l e x i b l e boundary cond i t i ons i n c l u d i n g m i r r o r and r o t a t i o n a l
symmetry. In t h i s code, a f o l ded p l a t e s t r u c t u r e model i s
adopted to describe the behaviour of reactor hexagonal assemblies
more r e a l i s t i c a l l y than the beam model which is commonly used in
e x i s t i n g codes. The f i n i t e element method i s employed as the
numerical procedure to s o l v e the s t r u c t u r a l equat ions. To
represent the nonlinear s t i f fness due to contacts and separations
of adjacent ducts, a f i c t i t i o u s f i n i t e element ( c a l l e d " j o i n t
element" ) has been newly de r i ved to be placed on contac t
surfaces with adjacent ducts and with the res t ra in t rings or
yokes. The jo in t element can represent the f r i c t ion effects.
Furthermore i t is able to (adequately) describe the state of
pa r t i a l contact. To construct the mathematical model for the
jo int element with these functions, a new technique is proposed.

The n o n l i n e a r i t y of the problem due to contact and
separation is solved by the step i terat ive procedure based on the
Newton-Raphson method. In each step i t e r a t i v e procedure, the
l inear matrix equation must be reconstructed and then solved
d i r e c t l y . To save computer time and memory, the substructure
method is adopted in the step of reconstructing the linear matrix
equation. And in the step of so lv ing the l inear matrix
equation, the block successive over-relaxation method is adopted.

The program ARKAS computes, at every time step, 3-
dimensional displacements and rotations of the subassemblies in
the core and the interduct forces including at the nozzle t ips
and nozzle bases with f r ic t ion effects. And the code also has
an a b i l i t y to deal w i th the r e f u e l i n g and s h u f f l i n g of
subassemblies and to calculate the values of withdrawal forces.

For the q u a l i t a t i v e v a l i d a t i o n of the code, sample
calculations were performed on the several bundle arrays. In
these ca lcu la t ions , contact and separation processes under the
influences of f r i c t ion forces, off-center loading, duct rotations
and torsion, thermal expansion and irradiation induced swelling
and creep were analyzed. These results are quite reasonable in
the l ight of the expected behaviour.

This work was performed under the sponsorship of Toshiba
Corporation.
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1. Introduction

In the core of LMFBR the hexagonal ducts containing the fuel
pins are known as fuel assemblies. The other pr inc ipa l
components that make up a fast reactor core are the blanket,
control, and shielding assemblies. These assemblies are placed
in the t r iangu lar l a t t i c e arrangement having some clearances
between neighbouring assemblies.

I t is known that the assemblies in a c lus te r of an LMFBR
core are undergoing gradual s t ruc tura l d i s to r t i on due to the
combined effects of thermal expansion and i r r ad ia t i on induced
swel l ing and creep. The core d i s to r t i on causes a l o t of
problems af fect ing the core performances such as s t ruc tura l
r e a c t i v i t y changese, the s t r u c t u r a l i n t e g r i t i e s of the
assemblies and the increase of withdrawal loads. Structura l
react iv i ty changes occur during start up, transients and long-
term usage because the core geometrical configuration varies from
one state to another. Likewise, hexagonally shaped ducts w i l l
experience loads due to bowing effects and these loads, stresses,
and deformations must be predicted to assure the s t ruc tura l
integri t ies of the assemblies. In the refueling state, since
there exist interduct loads caused by the permanent bowings, due
to the swelling and creep strains, the maximum required force for
the withdrawal of assemblies may become twice or three times as
large as the i r own weight. Ef fect ive design requires some
ana ly t i ca l methods for the predict ion of these ef fects. At
present, such analyses are often performed using computer
programs which t rea t an assembly in a beam model such as NUBOW
/ I / . However, with th is type of codes, i t seems d i f f i c u l t to
adequately t rea t the ef fects of f r i c t i o n forces, of f -center
loading, duct rotations and torsion, and detailed deformations of
hexagonal ly shaped ducts. In the analysis of high-burnup cores,
these e f f e c t s may become important in determining the
displacement prof i les in a cluster of subassemblies. Hence, the
objective of this study is to develop a more detailed analytical
code, which allows consideration of the above mentioned effects.
As the f i r s t step for reaching th i s aim, we have developed and
tested a code ARKAS which simulates the mechc.nical properties in
a cluster of up to 260 assemblies.

In the f i r s t part of th is paper, the basic model of the
problem and the d isc re t i za t ion by means of the f i n i t e element
method are described. The solut ion algori thm of the program
ARKAS is b r i e f l y presented in the second part. In the las t
part, the resu l ts of test ca lcu la t ions performed for typ ica l
problems are described.

2. Theoretical Formulation

2.1 Analytical Model

2.1.1 Geometrical Model

The geometrical model of the problem is i l l u s t r a t e d
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Fig.l. I t is assumed that individual ducts have the folded plate
structure consisting of six thin-plates, while individual nozzles
are assumed to have the beam structure. These structures are
axial ly subdivided into the user-specif ied number of f i n i t e
elements. Each f i n i t e element is represented by a three-
dimensional isoparametric element with six-degrees of freedom per
each nodal point (designated by© in Fig.l ).

The jo int elements/2/ are incorporated to represent the non-
linear stiffness caused by contacts and separations, and stick-
s l ip phenomenon of f r ic t ion effects. These elements are placed
between adjacent ducts at the user-specified axial locations that
are usually chosen at the level of the load pads, at the nozzle
t ips and at the nozzle bases. These j o i n t elements are also
placed between the outer res t ra in t rings or yokes and the
neighbouring ducts.

2.1.2 Physical Model

The beam and th in -p la te elements are assumed to be a
homogeneous, isotropic and e las t i c mater ia l , and adequately
described by a smal 1-deformation theory/3/.

The j o i n t element, which is designed with a new technique
developed in th is study, is expressed under the fo l low ing
assumptions:

( i ) There is no resistance against net tension force in the
normal direction.

( i i ) There is high resistance against compression,
( i i i ) There is shear resistance representing the f r i c t i o n

behaviour such as s t ick-s l ip phenomenon.

2.1.3 Boundary Conditions

The mechanical equi l ibr ium at each time step is analyzed
under the following boundary conditions. For each condit ion,
some options are prepared for users' selection.

(1) Fixed condition of each assembly
( i ) A l l of the translational freedoms of the nodal point P,

which represents the nozzle base, are fixed,
or

( i i ) A l l of the freedoms of the nodal point P or the bottom
nodes of the duct are fixed.

(2) Outer boundary condition surrounding a cluster of ducts
(i) Outer walls are fixed in the i n i t i a l positions or user

specified positions for each time step,
or

( i i ) Free condition.

(3) Inner boundary condition in the secter model
( i ) Mirror symmetry.
or

( i i ) Rotational symmetry.
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2.2 Finite Element Formulation

2.2.1 Derivation of Expl ic i t Nonlinear Equations/4/

With the p r inc ip le of v i r t u a l work, the equi l ib r ium
equaiton, in the presence of contact non- l i nea r i t i es , i n i t i a l
strains and f l u i d pressures, is obtained in the matrix notation
as

BT 4 dV - / NT p dA = 0 (1)

where B is the s t ra in shape funct ion matrix, the stress
vector, N the displacement shape function matrix and p the force
vector imposed on the duct inner surface due to the f l u i d
pressures. The superscript T indicates the transpose of a
matrix, J"y dV the integral taken over the whole volume and J^ dA
over the whole surface of a l l ducts.

The displacement vector u and the total strain vector £ are
expressed in terms of the nodal displacement vector r as

N r

e = L u = L N r = B r (2)

where L is a suitable linear operator.
The stress-strain relation for the continuous elements is

written as

£ = D c ( € - S o ) (3)

where Dc is an e last ic i ty matrix and £ 0 is the i n i t i a l strain
vector summing up thermal, swelling and creep strains. A similar
r e l a t i o n f o r the j o i n t elements is approximated using
di f ferent ia l notation as

= D-, d £ (4)

where

and
0
0

for contact state,
for separated state.

Let the following non-linear equation represent above equations.

<£ = (r) £ (5)

2/1-4

105.



S u b s t i t u t i o n of Eq.(2), (3) and (5) i n t o Eq.( l ) g i ves
e x p l i c i t non- l inear equation r e l a t i n g t o t a l nodal displacement
vector r wi th toa l load vector f .

( Kr + K-, (r) ) r = f , (6)

where

B„T Dc B dV

/vc

dV . (7)

_. f f f D(j} (r) iff dV , (8)

and

N.T p dA + / B.T Dr £ _ dV
A J V
Hc J vc

e
c
)T p(e) dA + / B^T ^ £ dV

C r /,,»i C C VO
c " c

e=l

(9)

The subscript c indicates values corresponding to the
continuous elements, J to the jo int elements, and the superscript
(e) to the f i n i t e element (e). E is the t o t a l number of the
f in i te elements.

2.2.2 L inear izat ion of the Nonlinear Equations

To so lve the non- l inear equation(Eq.(6)), the Newton-Raphson

2/1-5



method /4/ is adopted. Here we show the linearization of Eq.(6)
with this technique.

Let us write the nonlinear equation (Eq.(6)) as

(p(r) = P(r) - f = (10)

Let r=rn be an approximate solution of Eq.(6), then we can
write an improved solution using a curtailed Taylor expression as

]„ Arn = 0 , (11)

with

(12)

In the above,

d?(r)
dr

dP(r)
dr

(13)

represents a tangential matrix. The improved solution can then
be obtained by solving the follov.nng linear equation for Ar n,

KT (r
n )Ar n f - P(rn (H)

The resulting displacement rn+' leads to a new set of linearized
equations, which are solved again for Ar . This procedure has
to be repeated untill the residual force vector represented by
the right-hand side of Eq.(14) becomes nearly equal to zero.
The tangential matrix Kj is now given by

B T
d6 d£

V c d£ drvc

dV +
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dV

Kc + Kj (r) , (15)
c

in which Eq.(4) is used to e l iminate dc?/d£ . Thus, in
addit ion to the matrices and vectors in Eq.(7) and Eq.(9), the
fo l low ing matrix is required to solve the nonlinear equation
(Eq.(6)) by means of the Newton-Raphson method.

Kt1 (r) = / BjT Dj Bj dV

BtejT D J B(? dV . (16)

2.2.3 Substructure Method

To solve a set of nonlinear equations (Eq.(6)), a new set of
linearized equations (Eq.(14)) has to be solved repeatedly unti11
the residual force vector becomes nearly equal to zero. However,
Eq.(14) involves so many unknowns (about 80,000 in the sample
problem (c) shown in Section 4) that i t is very d i f f i c u l t to get
solution within reasonable computer time and memory. Therefore,
the substructure method /4 / / 6 / is applied to solve Eq.(14).

For b rev i ty , l e t us c a l l the nodes that are common with
jo in t elements the " jo int nodes",which are shown by marks D and

EB in Fig.2. Here, Figure 2 is prepared for i l l u s t r a t i n g the
substructure method. The nodal displacements of nodes except for
jo in t nodes shown by marks D and ffl in Fig.2, are not necessary
in reforming Eq.(14) at each nonlinear i t e ra t i on step, because
the nonlinear terms in Eq.(14) such as Kj (r) can be obtained
only with the displacements of the j o i n t nodes. Furthermore,
because the main terms in the interduct loads occurring at the
leve ls of the nozzle t i p and the load pads, such as the above-
core load pad (ACLP) and the top load pad(TLP), are the Y-and Z-
components for our problem, the freedoms other than the Y- and Z-
components of these jo int nodes may be eliminated. Thus, in view
of solving the nonlinear equation (Eq.(14)), i t is only required
to deal with the freedoms of Y-and Z- trans!ational components in
the j o i n t nodes except for nodes P and with the freedoms of X-,
Y-, and Z-rotational components in the jo int nodes P. For that
reason, instead of d i r e c t l y so lv ing Eq.(14), the fo l l ow ing
contracted equations consisting of the kept freedoms are solved.

tj (rn. ) ArJ = [ T - ?(rnj ) ] , (17)

2/1-7

/os*



where

c-5

B j j B j r
< 9 ) l 4.Brj J +

e=1
(18)

f - P(r^

(19)

Here subscript j indicates values of the kept freedoms and r the
reduced freedoms. The supe rsc r i p t (g) i nd ica tes values
corresponding to the duct (g). The matrix 1TT* is obtained by
eliminating the matrix coefficients corresponding ta the reduced
freedoms from the matrix K^ . The vector h ^ r 1 ^ ^ ) is the
required force to deform the jo in t element (e) from the i n i t i a l
state to displacement r ^ e ' . The matrices Kg-j , Kg j r %
KgeJ. and KD1 .̂- are the submatrices obtained^ by means of
subdividing the stiffness matrix Kj^for the duct (g) into parts
according to the "kept" and "reduced^ freedoms.

After the nonlinear solution r̂  is obtained, the reduced
freedoms can be calculated as

G B

Z
g=1

.(9)
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2.2.4 Direct solution

The linear matrix equation (Eq.(17)), which is the king size
matrix equation in th i s problem, is solved with wel l known
techniques l i ke block successive over-relaxation method /7 / .

2.3 Derivation of Stiffness Matrix

2.3.1 Thin-Plate Element

For the thin-plate element, the MCLBB element proposed by A.
Ghazaleh/5/ is adopted. Although i t is a non-conforming element,
i t s convergence has been found by the "patch test".

2.3.2 Joint Elements/2/

This section aimes to derive the stiffness matrix of a jo in t
element shown by the last integral form of Eq.(16). For brevity
the subscript (e) is omitted in this section.

F i rs t we show the der ivat ion of the j o i n t element placed
between adjacent ducts, and then br ie f ly describe the other type
of jo in t elements placed at the nozzle top and nozzle base.

Figure 3 shows the configuration of a jo in t element in the
i n i t i a l state with f i n i t e clearance g in the local coordinates
indicated by x,y and z. Although th is element has width H
corresponding to the length of load pad, i t is assumed that the
deflections and movements of the two surfaces i j k l ( i ' j ' k 'V ) are
uniform along y axis and depend only on one of the edge l i ne i j
( i ' j 1 ) . Both edges i j and i ' j 1 of the upper and lower surfaces,
respect ive ly , correspond to the th in -p la te element. For the
purpose of considering the pa r t i a l contact conditions without
increasing the number of f i n i t e elements, these two surfaces are
subdivided into some areas, each of which is cal led "subdivided
zone" in this paper.

In addit ion to the previously mentioned assumptions in
Section 2.1.1., the following approximations are adopted,
( i ) The in tegra l value for each j o i n t element in Eq.(16) is
obtained by summing up the in tegra l values with regard to the
subdivided zones. And the Dj takes a constant value in each
subdivided zone.
( i i ) The in f i n i tes ima l displacement at any point wi th in the
j o i n t element is obtained by a l inear combination of the
displacements of the two points on the surfaces just below and
above the point.
( i i i ) At the contact state, the diagonal element kzz in the
e l a s t i c i t y matrix Dj , which represents the re la t i on between
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normal stress and normal strain, is set to a suitable value kn
for solving the equilibrium equations.
(iv) At the contact and slip states, the diagonal element k
( k ) in the elasticity matrix Di , which represents the
relation between shear stress and shear strain, is set to the
value with which the friction forces of slipping are equal to the
product of contact forces and friction coefficient.

Since the displacement at any point on the surface is
obtained as the product of the shape function N and the nodal
displacement r corresponding to the line ij and i'j\ the average
displacements of the subdivided zone m are approximated as

.(no
Jup

dx

(no
"low

J|(m) Nlow Piow dx

(21)
dx

regard
Crro "v
•t j

"up x - 1PW ' - • " • • a z 3 X 1 S .

And if g is the init ia. l .gap of the corresponding jo in t element,
the overlap depth w^m~ of the subdivided zone m is readi ly
obtained as

where subscripts "up" and "low" indicate the values with
to the upper and lower surfaces, respectively. Let w ^ (w
be the translational term of vector uf!̂  ( u^'w ) along

w
(m)

= wup
wlow (22)

Thus, the following criterion is adopted to judge the occurrence
of contact.

w

w

(m)

(m)

for contact state , and

for separated state . (23)

For the subdivided zone m in a separated state, the integral
over zone m is zero because the D ^ is zero from Eq.(4). For
the subdivided zone m in a contact state, the integral over zone
m is derived from the following considerations.
(1) The infinitesimal displacement at any point within the joint
element is written in terms of the nodal infinitesimal
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displacement by means of the above mentioned approximation (ii).
Thus, the shape function Nj is obtained.
(2) From the assumptions illustrated in Section 2.1.2, the stress
vector consists of xz , and zz , and the strain vector
has the corresponding terms. Therefore, the matrix Dj is
represented by the 3x3 diagonal matrix, and each diagonal term is
obtained by approximations (iii) and (iv).
(3) Because the tangential forces are loaded only on the upper
and lower surfaces, the partial derivatives w/ x and

y vanish, where w is the translational displacement along
z axis. This fact is used for the derivation of Li .

w/
the
(4)

j
Utilizing the matrices Nj and Lj , the strain shape function

Bj is readily obtained.
Employing approximation (i) and substituting these matrices

into the last integral equation of Eq.(16), the element stiffness
matrix Kj is approximated as

= H (Nup -~Nlow dx (24)

where

K(m) =

0

k(m)yz

0

0

0

(1) When w ( m ) > 0 ( Separated )

kzz

dhen

kzz

(2-1)

and

(2-2)

- km -*xz

w(<0

" kn

Stick

am) _ k

yz ~ n

Slipping

kM _ \j
KXZ 1

kyz - 0 .

( Contact )

•

ET

at

at

at Lxz

zz

zz

(n)
zz
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and zz at zz

In the above, / M s the fr ict ion coefficient and u x \. o y
s l i p length along x (y) axis-.which is obtainea by trie same
method as the overlap depth w^m'. <£*££ is the normal stress
and TJi^ and tv 'z a r e the,shear stress, which are calculated by
the product or matrix X\"^ . i n which k ^ & k ^ is set to kn ,
and vector ( ^ ^ , £^,w^m ' ).

For the jo in t element placed at the nozzle top, a simi lar
formulation was used, in which the local coordinate is only
s l i g h t l y d i f f e r e n t from the above formula t ion, that is
cylindrical coordinate.

For the joint element placed at the nozzle base, the stick-
s l i p phenomenon on the contact surface between the entranse
nozzle and the core support structure is considered with the
mechanical model shown in Fig. 4. The f r i c t i on forces of
sticking are calculated by means of the rotational displacement
of the node P and rotat ional st i f fness, which is set to a
suitable value for solving the equil ibrium equations. The
fr ict ion forces of slipping are equal to the product of contact
forces and f r i c t i on coeff ic ient. Where contact forces are
calculated by the assembly weight and the angle Q in FIg.4.

3. The Program ARKAS

The ARKAS computer code has been developed according to the
mathematical method explained so far.

Figure 5 shows the block chart of ARKAS. In addition to the
iteration loop associated with contact & separation explained in
Sec. 2.2.2, the time-step loop is incorporated to analyze the
deformations of a l l subassemblies during irradiation.

The basic input to the code consists of the core geometry,
the material properties, and the refuel ing data, together with
the temperature and f lux distributions.

To improve the creep relaxation calculation, the computations
of creep and swelling strains are repeated at some intervals in
each time-step under the assumptions that the nodal displacements
are unchanged in the time step.

To save computer time required for the i terat ion loop
associated with contact & separation loop in Fig. 5, the
substructure method is adopted.

4. Sample Calculations

a) Calculation of two adjacent hexagonal ducts

A sample calculation was performed to analyze the contact
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and separation processes of two adjacent hexagonal ducts
including the f r i c t i o n ef fect . As indicated in Fig.6, a
horizontal external force was exerted obl iquely (26° from the
normal to the surface) on the uppermost part of a surface of the
righthand duct. The force was exerted in f i ve steps with the
magnitude being increased by 11.2kg, t o ta l i ng to 56.0kg at the
f i n a l step. Then, another negative force was further exerted
perpendicularly to the same surface in f i ve steps with the
mog.iitude being increased by 10kg, The net f inal effect is that
the Y-component of combined force is 50kg and Z-component is
zero. The solid lines in Fig.7 conceptually shows the expected
movement of the top edges of both ducts, while broken lines show
fixed bottom ends of the ducts.

The calculated resu l ts , in which f r i c t i o n coef f ic ient is
0.3, are shown in Fig.8 where s o l i d l i nes ind ica te the
t ra jec tor ies corresponding to the exertion of the f i r s t force
and broken lines indicate the trajectories corresponding to the
add i t i ona l negat ive exer t ion of the second force. The
difference in the Y-values of the two points a and b is caused by
the difference due to the i n i t i a l gap between the two ducts and
by the sliding f r ic t ion after the contact of the two surfaces.

These resul ts are quite reasonable in the l i g h t of the
expected movement shown in Fig.7. Especially, the fact that the
point o f i na l l y returned to the i n i t i a l position indicates that
the present model adequately simulates the contact and separation
processes of hexagonal ducts.

To see the effects of the f r i c t i o n coef f ic ient /*• , an
addit ional ca lcu la t ion was performed changing the value of
JA- to 0.7. Results are shown in Fig.9. From these figures, the
effects of the difference in the value o f / « is clearly seen.

These results indicate that the f r ic t ion model proposed in
this paper can, at least, roughly describe the sl iding effect at
the contact surface.

b) Calculation of seven adjacent hexagonal ducts

A sample c a l c u l a t i o n was performed to analyze the
displacement prof i le of seven adjacent hexagonal ducts, indicated
in Fig.10, under fo l lowing conditions: (1) duct No.l through
No.5 are subjected to an axial ly distributed external load due to
a common 3-dimensional temperature distribution, causing thermal
load in the negative Y-direct ion, (2) ducts No.6 and No.7 are
free from external load, (3) the cluster consisting of these
seven ducts is surrounded by two f ixed wal ls with a f i n i t e
clearance as shown in Fig.10.

The calculated resul ts are shown in Fig.11 and Fig.12.
Figure 11 indicates the duct displacement in the Y-Z plane where
so l id l ines show the duct location at the upper and lower load
plane, and arrows show the direction and magnitude of movements
from the i n i t i a l state of the ducts. The d is t r ibu t ion of the
interaction forces due to the contacts between neighboring ducts
and/or f ixed boundaries is also shown in Fig.11 with the mark
-«-• ,where the areas and directions of the marks represent the
magnitude and direction of contact forces, respectively. I f the
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direction of the mark is not vert ical to the contact surfaces, i t
is indicated that the tangent ia l force acting on the contact
surfaces occurs due to the f r i c t ion effect. The deflection shape
of the No.l duct is drawn in Fig.12 to show that the el iminated
freedoms (marked by o) at the stage of the i t e r a t i v e
calculations can be obtained using the results (marked by B ) of
the i t e r a t i v e ca lcu la t ions. Although Fig.12 shows only the
translational displacements in the Y-direction, the displacements
of other freedoms including the rotational freedoms at a l l nodal
points are also obtained. A l l of the freedoms are used to obtain
the stress distr ibution required in the creep calculations.

In these f i g u r e s , the magnitude and d i r e c t i o n of
displacements and loading forces are symmetrical with respect to
the Y axis, and the de f lec t ion shapes of duct No.l through No.5
are of 'S1 curve along the X axis. A l l these resu l ts appear to
be quite reasonable.

To see the effect of f r i c t ion forces to the core distortions
and mechanical behaviour, an addi t ional ca lcu la t ion without
f r i c t ion effect was performed for the same problem. Results are
shown in Fig.13. Comparing Fig.11 and Fig.13, i t is evident
that the e f fec t of f r i c t i o n is seen af fect ing the movement of
these ducts, especially No.2 and No.5 ducts.

C) Application to a large LMFBR core during irradiation

The core d is to r t ions and mechanical behaviour of a large
LMFBR core was analyzed with the ARKAS computer code.

Figure 14 and Figure 15 show the schematic conf igurat ion of
the ca lcu la t ion condit ions. As shown in Fig.14, the core is a
l im i ted- f ree bow system. Terefore the outside of the core is
surrounded by a fixed wall with a f i n i t e clearance. Instead of
ca lcu la t ing the whole core, we calculated only the smal lest
sector using the mirror symmetry conditions on the lines A-B & C-
D as indicated in Fig.14.

The computation started with fresh assemblies and was repeated
for f u l 1 power over a f i r s t cycle of 365 days. To improve the
creep re laxat ion ca lcu la t i on , the computation of creep and
swelling strains was repeated at the interval of about 20-days,
for each time step. The second, fue l cycle of 365 days was
resumed with one-third of the fue l and blanket assemblies
refueled. Blackburn Equation /8 / was used for thermal creep and
Gilbert Equation /9/ for irradiation creep. The swelling strain
was calculated by HEDEL MARK 6 Equation/10/. The f r i c t i o n
coef f i c ien t of 0.6 was used for loading pads, the nozzle bases
and nozzle t ips.

The interduct loads occur at four levels of the nozzle t ip ,
the nozzle base, the above-core load pad (ACLP), and the top load
pad (TLP). Figure 16 shows the displacement and forces at ACLP &
TLP at the beginning f u l l power of second fuel cycle. I t is
noted that the pa r t i a l contacts can be seen in Fig.16. Figure
17 shows the l a t e ra l displacement along a l i ne A-B shown in
Fig.15 at the same time. Figure 18 shows the withdrawal force
distr ibution at the refueling step (zero power) after the end of
the f i r s t fuel cycle. These forces were calculated with the
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friction coefficient of 1.0 without the subassembly weight.
From this figure, it is known that the maximum withdraual force
of about 700Kgf appears in an assembly adjacent to a C/R.

To see the friction effect to the core distortions and
mechanical behaviour, the thermal bowing problems with and
without friction effect were calculated for the same core
conditions as above.

Figure 19 and Figure 20 show the displacement and forces at
full-power for the two cases at TLP at the beginning of the first
fuel cycle. From these figures, it is observed that there exist
some differences in displacements around blanket assemblies,
especially those having some distance from boundaries. The
average contact force at ACLP was 150Kgf for the case with the
friction effect ,while it was 135 Kgf for the case without the
friction effect. For the maximum contact force at ACLP, there
appear also some differences between the two cases.

5. Conclusion

A new model has been presented fo r the ana lys i s of
displacement prof i les in a cluster of subassemblies under steady
state conditions in LMFBR cores.

To test the algorithm of the new model, a prototype program,
ARKAS, has been developed and tested, which can simulate the
mechanical properties in a c lus ter of up to 106 subassemblies,
taking into account of the ef fects of f r i c t i o n forces, pa r t i a l
contact, of f -center loading, duct rotations and torsion, f l u i d
pressure and of the detailed deformation of hexagonal ly shaped
ducts.

From sample ca lcu la t ions , i t is confirmed that the model
gives quite reasonable results.
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Fig. 6 Geometric Model and Conditions for

Sample Calculation (a)
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Fig.14 G e o m e t r i c C o n d i t i o n s for

S a m p l e C a I c u I a t i o n (C)
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CALCULATION METHODS FOR CORE DISTORTIONS AND MECHANICAL BEHAVIOR

W. H. Sutherland
Applied Systems Development, Westinghouse Hanford Company

Richland, Washington 99352, USA

ABSTRACT

This paper describes ABADAN, a general purpose, nonlinear, multi-
dimensional finite element structural analyses computer code developed for
the express purpose of solving large nonlinear problems as typified by the
Liquid Metal Fast Breeder Reactor (LMFBR) Core Restraint System design
problem. All of the structural modeling features inherent in a general
purpose finite element code and required to adequately model an LMFBR core
restraint system are demonstrated. Typical results for a radial row and a
sixty degree sector model of FFTF are presented. The sixty degree sector
results are interpreted in terms of the design criteria that the core
restraint system must satisfy, Extensions and adaptations of these model-
ing techniques to different core restraint design concepts can be readily
achieved.

2/2-2



1.0 INTRODUCTION

AB^DAN, a general purpose, nonlinear, multi-dimensional finite element struc-

tural analysis computer code was developed for the express purpose of solving

large nonlinear problems as typified by the Liquid Metal Fast Breeder Reactor

(LMFBR) core component mechanical interaction problem. This code has the

flexibility to model a single assembly, a radial row of assemblies, a cluster

of assemblies, or a sixty degree sector of an LMFBR reactor core under direct

control of the structural analysts as an input option.

Phenomenologically, the code can model irradiation and thermal creep, irra-

diation swelling, thermal expansion, and all the loading conditions associ-

ated with an interacting set of fuel assemblies. Geometrically, the code

can model interassembly gaps and frictional forces when the gaps between

load pads close, radial gaps associated with the FFTF floating collars,

pressure induced creep and swelling dilation of the mid-core hexagonal sec-

tion and subsequent gap closure in the core region, reactor head hung com-

ponents; and simulation of time varying gaps created by startup and shutdown

of the reactor.

The essential goals of the code design were: reliability, user orientation,

flexibility, efficiency, maintainability, and transportability. The primary

design features used to achieve these goals were: data base organization,

modularity, and machine independence. Implementation of these design fea-

tures resulted in a basic code which could be easily expanded without the

need for large scale rewrites. As an example, the expansion of the element

library can be easily achieved because of the modular nature of the code

structure. The constitutive library for material modeling can be easily

changed through use of the capability for the user to input his own material

model subroutine. The general purpose nature of the code allows critical

sections in the model to be isolated and analyzed in greater detail using

the same computer code.

ABADAN, upon verification and qualification, will provide a complete struc-

tural analysis capability which can be used to analyze all LMFBR core

components.
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2.0 ABADAN MODELS - MATERIAL AND ENVIRONMENTAL

ABADAN requires two major sources of information, material properties and

environmental conditions, before an analysis can be performed.

2.1 MATERIAL PROPERTIES

The elastic material properties may be assumed constant with respect to tem-

perature or may vary with temperature if desired. The nonlinear material

characteristics, irradiation creep and swelling, should be input to the code

through user supplied subroutines. This feature of ABADAN, user-supplied

subroutines, is an extremely powerful and flexible capability, which allows

the user to easily change the material laws. All interface parameters are

carefully defined and the user can program any material law which may be

specified. For example, in the area of thermal creep the user may choose to

use either a time-hardening, fluence-hardening, or a strain-hardening formu-

lation. Current constitutive formulations in the irradiation creep area

assume that the material hardens as a function of accumulated fluence. Thus,

the creep subroutine is programmed to accommodate fluence hardening.

Analyses reported in this document make use of the material properties for

20% cold work (CW) Type 316 stainless steel (SS).

2.2 ENVIRONMENTAL CONDITIONS

Core component analyses using ABADAN require a three-dimensional characteri-

zation of the temperature and neutron flux distributions. For the hexagonal

duct geometry the temperatures and fluxes at the corners of the duct must be

specified for each axial node of the subassembly. Since this represents a

tremendous amount of environmental data, data preprocessors should be written

to interface with the respective thermal and physics codes which generate

the environmental data. Figure 1 shows a typical temperature distribution

for FFTF at the axial elevation where the maximum temperature gradient

2/2-4
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across the ducts occur. ABADAN input requires the values at the corners of

the ducts as shown in Figure 1. The code assumes a linear interpolation of

temperatures between the corner temperature values. Figure 2 shows the

neutron flux distribution. The arrows in both these figures denote the

direction of the maximum temperature and flux gradient across each sub-

assembly. For this FFTF sector, the uniform radially inward directed flux

gradients contrast with the apparently randomly directed temperature

gradients which demonstrates the non-homogeneity of the FFTF core with

respect to temperature distribution.

2.3 GAP AND FRICTION CONSIDERATIONS

ABADAN has two types of gap elements available for modeling gaps between

potentially interacting structural members, unidirectional gaps and radial

gaps. For FFTF core modeling, the unidirectional gaps were used to model

the gaps between load pads and the radial gaps were used to simulate the

floating collars. The intermittent contact associated with the unidirec-

tional gap between load pads is modeled using the Lagrange multiplier tech-

nique. The method is based on monitoring the force of contact (Lagrange

multiplier) when contact occurs: if the force is negative, contact is

broken. When there is no contact, the opening distance is monitored:

when the opening distance is negative, contact is assumed. This procedure

requires a reformulation of the stiffness matrix each time a contact is made

or broken and is the most efficient technique for this class of problems.

The radial gap utilizes the same technique except a circular component is

assumed to be fitting in a circular hole. The program then monitors the

relative positions of the component and the hole, and imposes the appropri-

ate constraint when the component touches the base of the hole, regardless

of the direction in which this contact occurs. Thus, the gap between the

component and the hole nu<y close and open during the loading sequence, and

the direction in which the two parts are in contact may vary. This feature

is particularly effective in giving an accurate simulation of the behavior

of the floating collar.

2/2-6
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The frictional effects between assemblies was modeled by a stiffness method

using a tangent modulus approach, i.e., the symmetric stiffness contribution

is used, with the nonsymmetric contribution associated with Coulomb friction

being handled by a modified Newton (initial strain) approach.

Figure 3 depicts the manner in which the gap and friction elements are used

to model the floating collar and the load pad interassembly gaps at the top

load plane of the FFTF assemblies. The unidirectional gaps in conjunction

with the friction element is used at each corner between the load pads. The

radial gap element is used to model the gap between the duct and the float-

ing collar. Since the floating collar would be unsupported and represent a

numerical singularity, it is necessary to insert a light stability spring

between the duct and the floating collar to stabilize the solution. The

spring constant is kept sufficiently small so that it does not affect the

solution.

For a core sector analysis, overall core gap variables shown in Figure 4

must be considered as well as the gap considerations depicted in Figure 3.

To complete the gap description it is necessary to define the interassembly

gaps and the gaps between the reflectors and the core restraint yokes for

refueling temperature and for nominal operating temperature. Figure 4 shows

these gaps for both temperature conditions. The gaps between the fuel

assemblies or, and the reflector 5^p at refueling temperature are

0.015 in. The gap between the above core load pad (ACLP) yokes and the

reflectors is 0.020 in. at refueling temperature. The gap between the top

load pad (TLP) yokes and the reflectors is 0.117 in. at refueling tempera-

ture. Upon rise to power, the ACLP yoke moves outward 0.1598 in., the TLP

yoke moves outward 0.0729 in. and the gaps 6p^ and <5Rp go to zero. Thus,

the effective gap between the ACLP yoke and the reflectors is 0.074 in. at

nominal operating temperature. The effective gap between the TLP yoke and

the reflectors is 0.084 in. at nominal operating temperature. These external

gap changes between the core restraint yokes and the reflectors upon rise to

power can be modeled by modifying the displacement boundary conditions. The

internal gap distribution is already taken care of automatically through the
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calculated thermal expansion of the load pads and the core support structure.

The proper accounting for these gap changes upon rise to power and shutdown

is very important relative to the calculation of subassembly refueling loads.

2.4 SUBASSEMBLY DILATION CONSIDERATIONS

In the active reactor core region the hexagonal duct section grows volu-

metrically due to irradiation swelling and thermal expansion. In addition,

the internal pressure loading causes the duct to dilate because of irradia-

tion creep. Figure 5 depicts the two duct dimensional growth phenomena.

ABADAN has a specialized element which models the duct growth and subsequent

interassembly interaction problem. Current practice (for economy of calcu-

lating time) is to insert this element in the duct models at the axial ele-

vation where» the maximum duct dilation is most likely to occur. This element

differs from the model used for the load pads in the sense that it can

account for the bending mode of deformation created by the creep response to

the internal pressure loading. The load pad model was assumed to only carry

tensile forces with torsional springs in the duct corners to accommodate the

variation in load pad stiffness between two face and six face loading.

2/2-11
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3.0 ABADAN MODELS - GEOMETRICAL

The salient features of ABADAN required to geometrically model the FFTF core

are:

a) hexagonal beam section to model the driver ducts,

b) truss element to model the thermal expansion of the grid-support
structure and to position the assemblies,

c) load pad element to distribute the loads between assemblies,

d) gap and friction element to model t e gaps between assemblies and
the subsequent friction between duel faces when the gaps close, and

e) the dilating hexagonal section to model the creep dilation due to
internal pressure.

The basic assembly model for the hexagonal beam section was developed using

first order beam theory, neglecting torsional effects. In addition, only

small strains and deformations were considered. This beam element uses cubic

interpolation for the three Cartesian components of beam axis displacement.

The use of a cubic for the axial components of displacement as well as the

transverse components provides adequate modeling of the axial temperature

gradient response. The temperatures and irradiation fluxes are input as

nodal point values at the six corners of the hexagonal duct. Intermediate

values are obtained by linear interpolations.

3.1 SINGLE ASSEMBLY

Figure 6 shows the ABADAN single assembly geometry used to idealize a stan-

dard FFTF duct. The finite element axial node arrangement employs 21 nodes

to obtain the essential geometric variations and the rapid variation of the

temperature and neutron flux in the core region. Most of the inelastic

response (irradiation creep and swelling) occurs in the core region, which

is 36 in. long in the standard driver assembly. The single assembly model

assumes three axial elevations of support, the grid support plate located at

2/2-13
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Node 2, the above core load pad (ACLP) center at Node 15, and the top load

pad (TLP) center located at Node 19. The TLP on the standard driver is

assumed to be a floating collar, which implies that the top end of the driver

duct is free to move radially 0.130 in. before interaction with the load pad.

The transverse integration points denote the refinement in the integration

procedures used to reflect the sensitivity of the calculations to the envi-

ronmental variation around the circumference of the hexagonal section. Fur-

thermore, each axial element has three axial integration points to further

refine the sensitivity to the axial variation in environment.

This single assembly model of a standard driver duct permits precise calcu-

lation of the inelastic response to the environment and loading conditions.

The load pad elements with centers at Nodes 15 and 19 are idealized as a

truss member with torsional springs in the six corners. This idealization

of tfie load pads permits the realistic simulation of the variation in load

pad stiffness from two-face to six-face loading.

The dilating hexagonal section is idealized as an assemblage of beams which

can accommodate a distributed pressure load and contact load when the hexa-

gonal sections come into contact. This section also accounts for the volu-

metric growth due to thermal expansion and volumetric swelling. The dilating

section element (shown in Figure 5) is inserted into the single assembly

model at the Node 10 axial elevation.

3.2 RADIAL ROW

The single assembly model is incorporated directly into the radial row model

as shown in Figure 7. This particular radial slice of the FFTF reactor core

models six standard driver assemblies and two reflector assemblies. The

first number in the node numbers denotes the reactor row in which the spe-

cific assembly resides. To adequately explain the interaction of assemblies,
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it is necessary to model the ACLP and TLP flexibilities. The columns of

ACLP and TLP floating collars denote the nodal idealization required to

model these flexible load pads. An additional feature of the radial row

model is the capability to model the structural gap variations between tne

core restraint yokes and the outer row of reflectors during rise to power

and after reactor shutdown. The opening of these gaps during reactor shut-

down is essential for the successful operation of a static core restraint

system (i.e., core restraint yokes are permanently positioned). This model-

ing feature is achieved through the use of gap elements in conjunction with

thermal truss elements which permit the simulation of time varying gaps.

These truss elements are denoted as line elements between nodes at the top

of the column of load pads. For the initial rise to power all assemblies

are assumed to have gaps between them at the ACLP and TLP. A fictitious

negative coefficient of thermal expansion is used for these truss elements

such that upon rise to reactor power they will contract an amount to give

the proper gaps between the core restraint yokes and the TLP and ACLP load

pads. The thermal expansion of the grid support structure is simulated with

truss elements which expand as the reactor is brought up to full power.

This treatment of gaps automatically gives the correct core gaps both on and

off power.

3.3 SEVEN ASSEMBLY CLUSTER

A seven assembly cluster can be extracted from any cluster of seven assem-

blies in the sixty degree sector model discussed in Section 4.4. Appropriate

boundary conditions must be defined to isolate the cluster from the remainder

of the sector model.

3.4 SIXTY DEGREE SECTOR MODEL

Generalization to a sixty degree sector of the FFTF core is a direct exten-

sion of the modeling techniques used to develop the radial row model.

Figure 8 shows the specific FFTF core sixty degree sector which was analyzed.

Because of the reflector assembly flexibility in Rows 7 and 8 it was not
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necessary to model them. The sector analysis could then concentrate on the

21 fuel assemblies in the inner 6 rows of the reactor. Figure 9 shows the

TLP sector nodal idealization for the sector. The number centered in the

nexagonal ducts refers to the ABAQUS assembly numbering scheme. (The ABAQUS

assembly 1100 corresponds to center assembly 2101 in Figure 8. Likewise

assembly 6200 corresponds to assembly 1608 and assembly 6600 coresponds to

assembly 2603.) The numbers at the corners of the hexagonal ducts in con-

junction with the first two digits of the assembly number denote the finite

element nodal numbers for the TLP.

Boundary conditions imposed by this model are of primary importance. The

points 1191, 2291, 3391, 4491, 5591, 6691, 1190, 2190, 3190, 4190, 5190,

6190 denote the node points where sixty degree sector symmetry conditions

are imposed, i.e., these assemblies can only slide radially outward along

this symmetry line. Nodes 6192, 6293, 6394, 6495, 6596 and 6697 denote the

nodal location of the top load plane core restraint yokes. Figure 10 shows

the above core load pad (ACLP) sector nodal idealization and Figure 11 is

the idealization for the in-core region where the maximum creep dilation

occurs 4.5 in. above core center. Symmetry conditions are imposed along the

sixty degree sector lines, Figure 11, but there are no restraining nodes on

the external boundary of the core since core restraint yokes exist only at

the TLP and ACLP. A mid-side node also was introduced to model the creep

dilation* of the hexagonal section due to internal pressure.

In the sixty degree sector model the assemblies are assumed to interact at

four axial elevations, TLP, ACLP, mid-core dilating section, and at the

grid-support plate. The interaction load pad models are discussed in Sec-

tion 2.3. At the TLP the interaction model consists of a gap-friction ele-

ment between the load pads and a radial gap element between the duct and the

floating collar. At the ACLP it is only necessary to have a gap-friction

element between the load pads. The load pads or collars are modeled with a

truss element and torsional springs in the corners to permit the simulation

of two-face to six-face loading. For the mid-core dilating duct model a

two-dimensional beam element is used to model the combined effects of creep

dialation and volumetric swelling and thermal expansion.
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4.0 ABADAN CORE COMPONENT MODELS, USAGE AND RESULTS

A typical FFTF radial row model is used in this section as an example to

demonstrate how the general ABADAN modeling capability is specialized to

model a specific problem.

The radial row geometry has previously been defined in Section 3.2 and

depicted in Figure 7. The model idealization required to model the TLP

floating collars and the ACLP load pads is shown on the rignt hand side of

Figure 7. To complete the geometrical description it is necessary to define

the model for the dilation section (Figure 12) which is inserted into the

hexagonal beam model at the axial elevation associated with Node 10. Twelve

nodes are required to define each dilating section and additional external

nodes are required to define fixed boundaries. Because of the general

purpose nature of the ABADAN code any other reactor system can be modeled

using a variation of the modeling techniques employed in this analysis.

Typical results obtained from the radial row analysis previously described

are best demonstrated by looking at deformation plots of the subassemblies.

Two deformation characteristics are of particular importance when evaluating

subassembly performance: 1) duct bow caused by flux and temperature

gradients across the assembly, and 2) cross-sectional dilation caused by

volumetric swelling and stress induced creep dilation. Two types of plots

are used to demonstrate these deformation characteristics. One plot shows

the deformations of the centerline of the assembly where the distance between

assemblies is assumed to be 140 mil and the deformations are plotted to that

scale. The second type of plot shows the interaction between assemblies at

an axial elevation 4.5 in. above the core mid-plane where the maximum dila-

tion occurs. The space between assemblies is assumed again to be 140 mil

and the combined bowing and dilations are plotted to that scale.

Figure 13 shows the initial thermal bow caused by the thermal gradients

imposed in the first load step. Assembly 2101 corresponds to the reactor

core center assembly. Figure 14 shows the combination of the initial

2/2-23

151



Uli • CC4

584 . 564

404

384

284

84 . 64

361 * 381

61 «2S1

61 *81

FIGURE 12. Radial Row Di lat ion Section.

2/2-24



TIME ,0.000 HOURS
STEP IS 100'/. COMPLETE

RBRQUS RRDIRL RON PLOTS
RFIDIfiL ROW 316 SST (REV. 5,8) MODEL

CREEP FIND SWELLING (BOC 1 DflTfl)

IN
CH

ES
)

10
0 

12
0 

H
O

i
i 

i

RL
 

PO
SI

TI
O

N
60

 
80

i—i

X

o_
CM

1
CC

zc
1

\

)RE
NE

I

I

/

1

I

c
i
i

/
•

/
/

J
i

i
i
i
i

*

*
*

•

/
/

f
i

f
i
$

2101 1201

FIGURE 13. I n i t i a l Thermal Bow. Neg P13614-6

1304 1405
flSSEMBLY

1507 1608



N3

O K

TIME 0.000 HOURS
STEP IS 100"/ COMPLETE

RBROUS RRDIRL RON PLOTS
RflDIflL ROW 316 SST (REV. 5,8) MODEL

CREEP flND SWELLING (BOC 1 DflTfl)

2101 1201 1304 1405 1507
flSSEMBLY

FIGURE 14. Combined I n i t i a l Thermal Bow Plus Elast ic D i l a t i on . Neg P13614-2

1608



thermal bow and the elastic dilation due to the internal pressure applied in

the second load step. Figure 15 shows the deformation characteristics at

the time (5246 hr) of initial duct-to-duct contact during the time dependent

creep and swelling load step. Examination of the centerline deformations in

Figure 16 reveals that assemblies 2101 and 1201 have bowed in such a manner

as to reduce the clearance in the core zone between these two assemblies

independent of the dilation that is occurring. This opposite direction

bowing results in duct touching earlier than would be calculated for assem-

blies which are bowing in the same direction (1201 and 1304 for example).

Figure 17 shows that the inner three ducts are in contact at the end of four

cycles (one cycle equals 102 equivalent full power days). Figure 18 shows

the corresponding on-power four cycle centerline bows. Localized centerline

deformation occurs in the core zone due to the interaction of the dilating

sections. Figure 19 shows the residual centerline bows when the reactor is

shutdown. Comparing Figures 18 and 19 shows that reactor shutdown reduces

residual bow magnitude especially in the outer rows of the reactor where the

temperature gradients are the largest.

These plots represent just a sampling of the output that is obtained from

the radial row model. Stresses, strains, reaction forces, volumetric swell-

ing, irradiation creep, and residual gaps are all calculated and available.

4.1 SIXTY DEGREE SECTOR MODEL

The sixty degree sector model does not use any modeling features that have

not been previously discussed for the radial row model. Therefore, this

section will be restricted to a discussion of the results obtained using the

sixty degree sector model.

The primary purpose of the sixty degree sector model is to predict the sub-

assembly withdrawal loads and relate them to a design limit thus establishing

assembly lifetime. For FFTF type assemblies the withdrawal force is calcu-

lated as the sum of the lateral forces times the friction coefficient plus

the weight of the assembly in sodium (324 lb). In symbols,
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FW = C p l RN + ^ U 2 FN + ^ P 3 FN + ^ U 4 FMW L ACLP c N TLP J " MID-CORE 4 ]
where

Fy = total withdrawal force minus assembly weight in sodium

RN = resultant inlet nozzle reaction

Ffj = normal force on load pad faces

F^ = normal force on dilated section contact

u^ = coefficient of friction.

Interassembly contact can occur at four axial elevation in the FFTF reactor

core, grid plate nozzle interaction zone, mid-core due to dilation, above

core load pad (ACLP) and top load pad (TLP). The withdrawal force (Fw) is

calculated using Eq. (1). Figure 20 shows the summation of the normal forces

acting on each face at each of the axial elevations for the end of the third

cycle on-power condition. The legend in the top right corner denotes the

axial elevation for which the inserted numbers (loads in pounds) apply. The

bottom number denotes the total summation of forces acting on each assembly.

Figure 21 gives the summation of normal forces at refueling temperature after

three cycles of irradiation. For the interior assemblies where the maximum

forces occur, reactor shutdown results in at least a factor of four reduction

in the forces from the on-power condition. The calculated withdrawal forces

at refueling temperature, using two values for the coefficient of friction

(0.4 and 0.8), are shown in Figure 22. The peak withdrawal force (161 1b)

occurs at the center assembly and is only equal to one-half the value of the

weight of the assembly in sodium (324 lb).

Figure 23 gives a plot of the withdrawal force F^ versus row position com-

puted for the on-power loads at the end of three cycles. The solid line

denotes the row-averaged value with the dashed lines denoting the maximum

and minimum value for each row. Of course, these do not represent withdrawal
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FIGURE 22. Withdrawal Forces at Refueling Temperature. Neg P13961-8
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forces since assemblies would never be removed with the reactor at power,

but the plot is instructive when compared with Figure 24 which gives the

same results at refueling temperature after three cycles irradiation. The

peak refueling forces occur in the center assemblies and are less than

500 lb.

Another criterion tor FFTF core component lifetime is the residual bow limit

of 0.9 in. Figure 25 shows the magnitude and direction of the TLP on-power

displacement at the end of three cycles. The arrow in the schematic denotes

the direction of the displacement that is plotted. Note that the TLP dis-

placement is a larger value than the residual bow value which measures the

deviation from straightness of the duct. Thus, if the TLP displacement

meets the bow criterion then the residual bow will also. Even at on-power

conditions the maximum TLP displacement at the end of three cycles is only

0.372 in. Figure 26 gives the TLP residual deformation at refueling temper-

ature at the end of three cycles.

TLP displacements reduce with the shutdown of the reactor, but relatively

minor changes in the direction of the residual deformations result. The

directions of the TLP displacements both on- and off-power at the end of

three cycles clearly establishes that the direction of residual bow is

dictated by differential swelling which occurs in the core region and the

flux gradient is the dominant environmental consideration at high burnup.

Comparison of the maximum flux difference (Figure 2) with the TLP residual

deformations in Figure 26 shows that the TLP displacements are essentially

opposite in direction to the flux differences. The same correlation does

not exist between the maximum temperature differences (Figure 1) and the TLP

residual deformation (Figure 26). Figure 27 gives the on-power and off-power

deformation profiles at the end of three cycles for the radial row in the

60 degree sector model highlighted in Figure 8. The gap between assemblies

is assumed to be 0.140 in. and the deformations are plotted to the same

scale. The dashed line denotes the on-power center line deformations at the

end of three cycles for each of the assemblies in Rows 1 through 6. The

uneven dashed lines denotes the off-power residual bows at the end of three
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FIGURE 25. TLP Resultant On-Power Displacement (Three Cycles). Neg P13961-9
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cycles. Of particular importance to the refueling operation is the straight-

ening of the assemblies which occurs upon reactor shutdown. The phenomenon

was alluded to when comparing Figures 25 and 26 but is more clearly displayed

in Figure 27. The deformation shape in the core region demonstrates that

the overall deformation shape is determined by the differential swelling in

the core region. The phenomenon of duct straightening on reactor shutdown

in the outer rows of assemblies is a very beneficial feature of the static

core restraint system design concept employed in the FFTF core. As a result

of these features of the design, the assemblies easily meet the residual bow

criterion of 0.9 in.

These results are typical examples of the information that can be expected

from the sixty degree sector model output to assist in making core design

decisions.
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DEVELOPMENT AND APPLICATION OF THE CRAMP CODE FOR
FAST REACTOR CORE ASSESSMENT

IVJGFR Meeting on Predictions and Experience of
Core Distortion Behaviour

1-4 October 1984

Dr J C Duthie UKAEA, Springfields Nuclear Power
Development Laboratories, Salwick,
Preston, UK

Dr R C Perrin UKAEA, Atomic Erergy Research
Establishment, Harwell, Didcot,
Oxfordshire, UK

Dr J Adamscn UKAEA, Atomic Energy Establishment,
Winfrith, Dorchester, Dorset, UK

The prograir CRAMP was written at the Atomic Energv Research
Establishment (AERE), Harwell to calculate the distortion and
displacements of large arrays of reactor core sub-assemblies in a
restrained core and the normail loads and the horizontal friction forces
developed between them.

It is now widely used for fast reactor core assessment. The data
supplied as a basis for the calculations include the swelling and creep
properties of the materials, bending and local flexibility coefficients
of the wrappers, temperature and damage rate maps for the core and the
power history of the reactor. One of the main attributes of the code is
the extremely efficient computational algorithm. Calculations may be
performed representing sectors of the core, or the whole core, and
including several types of sub-assemblies with different properties.
The results computed also include the dilation of the wrapper
cress-section, axial length change and the permanent and constrained
distorted shape. These are calculated throughout one or more reactor
runs and include refuelling as required.

The National Nuclear Corporation (NNC) now rely or. CRAMP* for design
studies of restrained cores, in particular for calculating the
consequences of variations in the design and in the material behaviour.
A sector model is usually considered to be sufficient for this. CRAMP
calculations of the whole core (approximately 250 sub-assemblies) are
used to plan the refuelling of PFR and for cemparison with results from
post irradiation examination (PIE). The program has been extended to
facilitate this work. Staff at the Atomic Energy Establishment,
Winfrith and at the Dounreey Nuclear Pov/er Development Establishment,
have incorporated CR/>MP within the COSMOS system. ' This provides a
framework for all the calculations performed for the PFR project and
includes a databank

* The first design studies for restrained cores were undertaken using
the code S/̂ BOW developed by R E Haigh of NNC Whetstone. This code was
the first to solve the complete interaction problem, but lacked the
generality of CRAMP.
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holding the materials, components, reactor physics and distortion data
for PFR, and an automatic job-sequencing hyperprogram, which accesses
the databank and simplifies user intervention.CRAMP has been extended by
AERE to include the interactions between control rods, their guide tubes
and above-core guides. Staff at Springfields Nuclear Power Development
Laboratories (SNPDL) have extended it to model the CHARDIS rig.
(This rig is used to model the core, investigate the mechanical
behaviour of an array of sub-assemblies and demonstrate refuelling
operations.) Similar extensions have been made by NNC to model the
uniplanar CRUPER rig.

CRAMP development has been carried out at SKPDL since 1983. Problems
associated with some calculations involving friction were resolved when
it was shown that instabilities might occur in the array of
sub-assemblies. An extended version of the code is being developed to
take account of this and will then be used to calculate, for example,
the change of reactivity in the sudden movement following an
instability. The other main tasks are concerned with the Quality
Assurance of CRAMP, i.e. the need to 'verify' and 'validate' the code.
Calculations to verify sections of the code prove that it is working as
intended for small arrays. Formal confirmation that it is working with
large arrays is still required. Experiments have been carried out and
are planned to assess how well the code represents real core mechanics
(validation). Early results from the CHARDIS rig have been used to
validate some sections of the code. A programme of further experiments
with a new and greatly improved version of the rig, CHARDIS II, will be
used to provide thorough validation and to find the variance between
calculation and measured behaviour. Calculations will also be compared
with experimental data from the CRUPER rig and from a restrained
bowing experiment in PFR in which the effects of voidage growth, stress,
creep, fast neutron flux and temperature will be combined. Comparison
with PIE results and measurements using.the under-sodium viewer in PFR
are also being, used for validation. ' Experiments are in progress
and planned to assess the variability in friction coefficient between
wrapper peds in sodium under simulated reactor ccnditions.

4 September 1984
SNL/LM
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IDEALISATION OF THE SYSTEM
DAMAGE RATE AND TEMPERATURE DATA

SUPPLIED ON MESH-TYPICALLY 12x20 POINTS/S.A.

POWER HISTORY

SCALE DAMAGE RATE AND TEMPERATURE DATA AS REQUIRED

SUB-ASSEMBLY FLEXIBILITY MODEL

FORCE-DISPLACEMENT RELATIONS HELD FOR POTENTIAL
CONTACT POINTS ONLY

THIS IS CURRENTLY BUILT UP FROM:

SPIKE WITH BENDING FLEXIBILITY

WRAPPER TREATED AS BEAM WITH BENDING FLEXIBILITY

LOCAL FLEXIBILITY OF WRAPPER DUE TO NORMAL
FORCES AND HORIZONTAL FRICTION FORCES

NO ROTATION OF S/A ALLOWED

COEFFICIENT OF FRICTION

USUALLY ASSUMED CONSTANT AND THE SAME AT
ALL CONTACTS

SWELLING
RULE FOR APPROPRIATE MATERIAL SELECTED FROM LIBRARY
CAUSES BOWING AND DILATION

CREEP

RULE FOR APPROPRIATE MATERIAL SELECTED FROM LIBRARY
DUE TO CONTACT FORCES AND INTERNAL PRESSURE RATE
OF CREEP STRAIN ASSUMED CONSTANT OVER AN INTERVAL
SPECIFIED BY THE USER
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CRAMP FINDS A STABLE, STATIC SOLUTION I.E.

THE TOTAL HORIZONTAL FORCE ON EACH S/A IS ZERO

THE TOTAL MOMENT ABOUT A HORIZONTAL AXIS IS
ZERO FOR EACH S/A

THIS CORRESPONDS TO MINIMISING THE ENERGY AND
USES AN APPROACH BASED ON QUADRATIC PROGRAMMING

INSTABILITY OCCURS WHEN THERE IS A MOVEMENT WHICH
CAN CAUSE A NET REDUCTION IN ENERGY

IT IS NOT PRACTICAL TO DO A FULL DYNAMIC CALCULATION

USE APPROXIMATE METHODS TO FIND THE FINAL, STABLE STATE
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A VERSION OF CRAMP, WHICH INCLUDES
INTERACTION BETWEEN CONTROL RODS,
THEIR GUIDE TUBES AND ABOVE CORE GUIDES.
IS BEING TESTED
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PRESENTATION OF THE CALCULATION CODES
OF THE MECHANICAL EQUILIBRIUM OF A FRENCH FAST REACTOR CORE

A. Bernard, J.P. Van Dorsselaere
CEA/CEN Cadarache/DRNR, St Paul Lez Durance - FRANCE

ABSTRACT

A series of four codes 3D was developed for the complete calculation
of the mechanical static equilibrium of a FBR core :

* SOLO calculates the mechanical behaviour of an isolated subassembly,

* HARMONIE calculates the mechanical static equilibrium of the core,

* TRACAR is a post-processing code of HARMONIE (mainly graphic visua-
lization, calculations of the handling forces),

* HARMOREA calculates the core reactivity variations related to the
horizontal core deformations (mainly, "pads" effect).

The main developments of this series concern SOLO and HARMONIE : for
SOLO evolution of the irradiation characteristics along time, and management
of the subassemblies, and, for HARMONIE, foot gaps and friction between pads.

2/4-1

I8L



A series of codes 3D was developed for the complete calculation of
the mechanical "static equilibrium of a fast reactor core, and of its evolu-
tion along the core life or as a function of transient thermal variations.
Their single language, ESOPE-LU, and their single storage system ARCHIVE,
developed by the CEA, allow a direct transmission of the results between
them.

1. SOLO

For every subassembly considered alone, SOLO computes :

the variations of the distance over flats, due on the one hand to
the thermal and swelling deformations and on the other hand to the
creep deformations issued from a sodium overpressure,

the thermal and swelling bowings,

the elastic bowings due to unit forces acting at preselected
levels such that pads and heads,

the velocities of creep bowing due to unit forces acting at prese-
lected levels.

The data are the geometric ones (inertia, distance over flats,
thickness, and so on . . . ) , the fields of temperature and neutronic flux, and
the steel behavior laws (swelling, creep, thermal dilation). Any new type of
law could easily be introduced in the code:

i

The elastic bowings lead to the Maxwell coefficients used by
HARMONIE. The creep velocities lead to a creep velocity matrix, used by
HARMONIE to account for the part of the fvee bowing due to creep irradia-
tion.

I
The mechanical model is a beam with varying inertia moments. The

physical model is the linearization of the deformation field at a given
level, by minimizing the quadratic differences between the real field and
the linearized field to obtain a plan. From 'this one, the integration of the
local curvature equations leads to the bowing.

\
2. HARMONIE

HARMONIE computes in 3D, at every time and at some preselected
levels, the displacements of the subassembli'es in the core and the interac-
tion forces between the subassemblies. The use of elastic influence flexion
coefficients (named Maxwell coefficients) de'fined at these levels, allows a
matrix formulation. The code needs the SOLO results to define the dilated
distance over flats and the free bowing of every subassembly at the contact
levels : it includes an implicit linear modelization of irradiation creep
bowing. The solution model consists in determining the map of contacts
between the subassemblies, with the help of Ian iterative process, from the
gaps or overlappings induced by the core pil.ch, the dilated distances over
flats and the free bowings.

The iterations stop when the map of contacts does not change any
more (absolute convergence), or when, from an iteration to the following
one, the variation of bowings or forces is smaller than the required accu-
racy (relative convergence in terms of bowings or forces).
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The equation to be solved is the following one :

[ C M + (K.) + (Kr.) % FCti) = G - ys(ti) - yt(ti) - yc(fi-l) - ( L . ,) Q F(ti-l)

(1)

where : (Kr) : flexibility matrix of the Maxwell coefficients
(KL) : diagonal matrix of the flexibility local coefficients of the
/£„.y : 8SSrt5 Sf the creep velocities at the time ti
|lti) :<fvecto£ of^the interaction forces between the subassemblies
ys(ti) Cresp yc, yt) : vector of the swelling bowings at the time ti

-̂ (resp. creep, thermal).

The creep bowing linear variation on the time-step [t. ,, t.] can
be written :

Ck~ ,) tit..) + (L.) titi)
yc(ti) - yc(ti-l) = (t. - t.^) x —*±-± 1_| k] (2)

The time of entrance of the subassemblies into the core is taken
into account in all the formulas depending on time (i.e. swelling and creep
deformations). This allows to study a core with subassemblies of different
ages.

3. TRACAR

TRACAR yields mainly a graphic visualization of the HARMONIE
results : map of the bowings at any calculation level, map of contacts,
plots of variation of any parameter either vs. time for a given subassembly,
or along a row of subassemblies at a given time. The codes performs also ,
some complementary calculations such that handling forces and support reac- ./
tions. As to the handling forces, it computes the initial extraction effort
(resp. final introduction) effort to be applied to a subassembly assuming
that it is the only one and the first one (resp. last one) to be handled.

At last it builds the actual deformed shapes of the subassemblies
in the core on their whole height : a vertical cross-section performed in
this way along a row of subassemblies could eventually show some supplemen-
tary contacts at levels between the calculation ones (Fig. 1).

4. HARMOREA

This code calculates in 3D the reactivity variations due to the
horizontal core deformations, between two given equilibrium states. For
instance, it computes the "pad" effect for a perturbation of the AT core,
and the "diagrid" effect for a perturbation of the temperature at the core
entrance.

It needs from TRACAR, the actual deformed shapes, and from the
neutronic codes, the reactivity coefficients, corresponding to the reacti-
vity variations issued from the replacement of 1 cm3 of the nominal material
by 1 cm3 of the adjacent material or sodium.
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5. HAIN DEVELOPMENTS

5.1 SOLO

A current development is the account for the evolution along time
of the irradiation conditions (temperatures, neutronic flux) and of the
locations and orientations of the subassemblies : this will concern the
swelling and creep bowings and variations of the distances over flats.

The code will also calculate the swelling and thermal increases in
length and the creep bowings due to a given force at a given level.

5.2 HARMONIE

A current development is the account for the gaps between subas-
sembly foot and diagrid-insert, and, at the same time, for the evolution of
the foot stiffness as a function of the loading (this evolution comes from
the appearance of other contacts with the diagrid-insert than the spherical
seat and the lower foot end) : the Maxwell coefficients will be defined
again, at the beginning of every iteration, as a function of the resulting
forces coming from the previous iteration.

Another important phenomenon is friction between the subassemblies
at the contact levels, mainly the pad level. Its modelization will need a
proper iterative process, but the real problem is the knowledge of the
friction coefficients which seem to depend strongly on the surface state.

2/4-4



-a
o

2/A-5



PREDICTION OF PEC CORE MECHANICAL BEHAVIOUR

F.Cecchini, R.Di Francesca, J. Me Loughlin, P.Neri

E.N.E.A. - Dipartimento Reattori Veloci - Bologna, Italy

ABSTRACT

A brief desciription of the original PEC core restraint system

is presented. Recent advanced seismic analysis studies have ne-

cessitated the introduction of anti-seismic design modifications

which have increased the difficulties of fuel handling. Computer

codes and numerical methods, used by ENEA to resolve core re-

straint and fuel handling problems are given together with an

outline of mechanical tests and handling experiments in support

of the anti-seismic core design.
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1 . PEC CORE RESTRAINT SYSTEMS

PEC (Prova Elementi Combustibili - Fuel Element Testing)

is an experimental sodium-cooled 120 MW fast reactor.

The reactor is aimed at studyng the behaviour of fuel

elements under thermal and neutronic conditions comparable

to those existing in fast nuclear power facilities.

To meet this requirement a test loop been provided at the

centre of the core (see Fig. n. 1 ).

The test loop has its own primary circuit and is thermal,

ly isolated from the driver charge core. When the test loop is

not in position, it is replaced by six non fissile elements

and one fissile element. The test loop constitutes the first

geometric) restraint on the internal boundary of the driver

charge. The driver charge consists of 7 8 fuel element assem-

bles which are arranged in groups of seven.

Each group of seven elements is independently stable and

the six outer elements are elastically forced against the cen

tral element. Forcing is accomplished by an elastic bending

bar located in the fuel element foot. The bending bar is di-

splaced radially outwards 1.5 mm and creates a force = 5 DaN

at locating pads which are positioned just below the active Z£

ne.

11 control rods are located nearthe core perimeter and

each control rod position is at the centre of a group of 7

elements.

The group of 7 forcing system comprises the second ela-

stic restraint within the driver charge. Outside the driver

charge, we have sequentially, Nickel reflector elements, B4C

shielding elements and finally positions for the spent fuel

elements in decay.

The first core design was based on a single pad radial
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support concept, with the support pad located just below the

active zone so that it would function isothermally and in a '

region of low neutronic damage.

The geometry of the main core support grid and the fuel

elements were designed to achieve a forcing system of - 5 DaN

at the pad level. The design was such as to prevent contact

between elements (throughout the fuel element life) other than

at the locating pads.

In this way, it was possible to limit variations in the

forcing system loads to acceptable values throughout the life

of the core.

To assist in the achievement of this concept the triangu

lar pitch in the diagrid of the six outer elements was reduced

from 86.0 to 85.5 mm, the small distance between groups of 7

elements corresponding to a uniform 86.0 mm pitch.

For the non-forced shield and reflector elements a con-

stant pitch = 86.0 mm was retained in the diagrid.

The main features of the fuel element are:

The overall element length

Dimension outside hex-can

Height to top of hex-can

Dimension outside hex-can above 2558 mm

Active core height

Core mid plane height

Pad level

Pad across flat (central element)

Pad across flat (outer element)

All dimensions are taken from fuel foot base = level 0.0 mm.

Recent dynamic seismic analysis results have indicated

the necessity of incorporating certain anti-seismic design

features in the PEC core and its supporting structure. These

anti-seismic modifications are aimed to limit the extent of

= 3000 mm

= 82.6 mm

= 2558 mm

= 80 mm

= P5j mm

= .•(., 4 mm

= 1 4'. J mm

= 86.5 mm*

= 85.5 mm**

* Dimensions valid also for control rod hex-cans

** Dimensions valid also for all non-fissile elements
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reactivity perturbation during the seismic event (before the

control rods have scrammed) and to guarantee control rod entry

at any time during the seismic event. A further requirement is

to guarantee structural integrity (coolability) of the fuel

elements during or after a seismic event.

For this reason a core restraint ring has been located

at the 2558 mm level.This restraint ring constitutes a geome-

tric boundary which limits fuel element displacements in the

decay positions.

With this arrangement one can guarantee that the displa

cement of each core element will not be greater than the ca_l

culated limit value; which is the sum of the gaps between ele_

ments and the gap between core and restraint ring.

The restraint ring was dimensioned so that sufficient gap

was left to handle fuel elements in the decay position.

In corrispondence with the restraint ring a second set of

pads were positioned on the core elements at a level of 2558

mm with the main objective of reducing core compaction during

the seismic event.

At the same time all core element feet were modified to

limit seismic induced stresses to within the design codes cri

teria.

Consequently , the core restraint ring constitues the

third geometric core restraint, the second set of pads compri

ses the fourth geometric restraint within the core. There is

also a fifth geometric restraint, but this is in the axial

sense only and comprises the core "petals" which serve as a

"hold down limit" (~20 mm clearace to element head) and car-

ry the core outlet temperature measurement thermocouple cables.

The aforementioned modifications and in particular the se

cond set of pads, which are necessary for the anti-seismic

2/5-4



design, create new and increased difficulties for the solution

of fuel element handling.

These difficulties are illustrated in Table n° 1 which

shows the nominal gaps in millimeter at operating temperature bet

ween fuel elements at both pad levels for the original solu-

tion and the anti-seismic two pad design which is being stu-

died.

We are now in course of proceeding with experimental and

theoretical work relating to the recent core and fuel element

anti-seismic design modifications.

Consequently, our presentation concerns mainly the core

design solution prior to the anti-seismic modifications.

2. PEC CORE MECHANICAL EQUILIBRIUM CALCULATION CODES

The static mechanical equilibrium calculation Codes avai.

lable within ENEA are: SISCO | 1 |, and HARMONIE SISCO has

been developed by ENEA and calculates the free displacement

of a single element due to differential swelling and material

thermal expansion.

The computer code HARMONIE has been developed by the CEA

in France and enables whole core mechanical equilibrium calcu

lations to be made in 3D using SISCO input data.

The SISCO code is "automatically" (via a programme of in-

terpolation) related, to the CITATION Code | 3 | which provides
— 1

displacement damage data (DPA s ) for the entire core and to

the THECA code | 2 | which calculates a temperature map in 3D

of the core elements.

Unfortunately, there is not as yet, an automatic data

transfer between SISCO and HARMONIE.

We have recentely acquired the code TRACAR from CEA which

2/5-5



will calculate forcing loads and provides a graphic output from

HARMONIE.

SISCO is curently being updated to include irradiation

creep calculations so that it can be used to calculate the an

ti-seismic core equilibrium condition.

Irradiation creep behaviour was relatively unimportant in

the previous core design because element contact above the lo-

cating pads (level 1440) did not occur.

2.1 SISCO code

The SISCO programme utilises, temperature data, neutron

displacement damage and a swelling law to create a 3D calcula

tion of the free deflection of single fuel or control rod ele_

ments. Element bowing is a combination of differential thermal

and neutron damage induced swelling.

The calculation assumes the temperature/neutron damage

to be constant with time.

The T°C and DPA/sec data cover the length and A/F dimension

of the elements with a 36 point distribution arranged 6 on each

hex can flats.

The element is treated like a beam under deflection which is

transversely subjected to an equivalent linear distribution of

temperature and swelling at a number of points along its length.

The calculation method utilises numerical integration along

an elastic line as illustrated

K-l 1 ^ K ! K

i
'K-1 MK * M

K + 1

in which:
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rotation ar. level K: K-I H-

deflection at level K:

The thermal and swelling induced moments at level Kare cal

culated by transverse numerical integration across the hex-can,

for example

6 £

Thermal moments M r / /

*Y L^ Li

\ r" /rrt \ r v rl A
Swelling moments M r >̂ > C I 'j d-) C. . Ac

 U / r i { /

with

Validation of the SISCO code has been made by comparing

the results with those of the finite element code BERSAFE Ila J6|.

The validation excercise related to the thermal deformation of

the PEC hex-can.

2.2 HARMONIE code

HARMONIE is a calculation code developed by the CEA and it

is use by DRV-ENEA.

The first validation was made under the CEA-ENEA collabo

ration agreement, during . an experimental test campaign in

air representing a segment of SPX-1 core elements. [5]

For any element position in the core segment it is poss:L

2/5-7



ble to study the contact between various elements (including

the entire segment) , resulting from input displacement data de_

rived from thermal and neutron damage gradients.

Code output data relates to, contact force between ele-

ments and their equilibrium displacement.

In an updated version it is possible to take into account

irradiation creep and to simulate refuelling strategy.

In the non anti-seismic core design, contact between ele-

ments (above the pad level) did not.occur.

3. PSC CORE MECHANICAL EQUILIBRIUM ANALYSIS

The studies concerning the static mechanical equilibrium

of the PEC core have the following objectives.

- Verification of element handling performance using the MCS

(Charge/discharge handling machine).

- Interface geometric verification with the test loop, the

hold down petal system (DBN) and the control rod actuating

mechanism (MABC).

- Verification of the group of seven elements forcing system.

- Determination of the forces between mutually acting elements

and their structual influence.

- Evaluation ofcore thermal transient geometric changes and their

influence on reactivity/stability calculations.

A further objective of the study concerns the equilibrium

geometric calculation for various operational regimes, such: as,

begining of life, permanent regime, shut down and fuel handling

at 200°C and various incident conditions:

The studies are arranged in three phases.
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- Calculation of element free deflection due to thermal and

neutron damage gradients using the SISCO code.

- Geometric equilibrium calculation of a representative sector

of core elements using HARMONIE.

- Desk top computer elaboration of output data irom HARMONIE

for detail study requirements.

3.1 Single location pad core design study

The free element deflections due to temperature distribu-

tion and neutron damage displacement were calculated for the

operational core designs.

The "FUNZ" situation, simulates the fresh fuel core at

the begining of the fuel cycle with the control rods rrrs-eTrire-ä.\ .

The "OUT" situation, simulates the semi-fresh core at the

end of the first cycle burn-up (60 days), with the control rods

fully extracted.

Swelling deflection was also calculated for both designs

on the assumption that neutron irradiation creep and temperatu

re distribution remained constant throughout element lifetime.

The data relative to the FUNZ rod position was used in

calculating geometric equilibrium. These results gave a greater

free element elastic restraint.

Fig. n° 2 shows element displacement at the 2558 mm level

of a core sector examined due to neutron swelling gradients re

lative to a life of 360 F.P.D..

As it can be seen, the maximum displacement values occur

in the outermost ring of fuel elements. Displacements of fuel

elements at the core test loop interface are much lower than they
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are in a radially outwards direction.

Fig.n° 3 shows the behaviour of the radial displacement at

the 2558 mm level due to both thermal and neutron swelling gra

dients for 360 F.P.D.

It can be deduced from Fig. n° 3 that inter-element

contact will not occur at the 255 8 mm level if the.displacements

are extended to a full life span of i&£>- F.P.D.

In fact there always remains an inter-element gap at the

and of life, the original cold gap being 3.4 mm,This aspect

has been verified by an equilibrium calculation for the entire

fuel sector at 360 F.P.D., using the HARMONIE code. The forcing

was simulated by a set as free equivalent displacements.

With all elements at the and of life, the results showed

that there were no spurious events between, elements and that the

forcing system remained unaltered.

Fuel element handling forces we-re also far below the

handling, machine (MCS) capacity ,(Insertion 100 DaN , Extraction

<< 300 Da.N). As for as the effects due to the fuel, cycle are

concerned, it follows from Fig. n° 3 that if a fresh element is

inserted next to one at its end at life the same 3 mm maxi-

mum interference is obtained which can be cancelled by a force

of a few DaN.

Another study was undertaken 'to evaluate the effect of

actual machining errors in the vertical alignement of the

diagrid penetrations.

The calculation was carried out assuming isothermal condi.

tions and with non-deformed elements.

A set of free displacements was assigned to the elements

in order to reproduce both alignement errors and the group of

7 forcing system.

The results showed that the pitch of the forcing zone

elements remained unaltered in relation to the perfectly
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parallel grid penetrations. The maximun variations of forcing

forces were ~ _+ 3% and the maximum variations of the gaps at

the 2558 mm level were ~ _+ 0.3. The outer ring of- forced ele-

ments, however, was eccentric at the. 2558 mm level by ~ 0.5

mm with respect to the first ring of non-forced reflecting

elements.

On the basis of these results it was possible to pre-

dict that the mechanical behaviour of the core would not pre

sent any difficulty under normal operating conditions.

3.2 Studies on an actual double locating-pad core design

This core design is much more complicated both in terms

of calculation and in the use of verification methods in com

parison to the previous, single locating-pad design.

The difficulties include:

- Greater complexity in simulating correctly the mechanical

behaviour of the outer forced elements using a single ri-

gidity value. As can be seen from the experimental results

in Fig. n° 4, these elements have a 3 stage linear deflec-

tion corresponding to three different support regimes of the

foot in the foot housing. In the first stage, only the ben-

ding bar is in action (foot contact points at A and B) see

fig. ( 4. ) •

In phase 2, the lower part of the foot body is also in

contact (contact A + B + C ) .

In the 3rd stage foot deflection within its housing causes

contact also at D, with a consequent further increase in stiffness

Further, a certain number of peripheral fuel elements

must be accounted for in the equilibrium condition. These

elements act in phase 2 rather than in phase 1 as occurs in the

single location-pad core design where the interference between

elements was negligible.
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Element manufacturing processes which result in residual

permanent element thermal damage due to internal tension relea.

se (revealed during endurance and thermal shock tests in the

Brasimone sodium circuits | 6 | ) , and errors of parallelism may

have significant effects (permanent thermal deformations alone

are about one order of magnitude larger than the set gaps bei:

ween elements).

Irradiation creep, element friction and "stick-slip" ef-

fects between elements at contact pads are no longer unimpor-

tant as in the previous core design.

Equilibrium calculations under various core operating con

ditions will be made both with all the elements irradiated at

360 F.P.D. , including the refueling cycle, and with and without

irradiation creep.

As the nominal element geometry will serve as a reference,

using the proper safety coefficients to be applied first to the

results of the equilibrium calculations and then to the calcu-

lated forces for element handling, all chance deformations can

be omitted.

Calculations of element handling performance are curren-

tly underway using the handling machine (MCS) data. The impo-

sed handling force limitations have assumed greater importance

following the marked reduction of the gaps between elements.

Handling simulations included in these calculations are:

- The initial phase of element extraction.

- The end phase of element insertion.

- The shift phase from the lower element pads to the upper pads

of the outer elements.

A conservative deflection rigidity estimate was assigned

to all the peripheral forced elements which correspond to se-

gment 2 of the characteristics in Fig. ;h° 4.

A coefficient of friction in sodiiiim, f = 0.7, was used to
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calculate the vertical loads required by the handling machi-

ne (MCS).

A first equilibrium calculation under handling conditions

was made on a portion of the core comprising the 10 innermost

element rings with the seven positions reserved for the test

loop occupied by a group of seven elements. Free swelling di-

splacements were calculated for a period of 360 F.D.P., were

assigned to all the elements. The input data of one 60° core

segment was fed to the HARMONIE code and the calculation was

then extended by symmetry to the entire core.

Without appling any safety coefficient, the results revea

led that initial force of -200 DaN, including element weight

in sodium (-6 0 DaN), was needed to extract the central fuel

element in a group of seven.

4. EXPERIMENTAL PROGRAM

The experimental program in support of the numerical

handling verification analysis, comprises a series of tests

aimed at evaluating separately the effect on handling loads

of the following parameters:

- The prototype coupling foot to foot housing on forced indi_

vidual groups of seven.

- The force system which the surrounding elements transmit to

the most deformed group of seven at the two locating-pad levels.

- Presence of the prototype handling (MCS) machine.

- Deflection characteristics of the feet and of the element

contact zones, within the foot housing.

4.1 Tests on ind.ependant Groups of Seven Elements

Within the program of sodium endurance and thermal shock
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tests on prototype core elements PEC (6 ), extraction force

measurements in the CEDI-ENEA-CRE Brasimone facility were

made on two groups of seven forced elements. Extraction oc-

cured with the elements in inert gas at a temperature of

~200°C after sodium drainage.

Table n° 2 reports the weights in air of the single ele_ .

menfcs and the maximum AF values of the differences between

extraction forces as well as tie element weight during extraction nan

dling. The AF values were always present at the initial han-

dling phase which was executed with a simplified hoist having

a constant hoisting velocity and quasi equal to that of the

reactor handling machine (V = 5~ ).
.• sec

Taking into account that the sum of the nominal radial

forces acting on the contact points of each forcing element

is 45 DaN for the peripheral and about 30 DaN for the central

elements, there is a good correspondence between the measured

extraction forces and those calculated using the friction coef

ficient of -0.5. The major differences compared to the estima

tes were registered for the peripheral elements which were af-

fected by the system used in the handling phases since they

were not guided, like the cebtral elements.

4.2 In-Air Tests on a Group of Seven Restrained Elements

A first experimental test program is now underway at the

CRE-ENEA Brasimone site (and a second is scheduled for the

first half of 1985 at the PME circuit of the ENEA center) on

in-air handling and ambient temperature tests on a group of

seven elements. A forcing system is applied to the group of 7

elements which simulates the interference elements with the

surrounding groups during operation in the reactor. This group

comprises a non-deformed model control rod as a central element
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and six deformed peripheral elements as in a reactor following

360 F.P.D. operation. The elements and support grid are pro'to

types in terms of materials and geometry.

The loads are applied to the peripheral elements at the

two location-pad levels by twelve pneumatic divices. The inten

sity of the applied loads is to be determined by parametisation

starting from the values derived from the equilibrium calcula

tions computed by the HARMONIE code.

The extraction and insertion forces and the displacements

of elements adjacent to those being handled will be measured

for each applied load configuration.

These tests are designed to determine the limits of the

element handling conditions in the reactor using the MCS (nan

dling) . and to verify the degree to which the HARMONIE

results can be utilized in calculating the vertical handling,

loads.

This calculation actually represents only one part of the

handling problems and cannot account for such different effects

as real foot to foot housing coupling, the presence of such

couplings in inclined planes and element dynamics.

4.3 In-Air Tests on a Restrained Group of Seven Elements Using

MCS' ( Reactor Handling m/c)

In order the evaluate the effects of the real MCS machine

on handling, an in-air test at room temperature has been pro-

grammed for the IPM circuit at the ENEA Casaccia Center (Ro-

me) during the seconShalf of 1985. The test will be on the sa

me group of seven elements described in paragraph 4.2 using

the MCS prototype currently employed in the IPM for sodium

testing.

The forcing systems determined in the previous tests (see
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paragraph 4.2} will be replicated to define the most critical

handling parameters. These tests will also include the measu-

rement of handling forces and element displacement of the group.

The resulting data should provide a basis for evaluating the

effect of the real gripper element coupling of the reactor"

handling machine.

4.4 Deflection Characteristics of Feet and Element Contact Zones

Experiments for the seismic verification of each type of

PEC fast reactor core element, were carried out both for the
* **

OBE and SSE conditions at the Medicina Laboratories of

AGIP, under an agreement with ENEA-DKV.

The main objectives of the experiments were:

- the seismic verification with reference to the ASME and

RAMSES code's , to guarantee that seismic loadings do not

lead to excessive deformation, collapse, progressive defor

mation, or rupture, of fuel elements;

- a contribution to the validation of the French CEASEW ".'

computer code system, which is used to study the PEC core

element design and thermo-mechanical verification.

The tests were performed on the element components which

were subjected to the greatest seismic loads, i.e.:

- that part of the hex-can with the lower pads;

- that part of the hex-can with the upper pads;

- the feet assembly inserted into the corresponding feet hou

sings.

The seismic loads applied at the two cited pad levels were

the maximum shock forces computed with CORALIE^] the seismic con

ditions were simulated by a 100 x n cycles (n is the number of OBE

* OBE denotes operating base earthquake
** SSE denotes safe shutdown earthquake
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and SSE which may arrive during the element life).

The seismic loads applied to the element feet were applied

statically, corresponding to the maximum displacement values

(born in the positive and the negative directions) calculated

with CORALIE at the upper pad level; the seismic conditions

were simulated with 10 x n cycles.

The experimental methodoxogy was:

a) - for the shock tests

- all tests were performed at room temperature;

- one or three adjacent faces of the hexagonal pads were

constrained, opposite to the loaded face;

- the dynamic loading consisted of the previously mention

ned shock series, followed by dynamic or static colla-

pse tests.

b) - for the tests on the feet:

- all tests were performed at the nominal temperature of

400°C;

- the quasi-static loading comprised the previously men-

tioned cycling, followed by static collapse tests.

The-measurements included static and dynamic loadings,

hex-can deformations and strain, feet strain and transverse

displacements.

The results of these tests were used to determine the de

flection characteristics and the elastic loads to be applied

in the core equilibrium calculation .(Fig. n° 5 ).shows the

collapse curve of the fuel element foot and Fig. n° 6. illu-

strates the collapse curve of a 500 mm length of hex-can,

with pads, which simulates the lower pad zone of the forcing

elements.
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5.. CONCLUSIONS

The PEC core support system has recently been modified

to include anti-seismic design modifications, particularly

the adoption of a two pad element locating concept.

The effect of inter-element gap reduction from -3.4 to

0.5 mm has necessited a series of in depth experimental and

theoretical evaluations (which are currently in progress) in or-

der to verify element handling problems and actual handling

machine load capacity.

The analysis is complicated by such items as the, com-

plexity of the group of seven system, the refueling cycle,

the non-linearity of element deflection, irradiation creep,

the uncertainties regarding the laws of swelling used in the

'calculations and manufacturing tollerances.
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TABLE N.1

INTER-ELEMENT PAD AND FOOT LOCATION GAPS (MM)

\
LEVEL

1440

2558

FOOT

P

FOOT

C '"

ELEMENT
COUPLE

ORIGINAL

SOLUTION

C-P

0

3.4

UPPER

.' LOWER .

UPPER

LOWER

P-P

0.5

3,4

SPHERE

SPHERE

SPHERE

SPHERE

ANTI-SEISMIC

SOLUTION

C-P

0"

0

SJ = o

fy - 0

Sf = 0
fy = °

P-P

0.4

0.5

1 8 Hfw»v

50 n

1 o Wvw«

. 2 0 ii

C = Central element (fuel or control rod)

P = Peripherical element (fuel or reflector element)
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TABLE N.2

HANDLING TESTS ON INDEPENDANT GROUPS OF SEVEN FORCED
ELEMENTS

CEDI 1

Model

MBG-O3

MCP-O2

MCP-O3

MRP-02

MRP-O3

MRP-04

MRP-05

1 phase

W

60

72

72

94

94

94

94

15

25

33

25

24

33

24

CEDI 1

Model

MBG-03

MCP-02

MCP-03

MRP-02

MRP-03

MRP-04

MRP-05

2 phase

W

60

72

72

94

94

94

94

AF

15

13

23

26

2 1

36

2 6:

CEDI

Model

MCC-05

MCP-17

MCP-16

MCP-02

MCP-07

MCP-06

MCP-10

2

W

71

72

72

72

72

72

72

16

4 1

21

53

28

28

—

W = weight in air (Kg)

A F = difference between maximum extraction load and
the element weight (Kg)

MBG = Control Rod model

MCP = Peripheral fuel element model

MRP = Peripheral reflector element model

MCC = Central fuel element model

2/5-21



-*
Reactor Vessel
Thermal Shield
Neutron Shield

mm Forced Reflector Element
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Low Pressure Measurement
Device

PEC CORE PLAN FIG. 1
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5 mm
displacement

r

• Denotes zero displacement

" displacement vector

ELEMENT DISPLACEMENTS AT' 2553 LEVEL

DUE TO SWELLING (360 F.P.D.) FIG. 2
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F i g . 5 - COLLAPSE TEST ON THE FOOT OF REACTOR PEC FUEL ELEMENT:

LOAD AND RESIDUAL DISPLACEMENT AT 2558 MM

T=400°C

D load displacement

•. residual displacement

O.C 15-0 30.C 45.00

LOAD/daN/
2/5-26
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.q..6rDYNAMIC COLLAPSE TEST ON THE HEXCAN WITH THE LOWER PADS

LOAD AND RESIDUAL DISPLACEMENTS

T=20 C

L= 4 9 3 MM

X load displacement

A residual displacement

200.00 300.CO 400-00 300.00 GOO-OO

LOAD/daN/xiO"1"1/
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INTRODUCTION

The computer code CRAMP is the primary calculation tool for predicting
component distortions and loadings in t.he r.ommercial Demonstration
Fast Reactor (CDFR) core. Because the distortion processes and the
mechanisms of interaction of the sub-assemblies are so complex, there
is a practical limit on the number of phenomena which can be modelled
mathematically. There are also difficulties in supplying input
data in sufficient detail, especially when there is known but
unpredictable variability in some parameters - for example, swelling
rate and coefficient of friction. The core designer, realising that
code predictions are not precise, needs to know how accurate they are
and what allowance to make when using them for design purposes.
The UK experimental programme attempts to answer two questions relating
to CRAMP

1) For those phenomena, which are modelled is the representation
accurate (e.g. Neutron induced swelling, irradiation creep and
elastic bow deflections, horizontal friction forces, wrapper
dilation)

2) For those phenomena which are not modelled, what are the errors
on the predictions (e.g. torsional displacements and vertical
friction forces are known ommissions).

The experience gained from core mock-ups and other tests will form
the basis of the judgements which designers must apply to code results.

THE PROTOTYPE FAST REACTOR

The Prototype Fast Reactor (PFR) is equipped with a system of
encircling beams which can be tightened to enable operation as a
restrained core. The conversion would take some time, delaying
the current irradiation programme, and so a series of tests, in the
"free-standing" PFR and in the laboratory, has been initiated.
The role of PFR in this respect is to provide swelling and creep
data and confirm the ability of CRAMP to calculate the distortions of
components due to NIV growth and in-reactor creep acting simultaneously.
Brook (1) discusses the use of CRAMP in PFR fuel management
planning and monitoring. The PFR components are generally lightly
loaded compared with CDFR and so it is necessary to arrange for
specimens to be irradiated whilst subjected to realistic complex
stress-patterns. Examples of such tests are:-

a) The Restrained Bow Experiment - Specimen sub-assemblies
will be irradiated within a strong outer hexagonal
tube. This outer tube will be kept approximately
straight by rotating it or replacing it at suitable
intervals during irradiation of the specimen.

b) Load Pad Irradiation - cross-sections of wrapper,
including typical lower restraint plane spacer pads,
will be irradiated whilst subjected to loads within the
range expected in CDFR.

3/1-2
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OUT OF PILE EXPERtMF.NTS - CHARDIS

Two main laboratory tests are in progress to study the mechanics of
the CDFR core - the CHARDIS and CRUPER rigs. These are supported
by a series of smaller experimental rigs investigating specific
uncertainties.

The CHARDIS (charge/discharge) rig, at UKAEA Springfields, incorporates
a mock core array of full size sub-assemblies in air (Fig. 1).
They are restrained at the periphery, at two restraint plane
levels, by a system of spring loaded jacks which simulate the
expected response of the surrounding core elements. An early
version of the rig, with two rings of sub-assemblies (19 in total) has
been operated for preliminary tests and this is now being enlarged to
accommodate a 5 ring (91 sub-assembly) array. The primary purpose
of this rig is to perform mechanical handling and refuelling
trials and the secondary purpose is to enable quantitative
studies of array behaviour for comparison with CRAMP predictions.

The mechanical handling trials will primarily be the simulation of
the refuelling of straight, bowed and dilated sub-assemblies from
undisto'rted and distorted sub-assembly arrays. The effects of
charge machine misalignment, misorientation of sub-assemblies in
the charge machine and the removal of groups of sub-assemblies to
allow access to diagrid components are also being investigated.

Occasionally the across flats dimensions of a dilated wrapper may
exceed the across pads dimensions at the restraint planes due to the
variability in swelling and creep behaviour. The ability of an
array to yield and allow withdrawal without damage is being
investigated.

The quantitative studies of array behaviour will be done by observing
the loads on the pads of the central sub-assembly in the array and
the loads and displacement at the periphery of the array during
perturbations of the array. The observations will be compared with
the results of calculations, especially those done by CRAMP.
Duthie (2) discusses this in more detail.

THE CRUPER RIG

The CRAMP code determines each change in core contact pattern,
described as an "event" in the output, and progresses in steps from
the current equilibrium configuration to a future one. This solution
method enables realistic modelling of friction forces but relies on
the programmer's insight into the sequence of physical processes.
The purpose of the CRUPER rig is to study the compaction sequence of
an array of hexagons, noting the changes in contact pattern and the
build up of contact forces.

The rig array (Fig. 2) represents, in air, the horizontal slice of the
CDFR core containing the lower restraint plane. The model "sub-
assemblies" are each manufactured with the reactor full :scale
cross-section but a length of only 600 mm. The array of 91 "sub-assemblies"
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is surrounded by 30 mechanical jacks which are controlled by
computer to simulate the squeezing of reactor fuel elements by
the bowing of the outer fuel and breeder elements. The movements
of the jacks, their loads, the gaps between all contact pads and
some selected pad loads within the array are continuously
scanned.

Figure 3 shows the results of a scan midway through a symmetrical
compaction of an array with low friction pads (u = 0.15).
Corresponding CRAMP predictions of inter pad gaps and loads are
plotted in figures 4 and 5. On the rig the gaps between the pads,
which may not-remain parallel, are measured with point probes
and the resulting errors may be several tenths of one millimetre.
When this is allowed for the similarity between the observed and
calculated results is satisfactory. Contact loads within the
array were not measured during this test but the observed ram loads
can be compared with resolved value of the perdicted and pad loads.
The agreement is good at most sites. Table 1 compares the predictions
and observations for a typical site (ram 7) through the complete
compaction cycle which has been sub-divided into 7 intervals.
Table 2 shows the experimental results and predicted loads (u = 0.0)
at full compaction. The agreement is generally satisfactory, with
a mean percentage difference for all rams of 11.7%.

During compactions the rotations of a number of wrappers have been
measured and have not exceeded 0 2'- This supports the opinion that
sub-assembly torsion, not modelled in CRAMP, is not significant.

The rig compaction has also been modelled by CRAMP with several
values of coefficient in friction. Figures 6 and 7 show the calculated
interwrapper loads for a fully compacted array .for coefficients of
friction of 0.0 and 0.3. Table 3 compares the observed radial ram
loads with the calculated radially resolved results for various
coefficients of friction from 0.0 to 0.3. Generally the calculated
loads rise by several percent with increasing friction but at a
minority of sites there is a decrease.

The differences in Table 3 between the predicted and observed ram
loads may be due to

1) Inadequacies in the experiment
2) Inadequacies in the code
3) Real variability from component to component in dimensions

and behaviour.

Considering these effects in turn, the model and the experimental
technique are being improved as a result of early experience.
In particular the design of the model sub-assembly contact pads is
being modified to improve the accuracy of gap measurements. The
result will be improved input to Cramp and greater accuracy in the
predicted loads.

The ability of the CRAMP code to give adequately accurate results
for design purposes appears assured on the basis of these early,
low friction results. Further array compaction studies are planned
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with high friction pads (u = 0.6) and these will include an
investigation of the tendency for preferred load paths to be
established. The CRAMP model will be refined in the light
of these results and those from CHARDIS.

Component variability is thought to be the main reason for the
difference between observations and calculations. Fur example
small variations in across pad dimensions, although within
manufacturing tolerances, cause the contact pattern and loads to
change. Pad flexibility can vary by a factor of x 2 due to
variations in wall thickness or the interaction of pad and
wrapper to?.erances or specific features of the wrapper manufacturing
route.

The reactor components will be made by similar routes and processes
to those employed for the rig components. Thus similar variations
in flexibility, contact patterns and pad loads may be expected to
give rise to the variations between prediction and reality as
shown in table 3, although better agreement will result from
improvements in the experiments and, perhaps, in CRAMP. Designers must
accept that a mismatch between code predictions and reality is
inevitable but this is acceptable providing that it can be
quantified and that it is not excessive. At the same time there is
no value to the designer, in extending the code to model precisely
all physical processes occurring in the reactor and the rigs.

SUPPORTING TESTS

The supporting tests in the UK programme, which are aimed at
determining the extreme service conditions which components can
tolerate include.

1) Load/deflection tests of unirradiated and irradiated
components to confirm their elastic response and failure
loads.

2) Under sodium tests on groups of sub-assemblies investigating
(1) the rubbing behaviour of hard faced pads (2) the
withdrawal of a simulated dilated wrapper through six
surrounding sub-assemblies. (3) the behaviour of the
hard facings on the sub-assembly spike and its diagrid
support tube.

CONCLUSION

There is a broad development program in progress in the UK which
will

1) Demonstrate the ability to operate and refuel the
CDFR restrained core.

2) Confirm the accuracy and adequacy of the restrained
core code CRAMP.

3) Provide designers with a knowledge of the variability
they may expect from the CODE predictions.
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TABLE 1

CRUPER/CRAMP LOAD COMPACTION FOR RAM 7 DURING COMPACTION

IN
T

E
R

V
A

I

1

2

3

4

5

6

7

CRUPER kN

0.034

0.107

0.252

0.522

0.930

1.564

3.99

CRAMP kN

0.0

0.124

0.297

0.661

1.052

2.127

4.91

% RELATIVE
DIFFERENCE

-

+13.7

+15.2

+21.0

+13.1

+26.5

+23.1
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TABLE 2

CRUPER/CRAMP LOAD COMPARISONS AT INTERVAL 7 OF COMPACTION

RAM
IDENTIFICATION
NUMBER

1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30

CRUPER

EXPERIMENTALLY
MEASURED
RADIAL LOAD (kN)

3.74
3.68
4.23
3.83
2.05
3.29
3.99
4.34
3.88
3.87
2.59
5.59
2.18
2.92
3.24
3.79
4.47
3.51
4.47
2.11
6.28
2.67
4.24
3.13
2.71
4.26
3.51
3.70
4.41
3.62

MEAN RELATIVE DIFFERANCE %

SAMPLE STANDARD DEVIATION %

CRAMP
RESULTS(u=0)

RESOLVED
RADIAL LOAD

(kN)

3.81
4.05
4.28
4.65
2.57
2.47
4.91
4.91
4.03
3.49
3.62
3.85
4.44
4.04
2.82
3.92
4.45
3.55
4.78
3.30
5.07
3.58
4.16
4.01
3.56
3.40
4.00
3.89
4.32
3.96

% RELATIVE
DIFFERENCE

+1.9
+10.1
+1.2
+21.4
+25.4
-24.9
+23.1
+13.1
+3.9
-9.8
+39.8
-31.1
+103.7
+38.4
-13.0
+3.4
-0.4
+ 1.1
+6.9
+56.4
-15.9
+34.1
-1.8
+28.1
+31.4
-20.2
+14.0
+5.1
-2.0
+9.4

11.7

26.6
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TABLE 3

CRUPER/CRAMP -LOAD COMPARISONS AT INTERVAL 7 FOR DIFFERENT VALUES OF u

INTERVAL 7

RAM

IDENTIFICATION
NO.

1

7

13

21

5

23

RADIAL
LOAD kN

CRUPER

u 0.15

3.74

3.99

2.18

6.28

2.05

4.24

RESOLVED RADIAL
LOAD kN

C R A M P

u = 0.0

3.81

4.91

4.44

5.07

2.57

4.16

u = 0.05

3.63

4.89

4.54

4.84

3.17

4.46

u = 0.15

3.44

4.71

4.61

4.43

3.45

4.97

u = 0.3

3.26

4.63

4.72

3.69

3.69

5.09
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KEY (INTERVAL 5)
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3
o-ti
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NUMBER
-RAM LOAD (kN)

SUB-ASSEMBLY DATA

CLEARANCE(mm)
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3/1-13

FIG 4



KEY (INTERVAL 5)

NORMAL LOAD
FRICTION LOAD (,«=O-O)

CRAMP PREDICTIONS - INTER PAD LOADS
3/1-14

FIG 5



K E Y (INTERVAL 7 )

rNORMAL LOAD
FRICTION LOAD (/r=0-0)

CRAMP PREDICTIONS - INTER PAD LOADS
3/1-15

FIG 6



KEY (INTERVAL 7)

LOAD
FRICTION LOAD ( / t= 0-3)

CRAMP PREDICTIONS-INTER PAD LOADS
3/1-16

FIG 7



EXPERIMENTAL VALIDATION OF THE
HARMONIE CODE

A Bernard, O.P. Van Dorsselaere
CEA/CEN Cadarache/DRNR, St Paul Lez Durance - FRANCE

ABSTRACT

An experimental program of deformation, in air, of different groups
of subassemblies (7 to 41 subassemblies), was performed on a scale 1 mock-up
in the SPX1 geometry, in order to achieve a first experimental validation of
the code HARMONIE. The agreement between tests and calculations was suitable,
qualitatively for all the groups and quantitatively for regular groups of 19
subassemblies at most.

The differences come mainly from friction between pads, and secondly
from the foot gaps.
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In order to achieve a first experimental validation of the code, a
program of tests of deformation in air of groups of several subassemblies
was performed by the CEA on the R106E mock-up, composed of 106 seatings, in
SUPER PHENIX 1 geometry at Cadarache. II led also to a better understanding
of phenomena which rule the mechanical equilibrium of a group of subassem-
blies : stiffness of the subassemblies, friction between contacts, and
geometry of the groupe.

1. BASIC HYPOTHESES OF THE CODE

1.1 Stiffness of the subassemblies

It is represented by elastic flexibility coefficients of subassem-
blies, named Maxwell coefficients. If friction is neglected at the seat of
the subassembly foot, preliminary tests and calculations showed the bilinear
nature of the graph "force vs.deformation" (Fig. 1) : the change of slope,
and thus of Maxwell coefficient, comes from the arrival of a third contact
level between the subassembly foot and the diagrid insert.

The code HARMONIE only uses one constant Maxwell coefficient for
each subassembly. It was hence necessary to define a mean fictitious Mawxell
coefficient between these of first and second slope : its definition is
described in Fig. 1.

1.2 Friction between pads

Friction between pads is not taken into account in the code. So,
preliminary tests were defined to evaluate the friction coefficient between
two pads. Tests on the groups of subassemblies were performed without grease
between pads first, and then with grease in order to decrease friction.

1.3 Gap between for and diagrid-insert

The code only accounts for two supports for each subassembly : a
pin at the level of the subassembly foot seat, and a sliding bilateral
support between foot and diagrid-insert at the lower foot end. Actually, gap
between lower foot end and diagrid-insert allows some free displacements at
the head level (as a matter of fact, a small force is enough to overcome
friction at the subassembly foot seat). To get rid of these displacements
which prevented any comparison, the head displacements, after deformation of
the group of the subassemblies, were measured from a zero position, with the
gap closed and the group unloaded. These head displacements, corrected by
substracting the displacements due to a slight diagrid tilting due to the
force, could then be conpared to the head displacements yielded by HARMONIE,
corrected too by substracting manufacture bowings to obtain only the elastic
parts of displacements.

But, neglecting the gap between foot and diagrid-insert, the code
modifies the real diagram of the initial equilibrium : so it could consider
initial contacts, due to manufacture bowings, contacts which do not exist in
reality because of the gap between foot and diagrid insert, or vice-versa.
Hence, some discrepancies between test and calculation,' that can reach 1 to
2 mm.

r
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1.4 Rotation of the subassemblies around their axis

The code neglects the rotation of the subassemblies, so it was
necessary to check experimentally that, after deformation, there was no
considerable rotation around their axis : this was done by comparing rota-
tion angles with respect to a fixed coordinate system, first after closing
the gap, then after deformation, and by checking that their difference was
smaller than a value 9, function of measure uncertainties of the coordinates.

2. DESCRIPTION OF THE TESTS

2.1 Hock-up description

The R106E mock-up is composed of a diagrid of 106 seatings, in
actual geometry Super Phenix 1, which represents 1/6 of the actual diagrid
(Fig. 2). Subassemblies are dummy ones, of three kinds (fuel, fertile and
control rods), without the bundle of pins, but representative as to stiff-
ness. The thrust device consists of two jacks, acting on flats or angles of
the group, and a jaw for thrust on larger groups.

All the tests take place in air at ambient temperature.

2.2 List of the tests

The experimental program may be split into three parts :

2.3.1 Defgrmation_of_grouQ§_by_a_fgrce_acting_gn_the_gads_gf_gne
subassembly

A constant force is applied by a jack so that it acts axially.

The groups consist of 7 subassemblies upon flats, then 8 upon
angles, 19 upon flats and at last 19 upon angles.

All these tests are performed with and without grease between
pads. The groups of 7 or 8 subassemblies are deformed by forces, either such
that all the subassemblies are deformed on the 1st slope of the graph of the
Maxwell coefficients, or such that only the central row is deformed on the
2nd slope. The groups of 19 subassemblies were first used without any empty
cell, then with one (corresponding to the absence of one subassembly), and
then with two (corresponding to the absence of two adjacent subassemblies).

2.2.2 Defgrmatign_gf_grguBS_by_a_fgrce_§BBlied_gn_the_gads_gf
lst_rgw

This kind of test has two purposes : to validate the code on
larger groups, and to study equilibrium in peripheral areas (for instance,
the border core I-core II) and especially the problems related to the hand-
ling of normal (group with one empty cell) or special (group with empty
adjacent cells) subassemblies. The groups consist of 41 subassemblies,
thrust upon the flats of the 1st row (Fig. 3) and 35 subassemblies, thrust
upon the angles, first without any empty cell, then with 1 or 2 ones.
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2.2.3 Defonnatign_gf_grguB§_with_bgwed_or_inflated_subassemb]ies

These tests are used to validate the
between the subassemblies (generally, head and
with the actual running of the reactor.

code with 2 contact levels
pads), which is consistent

The first tests include 1 bov/ed subassembly (upon flats then upon
angles), then the following ones include 2 bowed subassemblies in different
directions, and the last ones include 1 subassembly whose distance over
flats was artificially increased.

3. PRECISION OF THE TESTS

The main factors which govern the precision of the tests are :

the precision of the measure system of the coordinates,

friction in the subassembly foot seat, that could involve small
residual displacements at head or pads levels,

the dynamometer precision of 1 %,

the precision of the metroiogical surveys of the subassemblies,

the manufacture tolerances of the subassemblies and of the mock-up.

Comparisons between analytical calculations and test on a group of
3 subassemblies, then between HARMONIE calculations and test on a row of 5
subassemblies in very similar conditions to a HARMONIE calculation (no
friction, no gap between foot and diagrid-insert, no initial contacts due to
manufacture bowings) show little difference : about from 1 % to 15 %, ac-
cording to the subassembly.

But the highest uncertainty comes from the last two factors listed
before : metroiogical surveys and tolerances.

Finally, the uncertainty on the experimental displacements may be
roughly estimated to 1 to 3 mm, according to the test. Besides, the repro-
ductibility of the measures was confirmed by checking that the scattering of
the measures, performed several times in succession, either after closing
the gap or after deformation, was smaller than the scattering due to fric-
tion at the subassembly foot seat.

4. ANALYSIS OF THE TESTS

4.1 Stiffness of the subassemblies

The comparison between the results of tests, where some subassem-
blifis are deformed on the 2nd slope of the graph of the Maxwell coeffi-
cients, and the results of the HARMONIE calculations with mean Maxwell
coefficients, yielded a good agreement. As a matter of fact, these mean
coefficients give to the subassembly a higher flexibility than in reality,
but, in the same time, for a specified value of the force acting on the
group, they increase the free bowing, which is the actual input of the
code : the two contrary effects are balancing each other.
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But, in the reality of a core equilibrium calculation, the data
3re the free bowings, and not the forces. Here, there is no more balancing,
but, as shown by the analysis of the 2 test with one bov/ed subassembly, on
flats or on angles, the code results stand close to the experimental ones
(Fig. 4).

On the other hand, some calculations were done with only one mean
Maxwell coefficient for the group : it was defined as the aveage of all the
mean coefficients, computed for each subassembly. The results of these
calculations being near those done with one mean coefficient for each subas-
sembly, it proves that, in a complete core calculation, only a little coef-
ficients need to be used : they would be defined from a mean value of defor-
mation "a priori" evaluated.

4.2 Friction coefficient

Preliminary tests showed a large dependence upon the surface
condition of the pads : a scattering factor of 8 was observed. The smallest
values were measured on pads smoothed by the file and the emery-cloth.

When pads were covered with grease, the values were less scattered
and gathered around a mean value. But grease showed little influence upon
the experimental results : the experimental results with grease were
slightly nearer the code results than the ones without grease.

4.3 Rotation of the subassembiies around their axis

Considering the measure uncertainties on the displacements, there
was no appreciable rotation of the subassemblies around their axis, after
deformation.

4.4 Deformation of the groups

A comparison between the results of the HARMONIE calculations and
those of the test, shows that, roughly, in the test :

the contact forces are smaller,

the centrifugal or centripetal displacements are smaller in the
perpendicular direction to the force acting on the group,

the lateral rows are moving further in the direction of the force
acting on the group,

the central rows, located before the jack, are more restrained in
the direction of the force acting on the group.

These conclusions are illustrated by the figures 5 and 6 which
represent respectively the deformations from the test and the code for a
group of 7 subassemblies, thrust on flats, and for a group of 8 ones, thrust
on angles.

The conclusions of a comparison between the experimental results
of a test with grease between pads, and the ones of a test without grease,
would be identical.

contacts.
They are probably related to the phenomenon of friction between
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The deformation on a group, thrust on angles, is larger than the
one of a group, thrust on flats with the same force, because of the wedge
type of the thrust in the 1st case. The differences between the calculations
and the tests are larger on angles than on flats : it comes from friction
which increases in the same time than the relative displacements between the
subassemblies. On the contrary, in groups with 1 or 2 empty cells, the
differences between the calculations and the tests are larger on flats than
on angles : this is illustrated by Fig. 7 and 8 which represent the deforma-
tions of the groups, either on flats or on angles, in the area of the empty
cells. As a matter of fact, in the case of the thrust on flats, the empty
cell creates a discontinuity in the transmission of the thrust, and increa-
ses the relative displacements, and thus the friction forces : the diffe-
rence between the calculations and the test may reach more than 50 % of the
experimental dispiacementsin the direction of the thrust, for the subas-
semblies located before the jacks. In the case of the thrust on angles, the
empty cell modifies in a little way the diagram of the transmission of the
thrust through the group, with an angle of 30° with respect to the direction
of the thrust, and therefore, increases only slightly the relative displace-
ments between the subassemblies.

The tests on groups with 1 or 2 bowed subassemblies, or with 1
enlarged subassembly over the flats, displayed another phenomenon, which
cannot be considered by HARMONIE : the loading order of the subassemblies on
the mock-up; The final equilibrium for identical groups may be different
according loading order : different map of contacts, and different experi-
mental displacements.

4.5 Tests-HARMONIE agreement

The main reasons for the differences between the experimental
results and the HARMONIE calculation results, are the following ones : on
the one hand, the uncertainty on the experimental data and measures, and on
the other hand friction. The part due to the uncertainty on data may be
roughly estimated to some mm.

Quantitatively, the agreement between tests and calculations is
suitable, as shown in table 1, which gathers the mean relative differences
on the displacements in the direction of the thrust for all the tests (in
the perpendicular direction to the thrust, the displacements are too small
to obtain significant relative differences). The best results concern the
regular groups of 3 rings at most, for which the maximum relative difference
is 13 %. In presence of an empty cell, it reaches 20 %.

In larger groups of 35 or 41 subassemblies, the relative diffe-
rence may reach 30 % and, in presence of 2 empty cells, more than 50 %.
These last values, observed in the area of the empty cells or before the
jacks, can be explained mainly by friction which modifies greatly the equi-
librium of the deformed group.

Qualitatively, the almost full coherence between the test and
calculation results must be noticed : the map of the contacts, the direction
of the displacements, the evolution of the displacement values along the
group.
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Another kind of test could be very interesting to validate trie
code, because it would limit the influence of friction : a test with vibra-
tions of the group during the deformation. Such a test was undertaken on 7
subassemblies, but it did not yield correct results, because of the excita-
tion device, which is too weak, and of a maladjusted hanging system of this
device. This test will have to be defined again with better experimental
conditions.

5. CONCLUSION

The aim of this experimental program of deformation of groups of
several subassemblies was to achieve a first step of validation of the
calculation code of the core mechanical equilibrium : HARMONIE.

Qualitatively, a suitable coherence between tests and calculations
was observed, but quantitatively, if the agreement seems good for regular
groups of 19 subassemblies at most (less of 20 % of relative difference), it
is less good for larger groups, especially in presence of empty cells (in
the last case, the maximum relative difference reaches more than 50 % ) . The
influence of friction is probably mainly responsible for these differences,
but also the loading order of the subassemblies on the mock-up and the
intial contacts due to the gap between foot and diagrid-insert, and due to
the manufacture bowings. In its present state of development, HARMONIE
neglects friction and the gap between foot and diagrid-insert.

Two basic hypotheses of the code were validated : there is no
appreciable rotation of the subassemblies around their axis after defor-
mation, and the choice of a mean Maxwell coefficient between those of 1st
and 2nd lsope yielded results near the experimental ones.

An experimental study of the friction coefficient between two pads
in air showed a great dependance upon the surface condition of the pads,
with a scattering factor of 8 about. So, the main experimental efforts will
concern in the future the test under vibrations.

A similar program is now beginning in air and in the SPX2 geome-
try. It should help to the validation of the modelizations of the foot gaps
and of friction between the pads. .
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TABLE 1

MEAN RELATIVE DIFFERENCES ON THE DISPLACEMENTS BETWEEN HARMONIE
AND TEST RESULTS

o

TEST

1

2

3

4

5

6

7

8

9

10

11

12

13

14

15

16

NUMBER OF
SUBASSEM-
BLIES

7

7

7

7

8

8

8

8

19

19

19

19

18

18

18

18

THRUST
FORCE

small

small

large

large

small

small

large

large

0/A : on
angles

0/F : on
flats

0/F

0/F

0/F

0/F

0/A

0/A

0/A

0/A

0/F

0/F

0/A

0/A

0/F

0/F

0/A

0/A

GREASE

G

G

G

G

G

G

G

G

MEAN RELATIVE
DIFFERENCE (%)

7

8

9

8

12,2

12,3

8,2

7,8

19

13

11

9

24

20

12

11

TEST

17

18

19

20

21

22

23

24

25

26

NUMBER OF
SUBASSEM-
BLIES

41

40

39

35

34

33

7

8

9

19

0/A : on angles
0/F : on flats

0/F

0/F

0/F

0/A

0/A

0/A

1 bowed sub-
assemblies on

flats

1 bowed sub-
assembly on

angles

The 2 bowed
subassembiies

1 enlarged sub-
assembly across

the flats

MEAN RELATIVE
DIFFERENCE (%)

34

32

37

17

16,8

19

20

26

26 (Y)
11 (X)

33 (X)
17 (Y)



FIGURES

Figure 1 : DEFINITION OF THE MEAN MAXWELL COEFFICIENT

Figure 2 : 60° SECTOR OF MOCK-UP DIAGRID

Figure 3 : GROUP OF 41 SUBASSEMBLIES WITH 2 EMPTY CELLS

Figure 4 : COMPARISON BETWEEN EXPERIMENTAL AND CALCULATED DEFORMATIONS
OF A GROUP WITH ONE BOWED SUBASSEMBLY, LOCATED IN 27-23.

Figure 5 : DEFORMATIONS OF A GROUP OF 7 SUBASSEMBLIES THRUST ON FLATS.

Figure 6 : DEFORMATIONS OF A GROUP OF 8 SUBASSEMBLIES THRUST ON ANGLES.

Figure 7 : DEFORMATIONS OF A SUB-GROUP AROUND THE TWO EMPTY CELLS,
WITHIN THE GROUP OF 41 SUBASSEMBLIES THRUST ON FLATS.

Figure 8 : DEFORMATIONS OF A SUB-GROUP AROUND THE TWO EMPTY CELLS,
WITHIN THE GROUP OF 35 SUBASSEMBLIES THRUST ON ANGLES.
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FIGURE 2
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FIGURE 3
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FIGURE 7
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TESTS
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FIGURE 8
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CODE BENCH-MARK FOLLOW-UP

ROGER ANDERSON

APPROACHES

KEY PROBLEMS

SIX LEVELS

FOLLOW-UP PROCEDURE

REPLY INFORMATION NEEDED
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discussion based on the attached overheads. )



BENCH-MARK

APPROACHES

'VALIDATION1 (Qualification)

experiment vs codes (vs codes)

difficult input, comparison

expensive but always worthwhile

do wherever possible

'VERIFICATION'

codes vs codes

- worthwhile on KEY PROBLEMS

simpler inputs possible

"are any of the codes correct?"

- cheap, worthwhile if common interest exists
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KEY PROBLEMS

1 NON-LINEAR GAP/LOAD PROBLEM

2 ADEQUATE DEFINITION OF WRAPPER

TOLERANCES, TORSION, PADS, FOOT

3 PROBLEMS ASSOCIATED WITH SIZE

NEED >200 S/As

4 SOLUTIONS FOLLOWING BREAKDOWN OF

EQUILIBRIUM IN FRICTION PROBLEMS

5 PARAMETRIC SURVEYS/KEY PARAMETERS

6 SENSITIVITY STUDIES
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SIX PROBLEM LEVELS

1 SINGLE SUB-ASSEMBLY

Reactor, rig

2 7 SUB-ASSEMBLIES

Reactor, rig, friction breakdown

3 SPOKE MODELS

Reactor

4 14 SUB-ASSEMBLIES

Reactor, rig, friction breakdown

5 PROTOTYPE REACTORS

LARGE RIGS

100 SUB-ASSEMBLIES

COMMERCIAL REACTORS

> 500 SUB-ASSEMBLIES

Reactor

POSSIBLE ?

NECESSARY ?
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FOLLOW-UP PROCEDURE

1 REPLIES ON THESE PROPOSALS (SEE NEXT PAGE)

TO:- X

BY END 1984

2 X WITH ANY HELP OFFERED WILL PROPOSE PROBLEMS

OF SUFFICIENT INTEREST TO PEOPLE EXPRESSING

WILLINGNESS TO UNDERTAKE SOLUTIONS. THIS

PROPOSAL COULD REQUIRE A FURTHER DISCUSSION.

3 TARGET DATE FOR SOLUTIONS = END 1985

4 ALL SOLUTIONS DISTRIBUTED TO ALL PARTICIPANTS

IN EARLY 1986

DISCUSSION AS NECESSARY - MID 1986
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REPLY INFORMATION NEEDED

A) CAN YOU OFFER AND DEFINE RIG OR REACTOR PROBLEMS

(WITH OR WITHOUT RESULTS) TO CURRENT IWGFR

ATTENDERS? - VALIDATION

B) WOULD YOU BE INTERESTED IN SIMPLER PROBLEMS

COMPREHENDING THE KEY NUMERICAL PROBLEM AREAS?

WHICH LEVELS? - VERIFICATION

IN REPLYING PLEASE NOTE THAT THE SIMPLEST PROBLEMS

NEED:

WRAPPER GEOMETRY

INITIAL GAPS, BOUNDARIES, SUPPORTS, RESTRAINT PLANES

REACTOR SUPPORT STYLE?

Service life

Damage dose

Temperatures

Swelling + creep rules

RIG DESCRIPTION

Loading history
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DESIGN iflPLICATIONS CF CORE FIECHANICAt BEHAVIOUR

1,0 Introduction

Proto-type Fast Breeder Reactor(PFBR) of 500 PW(«) capacity will bo

India's f irst larg« fast reactor planned for operation «round 2000«, A

rapid growth of faat reactors is considered essential to increase the

contribution of nuclear energy to nation's electricity demandSo To this

end, i t is planned to dsvelop mixed car bids fuel which has potential fcr

low doubling timas. PFBR» however, i s biting da signed to accommodate a

mixed carbide version or a nixed oxide version in an idential core

configuration« The core will have 180 fual subassenblies and tvelv«

control rods in eight hexagonal rings. These will be surrounded by 180

blanket subassambliBS in three hexagonal rings« Beyend th»as will be

rsflector and shielding subassemblitSo The fuel zone is divided into

two subzones of equal volume and differant enrichments© Higher f i s s i l e

material enrichment in the outer zone helps to improve radiel power

distribution. Each oxid« fuel subassewbly will consist of 217 fuel pins

of 6.4 mm diameter cacho Each carbide fuel subasaembly will contain 127

fuel pins of 8»B mn diameter each,, The necessity to ke«p the power

density sair.fi in both versions of fuel has resulted in an unfavour*blo

fluence to burn-up ratio for carbide core. For both fuel versions, the

outer zone subasoembliea enjoy a better fluenc« to burn-up ratio because

of higher f i s s i l e «nrichment. A peak burn-up of 50 PWD/Kg i s contemplated

for the init ia l cores of PFBR and for this burn-up the peak faat flusnce
77 2 27 / 9

works out to 1 x 10 n/« for oxida core and 1.3 x 10 n/m for carbide

core. Tha flux and pow«r distribution of the core in the radial direction

is practically eaea» for both fuel versions and is shown in figo1o In this

pap«r, we present details of some of the studies that have be«n carried out

concerning mechanical behaviour of oxide and carbide cores«

2.0 Structural Ftet^rial Data

2056 CW 316 SS h«8 b«an the «idoly adopted choice e l l over the world

as the fast reactor cor« structural «a to rial as of now. However, i t s

susceptibility to larga swelling at neutron fluenc«« anticipated h«a

nicesaitated r«s»arch for a better alternative and in this re sea t Ti
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modified 15 Cr-15 Ni »ustenitic steel has shown great proraiBO» Data on

swelling of thin material i s scarce in open literature«. For tho present

studies, i t nan been sssumsd that swelling of this Ti modified steel is

proportional to that of CU 316, the proportional constant -varying uith

tomporaturo as shown in fig»2» This approach} though conservative), i s

altogether unsatisfactory for i t gives rise to an unrealistic secondary

peak at high temperature. Void swelling data for CW 316 has been taken

fro» ref.1» Creep of CbJ 316 and CW 15 Cr-15 Ni-Ti steal due to

irradiation i s found out according to correlations suggastad in ref.2

and 3 respectively0

3.0 Wrapper Dilation

Bulging of hexagonal wrappsr tube due to irradiation creep under

coolant pressure and void swelling damando certain gaps between

oubassemblies for smooth fuel handling» This gap dilutes fu«l volum«

fraction in core and reduce» breeding gain» Estitr-ated dilation of

wrappsr tube for carbide and oxida varsions for a wrapper tuba thickneos

of 3.5 mm aro oivan in Table I. It is found that use of Ti modified steel

reduces the necasaary inter subasserably gap significantly« The increased

craop resistance of this steal seems to play a greater role in this

reduction The fluence to burn-up ratio i s crucial with regard to

wrapper dilationo

4.0 Bouinq of Subassetnblias

While wrapper dilation is restrictive for the inner zone subassemblies,

bowing deflections are restrictive for the outer zone subasserablias« For
PFBR, no active restraint against bowing is contemplatedo The passiv«

restraint offered by reflector and shielding subassembliea is considared

sufficient. The subassembliee in core are designed to contact at the

niddl» level of top axial blanket column through raised buttons«. At othsr

levels any deflection beyond tho in tor subasaembly gap would give rise to

interaction. This passively restrained core concept is found to induce

considerable irradiation creop in the wrapper tubes to counteract the

effects of swelling. The results of PFBR bowing calculations carried out

using "BOW" coda aro summarised in Table II.

The gain in the case of low swelling Ti modified atsel in not as much

as one «jould expect. This i s because of i t s relatively higher creep

resistance and this further manifests in increased bend in tho
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6»0

aubasBemblies. For example, swelling induced bowing in the case of

316 SS for 500 days of operation is -258 rw» against -105 raw for Ti

stabilised steel» High resiatence to creep of th» latter nullif ieo

this great advantage to a large extent as seen from the figures given

in Table I I« Present study suggests that Ti modified steel may

require st i f fer restraint against bowing to fully exploit i ts low

swelling behaviour*

Another interesting observation with respect to bowing of

subassemblies is the saturation of the maximum bowing deflection in

the core* The saturation seems to occur around 50 HUD/Kg and this ma/

be attributed to the strong interrelation between irradiation creep and

swelling.

Reduction in Subassemblv due to Differential 5nellinq between
ancj Wrapper

Differential swelling between clad and wrapper occurs due to

temperature difference between them during operation,, One of the effects

of this differential swelling is change in coolant flow through tho

subaesembly for a given pressure drop. The study carried out in thic

respect has been useful to indicate that selection of clad material

can not b« isolated from the choice of wrapper tube material. Figures 3

through 5 show the estimated flow reduction in the central subassembly gf

°FBR due to differential swelling for the following clad/wrapper material

combinations respectively:

i ) CW 316 / Ctd 316

i i ) Oil 316 / CUI 15 Cr-15Ni - Ti ste«l

i i i ) CU 15 Cr - 15 Ni - Ti Steel/CW 15 Cr - 15 Ni - Ti steel

I t is seen that for • burn-up of 50 PTjJD/Kg, this problem is not

severe. Moreover, the deficiency due to flow reduction may be offset by

power reduction in some cases» The third combination is the best from

the conBideration of flow reduction. But the results for this material

are not reliable as the temperature dependence of swelling in the data

assumed is not fully realistic»

Intiorated Axial Shield In

Two of the core components that are subject to high neutron fluence

are core cover plate and grid piste* The fission gas plenum located
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at the bottom of fuel column l imits ths Plucncc ooen by grid plate

to an acceptable y.5lua, . Tor the cover plate, hcuaver, an extra

length at the top is required. Thia shielding provided at the top

of the subassemblies reduceo oecondary sodium contamination and

providas extra guide length for control rods« Howevar, this

results in increased bowing deflection. In fact, one of the strong

arguments in favour of locating the fission gas plenum below fuel

colum is frcm bowing consideration« A parametric study carried

out for PFBR for carbids core for Cld 316 as structural material

yields tha results presented in Table. I I I .

From the results i t is seen that for axial shield lengths beyond

500 an there is saturation with respect to bowing deformations«
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TABLE I

WRAPPER DILATION (mm) FOR A TARGET BURN-UP OF SO

20% CU 316

I
er» CW 15Cr-

15Ni-Ti
staal

Oxide

6 . 7

3 .2

Carbido

9O7

4 . 9

Maximum rated outer zone

Oxidt

5.3

2.5

Carbide

8 .1

4 .1



Carbide

Oxida

TABLE II

RESULTS OF BOUIING CALCULATIONS FOR PFBR CORE
FOR A UNIFORM RESIDENCE TIHE OF 4QQ DAYS

FOR OXIDE CORE AND 500 DAYS FOR CARBIDE CORE

ftaxinum d e f l e c t i o n
a t top during

operat ion
ma.

Plaxiraua d e f l e c t i o n
during shut down

mm«

Maximum bend in Maximum interact ion
8uba8sembly forco

CU) 316 -34,1» -26.4 44.4 G660

CW 15 Cr-
15 Ni-Ti

-27.8 -18o3 52.6 7660

CW 316 -25.5 -18o8 34.6 6880

CU 15 Cr-
15 Ni-Ti

-20o8 -12.5 41.6 6620

• (-) sign indicatta outward movement



TABLE I I I

EFFECT OF AXIAL SHIELDING ON BOUING
DEFORMATIONS IN CARBIDE CORE

Length of Top Axial Maximum bowing Maximum band
Shielding during operation

nun mfr mm

0 -26.2 40o4

500 -34.4 44.5

800 -34.1 44.8

V.
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FIGD3a 7. FLOW REDUCTION VS BURN-UP
V

(207. CW 316 SS CLAD & SHEATH)
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EVALUATION OF CORE DISTORTION IN FBR

Iwao Ikarimoto, Masako Tanaka
Reactor Components Engineering Department

Yoshiyuki Okubo
Core Engineering Department

Mitsubishi Atomic Power Industr ies, Inc.
4-1 , Shibakouen 2-chome, Minato-ku, Tokyo, 105 JAPAN

ABSTRACT

The analyses of FBR's core distortion are mainly performed
in order to evaluate the following items.

1) Change of reactivity

2) Force at pads on core assemblies

3) Withdrawal force at refueling

4) Loading, refueling and residual deviations of wrapper
tubes (core assemblies) at the top

5) Bowing modes of guide tubes for control rods

The analysis of core distortion are performed by using
computer program for two-dimensional row deformation analysis
or three-dimensional core deformation if necessary, considering
these evaluated items which become design conditions.

This report shows the relationship between core deformation
analysis and component design, a point of view of choosing an
analysis program for design considering core characteristics,
and computing examples of core deformation of prototype class
reactor by the above code.

* ^The work performed under the contract between Power Reactor
and Nuclear Fuel Development Corporation and Mitsubishi
Atomic Power Industries, Inc.
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1. INTRODUCTION

Analysis of core distortion is performed (1) to determine
design conditions of components regarding core distortion for
a planning reactor or (2) to understand core characteristics
of an operating reactor.

The former requires that analytical results are conserva-
tive, and that this results are not so conservative as compo-
nents have un reasonable designs. The latter requires accurate
prediction of core distortion as far as possible.

Analysis of core distortion is done mainly to evaluate the
following items. Therefore, an analytical code must be selected
and input data must be given in consideration of (1) and (2)
above and sensitivity of factors affecting the following items.

* Items for evaluation *

1) Change of reactivity (Deviations of core assemblies)

2) Force at pads on core assemblies

3) Withdrawn force at refueling

4) Loading, refueling and residual deviations of wrapper
tubes (core assemblies) at the top

5) Bowing modes of guide tubes for control rods

In this paper, we deal with the analysis of core distortion
performed to determine design conditions of prototype class
components, and show correlations the analysis of core distor-
tion with the design of components based on design conditions
depending the above results. This also shows points of view
of choosing a code and one of determining conditions for the
analysis of core distortion. This also shows analytical results
for prototype class core components to determine design condi-
tions of components.

2. CORRELATION BETWEEN ANALYSIS OF CORE DISTORTION AND
COMPONENTS DESIGN

2.1 Components related to core distortion

An example of prototype class reactor structures is
shown in figs. 1 and 2.

Core assemblies are supported with the core support
structure consisting of receptacle tubes, core barrel
and core former and so on. In vessel, Assemblies are
handled with a fuel handling machine. Therefore,
components related to core distortion include compo-
nents of the support structure, fuel handling machine
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and other components related to refueling as well as
core assemblies.

2.2 Evaluation items for analysis of core distortion and
design conditions for components.

Evaluation items for analysis of core distortion are
shown in 1 above and are related respectively with
design conditions for components as shown below.

1) Change of Reactivity (Deviations of core assemblies)

Change of reactivity due to core distortion must
be evaluated synthetically for safety of the core
with that due to other factors. It is an important
subject but not directly related to design condi-
tions of components.

2) Force at pads on core assemblies

Bulging and bowing of a wrapper tube due to thermal
effect and swelling cause interference between core
assemblies. Thus, force is applied to pads on core
assembly and nose piece (inlet nozzle) and as its
reaction, force is applied to the core barrel
through receptacle tubes and core former.

These loads become design load conditions of the
wrapper tube of the core assembly and core support
structure and are used for evaluation of structural
integrity.

3) Withdrawn force at refueling

When force exists at pads on core assemblies at
refueling, higher force than weight of core assem-
blies plus friction resistance force at pads and
nose piece (inlet nozzle) is required to withdraw
core assemblies with the fuel handling machine.
Therefore, the fuel handling machine must have
capacity to generate this force and strength to
withstand this force. Withdrawn force is one of
main design conditions of the fuel handling machine.

4) Loading, refueling and residual deviations of
wrapper tubes (core assemblies)at the top

deviations of core assemblies while operating
affect the core size and are used for evaluation
of change of reactivity in 1 ) . However,
refueling and residual deviations of wrapper tubes
at the top are related to the refueling function.

Deviations at the top of wrapper tubes during
refueling may cause slippage between the gripper
of the fuel handling machine and the handling head
at the top of wrapper tubes. Therefore, the gripper
and handling head must be designed so that core
assemblies can be handled even if this slippage is

/
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5)

considered including other factors such as setting
accuracy of the gripper position. Deviations at
the top of wrapper tubes also become design condi-
tions of the fuel handling mechanism consisting of
the gripper and handling and so on.

When each core assembly is withdrawn by a fuel han-
dling machine, restraint due to interference with
adjacent core assemblies is lost and deviations of
core assembly become greater than then it is
loaded in the core. Size of the pot must be
determined in consideration of residual deviations
of core assembly after their withdrawal from the
core, because spent core assemblies are handled
after they are stored in the pot on their with-
drawal from the reactor vessel and on ex-vessel
handling.

Because the size of the pot affects specifications
of components of the fuel handling system, residual
deviations also become design conditions of compo-
nents of it.

Bowing modes of guide tubes for control rods

Control rods having the scram function must be
inserted in the core surely. For this purpose,
it must be confirmed that insertion of control rods
is not hindered by deformation of guide tubes for
control rods. Conversely speaking, it is necessary
to design control rods that can be inserted even
if guide tubes are deformed.

Deviations of guide tubes are caused by swelling,
creep and thermal effect and also by seismic force
and must be evaluated under the strictest condi-
tions to ensure proper insertion of control rods.
Under the severest conditions in this case, atten-
tion must be paid to not only bowing amount of
guide tubes but also bowing modes. For example,
evaluation of insertion performance depend on
bowing modes as shown in Fig. 3. Therefore,
deviations of guide tubes become design conditions
to determine the basic shape and size of control
rods.
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3. ANALYSIS OF CORE DISTORTION TO DETERMINE DESIGN CONDITIONS

3.1 Basic concept

Analysis of core distortion intended to determine design
conditions of components can achieve its purpose if
conditions and models are set so that analytical results
become conservative conditions as design conditions of
components. In this case, it is not always necessary to
use a three-dimensional code for analysis with a detailed
model.

Howeverr analytical results cannot be so conservative as
to make design of components unreasonable.

Therefore, a standard is required to judge whether to
ease design conditions of components by performing
analysis of core distortion in details or to simplify
the analysis of core distortion.

A variety of factors affect core distortion and it is
practically impossible to reflect all of them in the
analysis strictly in view of CPU time. Therefore,
simplification of the analysis of core distortion must
be considered according to its purpose.

In simplification, it is necessary to qualitatively and
quantitatively understand influences of the factors on
analytical results. If the influences are not clarified,
the effects of factors are analyzed in details treating
factors as parameters to survey the influences and
experiments are made to determine them, if necessary.

The above comes to this that it is necessary to survey
how to handle influential factors to obtain conservative
calculational results.

3.2 Factors affecting core distortion and its analytical
results

Factors affecting core distortion and its analytical
results are shown in Table 1.

The main factors affecting the analysis of core distor-
tion naturally include swelling and creep.

These irradiation data have been clalified by irradiation
tests.

Equations for evaluation of swelling and creep based on
irradiation data are used in the analysis.

In the analysis intended for determing of design condi-
tions of components, however, most probable values for
evaluation are used and inaccuracy of irradiation data
must be considered in the analytical results or evalua-
tion equations with due consideration to inaccuracy of
the data must be used.
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Fig. 4 shows the ratio of the analytical results in
which the inaccuracy is considered so that the swelling
evaluation equation increases but the creep evaluation
equation decreases to the analytical results in which
the inaccuracy is considered so that both the swelling
evaluation equation and the creep evaluation equation
increase.

If the inaccuracy is considered so that the swelling
evaluation equation increases but the creep evaluation
equation decreases in evaluation of force at pads,
residual deviations and changes of reactivity as shown
in Fig. 4, the analytical results are on safety side in
evaluation of changes of reactivity and become conserva-
tive design conditions for components. Though not shwon
in the figure, the above similarily applies to the with-
drawn force and the deviations at the top.

Therefore, as conditions of analysis of core distortion,
inaccuracy of the swelling evaluation equation is
considered so that the evaluation equation increases and
inaccuracy of the creep evaluation equation is considered
so that the equation decreases.

Among other influential factors than swelling and creep
shown in Table 1, either a smaller or wider gap between
pads can produce more conservative design conditions of
components as for the size, for example. As for neutron
flux and temperature, conservativeness increases if
wrapper tubes are set with greater distance between them.

Factors where prediction of their influences on the
analytical results is difficult include scattering in
size and loading state of core assemblies. Evaluation
of influences by these scatter requires many three-
dimensional analysises depending on number of core
assemblies which are not practically performed.
Therefore, it is rational as analysis for determing of
design conditions of components to evaluate after setting
input condition, estimating the scattering statistically,
for example with their deviations assumed at the control
value of their tolerances.

3.3 Selection of an analysis code

Core distortion analysis codes include the analysis code
for two-dimensional representative rows of beam model
(DEFLECT-XY, HIBEACON 2D), three-dimensional analysis
code (RAINBOW, HIBEACON 3D) and three-dimensional code
by FEM (ARKAS).

An analysis code is selected by judging whether the
simple two-dimensional representative row analysis is
good enough or the three-dimensional analysis is required
to analyze core distortion.
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In the two-dimensional representative row analysis,
deviations occur only in the row direction but the
maximum deviation may occur in other directions than
rows in actual core assemblies layout. In this case,
only the row-direction component force of the maximum
deviation deviates in the row direction. Therefore, it
is necessary to determine such analytical conditions
as to give the maximum difference of temperature and
exposure in row direction, for example, to obtain
conservative (on safety side) analytical results in the
two-dimensional representative row analysis. The two-
dimensional representative row analysis code may be used
satisfactorily if the analysis with such conditions
produces no changes of reactivity that may impair safety
and no big force and deviation that make design condi-
tions of components irrational.

A prototype class FBR (about 500 to 800 MWt) and large-
type FBR (about 1000 to 1500 MWt) including a demonstra-
tive or commercial reactor have a bigger core than that
of an experimental reactor (about 30 to 100 MWt) and
smaller sensitivity to core distortion. When deviations
of core assemblies in both are same, changes of reactivity
in a prototype reactor, etc. are generally smaller than
that of an experimental one. As shown in Fig. 5, for
example, change of reactivity due to core distortion in
a prototype class FBR is about 3 to 7 percent of that
due to other causes. As a reactor structure become
bigger, capacity of components can be also increased.
Analytical results even with conservative conditions
hardly show unreasonable design of components.

Fig. 6 shows a process diagram of evaluation of core
distortion. An analysis code is selected in considera-
tion of the purpose of the analysis and characteristics
of the core under analysis asymmetry
core distortion). At present, design of a prototype
class FBR use the two-dimensional representative row
analysis code as main design code. The three-dimensional
code is used where distribution of neutron flux and
temperature is distorted three-dimensionally as in the
control rod and its vicinity and distortion of the core
assembly cannot be handled two-dimensionally in row di-
rection.
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4. TWO-DIMENSIONAL REPRESENTATIVE ROW ANALYSIS EXAMPLE FOR A
PROTOTYPE CLASS FBR

Design of a prototype class FBR mainly uses the two-
dimensional representative row analysis code for analysis
of core distortion.

The following shows an example of the analysis for a proto-
type class FBR using this analysis code.

4.1

4.2

Analysis conditions

1) Core assemblies layout

2) Shape of core assembly

3) Irradiation time

4) Refueling method

5) Analysis code

Row shown in Fig. 7

Fig. 8

148 days/cycle

5 batches

DEFLECT-XY

Analytical results

Analytical results are shown in Fig. 9 and 10. Fig. 9
shows distortion of wrapper tubes during operation of 8
cycles. Fig. 10 shows distortion at refueling after
operation of 8 cycles.

4/2-8



5. CONCLUSION

In evaluating core distortion of a FBR, an analysis code
must be selected and input conditions must be determine
according to the purpose of evaluation of core distortion.
Therefore, it is necessary to grasp influences of factors
on analytical results respectively and select a code and
set input conditions according to the purpose.

In the analysis intended for determine^ cf design conditions
of components in a prototype class FBR, the three-dimensional
analysis in full or sector is not always required and the
two-dimensional representative row analysis may be practic-
able enough.

A large-type reactor such as a demonstrative or commercial
reactor has an increased number of core assemblies for
analysis and requires various parameters for design of
components. Therefore, it is not rational to apply the three-
dimensional analysis to all of them. It is rational for
evaluation of core distortion to mainly use the simple two-
dimensional representative row code as design code and apply
the three-dimensional analysis as backup of the above
analysis.

4/2-9

£77 ,



Table 1 INFLUENCE FACTORS
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Influence Factors

Swelling

• Creep

• Coefficient of Thermal Expansion

• Modulus of Elasticity

• Coefficient of Friction

(The Above Respective Accuracy)

Core Assemblies

• Distances between the Opposite Side at Pads

and Heights of Pads

• Nose Pieces

• Wrapper Tubes etc.

Supporter (Core Support Structure)

• Receptable Tube

• Core Former

• Core Support Plate (Pitch)

Neutron Flux Distribution (include its Accuracy)

Temperature Distribution ( " )

Pressure Distribution ( " )

Initial Charge State of Core Assemblies

Irradiational Period of Fuel and Plane of Exchange

Location of Core Assemblies

Core Model

• Full, Sector (Three-Dimension)

• Representative Rows (Two-Dimension)
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Fig. 1 REACTOR STRACTURE IN FBR
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Fig. 2 CORE INTERNALS
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Fig. 6 DIAGRAM OF EVALUATION FOR CORE DISTORTION
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DESIGN OF THE SNR 300 CORE RESTRAINT SYSTEM

Jochen Heinecke, Edith Königsdorf
INTERATOM, Bergisch Gladbach, Germany

1. DESCRIPTION OF THE RESTRAINT SYSTEM

The core restraint system of the SNR 300 is a passive
system. It employs two restraint rings embedded in a
core barrel, see Fig. 1. The subassemblies have accor-
dingly two pad l e v e l s , the lower one in the lower
breeder zone and the upper one above the upper breeder
zone near the top of the subassembly. The subassem-
blies are placed in grid plate inserts within a cer-
tain flexibility. There is no transfer of bending
moments between subassembly and grid plate insert.
Some characteristic data of w r a p p e r , grid plate and
restraint rings are given in Table 1 and Fig. 2.
Wrappers and restraint rings are made of different
types of steel. The ferritic rings have a smaller
coefficient for the thermal expansion than the
austenitic w r a p p e r s . This results in a rather tight
array of the 'core at full power, but in the shut down
state the array is opened to ease refuelling, see
Tab. 2. The lower pads are hexagonal rings welded
to the wrapper. This increases the stiffness of the
pad level by a factor of two compared with the clean
wrapper. The upper pads are plates screwed to the
subassembly head.

2. APPLIED METHODS

All calculations are performed with the 2-dimensional
codes FIAT for the mechanical performance and BIER
for the reactivity performance. FIAT calculates the
mechanical equilibrium configuration for a spoke
through the core taking into account thermal e f f e c t s ,
neutron induced swelling and creep, elastic b e n d i n g ,
local flexibilities in the p a d s , clearances and subas-
sembly m a n a g e m e n t s . BIER calculates the reactivity
differences between different equilibrium configura-
tions by processing the subassembly deflections from
FIAT and the local reactivity coefficients from the
2-dimensional multigroup codes DIXY and DIXYBOWP. The

4/3-1



+•
application of 2-dimensional codes are j u s t i f i e d by
the fact, that both the neutron flux g r a d i e n t s and
the temperature g r a d i e n t s are strictly oriented into
the radial d i r e c t i o n , e s p e c i a l l y in the o u t e r core
region, which dominates the core b e h a v i o u r . This fact
is d e m o n s t r a t e d in Fig. 3 for the neutron flux and
in Fig. 4 for the t e m p e r a t u r e s .

3. O P E R A T I O N A L B E H A V I O U R

The full power state of the fresh core is shown in
Fig. 5. It must be m e n t i o n e d , that d e f l e c t i o n s and
gaps have a larger scale than the w r a p p e r distance
across f l a t s . In both pad levels the gaps are nearly
closed in the inner part of the c o r e . There is no
contact to the u p p e r r e s t r a i n t ring. The c o n t a c t
forces are rather s m a l l .

With increasing r e s i d e n c e time i r r a d i a t i o n effects are
n o t i c e d , as can bee seen in Fig. 6, which shows the
pattern after 296 EFPD. In the high flux region the
w r a p p e r s are b u l g e d due to swelling and irradiation
creep under internal coolant p r e s s u r e . S u b a s s e m b l y
F 0 1 , which has replaced a d i l u e n t s u b a s s e m b l y , has
only a residence time of 140 EFPD and is not yet
bulged.

The end of life s i t u a t i o n a f t e r 441 EFPD is shown in
Fig. 7. The upper r e s t r a i n t ring is in contact with
the o u t e r m o s t r e f l e c t o r s u b a s s e m b l y now. E s p e c i a l l y
the center core s u b a s s e m b i i e s have e x p e r i e n c e d large
w r a p p e r b u l g i n g , which has used up the a v a i l a b l e inter
w r a p p e r spacing and has led to theoretical o v e r l a p p i n g .
The s u b a s s e m b l i e s of the o u t e r e n r i c h m e n t zone in row
8 and 9 show the largest b o w i n g , which led to contacts
outside the pad l e v e l s , too. S o , the c r i t e r i o n "no
contacts o u t s i d e the pad l e v e l s " is v i o l a t e d . This has
h a p p e n e d , b e c a u s e the inter w r a p p e r spacing was fixed
long ago on the basis of material c o r r e l a t i o n s for
swelling and c r e e p , which today are out of d a t e .

In order to improve the situation a m a n a g e m e n t for some
s u b a s s e m b i i e s is f o r e s e e n : 1.) The fuel s u b a s s e m b i i e s ,
which replace the diluent s u b a s s e m b i i e s after 1/3 and
2/3 of r e s i d e n c e time are not loaded into row 6 but
in row 2, the 1/3 and 2/3 burned fuel s u b a s s e m b i i e s
of row 2 are shifted to row 6, 2.) The fuel subassem-
blies of the o u t e r e n r i c h t m e n t zone are rotated by 180
degree a f t e r 2/3 of the r e s i d e n c e t i m e .
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The decision to do so depends on the results of inter-
mediate measurements of the deformation of some charac-
teristic subassemblies after 1/3 and 2/3 of the resi-
dence time. Fig. 8 shows, how the situation is improved
by this management: The subassemblies are rather straight,
the contact forces are low, there is only one contact
outside the pad levels.

The corresponding core patterns at shut-down
in Fig. 9 without management and in Fig
ment. The management causes a reduction
pad force from 1500 N to 70 N. But even
out management is acceptable concerning
force: 3860 N are expected, 20000 N are
maximum incore subassembly head displacement of 12.6 mm
is less than the allowed value of 17 mm. The permanent
subassembly bowing of 20.8 mm is less than the allowed
value of 25 mm. The maximum load pad force of 2847 N
is less than the allowed value of 3600 N.

are shown
10 with manage-

of the maximum
the case with-
the extraction
allowed. The

The reactivity pe
sients is shown
core. The thermal
ded in the reacti
rature data for t
in Table 3. The
between 30 % and
between the tempe
the one side and
The dotted lines
wi ng coeffi ci ent,
si ent wi th unchan
bowing coefficien
(0.035 pcm/K) for
for end of life,
ficient is negati
-0.79 <fr/MWth, as

rformance during start up and tran-
in Fig. 11 for the fresh and burned
expansion of the grid plate is inclu-

vity balance. The relevant main tempe-
he different power states are listed
hysteresis effect during transients
100 % power is due to the time lag
ratures of wrappers and grid plate on
restraint rings on the other side,
above 100 % power represent the bo-
simulated by a temperature rise tran-

ged restraint ring temperatures. These
ts are small and amount to 0.01 <t/K
begin of life and 0.18 c/K (0.64 pcm/K)

The corresponding overall power coef-
ve in both states, -0.071 «t/MW^. and
desi red.

4. RELOAD CORES

For the future cores to be loaded into the SNR 300 a
wrapper material is envisaged, which provides a better
performance unter irradiation, mainly less swelling.
Preliminary core restraint calculations have shown,
that higher burn ups then are achievable. It seems al-
so to be possible to simplify the design of the lower
pads, because the necessary stiffness can be reduced.
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Table 1: Main data

Wragger

. Material

. Distance across outer flats

. Gap between subassemblies
- lower pad level

- upper pad level

. Wrapper thickness

. Pad stiffness
- lower pad level
- upper pad level

Austenitic steel Nr. 1.4981

110.25 mm

0.0
0.2

2.6

mm
mm
mm

2.5-10^ N/mm
1.9*10 N/mm

Material

Subassembly pitch

Austenitic steel Nr. 1.4948

115.0 mm

Material

radial gap between outer
reflector subassembly and
restraint ring
- lower pad level
- upper pad level

Ferritic steel Nr. 1.6 7 70

3. 3 mm
9.0 mm

Table 2: Total gap in the pad levels

State

Room

Shut

Full

tempera

down

power

ture 20

200

400/445

°C

°C

°C

lowe

6.

4.

2.

Ga
r
Pa

6

0

3

P

d

I
le

mm_

vel
uppe

22

19

12

r

.4

.7

.6
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Tab]e 3 : Main t e m p e r a t u r e d a t a

Power
L Ia-I

0 Cold

0 Warm

30

100

start

start

Core
inlet temperature

Z"°c_7
~ 180

320

335

377

Core
temperature rise

Z"K_7

0

0

169

169
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1. INTRODUCTION

The restrained core was adopted for the UK Commercial
Demonstration Fast Reactor (CDFR) in the mid 19 70's.
The reasons for its adoption are still valid today
although increased importance is now given to its
seismic performance. During an earthquake of "safe
shutdown" intensity the rigid restraint barrel, small
clearances of the restraint pads and the cross sectional
strength of the sub-assemblies, particularly at the
upper restraint level adequately maintain the relative
positions of sub-assemblies. A general analysis of
sub-assembly motions with simplifying but conservative
assumptions indicates that the transient reactivity
insertions due to horizontal core movements in the
safe shutdown earthquakes will be less than 1 $.
A programme of experiments is being initiated to support
the analysis and demonstrate that the present predictions
are pessimistic.

Other reasons for choosing this style are

1) The tops of the sub-assemblies are always
maintained within a few millimetres of the
nominal position. This avoids misalignment
with the absorber rod operating mechanisms,
ensures reliable outlet temperature monitoring
and BPD sampling, and enables the refuelling
gripper to locate and engage each sub-assembly
during refuelling.

2) The self cancelling interaction of bowings due to
neutron induced voidage and bowing due to
irradiation creep reduces the total out-of-core
bow of irradiated sub-assemblies. This simplifies
out-of-core fuel handling. The withdrawal of the
sub-assembly from the core is made easier because
the sub-assemblies are straighter but more
difficult by the presence of the two restraint
planes where the inter-wrapper clearances is
small. The balance of advantage in these early
stages of refuelling is less clear.

The early calculations performed to demonstrate the
feasibility of the restrained core were based on
refuelling when a peak burn-up of 10% was reached.
Important savings in fuel cycle cost can be made by
increasing the burn-up. The immediate aim for
CDFR is to extend the peak burn-up to 15% and eventually
to 20% burn-up depending on irradiation experience.

The effect of higher burn-up on CDFR performance will
be discussed in this paper.
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2. THE CDFR RESTRAINED CORE

Figures 1 and 2 are a plan and a cross-section of the
CDFR core. Rigid restraint boundaries are provided
at the restraint plane levels near the tops of sub-assemblies
and immediately above the top of the fuel stack. The fuel,
breeder and five rows of shield assemblies are held within
the restraint structure. Fuel and shield elements are
supported at their base by support tubes which are pushed
into bushes in the upper and lower diagrid plates. The
support tubes will not normally be removed during the
life of the reactor but, if damage is indicated, exchange
is possible by modified fuel handling procedures. The outer
ring of breeder assemblies and all shield assemblies are
supported from a low pressure coolant plenum. Externally
the fuel, breeder and 1st row shield elements are similar,
consisting of an hexagonal PE16 wrapper, a connecting spike
at the foot and a substantial head piece for fuel handling.
The graphite shield elements in rows 2 to 5 have circular
wrappers of 316 stainless steel with restraint pads at both
levels, a flexible spike and a lifting head similar to the
lifting heads on the core sub-assemblies. Table 1 gives
some relevant dimensions

TABLE 1

S/A Pitch 147 mm

Nominal wrapper across flats external 140.5 mm

Nominal wrapper thickness for PE16 2.6 mm

Upper pad clearances 0.45 mm off power

0.1 mm on power

Lower pad clearances 0.48 mm off power

Displacements per atom at 10% b.u. - upper pads 1 dpa NRT
lower pads 40 dpa NRT

The detailed design of the spike and of the cross-sections
at the restraint planes have been chosen to reduce contact
loads and facilitate refuelling. At the upper restraint pads,
(see figure 3) the accummulated damage by fast neutrons
is so small that voidage growth can be ignored. Consequently
a strong cross-section and small inter-pad clearances can
be employed to maintain the sub-assembly outlets in their
correct lattice positions. The contact surface is divided
into two separate areas with a recess between them.
This provides additional clearance during refuelling for the
lower pads or dilated wrapper sections to pass through
the upper restraint plane.

The lower pads, figure 3, are formed by pressing the
central part of the wrapper face outwards. The full
wrapper-to- wrapper spacing is maintained at the corners
so there is no danger of contact here due to voidage
growth. The growth across the pads will however exceed
the small interpad clearances but the loads resulting from
this interference will be relieved by irradiation creep
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in the moderately flexible cross-section. Small nominal
interpads gaps are necessary at the lower restraint plane
to ensure that, by the time the core has reached full
power A T , there is wide spread contact between sub-
assemblies. The pads are then sufficiently rigid to ensure
that, in fault conditions (i.e. A T > 1 . 0 ) the core expands
with increasing temperature.

Figure 4 shows the short spike, 350 mm long, which has been
chosen to minimise the overall sub-assembly height.
If the spike was rigidly attached to the wrapper, the
restrained bowing of the assembly would result in bending
moments at the foot which would be reacted by high bush
loads. To avoid these the spike can articulate at its
upper end, the flexibility being controlled by a bending
bar.

The arrangement also facilitates the re-engagement of the
spike of a new sub-assembly which, due to distortions
in the core, may not be offered to the socket along the
correct axis.

3. CALCULATION RESULTS

Table 2 shows the results of comparative calculations
using the CRAMP code (1) for the reference CDFR design,
with 3 batch refuelling at 10% peak b.u. and 15% peak b.u.
Comparing the results in columns 1 and 2 for the core
containing wrappers of a low swelling alloy such as
PE16, it can be seen that pad loads, unrestrained head
bow* and initial fuel removal loads increase by 10% to 15%.
This is a small increase considering the burn-up has
increased by 50%, It indicates that in the restrained core
a balance is being achieved between the positive swelling
effects of neutron induced voidage bow and across-pads
growth and the negative irradiation creep effects of
relaxation bowing and inward creep of the restraint pads
due to the contact loads. Because of the cross-sectional
stiffness of the sub-assemblies at the upper pad level and
the small clearances in the core head bow remains very small
at the higher burn-up. One cause of withdrawal loads arising
above the sub-assembly weight can be three point contact
due to sub-assembly free bow, see figure 5. The additional
calculated extraction load due to a grossly bowed, low
probability, sub-assembly is shown on figure 6 and it can
be seen that much of this load can be avoided by increasing
the internal diameter of the charge chute and allowing
some limited transverse flexibility in the charge chute
gripper. These loads, being dependent on wrapper free
bow,. will not rise to critical levels as burn-up is
increased to 15% or beyond.

* Unrestrained head bow is the sideways displacement of the
head from the true axis through the spike when all
bowing restraints are removed.
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The mid core dilation of the wrapper due to voidage
and irradiation creep driven by coolant internal pressure
increases more directly with burn-up. The CDFR design
basis for dilation is that, for sub-assemblies with mean
swelling and creep behaviour there will be no wrapper-to-
wrapper contact in the reactor, except at the pads, and
there will be no interference due to dilation during
sub-assembly removal for refuelling. For the more
extreme levels of dilation, due to the variability
of material performance, some in-core contacts and
interference during refuelling will be permitted. If
the wrapper across flats dimension exceeds the core
lattice pitch by more than 1.0 mm the withdrawal forces
will be unacceptable, see figure 7. On this basis the
dilation of 8.1 mm predicted for PE16 wrappers at 15%
burn-up is unacceptable with the existing nominal
inter-wrapper gap of 6.5 mm.

4. THE DESIGN ALTERNATIVES FOR HIGH BURN-UP

The control of dilation is essential in order to operate
the reactor to high burn-up. Some reduction of
sub-assembly free bow and pad loads is also desirable.
Considering the alternative actions inturn, the first
would be to accept the dilation and increase the inter-
wrapper spacing in step with the required burn-up.
This is not attractive due to the adverse effects on
pin bundle hydraulics, core sodium fraction, sodium
voiding potential in accidents, core size and capital
cost. An increase of wrapper thickness would increase the
core steel fraction and, usually, neutron absorbtion.
The CDFR reference wrapper material is PE16 ( 44% Ni) and
if this is replaced by an alloy with a lower nickel content/
the wrapper thickness can be increased without degrading
the neutron economics. This is an attractive alternative
providing that a suitable material is available, especially
if that material has improved resistance to in-reactor creep.
A reduction of sub-assembly pressure drop has a complicated
interaction with fuel cycle economics but generally leads to
their deterioration and an increase in ore requirements.
Significant reductions in pressure drop are unlikely to
be acceptable. A reduction in the ratio of damage dose
(d.p.a.)/burn-up would be helpful. This ratio is fixed by
wider core considerations and is unlikely to be reduced in
large homogeneous commercial cores.

5. FERRITIC WRAPPERS

The choice of materials for the CDFR wrappers is complicated
as there is a conflict in the materials properties required
to restrict both free bow and dilation. The contribution of
creep to dilation varies but is typically several times that
of voidage swelling. The candidate material should therefore
have a high resistance to in-reactor creep which, at
wrapper operating temperatures will be primarily irradiation
creep. If wrapper free bow and pad loads are to be controlled
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the creep rate of the material must be compatible with the
swelling rate to produce a balanced relaxation within the
restrained wrappers. The UK ferritic, martensitic steel
FV 448 is currently the prime candidate to replace PE16
for high dose wrappers,' with the wall thickness increased
to 3.2 mm or so. It is an 11% chromium steel with
additions of molybdenem, vanadium and niobium to improve
its creep resistance. The limited data available indicate
that the void swelling is unlikely to exceed 1% AV/V,
even at doses above 130 d.p.a. NRT and that the
resistance to in-reactor creep at wrapper temperatures,
including an allowance for thermal creep, will be better than
that of the 316 range of austenitic stainless steels.
CRAMP calculations show that the use of this material will
result in lower pad loading, wrapper free bowing, dilation
and refuelling loads at 15% burn-up than occur in a
PE16 core at 10% burn-up.

There are two potential disadvantages arising in a core which
is less tightly packed due to sub-assembly bowing and whose
wrappers have a lower coefficent of thermal expansion.
Firstly there is, in theory, the possibility of flow induced
vibration of sub-assemblies if wrappers are not supported
by contact with their neighbours. The deviations of
sub-assembly shape due to manufacturing variability with
the specified tolerances is expected to ensure adequate
contacts, especially in the CDFR arrangement with its two
tightly dimensioned restraint planes. Secondly although
the core radius still enlarges in over power transients
when the coreA T increases beyond 1.0 it does so more
slowly than a PE16 of austentic core would.

CONCLUSION y

The UK programmes already provides for the irradiation of
some twenty sub-assemblies with ferritic wrappers and
the first of these is awaiting loading into
PFR. Even after the satisfactory performance sub-assemblies
of ferritic wrappers has been demonstrated it would
be wise to adopt a reactor design which will accept
a range of alternative wrapper materials. Design
optimisation studies are planned to produce an economic
design capable of using not only ferritic alloys but a
range of low swelling wrapper materials (in the range
0.0% to 5% nominal A V/V at 170 d.p.a. NRT). This will
require some increase in wrapper thickness to control
dilation and a small increase in core lattice pitch, to
around 148 mm, to accommodate the increased wrapper
thickness and some additional swelling.
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TABLE 2 CRAMP PREDICTIONS

MATERIAL
Wrapper Thickness (mm)

Burn-up

Max Pad loads
(LRP) Kn

Max Head Bow
In Care mm

Max Head Bow
Unrestrained mm

Max dilation
(diametral) mm

Initial Refuelling
Load Kn (excluding
S/A weight - u = 1.0)

PASSIVE RESTRAINED CORE

PE16
2.6

10%

3.4

(1.0

13.5

5.7

2.7

PE16
2.6

15%

3.8

<1.0

15.0

8.1

4.0

Ferritic
3.2

10%

1.2

1.4

6.5

3.2

1.5

Ferritic
3.2

15%

1.3

1.5

6.5

4.5

1.7
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Inner Core 199 Sub-Assemblies
Outer Core 150 Sub-Assemblies
Breeder 234 Sub-Assemblies
Inner Shielding 90 Rods (Steel)
Inner Shielding 366 Rods (St.&Graphite)

(c) Operating Rods
^ Alternative Shut Down Devices
@) Shut Off Rods

PREFERRED HOMOGENEOUS CORE FOR C.D.F.R.

FIG. 1.
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MECHANICAL BEHAVIOR OF A FAST REACTOR CORE
APPLICATION OF 30 CODES TO SUPER-PHENIX 1

AND PARAMETRIC STUDIES

A. Bernard - J.P. Van Dorsselare
CEA/CEN Cadarache/DRNR, St Paul Lez Durance - FRANCE

ABSTRACT

This paper presents the SPXl project calculations, performed on 1/3
core with the aid of the series of 3D codes described in the Session 2. The
main criteria, related to contact forces, head bowings and handling forces,
are fulfilled.

Some parametric studies on the mechanical equilibrium are also
presented. The main parameters are : the axial pad level, the subassembly
stiffness and the pad local stiffness.

4/5-1

3



The series of 3D codes described in the SESSION 2 was applied for
the first time to the design calculations of an industrial reactor : SUPER-
PHENIX 1. Other studies were performed about the influence of various para-
meters on the mechanical equilibrium of the SPX1 core, especially the pad
reactivity effect.

1. APPLICATION OF THE SERIES OF CODES TO SPX1

1.1 Hypotheses

Linear flexural behavior of the subassembly considered alone : no
foot gap, no variation of the flexural rigidity with the loading.

Preselection of the interaction levels between the subassemblies :
pads and heads (the possible contacts at the mid-core level are
neglected a priori).

No friction, except for the handling force calculations.

No variation of the irradiation conditions along the time : tempe-
ratures, flux.

For the equilibrium "SUPER PHENIX 1" cycle, all the subassemblies
are equally old in the core, at any time. While for the starting
"SUPER-PHENIX 1" cycles some preliminary calculations of the free
bowings and of the variations of the distances over flats allowed
to account for the various handling operations performed during
the first cycles : thus, for this starting core, all the subas-
semblies have their actual age, at any time.

1.2 Uncertainties

For the studies related to the static mechanical core behavior,
leading to the mechanical design or the project criteria, some envelope
values were provided : they correspond to the results at the end of the
lifetime, weighted by an uncertainty coefficient of 50 %, except for the
friction forces during the handling operations for which the uncertainty
reaches 125 %. These 50 % come from the behavior laws (25 % ) , from ARGOH
(5 %) and from HARMONIE (20 % ) .

For studies of the "pad" effect, the most pessimistic values
during the cycles were considered as the best estimate up to now. No uncer-
tainty could be sharply defined.

1.3 Mechanical equilibrium calculations

Because of the 3 order core symmetry, the calculations were
performed on a sector of 307 subassemblies, i.e. one third of the core, what
represents 884 contacts at each selected interaction level (pads and heads).
A SO JEPP time-step for the equilibrium cycle and varying from 80 to
160 JEPP for the starting cycles was selected to get enough accuracy for the
irradiation creep bowings.

The Fig. 2 shows the map of the swelling bowings at the head
level, at nominal power and at the end of the core life. One may notice the
effects of thermal and neutronic wells around the control rods. The Fig. 3
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and 4 show the contact maps at the pad level, respectively at the beginning
and at the end of the core life. Three zones appear with respect to their
general mechanical behavior :

the fuel core inner part is submitted to a flat thermal and neu-
tronic field, only locally disturbed around the control rods,

the fuel core outer part is submitted to strong thermal and neu-
tronic gradients leading to a centrifugal bowing,

the core outer part, composed of the blanket and steel subassem-
blies, is less bowed ; it plays a part of elastic natural cons-
traint.

The lateral neutronic shielding subassemblies (PNL) don't in-
fluence the core static equilibrium, because of the existing gaps.

The project parameters, whose the values at the end of the core
life are to be compared with the technological limits, are the following
ones :

* Reactor at nominal power :

Head displacement, in the core, of a control rod (with regard
to the control rod operation), or of any subassembly (with
regard to the supervision of a suitable measurement of the
exit temperatures),

Interaction force on a pad, and bending moment at the subas-
sembly seat level( with regard to the mechanical resistance
of the pad and the foot).

* Reactor in isothermal handling situation :

Head displacement, in the core, of any subassembly,

Permanent free head bowing, out of the core, of any subas-
sembly,

Extraction force of any subassembly.

These values are such that the criteria are fulfilled.

1.4 Calculation of the "pad" effect

The HARMOREA code was not at the end of its development at the
time of the SPX1 studies : so, we only estimated the geometric core defor-
mation as a function of the AT core, i.e. a scalar AR/R, defined as the
variation of the fuel core mean radius between the nominal equilibrium and
the disturbed equilibrium by a AT core evolution.

The Fig. 5 presents the evolution of AR/R at the mid-core level,
in terms of the AT core, at the beginning and at the end of the core life :
it shows the non-linear form of this plot.

Two kinds of behavior are emphasized : below some value of the AT
core, the evolution is slight, almost negligible with respect to the evolu-
tion corresponding to the steel free thermal bowing. Beyond this value, may
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be observed the centrifugal behavior, due to the core compactness but limi-
ted by the elastic interpenetration of the pads and the progressive inter-
vention of the constraining forces. A similar calculation was performed with
the 2D core equilibrium code ORGUE-FLUTHE instead of HARMONIE : the plots so
obtained are on the Fig. 5.

4/5-4

3IX



2. PARAMETRIC STUDIES

These studies were performed with the help of HARMONIE 3D on the
120° sector of the SPX1 core, and based on the SPX1 data.

The results were estimated with respect to the contact forces, the
bowings at the head level, the handling forces and the "pad reactivity
effect" (this last phenomenon was only evaluated by the AR/R variation in
fonction of the AT core).

The parameters were chosen among the ones which could be modified
in the future in the SPX1 core (we did not consider, for instance, the type
of restraint systems) :

the axial pad level,
the subassembly stiffness,
the local pad stiffness.

The main results were :

the AR/R is optimal for an axial lad level, lower than the nominal
one (Fig. 6), but implying a strong increase of contact and hand-
ling forces,

the division by 5 of the local pad stiffness decreases the AR/R
(Fig. 7) and decreases the contact forces up to 50 %,

the division by 3 of the subassembly stiffness increases the AR/R
(Fig. 8) and decreases the contact forces roughly by a factor 3,

the influence on the bowings is small,

the consequences of the evolution of these three parameters do
not add each other in terms of AR/R (Fig. 9).
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CORE DISTORTION BEHAVIOUR
OPERATING EXPERIENCE IN FRANCE

A. Bernard, J.P. Van Dorsselaere
CEA/CEN Cadarache/DRNR, St Paul Lez Durance FRANCE

ABSTRACT

The two experimental French reactors RAPSODIE and PHENIX have
brought very useful informations on the core mechanical behaviour : pre and
post-irradiation measurements, specific devices to follow the displacements
of some subassemblies. They led to improve the knowledge of the irradiation
laws, of the wrapper tube (WT) distortions, of different materials for the WT,
and to develop and validate the calculation codes.
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The two experimental french reactors RAPSODIE and PHENIX have brought
very useful informations on the core mechanical behaviour. The main aspects of
the corresponding investigation program are presented in this paper.

1. RAPSODIE

At the beginning of the operation of this reactor, the specific
knowledge of the core mechanical behaviour was very poor. Steel swelling and
creep under the fast flux were quite not known.

However, a large examination program of the irradiated subassemblies
has been performed to investigate the behaviour of the wrapper tube. Most of
the subassemblies going out of the core have been examined in hot cells and
many measurements have been made.

The details of these results are not presented here, but two con-
clusions can be pointed out :

swelling and creep were discovered through the bowing of the subas-
semblies (in fact, of their wrapper tube) and through the typical
deformation of the faces of the wrapper tube due to the internal
sodium over-pressure,

stamped spacer pads, located in the middle of the flux area, were
subsided in the face of the wrapper tube, due to creep under the
loading of the interaction forces with the neighbouring subassem-
blies at this level.

These informations led to develop specific calculations tools as
presented in the corresponding papers.

Later, the maps of the heads of the subassemblies in the core were
made during handling operation. In fact, these very interesting informations
could not be interpretated as well as hoped with the 3D codes available, as no
more studies were done on Rapsodie concerning neutronical and thermohydrau-
lical behaviour, because Phenix has begun to operate. So, these calculations,
possible from a pure mechanical point of view, could not be made accurately.

expected.
Rapsodie is now definitely stopped and no more informations are

2. PHENIX

The Phenix situation is quite different as the problems to be inves-
tigated were clearly defined from the beginning of its operation.

For the individual subassembly behaviour point of view, the same
measurements than those presented for Rapsodie are made on selected subas-
semblies on which pre-irradiation measurements have been made.

As neutronical and thermohydraulical datas were available, it was so
possible both to validate the code models, at least on this geometry, and to
investigate the behaviour of differents materials for the wrapper tube. These
investigation finally led to chose the titanium stabilised 316 cold worked
stainless steel for SPX1.

5/1-2

335



For the whole core behaviour point of view, the need of 3D codes was
clearly pointed out through the very heterogeneous core management.

In order to try to reach in-pile informations for the core behaviour
understanding, two specific devices have been used :

The first one was a mechanical device with optical sighting assigned
to follow the displacements of some subassemblieii located in the
bowed area of the core. Unfortunatly, the device led to operating
problems and the investigations could not be performed completely.

The second one, using ultrasonic transducers, with a coupled mecha-
nical and thermohydraulical investigation program, has been used in
the reactor. Unfortunately again, this new device had also operating
problems and could not bring all the expected results, mainly for
the mechanical point of view.

For the code validation point of view, we are now intending to
perform a systematic calculation of the Phenix core with the 3D mechanical
tools, as the corresponding neutronical and thermohydraulical datas are going
to be available in 3D. We hope to be able to understand more accurately the
very complex behaviour of the Phenix core, taking into account the very hete-
rogeneous management of this experimental reactor.

In the future, we hope that the SPX1 operation will bring us very
interesting informations about the mechanical behaviour of a great core, more
closely representative of the industrial core size.
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BOWING BEHAVIOR OF SUBASSEMBLIES IN EXPERIMENTAL FAST REACTOR "JOYO"

Tetsuo Ikegami, Nobutatsu Mizoo, Yoshiaki Matsuno
Oarai Engineering Center, Power Reactor and Nuclear Fuel
Development Corp., Oarai-machi, Ibaraki-ken 311-13, Japan

Yoshio Watari
Hitachi Works, Hitachi Ltd., 3-1-1 Saiwaicho, Hitachi-shi,
Ibaraki-ken 317, Japan

Abstract

In JOYO, the measured power coefficients in the beginning of the
operation cycle of MK-I and MK-II cores showed power dependence,
while the calculation without taking account of bowing predicted
little power dependence.

The bowing analysis was performed in order to investigate the
power dependence observed in the measured power coefficients and the
following conlusions were obtained.

(1) The evaluated power coefficients taking account of bowing effect
agree better with measured ones than the calculated ones without
taking account of bowing effect in MK-I core.

(2) In MK-II core, although the analytical results show not so good
agreement quantitatively wi bh the measured power coefficients, it
is suggested that they agree better depending on the uncertain
parameters such as the heat generation in the reflector region,
the threshold moment for leaning and the stiffness of the inner
reflector.

(3) It becomes clear from these results that the power dependence
observed in the measured power coefficients in JOYO is due to the
bowing effect.

I. Introduction

In power reactors, the bowing behavior of the core elements can be
observed usually as the reactivity feedback.

In JOYO, the reactivity measurements have been conducted
vigorously after its first critical, especially the power
coefficient, which is the feedback reactivity due to power change,
has been measured both at the BOC and the EOC in every operation
cycle. In parallel with those measurements, the bowing analysis has
also been performed, and the bowing behavior of subassemblies in JOYO
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is becoming clear through the comparison of the measured and the
analyzed results.

In addition, the permanent deformations of subassemblies are
investigated through the dimensional measurements in PIE.
Furthermore, it is tried to detect the subassembly deformation
through the withdrawal load measurements.

The measured and the analyzed results of the power coefficient in
a view point of the reactivity feedback are mainly described in this
paper.

II. Core Restraint System of JOYO

JOYO has experienced the two different type of core, MK-I core and
MK-II core, as shown in the operation history (Fig. 1).

MK-I core is a breeder core, and five rows of the core fuel
assemblies are surrounded by four rows of the blanket fuel
assemblies, and the stainless steel reflector elements are located at
the outermost row (Fig. 2). MK-II core is a irradiation bed, the
blanket fuel assemblies are replaced with the reflectors, and several
irradiation rigs are located in the core region.

All of the core elements have two kinds of spacer pads, upper and
lower spacer pads, located on the handling head and core midplane
portion respectively, to keep space each other (Fig. 3). All of the
core elements are self-standing just inserted into the core support
plate and not mechanically fixed, but constrained by two core
restraint rings located on the same axial positions as spacer pads
(Fig. 4).

Main specifications of core structure are shown in Table 1. The
lateral gap between any two adjacent lower spacer pads is much
smaller than the gap between the upper ones, so that the core is
mainly constrained at the lower restraint rings.

The clearance at the lower end of the entrance nozzle allows the
core elements to lean againt their neighbors. The leaning effect in
MK-II core is expected to be smaller than in MK-I core because of the
half size of the clearance.

The major differences between MK-I and MK-II cores are the reactor
power was increased from 75MW in MK-I core to 100MW in MK-II core,
and the blanket assemblies were replaced with the reflectors in MK-II
core. Therefore the temperature difference across the boundary of
the core is about 50°C in MK-II core, while it is about 30°C in MK-I
core.

III. Measurements Related to Core Distortion in MK-I and MK-II Cores

1. Power Coefficient

The power coefficient has been measured in every power ascent and
descent of each operation cycle after the first critical of MK-I
core. U),(2)
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The excess reactivity is measured in every 5MW power change
through the control rod positions at each power level. After the
corrections for the inlet coolant temperature deviation and for the
burn up reactivity loss are applied to the measured excess
reactivity, the power coefficient is obtained from the excess
reactivity change.

The experimental error is about 3% in a view point of
reproduciblity.

2. Post Irradiation Examination

The axial length, the face to face distance of wrapper tube, the
bowing and the torsion of a subassembly have been measured in PIE.
The subassembly deformation can be evaluated as the permanent
deformation from these data.

The results of PIE obtainted at present are mostly related to the
fuel assemblies of MK-I core. PIE for the core elements of MK-II
core is in progress.

3. Withdrawal Load

The withdrawal load measurement has been conducted in every
refueling for the subassemblies to be refueled.

All of the core fuel assemblies were measured exceptionaly befor
the second cycle operation in MK-I core, and all of the core elements
were measured at the core conversion from MK-I core to MK-II core.

The withdrawal load change with the lapse of operation cycle is
shown in Fig. 5. The withdrawal load goes up to its peak at the time
when the withdrawal is started, then falls down to a contant value as /
shown in the figure. This is considered to be because the spacer -'
pads have mechanical interactions with the adjacent spacer pads when
the withdrawal is started, and the mechanical interactions decrease
after passing by the spacer pad portion.

The difference between the peak load and the plateau (see Fig. 5)
is defined as the "peak load" and the "peak load" is taken as the
withdrawal load.

IV. Analytical Method

A series of analysis was performed in order to obtain the
reactivity change due to bowing (see Fig. 6). .Since the details of
the analytical method can be found elsewhere,(3),(4) on]y an outline
of the method will be given.

The gamma heating in reflector region has to be evaluated
precisely for the bowing analysis of MK-II core, because the
reflectors are directly adjacent to the core fuel assemblies in MK-II
core. A detail gamma heating analysis including the gamma ray
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transport analysis was performed to obtain the subassembly wise power
distribution which is the input of the thermal hydraulic analysis
code.TETRAS. TETRAS uses the porus body model developed by Khan et
a1.(5), and takes into account the transverse heat transfer between
core elements.

The three-dimensional structural analysis code HIBEACONl6)
analyzes the whole core bowing behavior at various power levels
during power ascension. It can treat the subassembly leaning caused
by the clearance gaps at the lower end of the entrance nozzle.

In these analyses, a 180° sector of the core was calculated,
assuming the boundary condition of rotational symmetry. Conserning
the threshold moment for leaning, an almost completely free model was
taken.

V. Results and Discussions

1. Power coefficient

The power coefficients measured in the beginning of the
operation cycle of MK-I and MK-II cores are shown in Fig. 7 together
with the calculated power coefficients which didn't take account of
bowing effect.

Following four characteristics of the measured power
coefficients are summarized from the figure.

(i) The measured power coefficients showed power dependence,
while the calculation without taking account of core distortion
predicted little power dependence.
(ii) The power coefficients measured in MK-I and MK-II cores
corresponded each other below the power level 65MW.
(iii)The sharp increment toward negative direction was observed
above the power level 50MW in MK-I core.
(iv) In MK-II core, the increment toward negative direction was
suppressed above the power level 65MW, and the absolute values
of the power coefficients decreased above the power level 85MW.

/Among these characteristics, (iii) and (iv) can be considered to
originate in the difference between MK-I and MK-II cores. The major
differences between MK-I and MK-II cores are, as already described,
the reactor power was increased from 75MW to 100MW and the blanket
assemblies were replaced with the reflectors in MK-II core. These
induce larger temperature difference across the boundary of core and
reflector in MK-II core.

The subassembly outlet coolant temperature distribution in MK-I
and MK-II cores are shown in Fig. 8. The temperature difference
across the boundary of core is 20°C-45°C in MK-I core and 40OC-65°C
in MK-II core respectively, and the tempetature difference in MK-II
core is about 20°C larger than that in MK-I core. It can be supposed
that the larger temperature difference in MK-II core produces
different thermal bowing bahavior and different radial displacements
from those in MK-I core.
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The displacements of core elements in MK-I and MK-II cores
calculated by HIBEACON are presented in Fig. 9 and Fig. 10
respectively. Both upper and lower spacer pad portions are strained
in the outward direction in MK-I core. Furthermore, the displacement
ratios of the upper pads to the lower pads are almost equal to the
ratio of the distances from the core support plate, so that the core
elements are supposed to be leaning toward outward rather than
bowing.

The other hand in MK-II core, the upper spacer pad portions are
strained in the outward direction extremely while the displacements
at the lower spacer pads are small, so that core elements are bowing.

The calculated reactivity changes due to these radial
displacements are shown in Fig. 11. The reactivity changes toward
negative direction with the power ascension, and this tendency is
extreme after the power exceeds about 50 MW in MK-I core, because the
mechanical interactions among core elements begin to occur around
that power level.

In MK-II core, the reactivity change shows almost the same
tendency to that in MK-I core up to 65MW, but the increment toward
negative direction is suppressed above that power level, and the feed
back reactivity due to power ascension becomes positive after the
power exceeds about 85MW. This can be explained as below.

The mechanical interactions among core elements around control
rods begin to occur at 50 MW, and the lower spacer pad portions begin
to move in the outward direction. This causes the reactivity to
change toward negative direction rapidly. The inner reflectors and
the outer reflectors begin to contact at the upper spacer pads around
the power level 65MW, then the core fuel assemblies and the inner
reflectors begin to contact at the lower spacer pads. Consequently
the outward displacements of the core fuel assemblies are suppressed
from this power level. After the power exceeds 85MW, the mechanical
interactions at the upper spacer pads increase and then the contacts /
of the core fuel assemblies with the inner reflectors at the lower
spacer pads increase too. Therefore the outward displacements of the
core fuel assemblies at the lower spacer pads are suppressed more and
more, and some of the core fuel assemblies are put back to inward
direction, causing the reactivity feedback due to power ascension
becomes positive.

The reactivity changes obtained through the bowing analysis both
in MK-I and MK-II cores are converted to power coefficients and added
to the power coefficients calculated without taking account of bowing
effect. These are shown in Fig. 12 and Fig. 13 in comparison with
the measured power coefficients.

The power coefficients evaluated with bowing effect agree better
with measured ones in MK-I core. In the view point of threshold
moment for leaning, infinite threshold moment model agrees better
with measured values up to the 60MW power level but free to lean
model agrees better with measured values above 60MW. So that it
can't be concluded by this result which model is better.

In MK-II core, the evaluated power coefficients taking account of
bowing effect agree well with the measured ones up to 60MW and show
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not so good agreement above 60MW. This is because the bowing effect
is overestimated, in other words, the contacts between the core fuel
assemblies and the inner reflectors at lower spacer pads begin at
lov.er power level in analysis. Therefore the suppression of the
radial displacements of core fuel assemblies is overestimated.

Although the bowing analysis overestimated the bowing effect in
MK-II core, it became clear that taking account of bowing effect can
explain qualitatively the power dependence of the measured power
coefficients.

o Key Paremeter Analysis

There exists a tendency of overestimation in MK-II core as
described above. Therefore the perameter survey for the following
key factors which affect bowing analysis was performed.

(i) Threshold moment for leaning : 0.0 or oo
(ii) Clearance at the lower end of entrance nozzle : nominal value or

manufacturing tolerance included
(iii)Stiffness of inner reflector : 172.9cm4 or 43.35cm4

An inner reflector consists of wrapper tube and seven rods
as shown in Fig. 3. Central rod is fixed both at top and
bottom ends, though other six rods are not perfectly fixed
having freedom to slide. Second geometrical moment of area
of wrapper tube including seven rods is 172.9cm4, and that
of wrapper tube including central rod is 43.35cm4.

(iv) Power distribution of reflector : detail analysis including
gamma ray transport effect was performed or not.

The results of the parameter analysis concerning reactivity change
are shown in Fig. 14, from which following points can be drawn.

(1) In the case of threshold moment is infinite, no leaning occurs
even if the mechanical interactions begin to occur at the power
level around 45MW, therefore reactivity change toward negative
direction is small. Futhermore, the power level at which the
suppression against the outward displacements of the core fuel
assemblies begins to occur shifts to the higher power level.

(2) Smaller stiffness of the inner reflector makes the suppression
weaker against the outward displacements of the core fuel
assemblies after the core fuel assemblies began to contact with
the inner reflectors at the lower spacer pads over the power level
around 65MW, so that the reactivity change toward positive
direction is smaller.

(3) The gamma heating in the inner reflector increases about 50% if
the detail analysis including gamma ray transport effect was
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applied, and the temperature difference across the the boundary of
core and inner reflector decreases. Consequently^ the power level
at which the core fuel assemblies begin to contact with the inner
reflectors at the lower spacer pads shifts toward higher power
level, and the suppression effect against the outward
displacements of core fuel assemblies begin to occur at higher
power level too.

(4) The evaluation of heat generation in the reflector region has
larger influence on reactivity change than such factors as
threshold moment, clearence at the lower end of entrance nozzle
and stiffness of the inner reflector.

The discussions described above suggest that the evaluated power
coeffcients agree better with the measured ones than shown in Fig.13
if larger threshold moment and smaller stiffness of the inner
reflector are taken.

The results of the perameter survey concerning displacements and
contact forces are summarized in Table 2, from which following two
points can be drawn.

(1) The maximum displacement doesn't depend on calculational cases
and is about 6mm.

(2) The maximum contact force in the case of small stiffness of the
inner reflector is about half of those in other cases.

2. Others

Dimensional Measurements of MK-I Core Fuel Assemblies in Post
Irradiation Examination

The face to face distance changes (AR/R) at the lower spacer pads
were less than 0.13% and within the error of measurement. This
corresponds to the fact that the maximum fluence in MK-I core was
about 6 X 1022n/cm2 and relatively low, and this means the swelling
was not the main contributor to the core distortion in MK-I core.
The residual displacements didn't show meaningful differences from
the fabricated , this corresponds to the analytical results that the
bowing effect is not so large in MK-I core.

Withdrawal Load

The measured withdrawal loads have a tendency to increase with
operation cycle (Fig. 5). But the residual displacements were not
detected in PIE of MK-I fuel assemblies, furthermore, the bowing
analysis suggests that the contact force at the spacer pads is less
than lkg at refueling of the MK-I I fourth cycle. So that the
withdrawal load increase can't be related directly to the core
distortion.
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VI. Conclusion

The measured power coefficients in the beginning of the operation
cycle of MK-I and MK-II cores showed following characteristics.

(i) The measured power coefficients had power dependence» while the
calculation without taking account of core distortion predicted
little power dependence.
(ii) The power coefficients measured in MK-I and MK-II cores
corresponded each other below the power level 65MW.
(iii)The sharp increment toward negative direction was observed above
the power level 50MW in MK-I core.
(iv) In MK-II core, the increment toward negative direction was
suppressed above the power level 65MW, and the absolute values of the
power coefficients decreased above the power level 85MW.

The bowing analysis was performed in order to investigate these
observed characteristics and the following conclusions were obtained.

(1) The evaluated power coefficients taking account of bowing effect
agree better with measured ones than the calculated ones without
taking account of bowing effect in MK-I core.

(2) In MK-II core, the above characteristic (iv) can be explained
qualitatively that it is because the outward displacements of core
fuel assemblies are suppressed by bowing at high power level.
Although the analytical results show not so good agreement
quantitatively with the measured power coefficients, it is j /
suggested that they agree better depending on the uncertain
parameters such as the heat generation in the reflector region,
the threshoi ' moment for leaning and the stiffness of the inner
reflector.

(3) It becomes clear from these results that the power dependence
observed in the measured power coefficients in JOYO is due to the
bowing effect.
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Table 1 Main Specification of 3OYO Core Structure

Number of Core Elements

Core Element Length

Arrangement Pitch of Core Element

Outer Wall Flat-to-Flat Distance

Axial Height of Spacer Pad* Upper

Lower

Gaps between Spacer Pads Upper

Lower

Wrapper Tube Thickness
Fuel Assembly

Control Rod

Reflector

Entrance Nozzle Length

Clearance Gap at Lower End
of Entrance Nozzle

Gaps between Reflector and
Core Restraint Ring Upper

Lower

MK- I Core

313

2970mm

81.5mm

78.5mm

2390mm

1170mm

1.2mm

0.1mm

1.9mm

1.8mm

25.0mm

510mm

0.2mm

1.35mm

0.25mm

MK-II Core

. do

do

do

do

do

do

do

0.3mm

do

do

5.0/1.94/25.0

do

0.1mm

do

do

* Distance from Core Support Plate

Table 2 Summary of Parameter Analysis
______^ Case

Paramete —

Threshold Moment (Kg »cm)

Clearance at E/N (mm)

Inner Reflector Stiffness (cm4)

Gamma Heating in Reflector

Maximum Displacement (mm)

Maximum Contact

Force (Kg)

Upper Pad

Lower Pad

1

0.0

0.1

172.9

rough

6.3

23.2

16.4

2

oo

*

*

6.2

32.3

18.6

3

*

0.15

*

*

6.3

26.6

16.3

4

*

*

43.4

*

6.1

18.0

8.3

5

*

*

detail

5.9

23.6

11.0
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YEAR

REACTOR

POWER

1978 1979

75MW

1980

(D (2) (3)

1981

(4) (5) (6)

1982 1983 1984

(3X4X5X6)

nnnn
! ! ! !

ill;
nil

Max Fluence
(n/cni. E>01MeV)

I
64X10" 55X10"

MK-I Core MK-II Core

Core Conversion

Fig. 1 Operation History of 3OYO

© Safety Rod
# Regulating Rod
O Innei Blanket
<•) Outer Blanket

© Core Fuel Assembly
© Reflector
® Neutron Source

(MK-I)

<© Material Irradiation Rig
® Uninstrumented

Irradiation
Subassembly

© Control Rod
© Core Fuel Assembly

(MK-II)

0 Inner Reflector
O Outer Reflector (A)
© Outer Reflector (B)
® Neutron Source

Fig. 2 Core Configuration
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Head
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-Reflector
Element
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(MK-E)
Fig. 3 Core Element

Upper Restraint Ring

Lower Restraint
Ring

Core Midplane
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Fig. 4 3OYO Core Restraint System
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Fig. 10 Displacements of Core Elements (MK-II 0 Cycle BOC)

5/2-15

3Si



O)
c
CO

x:
O

o
CO

3

0

- 5

m

MK-I
MK-n

-

(Threshold
(Threshold

^ - -

Moment
Moment

\

= 10 Kg-mm)
= 0.0)

\

\
\

\

1 1 \ 1 .

o
O
Tr-

X

- - 2 0

10 20 30 40 50 60 70 80

Reactor Power (MW)

Fig. 11 Reactivity Change due to Bowing

90 100
- 4 0

; - 1 0 . 0 -
5?

o
CD
O

Ü
i_

a>
o
a .

-

I I 1 1

O : Measured
: Calculated without Core Distortion
: Evaluated with Core Distortion
(threshold moment=10-Kg-mm)

: Evaluated with Core Distortion
(threshold moment=oo)

o

o— ° ^

i i i i

-8 .0 -

- 4 . 0 -

10 20 30 40 50 60 70 80

Fig. 12
Reactor Power (MW)

Comparison of Measured and Calculated Power Coefficient
(MK-I Core)

5/2-16



1
\^\^
n
i

o

lic
ie

n

CD
O
O

P
ow

e

-10 .0

- 8 . 0

- 6 . 0

- 4 . 0

-

A A A,

-

I 1

A : Measured
. : Calculated without Core

Distortion
: Evaluated with Core

Distortion

A A A A A

— A _ A A
A A

1 I I 1 1 1 I
20 30 40 50 60 70

Reactor Power (MW)

80 90 100

Fig. 13 Comparison of Measured and Calculated Power Coefficient
(MK-II Core)

cn
c
x:
O

a>
0C

- 2

- 4

— — Case
Parameter ——-

Symbol

Threshold Moment -Kg cm

Clearance at E/N • mm

Inner Reflector Stiffness -cm4

Gamma Heating in Reflector

1

X

00

01

172 9

rough

2

o
CO

*

*

*

3

A

•

015

*

*

4

D

5

•

* i *
* ' *

43 35 *

* detail

*the same values as in the case 1

16 £
o
X

10 20 30 40 50 60 70 80

Reactor Power (MW)

Fig. 14 Reactivity Change due to Bowing

90

- 8

- 1 6

- 2 4

100

5/2-17

353



A REVIEW OF PFR CORE DISTORTION EXPERIENCE

A J Brook (UKAEA, Risley)
R G Anderson (UKAEA, Springfields)

The UK prototype Fast Reactor (PFR) is based on a Free-standing core design
which pre-dated the discovery of neutron induced voidage and creep in the
ducts and clad materials. These phenomena set many of the operational limits
on PFR. These limits fall into two main categories: deformation limits and
load limits (see Table).

TABLE
OPERATIONAL LIMITS

Deformation Load

Duct bow (rotation in charge machine) Duct extraction loads

Duct elongation (clearance to sweep arm) Leaning post moment and
, . ., , associated bolt loads

Duct dilation (sub-assembly thermal
hydraulics) Interactions between absorbers

and guide-tubes
Guide-tube and absorber bows

Differential growth of BPD pipes

Excessive pin growth relative to duct

It was decided at an early stage of PFR operation that the behaviour of the core
in terms of these limits would be assessed using special computer codes into
which our best comprehension of swelling and creep data would be fed. Thus at
any time each sub-assembly is assessed for the next two Reloads and necessary
fuel movements recommended. The understanding of swelling and creep
information is continually updated in the light of PIE and in-reactor measurements
and encompassed in guidance specific for each Reload.

Three computer codes have proved particularly useful:-

CRAMP - to examine the behaviour of interaction between ducts,

PEBBLE - to examine absorber/duct interactions,

PINSCAN - to examine pin growth in ducts.

The codes are themselves under continuing development as high burn-ups are
attained. CRAMP and PINSCAN are coupled into the reactor code system COSMOS
which gives extremely complex calculations a simple user image. The need for
CRAMP and PEBBLE to deal with core interactions followed early calculations
which indicated that core distortions would cause touching. It should be
remarked, however, that the extent of the load build-up due to interactions
has been more limited in PFR than in more tightly restrained core - support
designs. The code CRAMP has been invaluable in assessing these effects.

5/3(a)-1



One advantage of the Free-standing styles is that it enables deformations
(eg duct bow) to be interpreted fairly readily in terms of swelling. This has
enabled rapid assessment using in-core measurements to be made of the swelling
performance of the principal PFR materials. The information is later checked
by PIE. The broad conclusions are that En58B ( ASME 321 steel) swell less
than expected from DFR results whilst PE16 swells more than expected. The
explanation of the differences between DFR and PFR behaviour may be in the
extensive low power running of PFR. Full power operation of PFR will resolve
the problem. It should be recorded that some examples of low swelling PE16 and
high swelling En58B (comparable with the DFR predictions) have been found in
PFR.

Further problems have arisen from differential swelling - both between different
materials and between components of the same nominal material.

The swelling of M316 clad material is usually more than that of the duct. Early
PFR sub-assemblies allowed only limited clearance for the pins to expand and a
number of sub-assemblies have been discharged (on PINSCAN calculations) to prevent
buckling of the pins and overheating.

PIE observations have also confirmed theoretical expectations that nominally
similar materials can swell by significantly different amounts (BPD Pipes).

Although the swelling behaviour has produced differences between PFR and DFR
the creep behaviour has been comparable.

The behaviour of absorbers in their Guide-Tubes has been assessed using the
code PEBBLE. The problem is to determine how contact loads build-up, how the
loads vary through a stroke and to ensure that absorbers would drop and could
be retrieved by the magnet. Whilst PEBBLE limits movements to one plane (it is
to be replaced by a CRAMP version comprehending absorbers entering from above)
it has highlighted the importance of creep in preserving good margins.

The use of calculational methods closely related to in-reactor and PIE measurements
means that PFR core distortion experience can be readily adapted to the CDFR design
of restrained core support. It also means that PFR sub-assemblies can be taken
to high burn-up on a rational basis. The combined impact of the calculational
route and observations (in-core, PIE) has been to provide confidence to the PFR
operators to pursue high burn-up and to CDFR designers in helping to validate
their core support proposals.

3 August 1984
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A REVIEW OF PFR CORE DISTORTION EXPERIENCE

A J Brook
UKAEA Risley

INTRODUCTION

Neutron induced voidage (NIV) swelling and irradiation creep, acting together
or individually, produce deformation in core components exposed to a fast
neutron flux and can lead to mechanical interaction between them. Today the
nature of these processes is reasonably well understood, and reactor designers
have two options in attempting to accommodate them: either by employing a
flexible free standing design in which contact loadings are low but in which
distortion may be high, or more commonly, by some type of restrained core in
which inter-component loadings are high, but where distortion is relatively
small. One of the penalties of being so early in the field with PFR was that
much of the design was already completed when the first evidence of NIY
swelling came from Dounreay, and certainly long before any reliable swelling
rules became available to aid designers. So although the reactor is designed
as a free standing core, in which high levels of loading between components
were not expected to occur, at the same time neither were high levels of
component distortion. In addition, the reactor is a prototype, used not just
for power production but also as a test bed for the proving of new design
ideas and obtaining performance data on different materials, so this means it
contains a large number of non-standard items, fuel, absorbers and experiments
- in a range of different materials. Coupled with a variability in operating
conditions which in recent years has been much greater than expected, these
facts combine to produce a plant which, from a distortion analyst's point of
view, has been particularly complex to assess. The potentially severe
consequences, in terms of plant shut-down time, which could arise from failure
to avoid some of these distortion problems means that considerable effort has
been put into systematic examination and intensive analysis of component
designs for potential sources of difficulty, and into the development of
calculational methods for monitoring the effects of swelling and creep in core
components. Distortion predictions based firmly on relevant post irradiation
examination (PIE) work from previous reloads have therefore assumed an
increasingly important influence in core management over the last few years,
and in recent reloads have been an important factor in determining which core
component replacements, rotations and in-core measurements have been made. At
the time of writing, the close liaison between reactor operations, distortion
analysts, PIE specialists and the PFR core management team has been successful
and no serious hold-ups to reactor operation have been attributable to core
distortion.

The aims of this paper are, then

a. to describe briefly the various operational limits of core and core
component distortion and how they arise, for which a brief description of
reactor construction is necessary
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b. to outline how the problems of inter-component contact loadings are
overcome for the interactive core

c. to describe some other potential problems which arise either from
absolute swelling, or from differential swelling between components; of
particular relevance here is the problem of contact loadings between
absorber rods and their guide tubes

d. to comment on the degree of agreement with, and the feedback
provided by, PIE findings

e. to show how the results of the work influence reactor operators and
the reload program.

CORE SUPPORT

The PFR core support system is comprised of a series of hexagonal carriers
mounted on a diagrid: each carrier supports six fuel, breeder or reflector
subassemblies grouped around a central leaning post. Location of the
subassemblies is by means of a spike which penetrates a pair of offset bushes
in the carrier, the offset serving to load each subassembly against its
leaning post. The load is transmitted through the "main" pads which are
fitted to each component and which serve to restore the subassemblies to the
vertical, the imposed load on the pads being counteracted by the stresses in a
flexible bending bar within the sub-assembly spike: These main pads are about
one metre above the carrier face, just below the top of the leaning post.
Some half metre higher, at about the bottom of the fuel column a second
arrangement of "split" pads serves to provide further rigidity by bringing
into contact adjacent sub-assemblies on the same carrier. Latched onto the
leaning post is a guide tube within which the absorber rod operates : a spike
on the lower end of the guide tube passes down into the leaning post,
and enables a spike on the lower end of the absorber rod to be used for
centralising the rod and minimising reactivity noise. (When fully inserted the
absorber rod spike is fully within the guide tube spike inside the leaning
post.) The guide tube itself does not in an undistorted core contact its
surrounding sub-assemblies, nor do these contact any other assemblies, apart
from those on their own carrier at the split pads. The leaning post is
flanged onto the carrier and secured by six hollow bolts : any lateral load
imposed on the guide tube is transmitted through to these bolts via the
leaning post.

Some 700mm above the core centre line is a change in cross section of the fuel
subassembly wrapper: bowing wrappers can come into contact at this shoulder
level, and also at the sub-assembly crown, some 600 mm higher still, where
there is another reduction in wrapper cross section. This is about 400 mm
below the handling head. As well as at the two pad levels, the shoulder and
the crown, swelling and creep combine to produce wrapper dilation -at core
centre line, and, particularly when coupled with bowing, inter-wrapper contact
can also occur in this region.

Above each guide tube location, suspended from the reactor roof, hang the
shroud tubes. Over the central core region, these contain the absorber drive
mechanisms and the extension rods connecting the drive to the absorbers. In
the outer part of the core, the shroud tubes are empty: in intermediate
locations some hold flow meters which penetrate into a location tube fitted
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inside the guide tube. As mentioned previously, the absorbers are centralized
at their lower end by means of a spike passing through a bush at the lower end
of their guide tube; at the upper end the head of the absorber is latched onto
an extension rod connected to electromagnets and the rod drive mechanism.
When raised, the body of the absorber bridges the space between the top of the
core and the shroud tubes, being partially inserted into each. Depending on
the particular design, a variety of potential contact points - keys, rubbing
pads, bushes etc can, in the event of any lateral displacement, lead to
interference and the development of loading between the absorber/extension
rods and the shroud and guide tubes, (or. in the outer part of the core,
between the guide tubes and their contents generally).

Prior to refuelling, the extension rods must be delatched from their absorbers
and withdrawn into their shroud tubes in order that the reactor roof may be
rotated and the charge machine used. Failure to fully insert an absorber
below the bottom of its shroud tube would be a serious inconvenience, since
the roof would not be rotatable and non-standard removal procedures would be
required.

OPERATING LIMITS

There are a large number of limits applicable to PFR components, because of
both the number of different basic types of components, and the number of ways
in which components can in some way be unacceptable, not just in the reactor
but in the whole fuel handling route through to the reprocessing or disposal
stage. An equally important aspect is the large number of design variants,
all slightly different. There have been, for instance, eight types of
absorber and two other types of component deployed in twelve variants of guide
tube. Many of these are simple variants, sharing largely common design
features and distortion limits, but all must be examined and the influence of
the variant differences assessed. Similarly, for experimental clusters, over
40 clusters of 18 different designs were loaded in the last reactor run,
positioned in four different types of demountable subassembly (DMSA), with a
variety of different constructional materials and operating conditions.

In a paper of this nature, it is clearly not possible to give anything like a
comprehensive listing, but some of the more important limits are listed
below.

a. Sub-Assembly Bow. Bow in excess of 14 mm at subassembly shoulder
level will lead to difficulty in rotating the element within the charge
machine. Bow of more than 20 mm can result in an element coming into
three point contact and the generation of high loads as it is pulled into
the charge machine.

b. Subassembly Elongation is limited by the clearance to the position
of a sweep arm used to ensure absorber delatching prior to roof rotation.
This limit is a function of distance from the core centre ranging from
18 mm at the radial breeder to 21 mm at the core centre. On early guide
tubes, the degree of elongation determined the choice of removal tool to
be used for extraction.

c. Wrapper Dilation is not a limit in itself, but in conjunction with
low swelling 57 spacer grids and high pin swelling can lead to
overcooling around the outer part of the fuel bundle, with corresponding
ovverheating in the centre, thereby limiting fuel life.
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d. Leaning Post Bending Moment is an important limit, since contact
loads from bowing and dilation can, if sufficiently severe, lead to LPBM
values above the lOKNm figure at which the leaning post bolts will
yield.

e. Extraction Loads resulting from high inter-wrapper loadings can
build up to exceed the normal settings of the charge machine, or removal
tool capability. The extraction load is basically the sum of all the
interaction loads scaled by a coefficient of friction. A relatively mild
load at, say, the assembly crown can be magnified to a much higher pad
reaction load lower in the system, which induces a further high value in
the spike bush.

f. Guide Tube and Absorber Bow have limiting values similar to those
for subassemblies for handling purposes, but a much more complex and
lower limit arises from frictional loads interfering with absorber
operation. This latter is regularly monitored on the PFR absorbers, and
is kept at less than half the rod weight. Its attaining the rod weight
would lead to the rod failing to drop on demand: above half the rod
weight and the magnet would fail to retrieve the rod following a drop.
This is a limit which cannot readily be defined in geometric terms, since
it depends upon irradiation creep rates assumed on both absorber and
guide tube, as well as the swelling on each. A further limit on guide
tube bow comes from the need to load straight or bowed absorber or other
components into a bowed guide tube. A relatively small bow of the guide
tube can lead to the spike on the component failing to enter the bush at
the bottom end of the guide tube: to facilitate entry it may be necessary
to re-position the charge machine.

g. Elongation of Fuel Pins is an important limit, and has been one of
the major reasons for which fuel has been discharged. An axial clearance
of 20 or 30 mm depending on design is provided to accommodate
differential axial growth of the pins relative to the wrapper. Exceeding
the limit could result in the pins suffering compression and buckling,
leading ultimately to overheating and premature failure.

h. BPD Port Misalignment. Close to the sub-assembly crown, a jet of
coolant from each fuel assembly is directed across into an aperture in
the adjacent guide tube, through which it is sucked downwards, passing
through pipes within the guide tubes and leaning posts, through the
hollow leaning post bolts and away into the burst pin detection {BPD)
location system. Misalignment of the coolant flow ports in sub-assembly
and guide tube results in reduced efficiency of fluid transfer and hence
a loss in sensitivity of the BPD location system. Limits are a complex
function of relative displacements of the ports in the vertical, normal
and laterally transverse directions.

i. Disengagement or Compression of BPD Pipes. The BPD pipes which
carry coolant samples from the top end of the guide tube downward to the
BPD location system are fixed at their lower end, and are a sliding fit
into a housing at the top. Swelling of the guide tube relative to the
BPD pipes can lead to the latter becoming disengaged from its housing:
conversely, swelling of the pipes relative to the guide tube can lead to
clearances being taken up and the pipes, which are in close proximity to
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the absorber rods, buckling between their fixing clips anc1 possibly
interfering with rod operation.. An engineering analysis first showed
the possibility of the problem and subsequent PIE work showed that
decreasing engagement was actually occurring. Measurements at
progressively higher dose led to a limiting exposure of 100 dpa being
applied to these original guide tubes: subsequent ones were provided
with a deeper housing, which should be acceptable to over 200 dpa. Both
the guide tube wrapper and the BPD pipes, it should be noted, are
manufactured from Nimonic PE15.

j. Absorber Limi ts. Apart from limits on pellet swelling and those
associated with bowing ((f) above) there are a whole series of limits on
the axial and diametral swelling of absorber rod spikes and bodies,
mainly arising from the need to prevent jamming within the guide tube.

k. Experimental Clusters carried in demountable sub-assemblies (DMSAs)
are also subject to limits on the absolute and differential elongation of
the double walled cluster shell, and on diametral increase: some of
these limits also depend on swelling in the carrier vehicle.

As a general conmient on limits, it is highly desirable for operators and the
core management team to have answers to "limits" questions presented simply in
terms of equivalent full power days (EFPD) or at worst, displacement dose
(dpa). An answer in these terms is generally much more difficult to provide
than one in engineering terms, in mm say. This is particularly the case when
material swelling is markedly temperature dependent, or when the reactor
diverges significantly from constant full power conditions. The inter-
dependence of limits is a further complication (e.g. the permissible axial
extension of fuel pins is increased by elongation of the sub-assembly
wrapper). In general, it is simply not possible in the majority of cases to
define limits simply in terms of EFPD or dpa; rather every component has to be
individually assessed under current and projected operating conditions. This
places an onerous duty on the core analyst and has led to a heavy reliance on
computerised techniques.

USE OF THE CRAMP CODE IN INTERACTIVE CORE PROBLEMS

The CRAMP code, (ref 1) originally developed at AERE Harwell in support of the
restrained core design of the UK CDFR, has been modified by its authors to
accommodate the requirements of a free standing core simulation and has been
used routinely in support of PFR operations since 1978. The first
calculations covered only the central region of the core, but the model has
been progressively expanded, with the whole core of 235 sub-assembly and
reflector locations being included since 1981. Overall, the representation of
the interaction mechanics is believed to be rather good, with the different
mechanical properties of the various types of sub-assembly wrapper being
modelled in the code, including of course the very stiff leaning posts.
Damage dose and temperature data appropriate to each core loading can be used
(though simplications are often applied here); the varying flows through each
wrapper control the creep component of dilation: the actual reactor history of
power, flow and inlet temperature are followed, with a vertical slipping
technique used to evaluate swelling under changing temperature conditions, and
fuel replacement and rotation at each reload are modelled. Different swelling
rules may be applied to different materials or types of component, on an
individual basis if required. Five interaction planes are used: the main and
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split pads, shoulder, crown and core centre line, with the correct
inter-component clearances input at each of more than 3000 interfaces. (The
generation of these data files for the PFR core is highly complex, and is now
fully automated.)

Almost all calculations carried out to date in support of PFR operations have
been run from Risley using a stand alone version of the code without friction.
At the time of writing, the work is being transferred to Dounreay from where
the more advanced COSMOS version (ref 2) will be run. This will lead to
improvements in the physics and the overcoming of certain shortcomings in the
stand-alone version, which are detailed below. For now, suffice it to say
that whereas the stand alone version of the code allocates a dose distribution
to each core location, the COSMOS version, operating against a databank,
attributes an accumulated dose from exposure in each location to the component
sited in that location. This accumulated dose, and swelling, can then be
transferred to other locations within the core, as the component is moved
between core locations, or temporarily or permanently withdrawn from it. The
ability to correctly represent these in-core movements is a significant
advantage of the COSMOS version.

A second area of deficiency of the code version in operational use to date,
and of the present COSMOS version, is the inability to model restraint imposed
from above the core via the absorber systems. The shroud tubes above the core
are very stiff items, so bowing of the absorber and guide tubes system, as
clearances are taken up, can lead to significant lateral loads being imposed
on the guide tube. The problem is discussed in rather more detail below, but
analysis for operational purposes has to date been confined to stand-alone
two-dimensional codes such as PEBBLE which consider the effect of internal
loadings within the shroud and guide tubes; no explicit account is normally
taken of externally imposed loading from adjacent wrappers. This type of
approach has been successful within its limitations, and a version of CRAMP
has been developed in which above core restraint (ACR) is represented. This
version appears to work well, but is awaiting full scale testing before being
incorporated into the COSMOS version for Dounreay use.

Some comment should be made on the swelling rules used within CRAMP. The UK
uses formulations of swelling data for various materials to produce a mean
rule, and upper and lower bounds which are generally taken to represent the
extremes of behaviour at about the one sigma level. Much of this data was
derived from DFR results in the early 1970's. Most PFR wrappers are made of
solution treated and aged PF.16, an allegedly low swelling Nimonic alloy, or a
cold worked stainless steel En58B. PIE work has shown that in PFR, PE16 was
swelling much faster than would be expected from the mean rule, and En 58B,
much less. It was therefore decided that the general basis of calculations
should be a Best Estimate (BE) of how material was actually behaving in the
reactor, the BE rules combination being the mean rule for En 58B, and what was
the upper bound rule for PE16 with mean creep for both materials. For the
sake of continuity, this combination would be maintained as long as
practicable, but it was accepted that as more evidence became available both
from in core measurements and PIE, adjustments would have to be made. This
would be achieved by scaling factors, each set providing a new series of BE
rules, identified as BE(4), BE(5) etc following the reload from which the
latest data was obtained. Operational decisions would normally be based on a
corresponding set of one sigma pessimistic (OSP) factors, 0S(4), 0S(5) etc,
these being typically a factor two higher, by which CRAMP BE output would
again be scaled. This approach to core management has now operated since 1980
without change.
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The usual procedure of using CRAMP is as follows. At an early stage in Run N,
soon after the reload RL(N-l), a planning calculation is done to RL(N) and
RL(N+1), with no core changes assumed at RL(N). Examination of results at
RL(N+1) determines which elements may need to be replaced, rotated or renewed
at RL(N). This procedure may be repeated later during Run H to take account
of known deviations from the assumed operating conditions, or expected changes
in the run duration. Following this, a calculation is made, again to RL
(N+l), with the assumed RL(N) changes, to confirm the adequacy of the planned
changes; this may be repeated if time permits at the end of Run H or during
Rl(N). For PIE purposes, a calculation is also made with the Run N core
loading to RL(N) to provide data on items to be removed at the reload tor
comparison with PIE. Following the reload, the cycle begins again.

Output from the code is available in both printed and plotted form. Plotted
output, is of particular value, in that it allows contact points to be seen at
a glance. Fig 1 shows a typical output for the split pad contacts, the value
of the load in kN being recorded on contacting faces. Fig 2 shows a set of
head bows, the values in mm being typical of the RÜN+1) stage. Similar
output is available at the wrapper head (indicating required offsetting of the
charge machine) and for the NIV and permanent (i.e. NIV plus creep) bow
coirtponents. Wrapper length increases are shown in Fig 3: a similar form of
output is available for dilation, extraction load etc.

IM-CORE DISTORTION MONITORING

It is possible to obtain measurements of wrapper elongation and bow in core
using the charge machine, and considerable experience has been built up in the
use of this technique, although the accuracy of the technique is obviously
limited. For fuel sub-assembly length measurements, a reproducibility of
+_ 2mm is generally achieved. The measurements are made relative to a
calculated datum using wrappers known to be undistorted (eg newly loaded):
the correction to swelling derived length increase is complicated by shrinkage
due to thermal ageing processes and in some instances (early breeders)
uncertainty over their initial manufactured length. Bow measurements can also
be made using the charge machine as a probe, motoring it up and down to enter
(when possible) the head of the element at a series of radial positions across
the head. The measurement is therefore only of the radial component of bow,
and the accuracy claimed is +_ 4mm at the wrapper head, or approximately +̂  2mm
at the shoulder. ~~

Similar techniques are available to measure the distortion of guide tubes,
though with the proviso that the absorber must be present if a bow measurement
is to be made, but must be removed in order to measure elongation.

It should be noted that measurement of bow in this way results in a value
which includes the elastic component arising from inter-wrapper loadings,
which may be more or less than the bow of an unrestrained component drawn up
into the charge machine or being measured in PIE.

An additional method of monitoring component bow and elongation became
available at RL6, when the ultrasonic Under Sodium Viewer was used in the PFR
core. With time available before returning to power after the reload the USV
was loaded above a location in the outer part of the core on an experimental
basis. When the reactor roof was rotated, the viewer traversed an annular
section : data processing of the recorded signals enabled an image to be
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generated with further processing yielding the displacement of wrapper heads
from their nominal position, and variation in the height of the wrapper tops.
Although little distortion was evident from this first run, the results were
of such quality and promise that the equipment was used twice more, making
core traverses above the control rod and Ring 13 guide tube positions. From
these three traverses, it was possible to make height measurements on 222 of
the 235 core locations, and bow measurements on about 160 (it being necessary
to "see" rather more of an element to measure its bow than its elongation).
The accuracy claimed for this equipment is + 0.2mm in height (relative to some
datum) and + lmrn in bow. In addition "the equipment showed a number of
features of Tnterest. The orientation of sub-assemblies was visible from the
position of an offset notch in the orientation bar in the handling head :
experimental clusters could be seen within their DMSA bodies : a reflector
element in an outer-core guide tube was found to have been loaded 60° out of
orientation when the core was first built: the orientation of one core element
was found not to be in agreement with the operational records of rotations.
It was also possible to look down past the absorber head to see the top edge
of the guide tube and to measure its height and bow, and to confirm absorber
orientation. Because of the narrow angle of view the present equipment is
somewhat costly in terms of reactor time to use on a regular basis, so was not
used at RL7, but there are hopes of successful further development which will
enable complete core coverage to be gained in a single scan in much less time
than hitherto.

A comparison between "BE" CRAMP predictions and measurements from the USV
following RL6 is shown in Fig 4. It should be appreciated that the period
after a reload, when core components are apparently most randomly oriented,
and when rotations and in-core transfers lead to high and often non-radial
inter wrapper loading, is the situation most difficult to predict, since the
direction of bow of any wrapper may be largely governed by the presence or
absence o'i elastic loadings arising from higher (or lower) growth than
expected in some adjacent wrapper. Nevertheless, in major areas of the core,
good agreement in bow direction is seen, so that on the west side for example,
in the first row of breeder elements, the changes in direction of bow, as a
result of rotation can clearly be seen to be in agreement with prediction. In
magnitude,, agreement is neither better nor worse than would be expected from
the knowri variability of material behaviour within the band of "rules".
Agreement with charge machine results too is not bad, although the number of
points of comparison is very limited, charge machine measurements having been
taken before the refuelling.

In terms of height measurements, agreement between results from the charge
machine and the USV is generally within the reproducibility of the charge
machine values, ie usually within 2 mm. Although the most extended
sub-assemblies are those for which high predictions are made, comparison of
charge machine results against prediction shows a rather high degree of
scatter, particularly for stainless steel. The inherently greater accuracy of
the USV results leads to a much better correlation against prediction,
particularly for PE16 where the data set is the best yet.

POST IRRADIATION EXAMINATION (PIE)

PIE plays a most important role in three main areas:
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a. Non destructive PIE enables components to be examined and their
suitability for further periods of irradiation to be assessed, thereby helping
ensure efficient component utilisation.

b. Accurate measurements of bow and elongation give guidance on the
appropriate factors of conservatism to be applied to PINSCAN (see below) and
CRAMP calculations for future reactor operation.

c. Detailed examination of samples and comparison with swelling predictions
enables more accurate creep and swelling rules to be generated.

Particularly with regard to (a) above, the effectiveness of tne PIE work is
enhanced by the proximity of the facilities to the reactor. The Irradiated
Fuel Cave (IFC) in which much of the equipment is situated is within the main
reactor building and is an integral part of the charge/discharge route for
core components. A particularly strong feature of the facilities is the
ability to make measurements and carry out X-radiography under sodium. As
transfer to the cave and storage in it are also under sodium, this enables
components (other than fuel sub-assemblies for which a 30 day cooling period
to a decay heat level of 15 kW is required) to be withdrawn from the core, be
measured, radiographed and returned into the core within the period of a
single reactor shut down. Even for fuel sub-assemblies, the ability to
measure at 30 days cooling is a big improvement over the alternative of
measuring in gas, for which a cooling period of about 180 days is required.

The major facilities available include X-radiography, profile and length
measurement in the IFC, density measurement and electron microscopy elsewhere.
X ray equipment is based on a 400 kY tube with 1.5 mm focal spot to ensure
good definition and with comprehensive precautions to minimise gamma fogging.
The prime purpose is to study the internal condition of components before
disassembly or further irradiation, but it is also possible to undertake bow
measurements on sub-assemblies in a special bucket containing straight edges.
Tests in a deliberately bowed sub-assembly have shown shoulder bow can be
measured to within 1 mm. The Scribe and Profile Facility is designed to carry
out accurate external dimensional measurements on irradiated components. The
component to be measured is mounted in bearings at each end and rotated about
its axis, while measurements of the radius of its surface are made at a number
of positions along its length. The equipment is housed in a tank projecting
downwards from the cell benching, and all measurements can be made under
sodium. Processing of the data recorded enables the bowed shape, including
dilation, to be deduced. The accuracy claimed is better than +_ 0.5 mm on
shoulder bow and dilation. The equipment can also be used to measure the
separation of grooves machined in the surface of various components. This
gives a measure of the local linear dimensional change and can give a complete
axial swelling profile to an accuracy of ± 0.075 mm.

Total wrapper length change can also be measured under sodium using a dial
gauge to an accuracy of +_ 0.4 mm using standards of known length. Corrections
for thermal shrinkage arTd differential thermal expansion must be made before
voidage effects can be deduced.

Following disassembly and/or removal from the IFC, further measurements become
practicable; measurements of fuel pin length diameter and weight are a matter
of routine, as is the examination of the contents of DMSA clusters. Density
measurement techniques are available to an accuracy of 0.02% and electron
microscopy is carried out on items of particular interest.
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The major single finding from both PIE and in core measurements is that under
the conditions of operation of PFR to date, En58B is swelling significantly
less than would be expected from the DFR experience; PE16 is swelling markedly
faster, although it. still qualifies as a relatively low swelling material. No
large bow values have been seen, since wrapper rotation is employed
specifically to prevent this, but among wrappers which have not been rotated
most bows in En58B at up to 70 dpa have been below 5 mm at the wrapper head.
Up to 20 mm head bow has been seen in PE16. Dilations seen up to now have
been fairly small, not exceeding 3 mm diametral, which doubtless reflects the
prolonged periods of reactor operation at less than full power and flow.
Translation of this information into terms of irradiation creep rules is
complicated by differences in the thickness and corner radius between EnSb and
PE15 wrappers, but. in general the En58 measurements are in fairly close
agreement with the mean creep rule: PE16 measurements are rather lower than
expectations and in conjunction with other evidence have led to a modified
"hürder" rule for irradiation creep in this material.

FUEL PIN ELONGATION

Fuel sub-assemblies in PFR are designed with an internal clearance between the
ends of the fuel pins and the support plates between which the pins are
positioned. This clearance is provided to accommodate differential axial
growth of the fuel pin relative to the sub-assembly wrapper, and amounts to 20
or 30 mm according to wrapper material but may be as low as 14 mm in some
sub-assembly designs. Most fuel pins in the core are CW M316 stainless steel
for which on mean swelling rules, the clearance provided should be adequate to
10% burn-up.

The swelling of each of six pins in each hexagonal bundle is calculated by
the PINSCAN code using a rather simple correlation between sub-assembly power
and pin temperature, with COSMOS derived doses and the known or assumed
reactor operating/, history. The code enables rotations and moves between
different locations\Jn the reactor core to be represented and is currently
being fully incorporat'eo^within the COSMOS code suite. Results are scaled
according to OSP factors, and credit is taken for measurements and predictions
of wrapper growth prior to confirming that fuel may be retained for future
runs.

Experience has generally been that the elongation of most CW M316 fuel pins
follows rather closely the mean rule assumed, with individual pins showing up
to a factor of 1.5 times the mean. One small batch of material, however, was
found under PIE to exhibit rather more growth, up to 2.5 times the mean. The
location of these pins is recorded and the higher OS factor is applied to
sub-assemblies containing them. The majority of sub-assemblies withdrawn from
the reactor at high burn-up have been removed for reasons of high predicted
pin elongations, and more recent designs of sub-assembly have been provided
with a increased clearance to allow for greater growth as burn-ups increase
towards 15%. A number of sub-assembly length measurements have been taken at
various reloads to confirm that wrapper growth is sufficient to preclude the
pin axial growth problem.

IMPLICATIONS FOR REACTOR OPERATION AND RELOAD PLANNING

The calculated results described above are valuable, but it is important that
their value be recognised within the overall context of information available.
Code output is not regarded as something which is invariably acted upon, but
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rather as a contribution to the pool of information upon which sensible
judgement may be based. From an operators viewpoint, the value lies in their
denoting those areas which are least likely to be acceptable, and in giving a
series of soundly based orders of priorities for which further information -
height checks, rod exercising, bow monitoring etc - should be obtained, or
which, in the absence of further information, may need to be acted upon. The
results also serve of course as a basis for comparison with PIE measurement.

At all times the possible adverse consequences of "limits" being exceeded
must be set against the requirement for high burn-up and efficiency in
component utilisation. It is necessary to be pessimistic in the interpre-
tation of evidence, without being unduly so. The degree of pessimism depends
on the possible consequences, so a more pessimistic view is taken if these
could lead to an extended period of reactor down-time, and a less pessimistic
view if consequences are limited to nothing more than operational incon-
venience or the reduction of life of some component. This need for balance
extends also to the measurement program, where the certain loss of a short
period of time for measurements to be made has to be weighed against the cost
of a possibly prolonged period of downtime if a component becomes jammed.

Some of the implications of the predictive work for reload planning may be
seen by reference to the actions recommended for a typical reload. In
addition to the replacements necessary for the usual burn-up or reactivity
reasons, some fuel sub-assemblies must also be replaced for reasons of high
predicted pin growth (under adverse swelling assumptions). Some of these
sub-assemblies may be reprieved by confirmation of adequate wrapper growth,
using the charge machine to make the measurements. Further wrapper length
measurements may also be made so as to provide advance information in support
of futi're reloads. Wrapper rotations are required to ensure that wrappers
coming out at the next reload will be extractable then, and that wrappers
remaining beyond that time will be rotatable. Bow measurements, again using
the charge machine, can cut down the number of rotations required, but are
generally more time consuming than direct rotation without measurement.
Measurements are however required to monitor the bow of a group of elements
deliberately left unrotated for experimental reasons. Finally absolute or
differential swelling in absorber components, guide tubes, DMSA clusters or
other components may necessitate their removal for inspection and/or
replacement.

ABSORBER PERFORMANCE

The bowing of absorber rods within their guide tubes gives rise to mechanical
interaction between them at any of up to about 12 axial points within the
absorber/extension rod/guide tube/shroud tube system as indicated in Fig 5.
The resulting contact loads give rise to frictional resistance which could
conceivably exceed the weight of the rods, in which case they would fail to
drop into the core on receipt of a trip signal. More likely, however, would
be failure to lift the rods back out of the core following a trip, since
normal magnet settings allow for an increase of only 50% above the rod weight.
The gradual build up of frictional loads is a complex function of swelling and
creep in the material of the rods and guide tubes, and of the relation between
dose gradient (and thereby bowing rate) and mean dose rate (ie creep rate).
It is monitored on the reactor by regularly exercising the rods throughout
their range of stroke, and noting their apparent change of weight in the
upward and downward directions. Rod and guide tube rotation may also be
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employed to keep contact loads within bounds, although rotation was not
possible with the initial loading of guide tubes (several of which are still
in the core). Rotation is in any event practicable only at rather low levels
of bow beyond which the re-loading of an absorber into a bowed guide tube can
lead to another series of handling difficulties.

Understanding of the nature of the friction load problem, and its implications
for absorber design and rod exercising on the reactor has been greatly
enhanced by the use of the PEBBLE code. This is a two dimensional code,
details and result? of which have been d^scHhe'i st another symposium in the
present series (Ref 3). The code predicts well the manner in which friction
loads vary according to position in the stroke of the rod, and the way in
which guide tube and absorber bow may be modified by irradiation creep under
the lateral forces exerted. The latter particularly affects the absorber rod
which after initially bowing outwards, down the flux gradient, can be
subsequently hauled back via irradiation creep so that its final form, at the
PIE stage, includes an inward bow which is the opposite direction to that
which might be expected from swelling alone. Such reverse bowing has been
observed in PIE at DNE. The temporal variation in friction load is also of
course of great importance in determining how long an absorber system may be
left undisturbed. The PEBBLE results give guidanca on this and are of
particular benefit in interpreting the exercising results and projecting
forward to advise on the likely required frequency of exercising in the future
from swelling alone.

A version of CRAMP exists in which absorber interactions such as these may be
represented. The code is not yet fully checked out, but the intention is that
this version will ultimately be used for PFR Operations purposes.

DIFFERENTIAL GROWTH PROBLEMS

Apart from pin elongation, there are a number of other areas potentially
vulnerable to the differential growth of components, particularly in early
designs. The problern of PE16 BPO pipes approaching disengagement from their
housings in PE16 guide tubes and the relatively simple design remedies have
already been mentioned : other examples are seen where components are rivetted
together. For instance, some designs of absorber rod spike have guide keys
riyetted onto their outer surface to ensure correct orientation of the
absorber within its guide tube, keys and spike again being PE16. Consid-
eration of performance under differential swelling indicates a possibility of
buckling of the keys between rivets in the sections exposed to highest dose :
detailed analysis of the process showed that the rate of buckling, once it
begins, can accelerate rapidly, so the possibility exists of the keys becoming
so buckled as to prevent full rod insertion over a relatively short period of
time. Should the swelling differential be in the opposite sense, the keys
come under tension on a swelling rod spike and there is a potential for the
keys to fracture at the rivet hole. Any lateral displacement of the key could
then lead to its ledging against the edge of the key guide on either the
upward or downward movement of the absorber rod (the leading edges of the key
being provided with a chamfered lead, but not the key guide). In practice,
neither form of failure has been observed though a close watch is now
maintained both during absorber exercising and in PIE. On the reactor
relatively frequent rod exercising is carried out for those absorbers most
suspect; newer rods have much closer spacing of the rivets.
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A rather similar proolem has been seen to occur in some core sub-assemblies,
where corner filler pieces (grid legs) to which spacer grids are attached are
rivetted into each corner of the wrapper along its length. In this case
again, the affecte/J grid legs are of ostensibly identical material to the (low
swelling) stainless wrappers. PIE has revealed buckling of the grid legs
between rivets in the core centre region to an extent which at high burn-up
could lead to contact vnth the corner pins. The sub-assemblies most
vulnerable have been identified .ind are now subject to a (reasonably high)
limiting dose : further information is still coming from PIE and more frequent
spacing of the rive'.-.s is being employed on newer designs.

CLOSING COMMENTS

What, then, are the major Wessons which can be learned from the PFR experience
over the last few years?

Foremost is undoubtedly the need for very close liaison, co-operation and
information transfer between reactor operations, PIE specialists and
distortion analysts. On the PFR project, this liaison has been excellent,
with each group collaborating and responding rapidly to the support of the
others.

Another major lesson is the need for a very critical and detailed study of the
design of e^ery core component, in each instance considering the most
pessimistic combinations of assumptions. This is work which often extends
beyond the normal design function, and may indeed perhaps best be carried out
by a group other than the designers : it is also work which is demanding in
terms of high calibre engineering effort.

With the ben- Tit of hindsight, it is now clear that the design of many of the
original core components was somewhat less than ideal, largely because of the
total inadequacy of the basic information available at the time. Although
uncertainties in potential swelling behaviour remain considerable, the nature
of the designers' problems is now much better understood.

Of the materials most widely used in the PFR core, only CW M316 is swelling
close to the expected rate. PE16 is swelling considerably faster than
anticipated, and CW En58B stainless steel (321 type) markedly less.
Superimposed on this general behaviour is a considerable variability in
material behaviour. The difficulty of its prediction remain a major source of
concern, and is likely to do so for some time. This is so under isothermal
conditions : the effects of temperature changes are still barely understood.
It is clear that major changes in material swelling behaviour can be brought
about by quite small changes in chemical composition, heat treatment and
method of manufacture, in ways that are subtle, complex and not at all clearly
understood. It is perhaps worth commenting that this whole area of void
swelling is now one of the very few in the nuclear power field where
technological progress is limited by the lack of detailed understanding of
basic physical processes.

The need for, and advantages arising from, large computer codes have been
clearly demonstrated, both in terms of solving the complex core interaction
problem and in the processing of large numbers of very similar arithmetically
simpler calculations. The provision of data for these codes can be a major
task which should not be underestimated.
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The ability to monitor distortion within the core is especially valuable,
particularly in a free-standing core design. The numerous measurements of
wrapper bow and elongation have been of immense value in maximising burnup and
component life in PFR and, in conjunction with the calculations, in helping
determine the reload and rotation programs. The accuracy of the charge
machine height measurements in particular has been surprisingly good: the
under sodium viewer, though only used at one reload, has demonstrated great
potential and further development of a device capable of more rapid deployment
and with a wider field of view would seem well worthwhile.

The proximity of PIE facilities to the reactor enables distortion monitoring
through mensuration and X-radiography to be carried out quickly and without
necessarily removing items from sodium. This often permits the return to the
reactor for further irradiation of components judged to have significant life
remaining, thereby helping maintain efficient component utilization.

The need for caution in the interpretation of predictions when no measurements
are possible and adverse consequences are potentially severe has doubtless led
to the under-utilisation of a number of core components. As experience is
gained, margins of uncertainty are reduced and the efficiency of component
utilisation is steadily increased.

Finally, and most importantly, the general policy of basing the operation of
PFR on a cautious interpretation of predictions with sound backing from PIE
and from in core measurements has been fully successful. No serious
mechanical problems attributable to swelling or irradiation creep related
phenomena have been encountered on the reactor or in the fuel route, and no
serious delays to reactor operation have arisen. The main area in which power
operation has been affected comes from the need to regularly exercise the
absorbers, for which temporary reductions of power have been necessary, and
shutdowns have been extended somewhat by the need to make in core measurements
and undertake rotations. Rotation has been clearly demonstrated as an
effective antidote to bowing.
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TYPICAL CRAMP OUTPUT —TOTAL SHOULDER BOW
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SBK-Betrieb-UP 9/84

Preventive Measures for Avoiding Handling Problems from the Operators View

The SNR 300 is approaching first criticality (end of 1985). In

this context all the means for a proper operation of the plant

have to be specified and defined.

Particulary concerning core physics and assembly behaviour un-

expected exceeding values for distortion/growing would lead to

severe handling problems. Therefore the question of possibilities

to predict the core assembly behaviour is essential.

For core monitoring and surveillance a reactor physics computer

system will be installed; an important part is the history data

file with the main task to collect all core assembly relevant

facts during operation.

These are

. instrumentation signals from the core

. results of the nuclear core model

. design and fabrication data

. post irradiation examination results and generally derived limits.

Hence - in completion to the sophisticated design - the consistent

data file based on operational results and subsequent consequent

evaluation represents a preventive measure to avoid handling problems
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SBK-Betrieb-UP 9/84

SNR 300 Preventive Measure Concept for Avoiding Handling Problems

Core Monitoring * Surveillance System

CO

Design/Fabrication
mechanics/thermohydraulic

core assembly
core structure

material/fabrication
specification

material charge

fabrication data

limits

Ul

.p.

Process/Model

. core instrumentation

. nuclear model

. system data
power history

. limits

History Data File
trigger controlled storage philosophy

according to the relevent events

ostlrradlatlon Examination
load control
(indicator handling machine)

calibration location
(annular storage core)

geometrical measurement
(observation cell)

c

Analysis & Evaluation
. verification of design fundamentals

by comparison theory - experiment

. final selection of assemblies be examined

. final shuttling scheme

. support of the design reliability

. check & classification of the assembly
behaviour

P_—»»jderivation of a reliable core/material
^design specific correlation
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Design/Fabrication

o mechanical and thermal hydraulics design concerning the

. global core structure

. core assembly temperature distribution

. assumed dpa accumulation

. assembly distortion/growing

o material/fabrication-specification

. duct

. cladding

. spacer

. .tolerance

o material charge

o fabrication data

. text & examination data

. tolerances

. particularities at fabrication

o limits

evaluation of precursory data derived from material

test programs and other plant experience
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Process/Model

core instrumentation

. temperature (core assembly outlet)

. mass.flow (core assembly on representative

locations)

. neutron flux

. thermal power

nuclear model on a 3 D basis

. power distribution

. temperature distribution

. burnup distribution

. neutron flux distribution as a

function of neutron energy

. dpa distribution

other plant data generating power history

. reactortanktemperature

. control rod axial position

. sodium-purity conditions

limits
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