
NUCLEAR SAFETY INFORMATION CENTRE

PLEASE RETURN 

TO ROOM  B0655

P R O C E E D I N G S  O F  A  S Y M P O S I U M  

S T O C K H O L M ,  1 5 - 1 9  S E P T E M B E R  1 9 8 6

¡0655

I N T E R N A T I O N A L  A T O M I C  E N E R G Y  A G E N C Y ,  V I E N N A ,  1987



T h e co v er  p ic tu re  sh o w s tw o  m odels o f  a S V E A  fu e l assem b ly  w ith , o n  th e  le ft , a design  

fo r  n o n -A S E A -A T O M  rea cto rs and, in th e  m id d le  and on  th e  right, th e  design  o f  a rod 

b u n d le  and ch a n n e l, re sp ectiv e ly , fo r  A S E A -A T O M  reacto rs. P rovided  b y  c o u rte sy  o f  

A S E A -A T O M  F uel, V asteras, S w ed en .



IMPROVEMENTS 
IN WATER REACTOR FUEL TECHNOLOGY 

AND UTILIZATION



The following States are Members of the International Atomic Energy Agency:

AFGHANISTAN
ALBANIA
ALGERIA
ARGENTINA
AUSTRALIA
AUSTRIA
BANGLADESH
BELGIUM
BOLIVIA
BRAZIL
BULGARIA
BURMA
BYELORUSSIAN SOVIET 

SOCIALIST REPUBLIC 
CAMEROON 
CANADA 
CHILE 
CHINA 
COLOMBIA 
COSTA RICA 
COTE D’IVOIRE 
CUBA 
CYPRUS
CZECHOSLOVAKIA 
DEMOCRATIC KAMPUCHEA 
DEMOCRATIC PEOPLE’S 

REPUBLIC OF KOREA 
DENMARK
DOMINICAN REPUBLIC
ECUADOR
EGYPT
EL SALVADOR
ETHIOPIA
FINLAND
FRANCE
GABON
GERMAN DEMOCRATIC REPUBLIC 
GERMANY, FEDERAL REPUBLIC OF 
GHANA 
GREECE

GUATEMALA
HAITI
HOLY SEE
HUNGARY
ICELAND
INDIA
INDONESIA
IRAN, ISLAMIC REPUBLIC OF
IRAQ
IRELAND
ISRAEL
ITALY
JAMAICA
JAPAN
JORDAN
KENYA
KOREA, REPUBLIC OF 
KUWAIT 
LEBANON 
LIBERIA
LIBYAN ARAB JAMAHIRIYA
LIECHTENSTEIN
LUXEMBOURG
MADAGASCAR
MALAYSIA
MALI
MAURITIUS
MEXICO
MONACO
MONGOLIA
MOROCCO
NAMIBIA
NETHERLANDS
NEW ZEALAND
NICARAGUA
NIGER
NIGERIA
NORWAY
PAKISTAN
PANAMA

PARAGUAY
PERU
PHILIPPINES
POLAND
PORTUGAL
QATAR
ROMANIA
SAUDI ARABIA
SENEGAL
SIERRA LEONE
SINGAPORE
SOUTH AFRICA
SPAIN
SRI LANKA
SUDAN
SWEDEN
SWITZERLAND
SYRIAN ARAB REPUBLIC
THAILAND
TUNISIA
TURKEY
UGANDA
UKRAINIAN SOVIET SOCIALIST 

REPUBLIC 
UNION OF SOVIET SOCIALIST 

REPUBLICS 
UNITED ARAB EMIRATES 
UNITED KINGDOM OF GREAT 

BRITAIN AND NORTHERN 
IRELAND 

UNITED REPUBLIC OF 
TANZANIA 

UNITED STATES OF AMERICA 
URUGUAY 
VENEZUELA 
VIET NAM 
YUGOSLAVIA 
ZAIRE 
ZAMBIA 
ZIMBABWE

The Agency’s Statute was approved on 23 October 1956 by the Conference on the Statute of the 
IAEA held at United Nations Headquarters, New York; it entered into force on 29 July 1957. The 
Headquarters of the Agency are situated in Vienna. Its principal objective is “to accelerate and enlarge the 
contribution of atomic energy to peace, health and prosperity throughout the world”.

© IAEA 1987

Permission to reproduce or translate the information contained in this publication may be obtained 
by writing to the International Atomic Energy Agency, Wagramerstrasse 5, P.O. Box 100, A-1400 Vienna, 
Austria.

Printed by the IAEA in Austria 
April 1987



PROCEEDINGS SERIES

IMPROVEMENTS 
IN WATER REACTOR FUEL TECHNOLOGY 

AND UTILIZATION

PROCEEDINGS OF AN INTERNATIONAL SYMPOSIUM 

ON IMPROVEMENTS IN WATER REACTOR FUEL TECHNOLOGY 

AND UTILIZATION 

ORGANIZED BY THE 

INTERNATIONAL ATOMIC ENERGY AGENCY 

AND HELD IN STOCKHOLM, 15-19 SEPTEMBER 1986

INTERNATIONAL ATOMIC ENERGY AGENCY 

VIENNA, 1987



IMPROVEMENTS IN WATER REACTOR FUEL TECHNOLOGY 

AND UTILIZATION 

IAEA, VIENNA, 1987 

STI/PUB/721 

ISBN 92-0-050087-0



FOREWORD

The total electricity generating capacity of nuclear power plants in operation 

worldwide at the end of 1985 amounted to 250 GW(e), of which about 90% was 

generated by water cooled reactors. Water reactor fuel fabrication plants are in oper

ation in 15 Member States, with a licensed capacity of about 10 000 tonnes of heavy 

metal. This will match the demand of the utilities until sometime around the 

1990—1995 period, depending on the actual deployment of nuclear power.

Taking into consideration the large scale of fuel fabrication and consumption, 

improvements in water reactor fuel technology and utilization are of great impor

tance in achieving better reactor operational safety and economics.

The last Agency symposium addressing a similar issue was held in 1978 in 

Prague. Since then, significant developments have taken place and several new ideas 

and concepts have arisen in all related fields of water reactor fuel technology. An 

important objective has been to reduce the fuel failure rates and increase fuel utiliza

tion as a whole. As a result, average failure rates are now as low as 0.01 %  failed 

rods per reactor-year or less. Current water reactor fuel development is primarily 

related to studies of water-side corrosion, pellet-cladding interaction, fission gas 

release, dimensional stability, use of burnable absorbers, in-core fuel management 

and various processes in fuel fabrication. In addition, a number of countries have 

implemented advanced programmes in plutonium recycling.

The International Symposium on Improvements in Water Reactor Fuel 

Technology and Utilization was organized by the International Atomic Energy 

Agency and held in Stockholm from 15 to 19 September 1986 at the invitation of 

the Government of Sweden. The aim was to give scientists and engineers working 

in these fields the opportunity to exchange information on their achievements to date 

and their future work. It was attended by about 170 participants from 29 Member 

States and one international organization. A total of 37 papers and 12 posters cover

ing a wide range of topics related to water reactor fuel was presented. The number 

of participants as well as the large number of fuel vendors from Europe, Japan and 

the United States of America and some reactor utilities proved that the timing and 

the topic of the Symposium were well chosen.

In general, the Symposium has shown that current water reactor fuels perform 

reliably and meet current performance requirements. The factors which could limit 

fuel performance under high burnup conditions and load follow mode of operation 

were discussed and defined.

The Agency wishes to thank the Government of Sweden and, in particular, the 

Swedish State Power Board, for acting as host and for providing the staff and facili

ties, generous hospitality and comprehensive and efficient services. These con

tributed greatly to the smooth running and success of the Symposium.
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Abstract

E C O N O M IC  IN C E N T IV E S  F O R  F U T U R E  F U E L  D E V E L O P M E N T S .

T he cost o f  nuclear fuel is put into perspective by  a short review  o f  the total nuclear 

pow er costs and comparisons are made with other types o f  thermal electricity generating 

plants. Fuel costs are divided into components o f  natural uranium, enrichment services, fabri

cation, inventory and back end, which are used as a structure for discussing the impact o f  

different developm ent trends on the final fuel costs and, consequently, the incentives for future 

fuel im provem ents. T he factors related to fuel design and perform ance affect nuclear pow er 

plant operation and are the most important incentive for future fuel developm ent, depending 

on the pow er system  under which the nuclear pow er plants operate. T he potential impact o f  

fuel im provem ents, both in terms o f  design and verification o f  perform ance, is analysed and 

discussed with respect to the follow ing: plant operation: load fo llo w , capacity factors; fuel 

utilization: extended burnup, im proved m oderation, lo w  parasitic absorption; back end costs: 

volum e o f  fuel, M O X  fuel; fabrication processes: im proved processes; fuel related techno

logy: fuel management, safety analysis. A  short historical review  is given for each item in 

order to permit a better understanding o f  the mechanisms involved, the expected impact o f  

changes that have occurred and the incentives to continue developm ent along historical trends. 

Constraints w hich m ight lim it the actual benefits o f  these potential improvem ents are pointed 

out. The areas in w hich the incentives for further improvem ents in design and perform ance 

o f  nuclear fuel are most pronounced are identified and discussed.

1. INTRODUCTION

Fuel development in the nuclear field is driven by several forces: safety, tech

nical and economic factors. This paper deals in a generalized way only with the eco

nomic incentives for future fuel development. The economic models used and the 

cost figures quoted illustrate the principles rather than the accuracy of any specific 

situation. Technical details are avoided, since they will be discussed in more detail 

in the technical sessions at this meeting.
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TABLE I. GENERATING COSTS (in mill/kW-h)

4 SANDKLEF

Oil

2 x  600 M W (e)

N uclear 

2 X 1100 M W (e)

Coal 

2 x  600 M W (e)

Capital costs 8.2 15.2 1 1 .1

Operating costs 4.2 5.0 5.0

Fuel costs 43.2 (26) 9.0 20.3

Total costs 55.6  (38) 29.2 36.4

Basic assumptions are: 5 %  real discount rate, oil price of US $33 per barrel (comparative figure in paren
theses for US $20 per barrel), coal price of US $55 per tonne, 70% capacity factor (mill = US $10'3 
= 0.1 C).

2. ECONOMICS OF NUCLEAR FUEL

2.1. Nuclear power costs

Nuclear power has been developed because of its low costs, favourable 

environmental characteristics and as a means of diversifying energy sources or 

promoting national independence; it has been regarded as a long term solution for 

the growing consumption of energy. Costs, and cost comparisons with alternative 

energy sources over long term periods, have always played an important role in deci

sions made to implement nuclear power systems. Recently, as we all know, a number 

of other factors have played an even more significant role.

A comparison between the total generating costs for oil, coal and nuclear 

power stations was made by the International Energy Agency, Paris, in March 1985 

(Table I). At least two observations can be made from these data: first, that under 

these assumptions nuclear power is highly competitive with oil and coal-fired plants; 

second, that even relatively large variations in nuclear fuel costs would not change 

this ranking. For a utility in the position of deciding which type of generating alterna

tive to construct for the future there appears to be not very much incentive to lower 

the nuclear fuel costs.

This has not always been the case. Looking back 20 to 30 years when low oil 

prices dominated, extensive comparative studies were made between the various 

nuclear reactor types (LWR, JíW R , HWPR, organic cooled, light water cooled and 

heavy water moderated, etc.). However, at the time decisions were taken to set up 

nuclear power installations, nuclear fuel costs did not play such a significant role.
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YE A R

FIG. 1. Spot market prices for uranium, 1972-1986 (source: NUEXCO) (1 lb =  0.4536 kg).

Y E A R

FIG. 2. Enrichment prices, 1974-1986 (source: United States Department of Energy) 
(SWU =  separative work unit).



6 SANDKLEF

The situation differs when we look at cost competitiveness between generating 

units already in operation. Extrapolation of the data given in Table I shows that at 

an oil price of US $7.5 per barrel, the total running costs for oil and nuclear would 

be the same and the break-even point for coal would be US $24 per tonne. In 

mid-1986 the oil price dropped to nearly US $7.5, creating an obvious incentive for 

keeping nuclear fuel costs low in order to compete with fossil fuel plants.

2.2. Nuclear fuel costs

Nuclear fuel costs have not remained constant and for many reasons have seen 

dramatic changes over the last 12  years.

Mainly because of the unrealistic projections of the growth and of nuclear 

power in the early 1970s, both the uranium and enrichment industries went through 

a process of considerable growth and overcapacity and now (1986), after a signifi

cant number of uranium mines have been closed down and some enrichment facilities 

put on stand-by, seem to have reached a better balance between demand and supply. 

This process has had a large impact on the prices paid for uranium and enrichment 

services, as can be seen in Figs 1 and 2.

At the same time, other sections of the nuclear fuel market showed tremendous 

growth, leading to an overcapacity of conversion services and fuel fabrication, but 

without the same degree of price fluctuations. Grossly simplified, these cost compo

nents have followed the general level of inflation or were even below it.

TABLE II. COMPOSITION OF NUCLEAR FUEL COSTS

Com ponent

1986

Per cent o f  total cost

Projected for 1995

Uranium 25 30

Enrichment 29 25

Fabrication 13 13

Inventory (capital cost) 6 7

B ack  end 27 25

Total costs 100 100
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Currently, the total nuclear fuel costs are comprised of five components, 

namely uranium, enrichment, fabrication, inventory and back end, as shown in 

Table II. The figures projected for 1995 are inferred from various sources such as 

the United States Department of Energy, consultants reports and my own expecta

tions. The back end costs are representative of the Swedish system, with direct 

disposal of spent fuel. The exact figures vary from country to country and from 

utility to utility, as do the total nuclear fuel costs in absolute numbers (from a low 

of 7 mill/kW-h to more than double this figure).

3. ECONOMIC INCENTIVES FOR FUEL DEVELOPMENT

The generalized figures given in Section 2 can be translated into another form 

which is more useful. The total nuclear fuel costs for a 1000 MW(e) plant operating 

at 70% capacity will be around US $40 million per year and above. The correspond

ing fuel costs to produce the same amount of electricity would be US $160 million 

per year for oil at US $20 per barrel and US $125 million per year for coal at US $55 

per tonne.

3.1. Plant operation

A simple calculation using the above figures shows that an increase from 70 

to 75% in the capacity factor for a 1000 MW(e) nuclear plant will save US $5 or 

US $3.3 million per year, depending on whether this additional production replaces 

oil or coal generated electricity.

To achieve the same savings of US $5 million per year by savings in any of 

the nuclear fuel components, we need to reduce their costs as follows: uranium by 

40%, or enrichment by 35%, or fabrication by 75%.

It is clear from this simple analysis that fuel development, which facilitates 

increases in capacity factor or removes factors that have restricted the full use of 

nuclear power plants, has the greatest potential for significant economic savings.

It is a well known fact that such restrictions exist because of pellet-clad interac

tion and that the nuclear industry, through a combination of fuel development, fuel 

management schemes and core supervision techniques, has been able to reduce the 

impact of these restrictions significantly.

In certain operating conditions (such as startup, load follow) there still exist, 

for certain reactor types, fuel related restrictions that limit operating flexibility. 

Limits may be due to conservative safety constraints or pellet-clad interaction. 

Development of fuel with improved safety/licensing characteristics should continue, 

provided that they are accepted by the respective safety and regulatory authorities.

Equally important may be the development of new licensing models and more 

realistic views on loss of coolant accident (LOCA) and departure from nucleate boil
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ing (DNB) licensing in view of the overwhelming amount of new data supporting 

relaxation of the old criteria.

3.2. Fuel utilization

After improved capacity factors, fuel development, which will have an overall 

impact on the total fuel cycle costs and thereby improve fuel utilization, will have 

the greatest economic potential.

This area of fuel development has been actively pursued for many years, as 

evidenced by the introduction of low neutron absorbing materials (replacing stainless 

steel clad with Zircaloy, stainless steel structures with Zircaloy structures, optimiz

ing the moderator/fuel ratio, etc.). Some of the latest developments in this field will 

be presented in detail in other papers at this Symposium.

In this paper it is sufficient to point out the principle that improved reactor 

physics characteristics result in improved fuel utilization, generally without having 

to invest more in terms of uranium or enrichment services.

Again, relaxation of constraints could have a significant effect on fuel utiliza

tion in permitting a more efficient distribution of fuel in the core. For example, it 

has been estimated that an increase in allowable Fq in a PWR (to the range of 2.7), 

at the same time as more relaxed DNB limits, could allow use of more efficient low 

leakage loading patterns, which would result in a 1 0 % increase in burnup without 

any need for increased enrichment.

In general, advanced fuel management schemes will fall into this category and 

while there are a number of such schemes available (see Table Ш) [1], they have 

yet to be implemented on a worldwide basis.

Thus, there is an important economic incentive to promote any future fuel 

developments that increase the potential benefits of these and other advanced fuel 

management schemes.

3.3. Extended burnup

Extending burnup is the most popular technique for improving fuel economics 

and reducing the spent fuel volume and it is currently being applied in varying 

degrees all over the world.

As can be seen from Fig. 3, however, while there is a clear saving in uranium 

consumption, as burnup increases there is also an increase in enrichment services.

The impact of a reduced amount of spent fuel on back end costs is not easy 

to quantify. At first it would seem that less spent fuel should always provide propor

tionately lower back end costs.

In the case of the reprocessing of spent fuel, which may cost less because of 

the smaller quantity, the amount of vitrified waste is likely to be proportional to the 

energy (number of fissions) withdrawn from the fuel rather than the quantity of fuel
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TABLE III. IMPACT OF ADVANCED FUEL MANAGEMENT SCHEMES 

ON URANIUM AND ENRICHMENT CONSUMPTION [1]

Per cent change for: 

Uranium S W U *

B W R

Extended burnup 30-38 M W -d /k g  U - 6 + 2

L o w  leakage loading pattern - 1 - 1

A x ia l burnup shaping - 3 - 3

Natural uranium blankets - 3 - 3

Fuel assem bly reconstitution - 1 - 1

C oast-dow n operation - 4 - 4

Spectral shift operation - 2 - 2

Relaxation o f  fuel constraints - 1 - 1

P W R

Extended burnup 33-45 M W  -d/kg U - 7 + 4

L o w  leakage loading pattern - 4 - 4

Natural uranium blankets - 3 - 3

A x ia l burnup shaping - 2 - 2

Coast-dow n operation - 4 - 4

Relaxation o f  fuel constraints - 3 - 3

* S W U  =  separative w ork unit.

in which it was contained before reprocessing. The cost for final waste disposal may 

therefore be independent of bumup.

Similarly, for direct disposal of spent fuel, the final repository may be limited 

by decay heat considerations and may consequently also have costs proportional to 

the total amount of radioactive waste rather than the quantity of fuel.
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B U R N U P  ( M W - d / k g  U )

FIG. 3. Relative consumption of uranium and enrichment as a function of bumup 

( S W U  =  separative work unit).

Cost savings from extending burnup should not be exaggerated, since these 

important uncertainties have not yet been resolved. Other strategic goals such as ura

nium conservation and limiting the quantity of spent fuel may be incentive enough 

to pursue extended burnup on a large scale.

3.4. Back end costs

These costs vary significantly from country to country, depending on the 

system used and the specific economic conditions. Apart from the reduction in the 

amount of spent fuel by extending the burnup, as discussed above, very little fuel 

development seems to have been aimed specifically at reducing back end costs.

In those countries where reprocessing has been selected plutonium will become 

available as a nuclear fuel. In most cases it has been regarded as a strategic resource 

for future use in breeder reactors. Because large scale application of breeder reactors 

has been delayed, compared with the plans only 10 years ago, use of plutonium in 

mixed oxide fuel for LWRs has become both economically favourable and the offi

cial policy in several countries.

The technology and performance of MOX fuel have been developed and tested 

to a satisfactory level. However, actual fabrication and use of large quantities of 

MOX fuel should require and involve substantial development in the fabrication 

process and the fuel design in the future.
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3.5. Fabrication processes and technology

All changes in fabrication must maintain or improve the current level of relia

bility of the final product. Developing less costly processes which would increase 

the risk of fuel failures would not be accepted by the utilities, so process development 

is performed in steps with prudent testing under realistic conditions. The overall eco

nomic impact on fuel cycle costs is expected to be only minor. Incentives for the 

development of the fabrication process should be: to improve the quality of the final 

product; to make quality control more efficient and systematic; and to comply with 

the environmental requirements and occupational conditions.

Competition in a free fuel market may be the strongest driving force for the 

development of fuel fabrication processes and technology.

3.6. Fuel related technology

It is not only the fuel and its mechanical and thermal-hydraulic conditions that 

will determine actual fuel utilization. Some aspects on fuel related technology in 

terms of relaxing LOCA and DNB limits have already been mentioned in 

Section 3.2. All types of performance codes, licensing codes, fuel management and 

core supervision methods and codes can be included under this label.

Over the last 15 years impressive development has been made towards more 

sophisticated models and more data and know-how are being systematized into codes 

and tools for improved fuel utilization. However, much remains to be done. In par

ticular, the current over-conservative licensing requirements for coping with LOCA 

conditions need to be changed.

The development and utilization of fuel related technology are of great poten

tial economically. Relaxation of the LOCA limits could improve the low leakage 

loading patterns or could increase the flexibility of plant operation. The specific 

operating demands for each utility will determine which of these possibilities has the 

greatest economic benefit.

A specific area in which a large development potential exists is in the core 

supervision methodology of most current PWRs. More sophisticated methods, 

instrumentation and codes should be developed.

4. SUMMARY

An effort has been made here to put nuclear fuel costs and the economics of 

fuel development into perspective. Much has been achieved in this area over the past 

10 to 15 years. Estimates show that, with systematic use of the currently available 

new fuel concepts and methods, nuclear fuel costs have actually been reduced by as 

much as 30% compared with the old technology.
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The economic incentives for future fuel development have been described for 

the following areas, which are listed in order of priority: improved plant operation, 

fuel utilization, fuel related technology and fabrication processes.

Apart from the technical improvements and developments discussed, other 

improvements of an institutional or organizational character could also have a great 

impact. For these economic incentives to be effective, it is also necessary that the 

utilities (or the fuel managers) which take the decisions to use and the risks of apply

ing new fuel types and technology should also see the benefits clearly.
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Abstract

S T A T U S  A N D  R E C E N T  D E V E L O P M E N T S  IN F U E L  M O D E L L IN G .

The current status o f  and recent developments in w ater reactor fuel m odelling are 

presented. H ow ever, this is a very  w ide area to cover as the problem s considered range in 

scale from  the interaction energy between a xenon atom and a quadruply charged uranium ion 

to the likely  behaviour o f  several tonnes o f  molten irradiated U 0 2 and zirconium  in a reactor 

core. A s  it is im possible to review  all the w o rk  being done in such a range o f  problem s, our 

approach has been to consider the various aspects o f  reactor behaviour which can be broadly 

distinguished, to select one particular model o f  that aspect and to describe it in m oderate detail. 

M odelling o f  fuel has been considered in: (a) normal engineered geom etry; (b) loss o f  coolant 

accident (L O C A ) transient; and (c) substantial loss o f  geom etry (meltdown). In addition, 

recent w ork on the modfelling o f  fission gas evolution has been review ed. This is one o f  the 

key problem s in the above fuel m odelling areas, and is a field o f  considerable recent activity. 

T hree m odels o f  gas evolution from  fuel grains have been comm ented on and review ed.

1. INTRODUCTION

Water reactor fuel modelling covers an extensive range of problems. Virtually 

all aspects of the fuel behaviour are studied, ranging from behaviour in normal oper

ation, where one is interested in the failure rate and fission product release to 

coolant, usually from the point of view of economic performance, to behaviour of 

a reactor core during a meltdown transient, where of course the primary interest is 

in safety and establishing that the features of the reactor concept which are designed 

specifically to mitigate any accident consequences will perform as intended. Because 

of the high level incentive to analyse these problems as effectively as possible, some 

very detailed modelling is carried out. In particular, microscopic modelling of the 

behaviour of the gaseous and volatile fission products receives a considerable amount 

of attention. This is from the point of view of developing a predictive tool to use in 

fuel pin analysis in order to assess the influence of the gases on pin failure; it is also

13
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of value in predicting the fractional release of radioactive elements such as iodine 

and caesium from the fuel to the coolant circuit.

The status and recent developments in fuel modelling are reviewed by focusing 

attention on both macroscopic and microscopic modelling. In the area of macro

scopic modelling, the codes intended to model fuel behaviour on the scale of a single 

fuel pin and larger are discussed. In microscopic modelling, the phenomena con

cerned with fission gas evolution on the single fuel grain and subgrain scale, down 

to the atomic level, are examined.

1.1. Macroscopic modelling

In modelling fuel pin behaviour one has to consider: (1) normal engineered 

geometry; (2) loss of coolant accident (LOCA) transient; and (3) substantial loss of 

geometry (meltdown).

To give an impression of the current research activity in these areas, we select 

one code in each area and briefly discuss its main features. The codes selected are:

(a) normal engineered geometry (single pin modelling), COMETHE [1]; (b) LOCA 

transient (single and multiple pin modelling), MABEL-2 + CANSWEL-2 [2, 3]; 

and (c) meltdown (pin bundle modelling), SCDAP (Severe Core Damage Assess

ment Package) [4].

We briefly describe some of the main features of each code. In COMETHE 

the main interest is in modelling fission gas evolution, pellet-clad interaction and the 

fuel-clad gap behaviour. In MABEL-2 + CANSWEL-2 attention focuses on estab

lishing the temperature and stress in the clad during a LOCA (MABEL-2), together 

with the calculations of the resultant clad deformation and possibly rupture 

(CANSWEL-2), taking into account Zircaloy oxidation. For the meltdown phase, 

we discuss the code SCDAP, which models many phenomena including clad oxida

tion, deformation and rupture, fuel and clad liquefaction, and relocation of molten 

material.

1.2. Microscopic modelling

We discuss modelling of the evolution of fission gas, which is one of the key 

processes in the above fuel performance codes. This area is undergoing rapid 

development in order to keep pace with the data being generated by various 

experimental programmes. Particular emphasis is placed on developing models to 

predict gas evolution from fuel grains under transient conditions. Three separate 

models are available to describe this process, i.e.: (1) motion of intragranular bub

bles [5, 6]; (2) atomic diffusion and thermal re-solution from intragranular bubbles 

[7, 8]; and (3) migration of grain boundaries and consequent sweeping of the gas 

trapped in intragranular bubbles [9, 10].

We briefly review and comment on these models.



IA E  A-SM-288/11 15

2.1. Normal engineered geometry — COMETHE

COMETHE [1] is one of the most highly developed of the fuel performance 

codes. It predicts many features of the fuel pin behaviour, in particular: temperature 

profile in the fuel and clad; grain growth; porosity and central hole formation; 

thermal expansion; radial and axial modelling; in-reactor sintering; hot pressing; 

crack dish or central hole filling; the effect of power cycling on fuel relocation; con

tact pressure between fuel and clad; fission gas release and gas pressure; stress and 

strain tensors in the clad; anisotropic irradiation growth of Zircaloy; anisotropic 

creep of Zircaloy; pellet ridging; and stress corrosion cracking.

In addition, the code has the capacity to deal with pressurized water or boiling 

water coolant: it stores a saturation table giving saturation temperature and enthalpy 

as functions of pressure, as well as enthalpy, viscosity, conductivity and specific heat 

as functions of temperature and pressure.

COMETHE [1] and its benchmarking [11] are extensively documented in the 

literature. A brief description of some of the key processes modelled by the code is 

given.

2 . 1 . 1 .  P e l l e t - c l a d  m e c h a n i c a l  i n t e r a c t i o n  ( P C M I )

Failure of the clad due to PCMI is a very important issue in fuel endurance, 

and the failure mechanism is expected to be intimately related to the behaviour of 

radial cracks in the oxide pellet. These cracks focus the stress and strain in the clad, 

which then give rise to stress corrosion cracking and fracture propagation in the clad 

adjacent to the crack. For this reason considerable effort is devoted to describing the 

cracking patterns which develop. The modelling is based on three features: (1) the 

fuel cannot sustain tensile stress; (2) the pellet is axisymmetric and a crack will not 

extend from the clad to the pellet centre; and (3) if there is mechanical interaction 

between the pellet and the clad, the loading of the pellet is sustained by a bridging 

annulus in the fuel, the radius of which is the radius of the point at which the cracks 

are elastically closed.

Fuel swelling due to fission gas evolution plays a major role in PCMI because 

it can lead to closure of the fuel-clad gap thus leading to PCMI, or it can close cracks 

and influence the stressing of the clad. Both solid fission product swelling and swell

ing due to gas evolution are modelled, and describe: (a) axial swelling; (b) radial 

swelling into cracks (this occurs up to the radius which corresponds to the tempera

ture at which the fuel is too cold to allow gaseous swelling); and (c) swelling-induced 

radial displacement of the cracked sectors.

This third process continues until the fuel contacts the clad. Mechanical inter

action then takes place between the clad and fuel, which influences further gas 

evolution.

2. M AC RO SC O PIC  M O D E LL IN G
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2 . 1 . 2 .  G a s  e v o l u t i o n  m o d e l l i n g

It is very important to model the fission gas and volatile fission product evolu

tion in fuel for several different reasons: (1) the gas evolution can give rise to PCMI, 

as noted in the previous section; (2) gas release can be a runaway process, i.e. some 

release ‘poisons’ the fuel-Clad gap conductivity and increases the fuel temperature 

and thus the gas release; and (3) fission produced iodine is thought to be of major 

importance in causing stress corrosion cracking of the clad; it is generally assumed 

that the iodine and gas release fractions are similar.

In COMETHE gas release from grains is modelled by a modified Booth model 

in which gas migrates by atomic diffusion. It can be trapped at micropores within 

fuel grains and returned to super-saturated atomic solution by a fission damage 

process. The release from the pellet is accounted for by modelling the degree of 

intergranular swelling and the interlinkage which occurs. If this is low, there are few 

paths to open porosity for the gas to escape from the pellet; if the intergranular swell

ing is high, the bubbles coalesce and form percolation paths to the open porosity.

Grain growth is modelled in COMETHE, and both equiaxed and columnar 

grain formations are permitted. In the columnar grain zone, gas release is modelled 

by sweeping of the fuel matrix by lenticular pores moving in the temperature gra

dient. It is assumed that the release fraction of volatile fission products in the colum

nar grain region is unity.

2 . 1 . 3 .  P e l l e t - c l a d  g a p  h e a t  c o n d u c t a n c e

Computation of the gap conductance is very important since this plays a major 

role in determining the temperature field of the pellet, which is of course of great 

significance in controlling most of the processes which occur in the pellet.

In COMETHE heat transfer through the gap is determined by the intersection 

of two curves. The first curve gives the temperature drop across the gap as a function 

of gap size or fuel-clad contact pressure for a given heat flux. The second curve 

gives the gap size or contact pressure which results for a given temperature drop 

across the gap for a given linear power. The intersection of these curves is deter

mined after a small number of iterations.

2 . 1 . 4 .  V a l i d a t i o n

COMETHE has been extensively validated [11] against a considerable amount 

of data, with emphasis being placed on the codes’ capacity to predict fission gas 

release, fuel temperature and clad stress and deformation.

The code has also been used as a basis for development of a transient version

[12].
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2.2. LOCA transient

2 . 2 . 1 .  M A B E L - 2

The MABEL-2 code [2] analyses the behaviour of fuel rods in a LOCA and 

takes account of the effect of deformation on the calculated heat transfer from rod 

to coolant. The main features of MABEL-2 are:

(1) Calculations are made on a single fuel rod that is divided into axial, radial 

and azimuthal nodes; the rod is surrounded by eight other ‘slave’ rods on a square 

lattice

(2) Feedback between clad strain (resulting in reduced flow area) and heat 

transfer is permitted; the coolant is assumed to be in thermal equilibrium

(3) The temperature field in the pellet, clad and gap is calculated by a two- 

dimensional conduction model which includes radiation across the gap; the heated 

pellet can be placed eccentrically in the cladding

(4) Cladding deformation is modelled using CANSWEL-2, which is described 

in the following section

(5) Radial cracks in the pellets, total fission gas release prior to the transient 

and movement of the wetting front are specified as input data

(6) The axial nodes are coupled for internal pressure, axial heat flux profile 

and differential axial expansion of the fuel.

The two-dimensional (г, в )  model allows the effects of azimuthal variations to 

be investigated, e.g. pellet eccentricity, flux tilt, proximity to a control rod, can 

thickness perturbation. These are considered important because they may determine 

whether the clad will balloon or rupture.

2.2.2. C A N S W E L - 2

The CANSWEL-2 code [3] models the creep deformation behaviour of inter

nally pressurized Zircaloy cladding, given the pressure and temperature history, for 

conditions relevant to a LOCA. The particularly important features of the code are 

its ability to treat azimuthal variations in cladding thickness and temperature and to 

model the mechanical interaction of the cladding after it has been trapped by its 

neighbours.

The total cladding strain is calculated as the sum of thermal expansion, elastic 

strain and creep components. The transient is divided into time-steps in which strain 

increments are computed. The stress and temperature are taken to vary linearly over 

each time-step, the length of which is made to depend on the current rates of change 

of stress and temperature.
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Primary and secondary creep models for alpha-phase Zircaloy and secondary 

creep for beta-phase Zircaloy are included in the code. In the mixed-phase region 

the creep is considered to be governed by alpha- and beta-phase creep components 

acting in parallel with an additional (phase boundary sliding) component in series. 

The volume fractions of alpha and beta phase in this transition region are calculated 

using a dynamic-phase change model. The strengthening effect of the oxide and the 

retained alpha layer is treated using the empirical model of Malén and Tarkpea [13], 

and the oxide layer growth is calculated from the parabolic relationships of Chapman 

[14]. Anisotropic creep response is modelled using an option in which the hot side 

of the cladding remains stationary.

Azimuthal variations in strain are modelled by means of constant-strain 

azimuthal nodes. At each axial position the cladding cross-section is assumed to 

remain circular; the new length of each node is calculated at each time-step and the 

new mid-wall radius defined as (new perimeter/2t). This treatment is equivalent to 

representing the cladding wall as a membrane which cannot support bending 

moments, an approximation extended to the regime of rod impingement. The rod to 

which these calculations are applied is the centre rod of a 3 X 3 square array in which 

the outer pins, by suitable input, ‘reflect’ the behaviour of the centre pin, i.e. they 

experience the same or some fraction of the centre pin deformation. On contact with 

one outer rod, or two which are not diametrally opposed, the centre of the cladding 

moves without any clad flattening until the centre rod comes into contact with two 

diametrally opposed rods, when it is considered to be trapped. In these circumstances 

the rods which are in contact become non-circular and flattening of the contact zone 

takes place. The unsupported arcs of the cladding are then ‘fitted’ to the contact arcs 

by assigning them a common tangent where they meet. A further assumption is that 

the initial point of contact remains fixed, while in other areas sliding is allowed. An 

option is also available in which one or more outer rods, resist flattening on being 

trapped, as is observed in control rods, for instance.

2.3. Meltdown — SCDAP

The SCDAP code [4] models transients which lead to major disruption of the 

core geometry by describing the disruption and meltdown of a bundle of fuel rods 

due to severe overheating.

In the package there are several standard routines for use as appropriate: (1) 

thermophysical modelling of U 02-zirconium fuel rods; (2) heat transfer models for 

one-dimensional cylinders and slabs; (3) a one-dimensional thermal-hydraulic model 

for coolant behaviour; and (4) models for the flow and refreezing of molten fuel and 

clad.

The phenomena modelled are as follows: clad oxidation; hydrogen generation; 

fission product release and transport within the bundle; clad ballooning and rupture; 

fuel and clad liquefaction; and flow and freezing of liquid material.

A more detailed description is given of the most important of these models.
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2 . 3 . 1 .  T h e r m a l - h y d r a u l i c  m o d e l

This describes the coolant behaviour in terms of quasi-steady coolant boiling. 

There are assumed to be three axial regions along the coolant channel: the sübcooled 

region, the two-phase region and the super-heated region.

There is a planar boundary between each region. It is assumed that no vapour 

is generated in the subcooled region and that no dry-out occurs in either the sub

cooled or the two-phase region. No water droplets can exist in the super-heated 

region.

Elevation of the subcooled region is calculated on the assumption that all decay 

heat is dissipated in heating the water to its saturation temperature. Elevation of the 

top of the two-phase region is calculated by assuming all the heat is dissipated in boil

ing water and not in super-heating the steam. In the super-heated region the code cal

culates both the radiative heat transfer to and also the amount of convective cooling 

provided by the flowing mixture of water vapour and hydrogen.

Given the bundle pressure, inlet flow rate and power the model calculates the 

rate of evaporation of coolant from the bundle, the position in the bundle of sub

cooled, two-phase and super-heated regions, the axial distribution of coolant 

temperature and the heat transfer coefficients for the structure.

2 . 3 . 2 .  C l a d d i n g  d e f o r m a t i o n  m o d e l

As noted earliei" in the section on the detailed modelling of the early stages of 

a LOCA, clad ballooning is a major issue and this process is modelled in SCDAP. 

Two types of ballooning are considered: (1) ‘sausage’ ballooning, in which a major 

portion of the rod length balloons; and (2) localized ballooning, where only a small 

portion of the rod length is affected.

Sausage ballooning is assumed to occur initially, with localized ballooning 

resulting from an instability in this process. Clad oxidation is determined by para

bolic rate laws, and heat generated in the fuel and the clad by both chemical and 

nuclear heating is coupled by heat flux continuity boundary conditions to the coolant 

temperatures. This gives a system of differential equations which the code solves. 

If the average clad temperature is below 1000°K, all the oxidation modelling is 

bypassed.

2 . 3 . 3 .  F u e l  a n d  c l a d  l i q u e f a c t i o n - f l o w - s o l i d i f i c a t i o n

This modelling calculates the extent of relocation of cladding and fuel which 

have become liquefied. The basic model of the fuel pin is a Zr02 crust containing 

a liquefied eutectic of Zr-U-O. The model calculates the stresses in the Zr02 crust 

in order to determine the location of a break, and upon the crust breaking, the Zr- 

U-O eutectic is allowed to flow downwards under gravity. The model further calcu-
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lates the amount of thermal energy transported by the liquefied fuel, and the thick

nesses of crusts which result when the flowing fuel freezes. Molten fuel is contained 

by Zr02 crusts. These crusts are failed by the hydrostatic head pressure of the 

molten material in the crust. It is assumed that any failure is large, and that the eutec

tic immediately flows through the breach and forms a slug which is axisymmetric 

and of uniform thickness. This slug can oxidize on its outside surface and as it flows 

it imparts its heat to the clad. As the slug flows down the outside of the cladding, 

the boundary layer next to the fuel pin freezes and forms a crust. The slug continues 

to flow until its enthalpy falls below the heat of fusion. A crust is allowed to flow 

further if its temperature increases above its liquefaction point.

2 . 3 . 4 .  F i s s i o n  p r o d u c t  r e l e a s e

Fission product release from crystalline fuel is described by the PARAGRASS 

code, a fast-running version of the FASTGRASS code [15].

2.3.5. F u t u r e  a c t i v i t y

There are three main areas under development:

( 1 )  P r i m a r y  c i r c u i t  m o d e l l i n g

The modelling described so far has been for a bundle of rods with the vessel 

boundary conditions input. A major development is to link SCDAP to a thermal- 

hydraulic model of the whole core, RELAP [16], which will allow the interaction 

between fuel degradation, core coolant behaviour and primary circuit feedback to be 

modelled.

( 2 )  F i s s i o n  p r o d u c t  t r a n s p o r t

To study the transport of fission products within the primary circuit, the code 

TRAPMELT [17] is being incorporated within the SCDAP framework. This models 

transport of the fission product vapours Csl, CsOH and Te. These are allowed to 

plate out on surfaces, or condense into aerosols and then plate out. If no plate out 

occurs, these vapours are then available for release into the containment building.

( 3 )  D e b r i s  b e d  b e h a v i o u r

The aim is to develop modelling of the formation and thermal-hydraulic 

behaviour of the debris bed, which may form from the bundle either through material 

melting and solidification, or by quench-induced material fragmentation processes 

that might occur during reflood.
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3. MICROSCOPIC MODELLING: TRANSIENT FISSION GAS

EVOLUTION FROM IRRADIATED U 02

One of the areas in which there has been a substantial amount of modelling 

recently is the study of the evolution of the fission products from irradiated fuel, both 

in normal operation and during transient heating. This is of importance in determin

ing fuel failure rates and subsequent radiological consequences. The U02-fission 

product system is complicated and exhibits a wide range of physical and chemical 

behaviour, so particular emphasis is placed on modelling the fission gas evolution. 

As well as being of considerable significance in its own right, since the gas is inert 

and so avoids any chemical interaction, it is expected that its study forms the simplest 

starting point from which to embark on a study of the whole fission product system. 

The reason for this recent increase in activity, despite the substantial modelling 

which had already been carried out [18], was the realization that the modelling avail

able prior to about 1980 was unsatisfactory in that data which were becoming avail

able at this time were quite outside the scope of what was expected. In particular, 

~ 25 %  of the fission gas generated in fuel was observed to be released on a time- 

scale of — 1 day [19, 20] in fuel heated isothermally out-of-pile at ~ 1500°C. Other 

data [21] confirm this general picture. None of the mechanisms used to describe the 

principal gas evolution observations could describe this behaviour, so clearly a major 

gas release mechanism had been omitted from the available theory. The interest has 

been generated by trying to identify this mechanism, to obtain a satisfactory descrip

tion of the key processes, and to explore the extent to which it operated in the regions 

for which apparently satisfactory models had been developed, i.e. to what extent 

would this mechanism operate in-pile at ~ 1000° С where fission damage was 

assumed to be the controlling mechanism. A brief review is given of the models 

developed to describe transient gas evolution in U 02.

3.1. Review of models

In general, most of the gas retained within the fuel resides within the fuel 

grains, so in gas release studies attention focuses mainly on intragranular evolution. 

The gas is distributed between atomic solution and being trapped in small intragranu

lar bubbles. In modelling the evolution kinetics three different models receive most 

attention as the likely candidates for the rate controlling processes, i.e.: bubble 

migration [5,6]; thermal re-solution and atomic diffusion [7, 8]; and grain boundary 

motion [9, 10]. Each is considered in turn.

3.1.1. B u b b l e  m i g r a t i o n  m o d e l

This model has been used extensively [5, 6] and is based on earlier modelling 

[22]. The key assumption is that gas in atomic solution rapidly precipitates into the
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intragranular bubbles, which then undergo biased migration in a temperature 

gradient. This migration causes coalescence when bubbles contact each other, and 

gas release when the bubbles contact the grain boundary. The bubbles are also 

allowed to swell by influx of vacancies from the grain boundary. This results in the 

following elegant system of equations [5] which can easily be coded:

( 1 )  B u b b l e  d i f f u s i o n  c o e f f i c i e n t

3 л „ 0
Db — --- Ds X —

2 ir Rb

( 2 )  B u b b l e  v e l o c i t y  

d b 4тг „з л /3 VT
V B =  T = -  —  R B Q

kT 3 ОТ

( 3 )  B u b b l e  c o a l e s c e n c e

d Cn л
= -4tt R|CbVb

dt

( 4 )  B u b b l e  s w e l l i n g

à  RB =  __________ DuPex^__________

dt RB kT [1 + 'Л dg VttRbCb]

The symbols are as follows: DB is the bubble diffusion coefficient; Ds is the 

U02 surface diffusion coefficient; X is the surface layer thickness; ii is the volume 

of a U 0 2 molecule; RB is the bubble radius; VB is the bubble velocity; Qs is the heat 

of transport of a U 02 molecule; /3 is the numerical factor »  1 ; CB is bubble concen

tration; Du is the uranium self-diffusion coefficient; pex is the gas overpressure in a 

bubble; dg is the grain diameter.

This model has been applied successfully [5] to out-of-pile transients conducted 

at the Hanford Engineering Development Laboratory, Richland (HEDL) [23], in 

which irradiated (UPu)02 has been heated to temperatures close to melt on a time- 

scale of ~ 10 seconds. The predicted release fractions, bubble concentrations and 

fuel swellings were in satisfactory agreement with observations.

However, the dominant process in this model is bubble migration in a thermal 

gradient. The bubble velocity is thus controlled by two parameters, —DB and VT.
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This creates two problems in the acceptability of this approach:

(a) To explain the observations discussed above, it is necessary to assume that 

the bubble mobility is controlled by surface diffusion, which gives a mobility much 

higher than that observed in a series of experiments [24]. Using bubble mobilities 

as indicated by these experimental data in the above model would predict no release 

in the HEDL tests [25].

(b) In an isothermal experiment V T = 0, so this mechanism cannot be respon

sible for the releases observed in this type of test.

Given both these reservations it appears likely that bubble migration will not 

be an important release mechanism for most of the conditions encountered. The most 

likely conditions under which it will be important is a very rapid heating transient 

such as may occur in fast reactors or in rod control cluster assembly faults in PWRs 

where very steep temperature gradients may be anticipated.

3 . 1 . 2 .  T h e r m a l  r e s o l u t i o n  a n d  a t o m i c  d i f f u s i o n  m o d e l

The dominant process in the thermal re-solution and atomic diffusion model 

[7, 8 , 26] results from the fact that the small intragranular bubbles in irradiated 

U02 contain gas as a dense fluid or solid. When additional gas in atomic solution 

in the lattice attempts to precipitate at these bubbles it cannot, unless additional lattice 

vacancies are supplied from the grain boundary. If the vacancy flux rate is low the 

precipitation of the gas atoms at the bubbles is prevented and so the atoms remain 

free to diffuse to the grain boundary and thus be released. For this model one 

requires a description of: the thermodynamics of the precipitation of the gas, and the 

transport of lattice vacancies from the grain boundary to the bubbles.

. 3.1.2.1. Precipitation thermodynamics

An expression is required for the concentration of gas atoms in equilibrium 

with a gas bubble of a given pressure. We express this in terms of the equation of 

state (EOS) of Xe, which we take to be the Percus-Yevick EOS for a fluid of hard 

spheres.

( 1 )  E q u a t i o n  o f  s t a t e  [27]

P _  1 + y + y2

PkT "  (1 - y) 3

where P is the pressure; p  is the number density; y is the 1/6 irp d3; d is the hard 

sphere diameter; к is the Boltzmann constant.
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We require the entropy, S, of the gas. This is obtained from the EOS by:

V dV  Л

This gives [7]:

S(V,T) =  Nk - Nk In ( — Л3 J - Nk Г--- --- + ---  — T 1
2 Vv /  L O -У)  (1 - У) 2 J

The gas concentration Cjj1 in equilibrium with the bubble is given by [7] :

Here Es is the solution energy of a Xe atom; N is the number of atoms in the 

bubble; у  is the surface energy of U02; Rb is the bubble radius; ñ  is the volume of 

a neutral trivacancy.

The flux of gas from a bubble is directly proportional to C| [7].

( 2 )  V a c a n c y  t r a n s p o r t  [5]

Precipitation of gas into the bubbles increases the pressure over that in 

equilibrium with the surface energy (i.e. 2y/Rb) so that vacancies flow from the 

grain boundary to the bubbles to increase RB. This process is described by the 

following equation:

dt R B L klb + k| J  L \ kT ;

- ехр(-(Р' ^ г ) ^ ] ]

Here Du is the uranium self-diffusion coefficient; P0 is the fuel hydrostatic 

pressure; kB is the bubble sink strength =  А ж  RB CB and kgb is the grain boundary 

sink strength = (6/dg) kB; CB is the bubble concentration; dg is the grain diameter.

Du is calculated by means of standard mass action equations [26].
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3.1.2.2. Model predictions

The above model has been shown to predict successfully [26, 28] the gas 

release observed under a wide range of conditions, namely: (1) out-of-pile transient 

heating to temperatures close to fuel melt; (2) out-of-pile isothermal annealing; and

(3) in-pile release from hot equiaxed and columnar grain fuels.

The model is currently being developed for in-pile steady state gas release 

under CAGR and PWR conditions.

There are two main weaknesses of this model in its current state: (a) it will 

not predict the observed coarsening and swelling of the intragranular bubble popula

tion [5]; and (b) there are no data available with which to validate the expression for 

C| presented in Section 3.1.2.1. Work is currently in progress on each of these 

problems.

3 . 1 . 3 .  G r a i n  b o u n d a r y  m o t i o n  m o d e l

The key process in this model is that at high enough temperatures the average 

fuel grain size increases. The driving force is the surface energy associated with a 

grain boundary and, in general, large grains grow at the expense of small grains in 

order to minimize the surface energy. As a moving boundary sweeps out a volume 

the gas retained in that volume is released to the boundary. The boundary motion 

can be described by the following equations [6]:

Vgb = v& o exp (-Q/kT)

where Vgb is the grain boundary velocity; v is the vibrational frequency of a gas 

atom on a grain boundary; ao is the lattice spacing; Q is the activation energy of 

boundary motion, and

ДЕ = --- A„b dx
rr

Here ДЕ is the energy change associated with motion of a grain boundary 

area, Agb, a distance dx; у is the grain boundary surface energy and rc is the grain 

radius.
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3.1.3.1. Model predictions

This model has been shown to give satisfactory predictions of observed release 
in a range of out-of-pile transients in a temperature range of 1600 to 2200° С [6]. 
There are, however, two significant problems with this approach:

(1) Grain boundary motion operates by sweeping the gas present in the fuel
through which the boundary migrates, so microscopy of fuel which has released gas
by this mechanism should show grain boundaries with regions of fuel denuded of gas
bubbles on one side but not on another. The microscopy data [29] contradict this 
prediction, in that if fuel shows regions near grain boundaries denuded of gas, these 
regions occur on both sides of the boundary.

(2) The small gas bubbles which exist within a fuel grain interact with the 
boundary and can easily ‘pin’ it and thus prevent its motion. This can be seen from 
the following analysis.

Let rgb =  Уг (average bubble spacing); r¡ =  grain radius; RB =  bubble radius. 
The force Fgb contracting the grain boundary area irrgb (i.e. the area associated with 
one bubble) is [6]:

F  =  -  |*2■Tgb 7Г Tg),

rc

The force, FB, between a bubble and the boundary due to surface tension 
effects (and which retards the boundary motion) is [6]:

FB =  7Г RB 7  sin 2 ф

where ф is the angle of contact between the bubble and the boundary. For zero
boundary motion

Fb = Fgb 

so 2y/rc 7Г Tgb =  ir RB 7  sin 2ф.

Assuming sin 2ф = 1 (i.e. retarding force is a maximum) gives:

2 Tgb =  RB rc

The bubbles in the grain have a radius of ~  1 nm and the grain radius is typi
cally 5 ¡im, so for zero boundary motion

r g b  =  5 0  n m
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This allows us to conclude that if the bubbles are immobile, an array of 1 nm 
radius bubbles with a separation of 100 nm could arrest boundary motion. Since the 
intragranular bubble separation is ~  10 nm and the bubble mobility data [24] indicate 
that the 1 nm radius bubbles are essentially immobile, clearly the boundary could not 
move far before it became pinned.

This interaction between the boundary and the bubbles has already been consi
dered [6] and shown to inhibit release. However, this study assumed very high bub
ble mobilities with greatly reduce the pinning effect since the moving boundary tends 
to drag the bubbles along with it. If the essentially zero bubble mobilities observed 
in experiments were used, it seems likely that the pinning effect described above 
would reduce the boundary motion to zero.

4. CONCLUSIONS

Water reactor fuel modelling covers an extensive area, ranging from 
phenomena involving material on the scale of tonnes, to phenomena involving the 
behaviour of individual atoms. Most of the effort to date has gone into the develop
ment of mechanistic models to predict fuel pin behaviour in a core geometry reason
ably close to the engineered geometry, i.e. either single pin behaviour (both in 
normal operation and under transient conditions) or LOCA modelling. In recent 
work the emphasis would appear to have shifted both up in scale and down in scale. 
The development now seems to focus on modelling extensive fuel degradation in 
order to analyse core meltdown, or microscopic modelling, such as intragranular 
fission gas analysis, in order to develop submodels for the codes describing 
behaviour on a larger scale.
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Abstract

PR O G R E S S  IN  L W R  IN -C O R E  F U E L  M A N A G E M E N T  A N D  ITS IM P L IC A T IO N S  O N  

F U E L  T E C H N O L O G Y .

In-core fuel management (IC F M ) provides the basis for all decisions that deal with the 

selection o f  fuel design and operating param eters in an econom ically optimum manner from  

existing alternatives for each operating cyc le  o f  a reactor, subject to several constraints. It 

requires the application o f  specialized know ledge and capabilities in neutronics, fuel cyc le  

costs, fuel technology and perform ance, and sometimes other areas. The status and recent 

progress in IC F M  for L W R s are review ed with emphasis placed on neutronics, and the im pli

cations o f  neutronics developm ents on fuel technology and perform ance are discussed. Codes 

and methods for the calculation o f  the neutronic perform ance o f  L W R  cores have becom e 

m ore mature and sophisticated over the last decade and have incorporated improvem ents in 

user friendliness and linkage between codes, which has reduced input and quality assurance 

effort. Recent progress in calculational techniques and in applications is described, as are the 

rem aining shortcomings and their significance. Application o f  the techniques to develop 

designs for each core cyc le  continues to be based largely on the experience o f  the designers, 

and the calculation m ethodology and its associated user experience continue to spread from  

the fuel suppliers and consultants to the utility ow ner-operators o f  the reactors. Although 

exceptions exist, the fuel technologist can, in the vast m ajority o f  cases, proceed in the 

developm ent and analysis o f  designs and improvem ents with confidence in the ability ade

quately to calculate with existing methods the neutronic perform ance o f  cores incorporating 

the improvem ents.
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Nuclear fuel management in general may be thought of as the entire complex 
of technology, knowledge, skills and capabilities which serves as the basis for all 
technical and commercial decisions made in the course of the procurement and use 
of fuel in a nuclear reactor and of all commodities, components and services con
tributing to such use. In-core fuel management (ICFM) is that part of the total fuel 
management discipline which provides the basis for selection of all fuel design and 
operating parameters from existing alternatives for each operating cycle of a reactor. 
It generally includes calculation of the performance of the fuel and core for several 
alternatives, as a part of the process of ensuring that the selected set of conditions 
represents a reasonable compromise between a number of often conflicting technical, 
economic, licensing and sometimes other constraints within which the nuclear power 
plant must be operated. The fundamental driving force in ICFM is economics; the 
fuel manager seeks for his utility the lowest cost of operating its nuclear power plant 
or, alternatively, its power generating system, which includes the nuclear plant. 
Practical considerations in fuel management which constrain what could otherwise 
be a pure computation and optimization process include:

(1) Fuel reliability, as the costs of fuel failure can easily overcome the much 
smaller savings obtained from proposed modifications

(2) Reactor vessel fast neutron fluence, which may require sharp reductions in fast 
neutron leakage at certain locations

(3) Power system operations, which determine desirable shutdown periods and 
frequencies

(4) Licensing limits, which result in fuel burnup and various core parameters 
being maintained within already approved ranges

(5) National policy, e.g. governmental decisions for or against reprocessing or 
legislated payments for the back end of the fuel cycle.

These considerations give rise to well known technical constraints such as 
keeping power peaking, reactivity coefficients, shutdown margins, etc. within estab
lished limits, which are usually observed throughout the ICFM process. Since some 
of these technical constraints arise from transient or other limiting calculations which 
are part of the plant safety analysis, and since routine ICFM calculations address 
only steady state operating conditions, any fuel management alternatives that would 
require any of these parameters to be outside their pre-established ranges must be 
accompanied by appropriate safety analyses to justify the desired extension of the 
licensed range.

Successful ICFM requires the application and blending of specialized 
knowledge, skills and capabilities in neutronics, thermal-hydraulics, fuel cycle costs, 
fuel and materials technology and performance, and sometimes other areas such as 
electric power system optimization. The neutronics part of ICFM, which has histori

1 .  I N T R O D U C T I O N
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cally been considered its major part, involves concepts, methodology and computer 
codes of such complexity that a dedicated corps of specialists in this area has 
developed.

The purpose of this paper is to review the status and recent progress in ICFM, 
with emphasis placed on the development over the last decade and the current capa
bilities of neutronics methodology and their implications on fuel technology and per
formance. These aspects of neutronics should be of interest to fuel technologists, 
since they can affect the difficulty of introducing fuel improvements. For example, 
if the neutronic performance of proposed innovations cannot be sufficiently well cal
culated with the present methods, associated development and verification of neu
tronics analysis techniques are required as part of their development. Separate papers 
by each of the authors have dealt with the inverse, i.e. with the implications of recent 
fuel and burnable absorber technology development on the neutronic and economic 
optimization aspects of ICFM [1, 2].

2. PROGRESS IN APPLICATIONS

In the normal course of development of a new technology, the first priority is 
to get simple, workable systems into operation. As experience with the initial 
systems accumulates, as further theoretical development and analysis take place, and 
as market place competition intensifies, improvements and refinements to the initial 
systems are introduced. The last decade has seen the full flowering of the develop
ment and introduction of improvements and refinements in LWR fuel and core 
technology. Widespread study, research and development, and testing of many 
proposed improvements have taken place, and a high percentage of these have been 
successfully introduced into commercial practice. This has led to much more com
plex fuel and core designs than were used in the early LWRs. This intensive develop
ment of improvements has resulted from the conjunction of several kinds of forces:

(1) Large numbers of new reactors coming into service, with the accompanying 
variation in utility load patterns and requirements, allowing suppliers both to 
develop and market a greater variety of designs and to amortize the costs of 
such development over a larger volume of sales

(2) The desire of many utilities to lengthen operating cycles in order to increase 
the capacity factor, to reduce their operational and regulatory work-loads and 
to reduce staff radiation exposure

(3) The continuing uncertainty and cost increases of the back end of the fuel cycle 
(whether based on reprocessing or disposal) which contribute towards the trend 
to higher burnups

(4) Periods of high uranium prices and government policies causing a high 
premium to be placed on improving uranium utilization
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(5) More fuel suppliers offering fuel for reactors of other suppliers, crossing 
previously observed international as well as BWR versus PWR boundaries, 
and offering highly differentiated designs for the same reactor, such as the 
three competing improved BWR fuel designs [3].

Calculation of the neutronic performance of proposed design improvements or 
refinements initially involves the use, or consideration of use, of existing methodol
ogy with the new and different set of conditions, whether the changes involve geome
try, materials, enrichment, mode of operation, or a combination of these. An 
evaluation or judgement must be made as to whether the existing methods are satis
factory because departure from proven practice is not significant, whether the exist
ing methods are probably fairly good but where some normalization or verification 
is desired, or whether the existing methods are probably so inadequate that develop
ment of new methods is needed. Normalization or verification can take place through 
detailed study with more precise but more expensive codes, through critical experi
ments, and/or through in-core measurements. Development of new methods requires 
new modelling, followed by normalization and verification, as already indicated.

Many of the more significant recent advances and improvements in fuel design 
and fuel management practices have been developed and introduced for both PWRs 
and BWRs. Most widespread has been the combined introduction of cycle length 
extension, discharge burnup extension and low leakage fuel management patterns. 
Since the first two improvements complement and reinforce each other, they are best 
accomplished together. Many LWR cycles have been extended from the previously 
customary 12 months to 18 months, and 24-month cycles are under serious study and 
very early implementation. The greatest discharge burnup extensions already accom
plished range up to about 30% over the values of a decade ago. For PWRs low leak
age fuel management has in some cases progressed from placing second cycle fuel 
on the core periphery to placing many third cycle assemblies there, and for BWRS 
has been implemented by placing natural uranium or highly depleted fuel assemblies 
there, in first cores and subsequent cycles, respectively. Operational improvements 
have included increased cycle length flexibility including more widespread use of 
coast-down and load following, and patterns to reduce fuel shuffling in order to 
shorten refuelling outages. Improvements within the fuel have focused on distribut
ing enrichment and burnable absorbers where needed and most useful, and only 

there, to avoid unnecessary expense. Specifically, this has resulted in axial blankets 
of natural uranium at each end of the fuel and in advanced, integral burnable 
absorber designs with axial cut-backs or shaping to improve power distributions and 
to minimize end-of-cycle absorber residuals. Gadolinia has achieved increasing 
acceptance for use as the integral burnable absorber material, particularly as its use- 
ability at higher concentrations (as needed for longer cycles) has been developed. 
Multi-enrichment first core designs have been developed further, to place enrichment 
only where needed. Lattice modifications to increase the water/fuel ratio have
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included reduced rod size for PWRs and the water-cross design or additional water 
rods for BWRs. Lattice modifications to reduce linear heat rates have included more 

(and necessarily smaller) rods per assembly. For all lattice modifications, ICFM has 
included analysis of the mixed cores that result from introducing a lattice modifica
tion into an existing reactor. Control rod improvements have included the develop
ment of hafnium containing rods. Since some of these changes can be implemented 
only at some cost in operating margin (and since enlargement of operating margin 
in any case is always desirable), several ways of obtaining small increases in operat
ing margin through reduction of conservatisms have also been under study and 
development. In countries other than the United States of America, use of recycle 
plutonium, and in some cases recycle uranium, has been under development, but the 
implementation of recycle remains very limited.

Other recent improvements or changes have been applicable only for PWRs 
or BWRs. For PWRs, novel schemes to reduce fast neutron leakage locally, near 
sensitive welds on the reactor vessel, have employed inert or fast neutron absorbing 
rods or assemblies of these rods at selected locations at the edge of the core. Annular 
fuel pellets have been the subject of extensive study and testing. For some years dis
agreement about the correct method of calculating their neutronic performance rela
tive to solid pellets led to different conclusions as to which configuration provides 
the better performance, but now a consensus on this question appears to be develop
ing. More recently, for advanced PWR designs, the concept of mechanical spectral 
shift control through use of water displacement rods has been studied and proposed. 
Recent applications unique to BWRs include spectral shift control through flow and 
consequently core steam-volume fraction variation; fuel placement and control 
according to the ‘control cell core’ concept of rod withdrawal through the fuel cycle; 
use of high purity zirconium liner fuel, which is permitting removal of fuel-imposed 
restrictions on the rate of increase of core power level; and removal of the highest 
enrichment rods from what would otherwise be spent fuel, followed by their recon
stitution into assemblies having enough reactivity for another cycle of operation.

Many of these innovations have had to be accompanied by improvements in 
modelling, input data, or fine tuning of the ICFM methodology used to calculate 
their performance, and their performance can now be predicted with reasonable 
confidence.

3. STATUS AND PROGRESS IN NEUTRONICS METHODS

Two fundamental types of computer programs are normally used for detailed 

ICFM neutronics analyses: a code which describes the neutronic characteristics of 
a fuel assembly as depletion progresses (assembly depletion code), and a code which 
mocks up the operation of the reactor core (two- or three-dimensional simulator).
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The simulator code needs as input the neutronic data derived from the assembly 
depletion code, as well as data which define the core configuration and thermal- 
hydraulic conditions.

The last decade has seen a significant increase in the availability of both types 
of codes for general usage, with the newer or most recently updated entries being 
mathematically more sophisticated and hence fundamentally more accurate than 
previous models. Development of even greater sophistication and accuracy is of 
course continuing. Additionally, the newer codes tend to be programmed more effi
ciently to reduce computer costs, and are designed to be more user friendly to sim
plify input preparation and quality assurance (QA). CASMO-SIMULATE, 
CPM-SIMULATE and RECORD-PRESTO code sets are representative of the 

newer publicly available state of the art code systems.
Basic modelling in the current state of the art assembly depletion and simulator 

codes was in limited use worldwide a decade ago. The code developers have 
improved on these earlier versions in a number of key areas, for example:

(1) Improved modelling, particularly with regard to phenomena at sharp inter
faces, such as absorber regions (control rods, burnable absorbers including 
gadolinia to relatively high concentrations) and water regions inside and out
side the fuel rod array.

(2) Updated cross-section libraries and use of a finer energy mesh for more 
accuracy. This includes better data for absorbers such as gadolinia and hafnium 
and for transuranic isotopes. The ENDF/B-5 nuclear data library is used in 
recent revisions of some assembly depletion codes.

(3) Extensively improved user friendliness in input preparation, which reduces 
engineering time and greatly simplifies the QA task.

(4) Extensive interfacing or linkage between the assembly depletion codes and the 
simulator codes, which again minimizes engineering time and simplifies QA.

(5) Improved thermal-hydraulic modelling in simulators used for BWR applica
tion, a key element in accurately calculating power distributions.

(6) Ability to handle new or different fuel and core technology, e.g. water-cross 
BWR assemblies, annular or duplex pellets, gamma instruments and hafnium 
control blades.

Through the improvements in user friendliness and program linkage, user time 
requirements in performing ICFM analyses and associated QA have been reduced 
materially. Stated in another way, more analyses can now be done compared with 
a decade ago within the prevailing time and personnel constraints; this provides 
greater confidence that the best design has been identified. In addition, results of 
measurements have verified the code methodology and thereby increased the confi
dence that calculated results will represent reactor performance. The more signifi
cant remaining shortcomings in calculational techniques include local effects at the 
core periphery and at control rod tips; these tend to be of greater importance opera
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tionally than from the point of view of optimizing fuel or loading pattern design. 
Altogether, present codes and methods enable calculation, to reasonable accuracy, 
of the neutronic performance of virtually all fuel and core technology improvements 
seriously proposed in recent years.

The impact of the various code improvements on computer time and cost is 
mixed. More efficient programming has reduced computer time, but more complex 
modelling, e.g. more energy groups, has increased it. Other aspects of more 
complex modelling include running half-core symmetry rather than one-eighth or 
quarter-core symmetry and running three-dimensional rather than two-dimensional 
simulations; the latter is required by some of the more complex designs being used 
such as asymmetric cut-backs of burnable absorbers in PWRs and axial burnable 
absorber shaping in BWRs. Furthermore, with the exception of programs offered by 
the Electric Power Research Institute to its members, the state of the art fuel manage
ment codes must be either purchased or used on a royalty per run basis. The latter 
places a heavy and continuous burden on computer costs, in many instances far out
distancing any computer cost difference associated with the difference in running 
times between newer and older models. The increased ICFM analysis cost burden 
is, however, acceptable when offset by improved, more optimized fuel and core 
designs.

Advances in computer technology, particularly the increasingly widespread 
availability of desktop computers with graphics displays, have also affected the prac
tice of ICFM. Although not generally used for final design and licensing calcula
tions, this new equipment has proved very useful for scoping calculations and for 
the rapid evaluation of a large number of ICFM alternatives. The graphics display 
provides an interactive interface for the designer, i.e. with simple commands from 
the keyboard the designer can shuffle fuel, change enrichments, or change burnable 
absorber loadings and obtain promptly the response of key core performance 
parameters such as power peaking.

Another very significant trend in ICFM has been towards the use of much more 
sophisticated on-line core monitoring systems, which measure core power distribu
tions and enter them into an on-site computer. A  fast running core simulator within 
the computer is programmed to reconcile measured values to calculated results and 
can display this information for plant staff. The program provides the ability to 
predict future core states for planned and alternative core sequences. Use of on-line 
core monitoring and predictive capability began in the late 1970s and is becoming 
more widespread, especially for BWRs. In the future it is expected that this techno
logy will allow confident operation much closer to thermal limits by shortening the 
long feedback loop inherent in off-line core follow by using measured, rather than 
conservatively inferred, power distributions to monitor the approach to these 
limits [4].

Reliable and consistent methodology for the mathematical optimization of fuel 
and burnable absorber loading patterns and control rod withdrawal sequences is
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being developed and remains of high theoretical and research interest [5]. An 

approximation approach that is useful for scoping calculations and for obtaining a 
physical understanding of the effects of different variables has been developed based 
on the reasonably good assumption, in most cases, that lattice reactivity varies 
linearly with burnup [6]. Even so, designs for each core cycle of each reactor are 
based largely on the experience of the designers. Proposed innovations or improve
ments are evaluated through a process of trial and error, with successes subsequently 

incorporated into the experience base. Development and maturing of this experience 
are yielding slowly improving fuel loading patterns and fuel cycle costs, but without 
a meaningful impact on fuel technology or design. The calculation methodology and 
its associated user experience continue to spread from the fuel suppliers and consul
tants to the utility owner-operators of the reactors.

4. STATUS AND PROGRESS IN FUEL CYCLE COST METHODS

The basic methodology for computing nuclear fuel cycle costs has been mature 
for many years. Recent developments of relatively limited impact include more exact 
representation of the tax laws to which the utility is subject, such as the investment 
tax credit in the USA, and more exact representation of specialized fuel leasing 
arrangements, applicable only to utilities which engage in these types of financing 
transactions. The applications of fuel cycle cost codes have similarly tended towards 
more exact representations of true utility conditions, e.g. some recent evaluations of 
burnup extension have included, in addition to the traditional equilibrium cycle 
analysis, careful analysis of transition cycles and of the comparative residual fuel 
values remaining in the last core upon final reactor shutdown.

5. CONCLUSIONS

Current neutronic and other codes and methods enable calculations to be made 
with reasonable accuracy for virtually all fuel and core technology improvements 
under serious consideration. The fuel technologist can, therefore, in the vast majority 
of cases proceed in the development and analysis of improvements with confidence 
that the neutronic performance of cores incorporating the improvements is readily 
calculable with current methods. Occasionally, exceptions are encountered, e.g. in 
the development of a high concentration gadolinia burnable absorber it was necessary 
to develop improved models for the neutronic calculation methods and to verify 
through measurements the adequacy of the new methods.
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Abstract

P R O G R E S S  IN T H E  D E S IG N  O F  F U E L  A S S E M B L IE S  F O R  LW R s.

Current L W R  fuel assem blies have achieved a high standard o f  safety and operating 

reliability. On this basis, advanced fuel designs have been developed with the aim  o f  extended 

bum up capability, im proved uranium utilization and good operational flexibility. Batch aver

age discharge bum ups o f  up to 50 M W  -d/kg U  are envisaged for the medium term future. 

Fission gas release and water-side corrosion are the most important technological factors 

w hich affect the realization o f  this goal. Enrichment savings have been achieved by using 

material with lo w  parasitic neutron absorption (Z ircaloy spacers) in P W R  fuel assem blies and 

by im proving moderator distribution in B W R  fuel assem blies. A dvanced fuel management 

strategies with lo w  neutron leakage are applied in both systems. In this context, use o f  fuel 

rods with integrated U 0 2-G d 20 3 as burnable absorber has been extended from  B W R s to 

PW R s in order to control the pow er distribution. T o  maintain sufficient m argins against oper

ating lim its, fuel designs with a low  linear heat generation rate have been implemented. T hey 

have the additional effect o f  prom oting the technological potential for extended exposure and 

im proving operational flexibility. A s a consequence, fuel assem blies in an 18 x  18 configura

tion are used in new  K raftw erk U nion PW R s and 9 x 9  fuel assem blies are continuously gain

ing importance as reload fuel for B W R s. A dvanced 9 x 9  B W R  fuel includes the multiple 

water rod and internal water channel design. M odern fuel assem bly concepts greatly enhance 

the implementation o f  fuel management strategies and modes o f  operation which im prove fuel 

cyc le  e fficien cy.

1. INTRODUCTION

To meet the most important requirements for the operation of any nuclear 
power plant, i.e. safety and reliability, Kraftwerk Union’s (KW U) primary goal in 
designing nuclear fuel has always been to achieve good quality and to maintain the 
excellent performance record and the outstanding fuel rod integrity which have been 
achieved with our fuel assemblies (FAs) for LWRs over the past years [1]. This has 
been the basis for all other development steps, e.g. FA design modifications to 
improve operating flexibility or fuel cycle economics.

4 3
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The general design objectives and considerations which are common to the fuel 
in both LWR systems (PWRs and BWRs) are discussed; specific aspects of PWR and 
BWR fuel design are also presented.

2. DESIGN OBJECTIVES AND GENERAL ASPECTS

The basic design objectives for development of advanced LWR FAs are sum
marized in Table I. The characteristic features of modem KW U FAs for PWRs and 
BWRs are shown and some reference is made to the control of technical aspects.

It must be emphasized, however, that the various design aspects are strongly 
interdependent, so that discharge exposure, fuel utilization and operational flexibility 
do not necessarily reach their ultimate achievable technical maxima simultaneously 
in one specific design for one particular power plant. Therefore, improvement in the 
design and operation of reload fuel assemblies should always consider a variety of 
potentially limiting technological factors and economic boundary conditions; these 
vary from country to country and even between utilities.

TABLE I. OBJECTIVES AND FEATURES OF ADVANCED  
KW U LW R FUEL ASSEMBLIES

Capability for bumup extension

A llow an ce for irradiation induced growth o f  fuel rods and structure 

Adaptation o f  fuel rod design (fission gas release and clad strain)

D esign with low  L H G R  PW R: 18 x  18 fuel assem bly 

B W R : 9 x 9  fuel assem bly

Improved neutron economy and fuel utilization

Z ry  spacer grids available for all PW R  assem bly types 

Burnable poison rods with integrated U O j-G d jO j

B W R  9 x 9  fuel assem blies with multiple w ater rods or internal water structure

Fuel rod design with axial blankets available for B W R s

Capability for Pu recycling; M O X  experience in PW R  and B W R  fuel

Load follow capability

H igh P C I resistance o f  prepressurized PW R  fuel rods 

Zirconium  barrier cladding option for B W R  fuel rods

L arge  operational m argins in P W R  1 8 x 1 8  and B W R  9 x 9  designs with reduced L H G R

Fuel assembly reconstitution

M odern P W R  fuel assem blies easily reconstitutable from  top and bottom
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2.1. Basic design features

(1) Capability for burnup extension is of very high importance for the utilities 
because it strongly affects their fuel management strategy and fuel cycle costs.

Under the economic conditions prevailing in the Federal Republic of Germany, 
for example, an increase in the average discharge burnup per batch in a 1300 MW(e) 
PWR from 35 MW-d/kg U to about 45 or 50 MW-d/kg U results in a fuel cycle 
cost reduction of 8 to 10%, which corresponds to an overall saving potential of 
approximately DM 15 million per year. The incentive for extended exposure is par
ticularly strong if the (relatively high) cost of spent fuel per kilogram of uranium con
tained is independent of burnup, and if the aforementioned figure has been 
determined according to this assumption. Under these conditions, similar gains can 
also be achieved in BWRs.

On this basis, KW U has established a technical design target which requires 
that batch average burnups of up to 50 M W  -d/kg U should be achievable with LWR  
reload FAs of modern design. Given favourable plant and fuel management condi
tions, discharge burnups in this range can be envisaged for the medium term future.

Nevertheless, this target for a technological maximum must be distinguished 
from the economically optimum burnup, which must be determined together with the 
customers after consideration of their specific situation and the characteristics of 
their plants.

(2) Improved fuel utilization (e.g. enrichment saving or bumup extension with 
minimum enrichment increase) can be achieved by using structural materials with 
low parasitic neutron absorption, improving fuel and moderator distribution in the 
core, and implementing management strategies which reduce neutron losses (low 
leakage) or special operational procedures, e.g. spectral shift.

Parasitic absorption in the structure of PWR FAs has been reduced by the 
almost complete elimination of Inconel in the active region through development of 
Zry spacer grids.

In BWR fuel assemblies, activities to improve fuel utilization have concen
trated on moderator redistribution. This resulted in 9 x 9 FA designs with multiple 
internal water rods or with an internal water channel.

Use of advanced fuel management strategies with low leakage is of interest for 
both systems. It requires very stringent control of the power distribution in the core 
and is therefore often combined with the addition of gadolinia (Gc^Oj) to the U 0 2 
fuel pellets as integrated burnable absorber in special fuel rods [2]. Such gadolinia 
bearing fuel rods have been widely used for years and have become a standard design 
feature in BWR FAs. Their implementation in PWRs facilitates the transition to in- 
out refuelling schemes. It also improves the possibility of an increase in cycle exten
sion and burnup, with a higher reload enrichment.

Axial and radial blankets have also been investigated as a means of improving 
neutron economy. In general, they have not been introduced into our design; 
however, fuel rods with natural U 0 2 ends are available as an option in BWR FAs.
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Demonstration programmes and the routine application of reload FAs contain
ing mixed oxide (MOX) fuel have shown that thermal Pu recycling is technically 
feasible in both LWR types and is economically promising [3]; it is another step 
towards improved utilization of the fuel and conservation of uranium resources.

(3) Load follow capability has always been an important objective in our core 

and fuel design. KW U PWRs have excellent load follow characteristics which are 
the combined result of the high pellet-cladding interaction (PCI) resistance of 
prepressurized fuel rods, together with an optimized control strategy and automatic 
power distribution control of the plants [4, 5].

The BWR load following characteristics have been improved in two ways: 
first, by the introduction of 9 x 9 fuel with a low linear heat generating rate 
(LHGR), and second, by the development of PCI resistant Zr barrier cladding [6], 
which is available as an option for designs with a higher LHGR (e.g. special refuel
ling schemes or plants with increased power density). Both means mitigate the res
trictive effects of operational recommendations, which become zero or negligible.

(4) Reconstitutable fuel assemblies are often preferred by customers for 
various reasons. Apart from the aspect of easy rod exchange for repair, the possibil
ity of reconstituting the bundles opens up the rod consolidation option for storage 
and facilitates pool-side inspections.

2.2. Technological considerations

Table II compares the design burnup of operating LW R reload batches with 
the ‘technical design targets’ and with our own current experience. The data indicate 
that the targets are realistic and fundamentally achievable.

A  detailed discussion of the technological bumup limitations and their mutual 
correlations is beyond the scope of this paper and therefore only some of the more 
important aspects are summarized. More details can be found in Refs [1, 7-11].

(1) Fuel assembly structure. A  possible burnup limitation for the FA structure 
results from irradiation induced growth [1]. This relates to the overall assembly as 
well as to the fuel rods and their interaction, including the BWR channel. Growth 
depends mainly on the material, material condition and fast neutron fluence.

In modern FA designs, growth allowance has been made for bundle exposures 
of about 50 M W  • d/kg U in BWR FAs and up to about 55 M W  • d/kg U  in PWR FAs.

(2) Fuel rod design. Fission gas release and U 0 2 burnup swelling must be 
considered; both effects may result in clad strain. In particular cases, e.g. fuel rods 
with a high LHGR, fission gas release may become the lifetime controlling factor. 
Under PWR environmental conditions, water-side clad corrosion is, however, of 
even more importance, particularly in those nuclear power plants which have been 
designed for high thermal efficiency and therefore operate under comparatively ‘hot’ 
coolant thermal-hydraulic conditions [7].
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TABLE П. DISCHARGE BURNUP OF KW U FUEL ASSEMBLIES IN PWRs 
AND  BWRs (STATUS AS OF JUNE 1986) (ALL FIGURES IN MW-d/kg U)

D esign burnup for reloads Current bum up

In operation Technical target experience

Batch average 35-40 45-50 Approx. 38

PWR Peak fuel assem bly 40-45 50 -55 50a

Peak pellet 50 -55 5 5 -6 5 64a

Batch average 30-35 38-45 A pprox. 28

BWR Peak fuel assem bly 33-38 42-50 38a

Peak pellet 42-48 52-60 53a

a Lead fuel assem blies.

Generally, fuel rod design limitations are controlled by many parameters and 
cannot be expressed simply as a function of burnup. They depend on the mechanical 
and thermal-hydraulic design of the core and fuel as well as on the power lifetime 
history. Different fuel management strategies result in different clad stresses and 
strains and have a major influence on corrosion [9], even if the discharge burnup is 
unchanged. The limits must therefore be determined on a case by case basis.

(3) Improvement of technological margins. Fuel designs with a low LHGR are 
generally beneficial for an increased burnup as well as for the design or operational 
means of improving neutron efficiency and for load follow [10, 11]. This aspect was 
one of the reasons for our early consideration of 9 X 9 reload FAs in BWRs and 
for the choice of the 18 x 18 fuel design in our new PWRs.

3. PWR FUEL ASSEMBLIES

PWR FA designs range from 14 x 14 to 18 X 18 configurations in KW U  
plants and from 14 x 14 to 17 x 17 configurations in KW U supplied reloads for 
reactors built by other vendors. The implementation of Zircaloy spacer grids began 

in 1980 with lead fuel assemblies. Assemblies with this improved very low parasitic 
design are now generally available, and since 1984 complete reloads have been under 
irradiation in various reactors.

The fuel rods in assemblies with Zircaloy spacers have the same diameter as 
corresponding designs with Inconel grids. Only two basic rod types (with diameters
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FIG. 1. Typical characteristics ofZry spacer grid design for PWR fuel assemblies.

of 10.75 and 9.50 mm) having identical cross-sectional dimensions (clad wall thick
ness and U 0 2 pellet geometry) are used in various lengths in our PWR fuel 
assemblies.

The new ‘convoy’ plants of KWU, which belong to a largely standardized class 
of PWRs with an output of 1300 MW(e), use 1 8 x 1 8  FAs with a fuel rod diameter 
of 9.50 mm. Compared with 16 x 16 FAs, the average LHGR is reduced under 
equivalent conditions from about 207 to 163 W/cm. This low LHGR design has been 
chosen on a well founded basis, because it results in an increased burnup potential 
and leads to improved operational margins. Previously, this fuel rod type was widely 
used in KW U supplied reload assemblies for third-party plants, so that considerable 
experience is available on irradiation performance up to high burnups and at power 
densities which cover or surpass the requirements of the convoy design.

(1) Zircaloy spacers are used in the active region of modern PWR FAs; the 
details are shown in Fig. 1. Material for the lowest and uppermost spacer grids 
remained Inconel 718. The structure of the Zircaloy grids has been designed to 
achieve reliable operation and to combine good neutron economy with high mechani
cal strength (seismic safety), acceptable pressure loss, sufficient thermal margin and 
compatibility in mixed cores. Because of the favourable stress relaxation properties 
of Inconel, this material has been maintained for the springs in order to provide a 
large safety margin against fuel rod fretting under all design conditions.



I A E A - S M - 2 8 8 / 2 6 49

The shape of the springs and their arrangement in the corners of the cells 
minimize the weight of Inconel, so that absorption of the grid is almost equivalent 
to that of a pure Zircaloy structure, resulting in an enrichment saving of about 0.06 
to 0.08% 235U compared with the earlier FA design with complete Inconel spacers. 
The lateral stability is practically identical to that of the design with thin-walled 
Inconel grids. This is achieved mainly by geometrical adaptation and requires only 
a slight increase in the wall thickness, in spite of the lower yield strength and 
modulus of elasticity of Zry-4 compared with those of Inconel.

The material is used in the fully annealed condition, which ensures low irradia
tion induced growth. The shape of the dimples avoids unnecessary penetrations in 
the grid strips and contributes to the lateral strength. Nevertheless, the strips can be 
economically manufactured from standard grade Zry sheet material through a 
manufacturing technique which involves hot forming [11]. The outer contour of the 
spacers and the corner shape have been specially designed to minimize the risk of 
mechanical interaction between adjacent assemblies during handling.

(2) The gadolinia concentration, the number of gadolinia containing rods in 
PWR fuel assemblies and the final loading pattern depend on the particular design 
requirements. In practical cases, the number of gadolinia rods per FA varies between 
4 and 12, and GdjOj concentrations of up to 9% have actually been used in PWR  
reload F As and up to 12% in test fuel rods [7].

In PWR first core designs (e.g. for the Brokdorf Nuclear Power Plant or the 
convoy units), fuel assemblies with UOj-GdjOj rods are used to replace the older

Radial Power Distribution Factor к».

------ -- Burnup (MW-d / kgl ------ -- FA Bumup (MW-d / kgi

FIG. 2. Radial power distribution (Fxy) and reactivity coefficient (k ^ j for a PWR fuel 
assembly containing U02-G d20 3 rods with different gadolinia concentrations [12].
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FIG. 3. Measurement of coolant flow distribution with a LDV. Schematic arrangement of test 
rig and cross-section of test fuel assembly.

design with borosilicate absorbers. In PWR reload FAs, gadolinia rods are mainly 
used to control the reactivity and the radial power distribution. A  particular example 
is shown in Fig. 2 (according to Ref. [12]). Whereas the initial excess reactivity is 
largely independent of the Gd20 3 concentration (it is primarily controlled by the 
number of poisoned rods), the radial power peaking factors are strongly influenced 
by the Gd concentration and the peak local powers are reached at different burnups. 
Owing to these characteristics, the Gd design parameters and the loading pattern can 
be adjusted to minimize the local LHGR in a reload design and to maximize the mar
gin to film boiling. Fuel management calculations are based on a nodal reactor 
analysis system which determines pin-wise power distribution and which is directly 
coupled to the thermal-hydraulics code for determining pin-wise departure from 
nucleate boiling (DNB) ratios [13]. In this way, full low leakage loading patterns can 
be achieved within the existing margins for the physics, mechanical and thermal- 
hydraulic design [14]. An example is the fourth operational cycle (1985) of the 
Grafenrheinfeld Nuclear Power Plant. Gadolinia designs have also been used for 
cycle extension; this application, however, seems to be of less importance in Europe 
than in the United States of America.

In general, the demands made by utilities on modern fuel management schemes 
are still growing. They include low leakage, extended burnup and reduced reload 
batch size in various combinations, even with power uprating. In this context, a 
further improvement in the inherent thermal-hydraulic properties of the FAs may be 
desirable.

To be prepared for these conditions, KW U is investigating the potential for a 
further improvement of the heat transfer characteristics in PWR bundles. This 
includes studies in single-phase flow to determine the effects of promoting coolant 
turbulence and/or generating transversal velocity components in a homogeneous way 
across the bundle, as well as further testing of the critical flux performance in loops.
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A new method developed for measuring the horizontal and vertical flow 
velocity components as well as the flow turbulence at various axial positions and in 
different locations of the subchannels in a test bundle applies the method of laser 
doppler anemometry. The schematic test arrangement with a laser D'oppler 
velocimeter (LDV), which can be used at high coolant velocities (Reynolds number 
of 70 000) without disturbing the flow, is shown in Fig. 3. The LDV offers a means 
for measuring contact-free velocity with high spatial and temporal resolutions 
[15, 16].

4. BWR FUEL ASSEMBLIES

4.1. Improved fuel utilization of BW R  fuel

The heterogeneous BWR core results in some penalties in terms of fuel utiliza
tion if standard fuel assembly designs, for example bundles of 8 X 8 fuel rods with 
one or two water rods, are used. Inhomogeneity in the fuel and moderator distribu
tion of the cores with these fuel bundles causes substantial differences in the local 
thermal neutron flux. To mitigate the effect of neutron flux variation on local power 
distribution, the fuel is graded into different uranium enrichment levels. Low enrich
ment is used near the water gaps between neighbouring fuel bundles and high enrich
ment in the bundle centre. Up to seven enrichment levels may be needed in standard 

bundle designs.
This design principle, while effective in achieving its prime goal of power flat

tening, has the drawback that it does not make optimum use of the inserted fuel. 
Increased consumption of natural uranium and separative work units is the conse
quence. Development strategies which aspire to overcome this penalty have gained 
considerable interest in the last few years. They are becoming more and more routine 
practice in modern BWR fuel design.

No such need exists in the quasi-homogeneous rod cluster control (RCC) 
geometry of PWR fuel. On the other hand, the BWR offers some ways of improving 
the utilization of its fuel which are not prevalent in PWRs. Spectral shift operation 
by coolant flow reduction during part of the reactor cycle is perhaps the most 
noteworthy example in this respect; others are spectral shift operation by axial power 
variation, feedwater temperature reduction and coolant flow increase at the end of 
cycle.

It is obvious that profitable use of all these measures is only possible if the 
technological basis of the fuel rods and bundle components offers satisfactory flexi
bility for design and operation. In most cases, this means that sufficient margins to 
the technological limits of linear heat rating and critical power are maintained.
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4.2. The 9 x 9  fuel concept

A  bundle concept which gives ample scope to the BWR fuel designer consists 
of a basic 9 x 9  rod array. The increased number of fuel rods reduces the average 
linear heat rating, and the enlarged heat transfer area results in a higher limiting criti
cal bundle power.

KW U started development on 9 X 9 fuel more than 10 years ago. As it was 
the first fuel supplier to introduce this concept to the fuel market, it has the most 
comprehensive design and operating experience in this field.

Originally, a 9 X  9 fuel design with one water rod (9 x  9-1) was pursued. 
The reduced linear heat generating rate was primarily used to overcome PCI induced 
restrictions in plant operation [10,17]. Development work was closely linked to con
struction of the Gundremmingen Nuclear Power Plant (KRB-II), which is a double
unit BWR power station of 2 X  1300 MW(e).

The first lead test assemblies of this design were irradiated in the Isar Nuclear 
Power Plant. They successfully achieved an exposure of more than 33 MW-d/kg U. 
First core and reload fuels of this type have been inserted in both the 
Gundremmingen units and reload fuel in the Finnish Olkiluoto Nuclear Power Plant, 
Unit 1.

Besides improving the operating flexibility of BWR fuel, 9 x 9  fuel has 
inherent merits for the realization of extended exposure; these have been obvious 
from the very beginning of the associated design work. They stem from its lower 
fuel temperature wjiich, as discussed above, retards potentially life-limiting mechan
isms in the fuel rod, in particular fission gas release.

The first step towards improving fuel moderator distribution in the fuel bundle 
was taken when five fuel rods from the bundle centre were replaced by ‘oversize’ 
water rods [11, 18]. These rods consist of Zircaloy tubes which contain water. They 
have top and bottom end plugs and bypass holes to control the internal coolant flow 
so as to prevent boiling. Their outside diameter is almost identical to that of the spac
ing of the unit rod cell.

The five water rods are located close to each other in a cross-shaped arrange
ment. For application in symmetric core lattice geometry (С -lattice), the water rods 
are arranged in the centre of the fuel bundle. If an asymmetric core lattice (D-lattice) 
exists, the water rods are shifted out of the centre by one unit cell towards the comer 
at the small/small water gap. This equalizes the fuel/moderator distribution, not only 
in the bundle but also in the complete core lattice.

Figure 4 illustrates, for С-lattice geometry, that the thermal neutron flux is flat
tened within the bundle when the step from the single to the multiple water rod design 
is taken. As discussed above, a more even enrichment distribution can be chosen, 
and both effects, i.e. a flatter neutron flux and a more even enrichment distribution, 
increase reactivity (at constant average enrichment). This means that the multiple 
water rod improves fuel utilization.
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FIG. 4. Thermal neutron flux distribution in 9 x 9 fuel assemblies for different water channel 
configurations.

The 9 x 9-5 design was first inserted in the Swedish Forsmark-1 Nuclear 
Power Plant in 1984. Reloads followed in 1985 and 1986 in the same unit. In the 
Federal German Kriimmel Nuclear Power Plant, the first reload of this fuel type was 
inserted in 1986. In all 9 x 9 fuel the irradiation experience to date has been very 
satisfactory.

4.3. Advanced design

Additional improvements can be attained if the moderator volume in the bundle 
centre is further expanded. To achieve this efficiently, not only was the number of 
fuel rods replaced by the moderator increased, but also the individual water rods 
were integrated to form a central ‘water structure’.

The bundle concept selected has a central channel of non-boiling water, which 
takes the place of the innermost 3 x 3  fuel rods. The channel has an essentially 
square profile (9 x 9-9Q). Its outer dimension is chosen so as to allocate the coolant 
flow to the individual thermal-hydraulic subchannels in an optimum way. A  more 
efficient coolant flow distribution and, therefore, an improved dry-out behaviour, is 
achieved. This and an efficient spacer design compensate for the reduction in heat 
transfer area which results from the replacement of fuel rods by the moderator.

All the other basic design features of KW U 9 x 9  fuel are maintained. The 
fuel rod spacers are located and restricted in their axial movement by the central 
water channel, applying the same provisions routinely used in K W U ’s BWR fuel. 
Also, the mechanical design of the tie rods, upper and lower tie plates, and the inter
action with the outer flow channel follow well established principles.
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FIG. 5. Hot/cold reactivity window for different B W R  designs.

The internal water channel design results in a considerable equalization of ther
mal neutron flux (see Fig. 4 ) , which means that a very uniform enrichment pattern 
can be realized. In a typical design as applied for lead fuel assemblies currently under 
irradiation in the Kriimmel Nuclear Power Plant, most of the fuel rods have the same 
enrichment. Enrichment degrading is necessary only in the 4  X 3 fuel rods at the 
bundle corners. Two enrichment levels are used for these rods. As a consequence, 
the difference between the maximum and the average enrichment is only about 3 % 

compared with about 3 0 %  in an equivalent standard design. This illustrates that this 
advanced 9 x 9  concept is ultimately close to the optimum in reactivity gain 
achievable by moderator and enrichment redistribution in a BWR fuel bundle.

These characteristics result in optimized reactivity behaviour and, thus, 
improved fuel utilization. Both are essential features of this 9 x 9  fuel design, but 
others are hardly any less important.

The technological suitability of 9 X  9 fuel for extended exposure designs has 
already been discussed under the issue of fission gas release. For burnup increase, 
its margins to linear heat rating and critical power are also of relevance. Fuel 
management for extended exposure is more demanding due to the increasing power 
mismatch between batches of different reactor residence times. The inherently higher 
margins of 9 X  9 fuel are thus beneficial.

A  flexible reload fuel design has to provide a shutdown margin that is sufficient 
for reactivity control as well as high hot excess reactivity. Increasing design enrich
ments in conjunction with extended exposure tend to aggravate the joint observance 
of both criteria. The introduction of additional non-boiling water into the bundle lat
tice increases the hot reactivity relatively more strongly than the cold reactivity. This 
results from the different moderator conditions in the hot and cold state.
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As an example, the sum of minimum shutdown margin and hot excess 

reactivity in an equilibrium cycle increases by up to 2% when 8 x 8-2 are replaced 
by 9 x 9-9Q fuel assemblies. The increased flexibility in reactivity control gained 
by advanced FA designs is also illustrated in Fig. 5, which compares the difference 
in к-infinite between the hot uncontrolled and cold controlled conditions for different 
9 x 9  designs. The results also underline the favourable characteristics of the 
9 x 9-9Q design for burnup extension.

As already briefly mentioned, optimized 9 x 9  designs also support efficient 
modes of reactor operation. Because of its low linear heat generation rate, 9 x 9  
fuel is particularly suited for low leakage fuel management and for spectral shift 
operation with an increased axial peak. If marked load follow operation is pursued, 
not only its smaller PCI induced restrictions but also the wider margins to the licens
ing limits of linear heat rating are of benefit. The latter is advantageous if global 
power redistribution in the core accompanies the selected operational modes.

Although no complete 9 x 9  cores exist as yet, these advantages have already 
been demonstrated in fuel management as well as in reactor operation, for example, 
insertion of 9 x  9 fuel in core locations, which would have been limiting if standard 
fuel assemblies had been inserted. It should also be emphasized that the existing 
irradiation behaviour of 9 X 9 fuel is very encouraging, making this, fuel concept 
an attractive basis for ongoing development efforts.
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Abstract-Résumé

T H E  D E V E L O P M E N T  O F  F U E L  U T IL IZ A T IO N  IN T H E  PW R s O F  E L E C T R IC IT E  D E  

F R A N C E .

In addition to the constraints imposed by the fact that a large proportion o f  its pow er 

plants are nuclear plants (load follow ing operation, scheduling o f  shutdowns and extension or 

shortening o f  the cycle), E lectricité de France has set itse lf the objective o f  increasing plant 

availability and im proving fuel utilization in particular. M ost PW R s in France are run in the 

G  (“ g re y ” ) m ode, w hich favours faster load rises during a longer portion o f  the irradiation 

com paign. T he burdens placed on load follow ing plants have been increasing considerably in 

recent years, without this having an overall effect on fuel behaviour. D etailed analysis o f  the 

situation does not indicate any correlation betw een daily load follow ing or remote operation 

and faults in the fuel assem blies. M oreover, after the initial investment has been m ade, fuel 

cyc le  costs can be reduced by optimum fuel management, which takes the form  o f  a trade-off 

betw een extension o f  fuel cam paigns and increased bum up. Experiments in the reactor have 

demonstrated the satisfactory behaviour o f  assem blies with high bum ups, and core m anage

ment studies perform ed in parallel have indicated the viability o f  fuel renewal schem es depart

ing from  the standard (annual cyc le , one-third o f  the core). T he paper describes, in particular, 

refuelling by  core quarters, w hereby the average burnup o f  the assem blies can be increased 

without poison being required, a schem e o f  considerable econom ic interest.

E V O L U T IO N  D E  L ’U T IL IS A T IO N  D U  C O M B U S T IB L E  D A N S  L E S  R E P  A  

E L E C T R IC IT E  D E  F R A N C E .

Par delà les contraintes imposées par un parc de centrales à forte proportion de 

nucléaire (fonctionnement en suivi de réseau, placement des arrêts, prolongation ou anticipa

tion de cyc le ), E lectricité de France s ’est fixé  pour objectif d ’augmenter la disponibilité de 

ses tranches et d ’am éliorer notablement l ’utilisation du com bustible. L es R E P en France sont 

pilotés, pour la m ajorité d ’entre eux, en m ode gris (G ), ce qui favorise des reprises de charge 

plus rapides pendant une plus grande partie de la cam pagne d ’ irradiation. L a  sollicitation des 

tranches au suivi de réseau est en augmentation sensible depuis plusieurs années sans que cela 

affecte de façon globale le  comportement du com bustible. Une analyse plus fine de la situation 

ne perm et d ’ailleurs pas de mettre en évidence une influence du suivi de charge journalier ou 

du téléréglage sur l ’apparition des défauts d ’assem blages en réacteur. Par ailleurs, les inves

tissements étant réalisés, les coûts de cyc le  peuvent être réduits par la gestion optimisée du 

com bustible qui résultera d ’un arbitrage entre allongem ent des cam pagnes et augmentation des

57
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taux d ’ irradiation de rejet. L ’ expérience menée en réacteur a permis de vérifier le  bon com 

portement des assem blages pour des combustions massiques élevées et, parallèlement, les 

études de gestion des cœurs ont conduit à s ’écarter des renouvellem ents standards (cycle  

annuel, tiers de cœur). C e  m ém oire présente en particulier le rechargement par quart de cœur 

qui permet d ’augmenter l ’ irradiation moyenne des assem blages sans nécessiter de poison et 

qui présente de plus un grand intérêt économ ique.

1. INTRODUCTION

Les évolutions des besoins du réseau et les impératifs de gestion d’un parc de 
centrales à forte proportion de nucléaire imposent en France un certain nombre de 
contraintes dont les principales sont rappelées ci-après:
— capacité des tranches à fonctionner en suivi de réseau (suivi de charge journalier 

et réglage de fréquence);
— meilleur placement des arrêts (prolongation ou anticipation de cycle);
— possibilité de fonctionnement prolongé à puissance réduite.

Parallèlement, EDF a adopté les objectifs suivants:
— recherche d’une disponibilité accrue des tranches par allongement des campagnes 

et augmentation des combustions massiques pour le combustible;
— recherche d’une gestion du combustible plus économique par une meilleure utili

sation de l ’uranium.
Ce mémoire ïait état de notre expérience en ce qui concerne le comportement 

du combustible en suivi de réseau et présente les actions menées pour augmenter la 
durée des campagnes et les combustions massiques des assemblages. Le recharge
ment des cœurs par quart présente ainsi beaucoup d’avantages, ce qui a d’ailleurs 
été confirmé par les études technico-économiques entreprises.

Toutefois, l’optimum pour un parc important de centrales REP passe vraisem
blablement par une gestion mixte des tranches, à savoir tiers et quart de cœur. Les 
études en cours devraient permettre d’en définir la proportion la meilleure.

2. COMPORTEMENT DU COMBUSTIBLE EN SUIVI DE RESEAU

2.1. Le mode gris (G )

En dehors des six tranches de Fessenheim et de Bugey, le pilotage des 
réacteurs en mode gris est maintenant généralisé sur les tranches de 900 MWe et sur 
les tranches de 1300 MWe conçues initialement avec ce seul mode de pilotage.

Le mode gris met en œuvre des barres de contrôle «allégées» comportant 24 

crayons absorbants dont 8 sont en AIC, les 16 autres étant en acier inox qui est un
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FIG. 1. Position des grappes de régulation et d ’arrêt.

matériau moins neutrophage. Dans 4es REP de 900 MWe, comme dans ceux de 
1300 MWe, les groupes de grappes G l, G2 (gris) puis N1 et N2 (noirs) s’insèrent 
en séquence pour reprendre le défaut de puissance. La position de ces groupes, dont 
le recouvrement est optimisé pour réduire la déformation axiale de la puissance, est 
donc asservie à la puissance électrique. La figure 1 montre l’implantation des barres 
pour un REP de 900 MWe.

Le mode gris est bien adapté au fonctionnement des tranches en suivi de 
réseau: reprises de charge plus rapides et fonctionnement plus souple en réglage de 
fréquence. La figure 2 montre un exemple de baisse de charge réalisée à Tricastin 
avec une vitesse d’évolution supérieure à 5% PN par minute. La figure 3 présente,
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FIG. 2. Suivi de charge au Centre de production nucléaire du Tricastin (EDF) le 24 octobre 

1984: exemple de baisse de charge.
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FIG. 3. Suivi de charge au Centre de production nucléaire du Tricastin (EDF) le 24 octobre 

1984: déplacement du point de fonctionnement dans le plan (P, AI).

au cours de cette évolution, le déplacement du point de fonctionnement dans le plan
(P, Д1)1 et situe ce déplacement vis-à-vis du domaine autorisé.

Le réglage de fréquence se décompose en:
— réglage primaire assuré par le groupe R jusqu’à +2,8% PN et par les groupes

gris au-delà;

— réglage secondaire ou téléréglage assuré par les groupes gris.
A  titre indicatif, les besoins du réseau en 1990 seront d’environ 700 MWe en 

réglage primaire et 1300 MWe en téléréglage. La figure 4 montre le déplacement 
du point de fonctionnement dans le plan (P, Д1) lors d’un fonctionnement en réglage 
de fréquence d’amplitude ±7%  PN réalisé à Blayais.

2.2. Sollicitation des tranches en suivi de réseau

En France, la sollicitation des REP en suivi de réseau est en augmentation sen
sible puisqu’en 1985, 935 cyclages journaliers ont été réalisés sur les tranches de

1 P: puissance relative du réacteur; Д 1: différence axiale de puissance normalisée = 

P H — PB; PH: puissance en partie haute, PB: puissance en partie basse du cœur.
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FIG. 4. Fonctionnement en réglage de fréquence à Blayais (±7% PN).

900 MWe, ce qui correspond à une augmentation d’environ 60% par rapport à 
l’année 1984.

La figure 5 présente l’évolution du nombre de cyclages journaliers depuis le 
1er août 1984 et permet de constater, pour les six premiers mois de l’année 1986, 
la poursuite de la progression enregistrée depuis 1984. Elle met par ailleurs en évi
dence la forte sollicitation des tranches nucléaires en suivi de charge pendant la 
période estivale entre les mois de mai et août puisque les deux tiers des cyclages de 
puissance sont réalisés pendant cette période.

La distribution du fonctionnement des tranches en téléréglage pendant les mois 
de l’année est en revanche plus homogène; la figure 6 montre toutefois une augmen
tation de ce type de sollicitation d’une année sur l’autre. Cumulé sur les six premiers 
mois de l ’année, le nombre d’heures de fonctionnement des tranches en téléréglage 
a en effet augmenté de plus de 26% entre 1985 et 1986.

Par ailleurs, compte tenu de certaines contraintes rencontrées en exploitation 
ou sur le réseau, la sollicitation des tranches est très variable comme le reflète la 

courbe présentée figure 7. En 1985, alors que certaines tranches n’ont pas ou très 
peu fonctionné en cyclage journalier, plus de 120 cycles de suivi de charge ont été 
effectués à Tricastin 4.

2.3. Comportement du combustible en suivi de réseau

Depuis l ’origine du fonctionnement des tranches REP de 900 MWe en suivi 
de réseau (suivi de charge et téléréglage), l’expérience acquise en matière de défail-
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FIG. 5. Distribution du suivi de charge des tranches E D F  (août 1984 à juin 1986).
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FIG. 8. Comportement du combustible en suivi de réseau.
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lance du combustible montre que, globalement, le nombre moyen d’assemblages 
apparus comme non étanches en cours de campagne est voisin de 1 et présente même 

une légère diminution.
La figure 8 représente en fonction du temps l’évolution des paramètres 

suivants:
— nombre de cycles de suivi de charge,
— temps de fonctionnement en téléréglage,
— taux de défaillance du combustible exprimé en nombre d’assemblages apparus 

défectueux par campagne.
Nous pouvons noter la très forte évolution de la sollicitation du combustible alors 

que le taux de défaillance reste globalement constant, ce qui montre à l’évidence qu’il 
ne se dégage pas d’influence significative du suivi de réseau sur le combustible.

Une analyse plus fine a été menée pour situer l’apparition des défauts par 
rapport à la période de fonctionnement de la tranche en suivi de réseau. Ainsi, à l’ex
ception de deux cas particuliers pour lesquels subsiste une incertitude sur la date 
d’apparition des défauts, le nombre d’assemblages apparus comme non étanches en 
cours de campagne est pratiquement uniforme et ne fait pas apparaître d’influence 
de la sollicitation en suivi de charge ou téléréglage.

Par ailleurs, l ’expérience acquise en matière de non-évolution de défauts 
rechargés et sollicités en suivi de réseau n’a pas infléchi notre politique de réutilisa
tion d’assemblages non étanches eu égard au type de fonctionnement rencontré.

3. AMELIORATION DE L ’UTILISATION DU COMBUSTIBLE

3.1. Rappel de la gestion standard et évolutions possibles

Là gestion standard retenue à la conception pour les REP de 900 ou de 
1300 MWe consiste à renouveler le combustible par tiers de cœur avec une fréquence 
annuelle. Pour les réacteurs de 900 MWe, l’enrichissement de recharge est de 
3,25 % ; pour les 1300 MWe, il est de 3,1 %. Ce type de gestion conduit à des irradia
tions moyennes de rejet par lot de 33 000 MW-d/t et des durées de campagne de 
290 JEPP (JEPP =  jour équivalent pleine puissance).

L ’expérience d’EDF en matière de gestion du combustible a conduit à s’écarter 
de cette gestion standard pour des raisons d’exploitation optimale du parc et des rai
sons économiques. Les évolutions envisageables sont l ’allongement des campagnes 
et l’augmentation des taux d’irradiation de rejet. La relation entre longueur de 
campagne, irradiations de rejet et fraction de cœur renouvelée est illustrée sur la 
figure 9 relative à un REP de 900 MWe.
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e: Enrichissement en uranium-235 

n: Rechargement par moitié, tiers, quart ... 

L: Longueur de campagne à l'équilibre 

I: Irradiation m oyenne de décharge

Pénalité due aux poisons consommables: 0,7 JEPP/ass. neuf empoisonné

210 315  Fessenheim 420

FIG. 9. Relation entre irradiation et fraction de cœur renouvelée.

REP900
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Л I réf. à 1 0 0 %  PN

Niveau de puissance 
P en  %  PN

FIG. 10. Domaines de fonctionnement en mode G  (campagnes 3 et ultérieures).
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Les investissements relatifs aux installations étant faits, seule une gestion 
optimisée du combustible permet de réduire le coût du kilowatt-heure. Elle résultera 
d’un arbitrage entre allongement des campagnes et augmentation des taux d’irradia
tion de rejet, et peut même déboucher sur une solution mixte.

3.2. Traduction technique des contraintes liées au parc REP

Les contraintes imposées en France au parc de centrales nucléaires sont de 
deux types:
— l’adaptation journalière aux besoins du réseau: réglage de fréquence, téléréglage, 

suivi de charge journalier, fonctionnement prolongé à puissance réduite;
— le placement des arrêts pour rechargement et entretien.

Ces contraintes doivent être supportées sans pour autant entamer la 
manœuvrabilité des tranches. Ainsi, le maintien des limites du domaine de fonc
tionnement présenté figure 10 nous impose de limiter le plus possible les facteurs de 

point chaud barres insérées et toutes barres hautes pour toutes les situations de classe 
1. Dans ces mêmes limites devra être également vérifiée la tenue du combustible sous 
l’aspect interaction pastille-gaine.

Par ailleurs, la flexibilité nécessaire dans le placement des arrêts des tranches 
se traduit par la possibilité de les faire fonctionner en prolongation de campagne ou 
au contraire d’en anticiper l ’arrêt naturel. Les valeurs retenues actuellement sont de 

plus ou moins 50 iEPP, ce qui implique des variations du nombre d’assemblages de 
recharge de quelques unités (de l ’ordre de 4).

3.3. Allongement des campagnes

L ’allongement des campagnes se traduit directement par une diminution du 
nombre des arrêts pour renouvellement du combustible, ce qui entraîne:
— une augmentation de la disponibilité des tranches,
— un meilleur placement des arrêts en cours d’année,
— un allègement des contraintes associées aux arrêts et une diminution des doses 

radiologiques reçues annuellement par le personnel.
Aussi, afin d’accroître la disponibilité du parc REP, le processus 

d’allongement des campagnes a débuté en France sur trois réacteurs en augmentant 
la réactivité potentielle du cœur par un renouvellement de 64 assemblages enrichis 
à 3,45% au lieu de 52 enrichis à 3,25%. Il se poursuivra sur ces trois réacteurs en 
revenant à un renouvellement par tiers de cœur avec un combustible enrichi à 3,7% 

et sera étendu à d’autres tranches dont l ’enrichissement des recharges passera sans 
transition de 3,25% à 3,7%.
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FIG. 11. Transition entre campagne standard et campagne longue.

3.3.1. Les solutions techniques

L ’objectif fixé lors du choix de l’allongement des campagnes (1980) était 
d’atteindre des irradiations de décharge de 45 000 MW-d/t avec un enrichissement 
de 4,5 %. Les études entreprises alors ont permis de préciser cet objectif, compte 
tenu des contraintes techniques évoquées plus haut:
— enrichissement de 4,2% et renouvellement par tiers de cœur, correspondant à un 

taux d’irradiation de décharge de 43 000 MW-d/t;
— adoption d’un enrichissement intermédiaire entre l ’enrichissement actuel des 

recharges (3,25%) et la valeur de 4,2%: la valeur retenue est de 3,7%, ce qui 
conduit, avec un renouvellement par tiers de cœur, à un burn-up de décharge de 
39 000 MW-d/t.

Ces choix sont dictés essentiellement par le respect des critères suivants:
— limitation des facteurs de point chaud toutes barres hautes et pour différentes con

figurations de barres en pile (7 configurations de grappes étudiées);
— coefficient de température du modérateur négatif;
— marge d’antiréactivité en fm de campagne supérieure à la valeur requise: 

1770 pcm.2

2 p cm  =  p o u r  cen t m il le  (1 0 5).
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Fxy

Epuisement (en M W  d/t)

FIG . 12. Evolution de la puissance du crayon gadolinié pour différents enrichissements 

en 235U.

L ’adoption en particulier d’un enrichissement intermédiaire (3,7%) permet de 
limiter lors des campagnes de transition les sauts d’enrichissement conduisant à des 
points chauds aux interfaces.

La transition campagne standard —campagne longue est schématisée sur la 
figure 11.

Les études entreprises nous ont conduit, pour compenser l’excès initial de réac
tivité et contrôler la puissance, à introduire dans les recharges des assemblages 
empoisonnés au gadolinium. Pour une recharge de 52 assemblages enrichis à 3,7%, 
16 comportent chacun 8 crayons UOj-Gc^C^ avec une teneur pondérale en oxyde 
de gadolinium de 8%. Le support est soit de l ’uranium appauvri, soit de l’uranium 
naturel, soit de l ’uranium légèrement enrichi (1,8%). En effet, les qualités ther
momécaniques du mélange UOj-GdjOj étant légèrement dégradées par rapport à 
PU 02 seul, on est amené à limiter la teneur en 235U du mélange. L ’influence de 
l ’enrichissement du support sur la puissance dégagée dans le crayon est représentée 
sur la figure 12. La structure fine de puissance dans l ’assemblage est assez peu sensi
ble à la position des crayons gadoliniés, la puissance-crayon relative maximale varie 
de 1,12 à 1,08. Au niveau du cœur, l’enrichissement du support a un effet légère
ment favorable vis-à-vis du facteur de point chaud lors de la disparition du poison. 
Pour les campagnes longues avec un enrichissement de 4,2%, il serait nécessaire 
d’augmenter l ’empoisonnement du cœur en adoptant 288 crayons empoisonnés au 
lieu de 128.

Si, dans un premier temps, les plans de chargement ont été de type hybride 
(fig. 13), l ’augmentation possible des valeurs limites de point chaud, tout en conser-
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R P N M L K J H G F E D C B A
180°

FIG. 13. Plan de chargement hybride (gestion ¥з de cœur; 3,7%).
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TABLEAU I. PARAMETRES-CLES COMPARES POUR DIFFERENTES 
GESTIONS

Paramètres
Valeurs enveloppes des gestions

neutroniques
Tiers 3 ,25% Tiers 3,70% Quart 3,70%

Bore en puissance (ppm) < 14 6 4 < 1 6 3 5 < 1 5 9 6

E fficacité différentielle (pcm/ppm) < 9 ,2 < 8 ,0 < 8 ,4

T B H < 1 ,3 9 3 < 1 ,4 3 5 < 1 ,4 1 8

Facteurs R < 1 ,5 5 < 1 ,5 5 < 1 ,5 4

radiaux R G 1 < 1 ,5 5 < 1 ,6 5 < 1 ,5 9

de R G 1G 2 < 1 ,7 0 < 1 ,7 0 < 1 ,7 0

points R N 1G 1G 2 < 1 ,8 0 < 1 ,8 6 < 1 ,8 3

chauds G l < 1 ,4 5 < 1 ,4 5 < 1 ,4 3

G 1G 2 < 1 ,6 0 < 1 ,6 5 < 1 ,6 0

N 1G 1G 2 < 1 ,8 0 < 1 ,8 8 < 1 ,8 3

M arge d ’antiréactivité en fm de 

cam pagne (pcm) > 16 0 0 > 1 7 7 0 > 19 3 0

C oefficien t température 

modérateur 

—  lim ite inférieure (pcm /°C) > - 7 5 > - 7 5 > - 5 0

—  limite supérieure (pcm /°C) <0 <0 < + 0 ,9

-  étude A T W S  (pcm /°C) <  - 1 4 ,4 < - 1 4 , 4 < - 1 8 , 9

C oefficien t Doppler-température 

—  lim ite inférieure (pcm /°C) > - 5 , 0 4 >  - 5 ,0 4 > - 3 , 5 0

—  lim ite supérieure (pcm /°C) < - 2 , 1 6 < - 2 , 1 6 < - 2 , 5 1

Fraction effective des neutrons 

retardés 

—  lim ite inférieure (pcm) > 4 9 6 > 4 9 6 > 5 2 7

—  lim ite supérieure (pcm) < 7 0 5 < 70 5 < 60 0

vant le domaine de fonctionnement autorisé, a permis de revenir à des gestions 
d’assemblages de type OUT-IN-IN.

Les facteurs de point chaud des gestions 3,25% et 3,7% sont comparés dans 
le tableau I.

Par ailleurs, pour améliorer la marge d’antiréactivité en fm de campagne, les 
4 grappes centrales du groupe d’arrêt SA ont été transférées sur des positions libres 
en périphérie du cœur.
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FIG. 14. Allongement des assemblages.
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FIG. 15. Allongement des crayons.
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FIG. 16. Arcure du combustible 17 X  17 8 grilles à froid.

3.3.2. L ’expérience en réacteurs EDF

Un certain nombre d’irradiations expérimentales ont été engagées en réacteur 
pour tester l ’aptitude du combustible pour des taux de combustion élevés.

A  Fessenheîtn, cinq assemblages standard Fragéma ont été maintenus en cœur 
pendant cinq campagnes, atteignant ainsi une irradiation moyenne de décharge de 
52 300 MW-d/t (55 116 MW-d/t pour le plus irradié). Les examens réalisés en 
piscine de désactivation sur les assemblages et en laboratoire haute activité sur quel
ques crayons ont confirmé leur bon comportement d’ensemble malgré une accéléra
tion, pendant le 4ème et surtout le 5ème cycle, du phénomène de grandissement sous 
flux des assemblages. Ceci apparaît clairement sur la figure 14 qui présente les résul
tats des mesures réalisées sur assemblages en piscine de désactivation.

Les programmes de prolongation d’irradiations ont été poursuivis et ont con
firmé l’absence de problèmes liés à une augmentation de l ’irradiation de décharge 
jusqu’à environ 42 000 MW-d/t. Les figures 15 et 16 présentent les résultats obtenus 
respectivement pour l ’allongement des crayons, et l’arcure des crayons.

Enfin, parallèlement à ces expérimentations destinées à étudier le comporte
ment des structures, quatre assemblages enrichis à 4,5% ont été introduits à 
Gravelines afin de suivre le comportement des crayons irradiés à forte puissance pen
dant quatre campagnes. Deux de ces assemblages vont terminer leur 4ème campagne 
en 1987 et atteindront une irradiation d’environ 47 000 MW-d/t. Les examens réa
lisés après une, deux et trois campagnes n’ont pas mis en évidence des phénomènes 
particuliers et sont cohérents avec ceux réalisés sur du combustible enrichi à 3,25%.
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L ’allongement des campagnes a de plus nécessité la recherche d’un absorbant 
neutronique intégré au combustible afin de limiter le volume des déchets. Ainsi, 
quelques assemblages de démonstration empoisonnés au gadolinium ont été chargés 
en réacteurs à partir de 1983 et d’autres ont été ensuite introduits dans les recharges 

pour les campagnes allongées.
Ces expérimentations devaient permettre de mieux connaître le comportement de 

ce type de combustible mais aussi et surtout de développer et mettre au point les 
méthodes de calculs de cœurs.

Afin d’illustrer la précision de la chaîne de calcul EDF en ce qui concerne le 

poison gadplinié, on a représenté sur la figure 17 l’histogramme des écarts entre acti
vités calculées et mesurées dans les assemblages gadoliniés pour les campagnes 
réalisées ou en cours. Il s’agit des activités enregistrées à partir des chambres à 
fission mobiles utilisées pour les mesures internes périodiques en réacteur. Le 
nombre des mesures traitées est d’environ 800. L ’histogramme est bien centré et la 
valeur maximale de l ’écart atteint rarement 3%, valeur de l’incertitude associée à 
l ’échantillon calculée à partir de l ’écart-type (ct =  1,7).

3.4. Amélioration de l’utilisation du combustible

3.4.1. Intérêt de l ’augmentation de l ’irradiation de décharge

Augmenter l’irradiation de décharge du combustible entraîne une économie sur 
le coût du cycle par le fait que la diminution du nombre d’assemblages à fabriquer 
et à retraiter l ’emporte sur le surcoût dû à l’augmentation d’enrichissement.

Ceci n’est toutefois vérifié que si la dispersion des irradiations des assemblages 
d’un même lot reste faible. En effet, une augmentation des irradiations de rejet 
obtenue par le renouvellement d’un nombre plus important d’assemblages conduit à 
une utilisation médiocre de l ’uranium et donc induit des coûts de cycle plus élevés.

L ’utilisation idéale du combustible est obtenue par le rechargement continu qui 
permet d’irradier tous les assemblages de façon homogène; il est hélas incompatible 
avec la structure des réacteurs à eau sous pression.

L ’amélioration de l’utilisation du combustible dans les REP est donc obtenue 
en recherchant un optimum entre le nombre d’assemblages à renouveler et leur 
enrichissement.

De plus, les premiers résultats d’une étude technico-économique relative à la 
gestion du combustible montrent qu’une économie importante peut être réalisée sur 
le coût proportionnel du kilowatt-heure nucléaire par renouvellement des assem
blages par quart de cœur.

Ceci nous a donc conduit à étudier ce type de gestion en remplacement de la 
gestion standard par tiers de cœur.
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Ecart sur l'activité des assemblages en %

FIG. 17. Histogramme des écarts calcul-expérience sur la mesure de l'activité intégrée dans 

les assemblages instrumentés gestion gadoliniée.
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FIG. 18. Position des assemblages neufs dans un plan de type hybride en rechargement par 

quart de cœur pour un R E P  de 900 MWe.
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Les études techniques de faisabilité ont été menées pour un rechargement par 
quart de cœur, soit 40 assemblages enrichis à 3,7% pour un REP de 900 MWe.

La longueur de campagne (275 JEPP) est légèrement inférieure à celle obtenue 

en gestion standard 3,25% (290 JEPP). L ’irradiation moyenne de rejet est de 
42 500 MW'd/t et l ’emploi d’un poison consommable n’est plus nécessaire. Par 
ailleurs, le placement d’assemblages irradiés en périphérie du cœur a permis 
l ’optimisation d’un plan de chargement en limitant les facteurs de point chaud barres 
insérées dans cette zone (fig. 18).

L ’étude de faisabilité de ce type de gestion a porté sur 11 campagnes avec prise 
en compte de prolongations ou d’anticipations. Dans le cas le plus sévère, un coeffi
cient de température du modérateur légèrement positif a été obtenu, ce qui pourrait 
être compensé par une légère insertion des grappes. Les valeurs inférieures et limites 
ATWS (Anticipated Transient Without Scram) de ce coefficient sont par ailleurs 
respectées. Il en va de même des valeurs limites de coefficient Dôppler ou des 
valeurs retenues pour la fraction effective de neutrons retardés.

Enfin, la marge d’antiréactivité requise en fin de campagne est largement 
respectée, compte tenu du schéma de grappes adopté. Les valeurs enveloppes de ces 
divers paramètres et des facteurs de point chaud obtenues pour l’ensemble des cam
pagnes étudiées sont portées dans le tableau I où elles sont comparées à celles de la 
gestion standard et de la gestion tiers de cœur 3,7%.

L ’évaluation de la sûreté, par comparaison avec la gestion 3,7% tiers de cœur, 
est actuellement en cours. Les études de tenue du combustible en suivi de réseau sur 
quatre campagnes seront entreprises prochainement en liaison avec les fournisseurs.

3.4.2. Rechargement par quart de cœur pour le REP de 900 MWe

4. CONCLUSION

Les évolutions de la gestion du combustible des tranches REP à EDF doivent, 
dans les années qui viennent, satisfaire en priorité les contraintes de manœuvrabilité 
des tranches et de souplesse en ce qui concerne le placement des arrêts. Les cam
pagnes allongées qui ont été engagées permettent d’ailleurs, grâce aux solutions 
techniques retenues, de les satisfaire tout en procurant un gain sur le coût propor
tionnel du kilowatt-heure.

L ’expérience acquise à ce jour a montré la capacité du combustible à supporter 
les cyclages journaliers et le réglage de fréquence. Son comportement s’est par 
ailleurs révélé satisfaisant pour des irradiations élevées.

Ces bons résultats devront cependant être confirmés par une pratique plus con
séquente permettant de couvrir un éventail plus étendu des situations rencontrées en 
exploitation.
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Il reste sans doute possible d’améliorer la situation notamment par l’augmenta
tion des taux d’irradiation de rejet qui paraît prometteuse au vu des premiers résultats 
d’une étude technico-économique. Cette étude, qui considère un parc agrégé de 

tranches REP et prend en compte le placement des arrêts, indique un net avantage, 
compte tenu des contraintes évoquées plus haut, en faveur des rechargements par 
quart de cœur. La mise en œuvre effective au niveau du parc REP d’EDF nécessite 
la poursuite des études de sûreté et bien sûr, en liaison avec les fournisseurs, la 
vérification du bon comportement du combustible, ou l’évolution de sa conception 
pour atteindre des taux d’irradiation de l’ordre de 45 000 MW-d/t en moyenne 
par lot.
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Abstract

PROVING TEST ON THE RELIABILITY OF BWR 8 x 8  FUEL ASSEMBLIES IN 
JAPAN.

In 1976, a 10 year programme was started to test the reliability of BWR 8 x 8  fuel 
assemblies in Japan. The results and conclusions are summarized here. To date, experience 
with BWR fuel has shown that it has excellent performance and characteristics, but it is still 
very important to investigate actual fuel behaviour in a commercial reactor in order to confirm 
the appropriateness of the design method and design data, and the margins to the limits, from 
the veiwpoint of enhancing design techniques and licensing procedures. The programme was 
planned to verify the reliability of BWR 8 x 8  fuel assemblies using commercial fuels. As 
monitoring fuels, 10 fuel assemblies were selected from the first reload fuels for the 
Fukushima Daiichi No. 3 Nuclear Power Station (BWR 784 MW(e)). These assemblies were 
well characterized during their manufacture. They were put into the core in 1977, irradiated 
under normal conditions and operational data were acquired. Seven assemblies were subjected 
to detailed post-irradiation experiments (PIEs). The bumup of these assemblies ranged from 
6 to 29 GW-d/t, covering almost all the burnup regions in which current BWR fuels are uti
lized. Evaluations of the PIE results were carried out to show the conservatism of design and 
to quantify the margins. Fuel cladding strength, thermal conductance of crud and nodular cor
rosion and fuel rod-to-rod spacing were discussed, together with moisture getter and spacer 
performance.

1. INTRODUCTION

Since the first commercial operation of the Tsuruga reactor in 1970, BWRs in 
Japan have steadily been increasing in number and capacity. As of June 1986, 
16 BWRs were in operation, with a total electric power generating capacity of
12 920 MW(e). These plants have attained availability factors of over 70% for a

81
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number of years and supply a critical portion of the electric power generated in 

Japan. This situation can in large part be attributed to the high reliability of the cur
rent BWR fuel.

The first fuel used in Japanese BWRs was of the 7 X 7 type. However, it 
experienced a number of failures, mainly caused by local hydriding and pellet- 
cladding interaction (PCI) phenomena. To prevent these failures, improvements 
were introduced in the manufacturing technique, the reactor operational method and 
the fuel design. The standard fuel design was changed from 7 x 7 to 7 x 7RD 
(revised design) and then to 8 X 8. These changes have led to excellent BWR fuel 
performance, with almost no failures.

The reliability test for 8 X 8 fuel assemblies was planned: (1) to confirm that 
performance of the 8 X 8 fuel assembly was as expected in the design; and (2) to 
demonstrate total reliability throughout designing, manufacturing and operation, 
based on the data obtained from assemblies irradiated in a commercial reactor.

2. DESCRIPTION OF PROGRAMME

The programme was carried out by the Nuclear Power Engineering Test 
Centre (NUPEC) under the sponsorship of the Ministry of International Trade and 
Industry, Japan (MITI). It started in 1976 (see Fig. 1) and was completed in 
March 1986. The early data have already been reported [1, 2], but they are summa
rized again here to provide a complete picture.

( ) N um ber of Assem blies

FIG. 1. Schedule for the proving test on the reliability of B W R  fuel assemblies.
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Channel

FIG. 2. 8 X  8 B W R  monitoring fuel assembly.

2.1. Objectives

The primary objectives of the programme were to demonstrate the good per
formance and high reliability of current Japanese BWR fuels and to confirm the 
appropriateness of their design and manufacture, based on data obtained from fuel 
assemblies irradiated in a commercial reactor. Accumulation of in-pile data for com
mercial fuels was also carried out.

2.2. Monitoring fuel assemblies

Ten monitoring fuel assemblies were selected as the test objects from the first 
reload batch for the Fukushima Daiichi No. 3 Nuclear Power Station of the Tokyo 
Electric Power Company. The assemblies were of the 8 x 8 fuel type designed by 
the Toshiba Corporation; these were the standard ones used in Japanese BWRs at 
the time. An outline of the assembly is shown in Fig. 2 and its pertinent design 
parameters are listed in Table I in Ref. [3].

2.3. Manufacture

The monitoring fuel assemblies were manufactured by the Japan Nuclear Fuel 
Co. Ltd. However, they were precharacterized to allow later post-irradiation exami
nation (PIE) data evaluation.
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2.4. Irradiation

The 10 monitoring fuel assemblies were put into the core of Fukushima Daiichi 
No. 3 in September 1977 and irradiated under normal operational conditions. Two 
assemblies each were discharged after a one-cycle irradiation and a two-cycle irradi
ation, and one assembly was discharged after a three-cycle irradiation for PIE studies 
of the intermediate exposure status. Another five assemblies were retained in the 
core for four cycles. All 10 assemblies were confirmed as intact by on-site examina
tion after irradiation. Their exposure history is described in Table II in Ref. [3].

2.5. PIE

Seven assemblies, including two assemblies irradiated for four cycles, were 

shipped to the hot laboratory of the Nippon Nuclear Fuel Development Co. Ltd and 
careful PIEs were carried out. Exposure of the assemblies ranged from 6 to 
29 GW  • d/t, which covers almost the entire range of current BWR fuel utilization 
in Japan.

3. TEST RESULTS

The activity levels of the reactor water and off-gas of Fukushima Daiichi No. 3 
were so low during the period when the monitoring fuels were loaded that it was 
assumed there were no failed fuel rods in the core. The visual inspections carried 
out in the reactor pool also confirmed that they were intact.

Extensive PIEs were carried out on the seven assemblies at the hot laboratory, 
with emphasis placed on the points which could confirm the fuel integrity and pro
vide detailed insight into in-pile behaviour. The PIE results are summarized in the 
following subsections.

3.1. Fuel assembly behaviour

3.1.1. Dimensional stability

The typical appearances of the irradiated fuel assemblies are shown in Fig. 3.
As fuel rods grow with exposure, the BWR assembly has expansion springs 

installed between the top of the fuel rods and the upper tie plate to accommodate the 
expansion differences. The constraint of rod axial expansion may cause rod bowing, 
therefore the expansion springs and spacers are designed so that axial movement of 
the rod is possible. All the expansion springs of the seven assemblies were confirmed 

as having maintained sufficient compression spaces after irradiation, as seen in 
Fig. 3. The results of rod withdrawal force measurements showed that no sticking
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I st PIE 2nd PIE 3rd PIE 4th PIE

FIG. 3. Fuel assembly appearance.

occurred between the rods and spacers. Consequently, it was felt that the BWR  
8 x 8  fuel assembly had little probability of constraining the axial movement of 
the rod.

Rod-to-rod spacings were measured at the mid-positions of each spacer span; 
the results are shown in Fig. 4. The spacing variances seemed to increase slightly 

with exposure; however, no indications of rod bowing were found. All the data 
obtained showed that the assemblies had satisfactory dimensional stability and rod 
bowing did not occur.

Rod withdrawal force measurements showed that the spacer spring retention 
force was reduced to about one-third of the as-manufactured value early in the 
irradiation stage, but thereafter the value was almost constant. Excessive reduction 
of the retention force may induce fretting of the rods. However, no indications of 
this were found and the irradiated spacer springs were felt to have enough retention 
force to prevent fretting.
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Bundle Average Exposure (G W  d /t )

FIG. 4. Bumup dependence of variance in rod-to-rod spacing.
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3.1.2. Crud deposition

A shown in Fig. 3, deposited crud was found on all the fuel rod surfaces. The 
measured crud thickness data are plotted in Fig. 5. Their distribution was as follows: 
thicker on the lower part and thinner on the upper part of the assemblies; the 
maximum thickness, about 500 /xm, did not change until the end-of-life.
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The crud was reddish-brown in colour, soft and porous; it was easily removed 
with a nylon blush. The deposited crud density was estimated to be about 
0.6 g/cm3, based on the removed crud volume, calculated for the average thickness 
and decruded area, and the crud weight measured after drying. This was about one- 
tenth of the density of Fe203. This estimation may not be highly accurate, but it 
suggests that the crud was very porous. No hard crud of the copper and/or nickel 
rich type was found.

Scrutiny of all the PIE data gave no indication of a crud induced temperature 
rise. The mechanism of heat transfer through the porous crud should be ‘wick 
boiling’, as suggested by Macbeth [4], i.e. heat is removed mainly by steam directly

Bundle Average Exposure (GW d/l)

FIG. 6. Bumup dependence of fuel rod irradiation growth [5].
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FIG. 7. Relationship between FGR rate and He gas volume at STP.
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boiling off the cladding surface and being swept out through chimneys developed in 
the crud. Therefore, this porous crud was considered to be free of any thermal effect.

3.2. Fuel rod behaviour

3.2.1. Fuel rod integrity

Ultrasonic tests, eddy current tests and visual inspections were carried out on 
the monitoring fuel rods, all of which were found to be intact.

3.2.2. Dimensional changes

The fuel rod length increases with exposure. The length of the monitoring fuel 
rods increased linearly with exposure and their variance also increased slightly with 
exposure, as shown in Fig. 6 [5]. However, these length changes were relatively 
small, as the average growth rate was 0.27% and the standard deviation was 0.03% 
at 29 GW-d/t.

The diameter of the monitoring fuel rods changed very little, but appeared to 
vary slightly according to the claddings supplied by different vendors, as shown in 
Fig. 2 in Ref. [3]. The rod diameters with claddings supplied by vendor К increased 
constantly with exposure, whereas those supplied by vendor S showed little change. 
Pellet-cladding mechanical interaction (PCMI) was first thought to have caused the 
diameter increase, but no indication was found of the occurrence of a PCMI large 
enough to have caused permanent deformation of the cladding. The diameter 
increases were very small, about 10 /xm, and could thus be explained by water-side 
corrosion and/or crud deposition. The diameter increases due to oxide growth were 
estimated to be about 10 to 20 fim. After correction for this oxide effect was taken 
into account, all the rod diameters showed a slight decrease due to creepdown.

Even though there was a small difference in the diameter change, the 
monitoring fuel rods with claddings supplied by both vendors were found to have 
excellent dimensional stability.

3.2.3. Fission gas release

Forty-two monitoring fuel rods were punctured; the results are given in Fig. 5 
in Ref. [3]. The measured fission gas release (FGR) rate data oincided with the pub
lished data [5] for typical non-pressurized fuel rods. The FGR rate data showed large 
scattering at high exposures (above 10 GW-d/t) and the maximum FGR rate value 
was around 20%. In the high exposure range (above 15 GW-d/t) the FGR rate 
depended strongly on the linear heat rate but not on the exposure, as shown in Fig. 8 
in Ref. [3]. A threshold power of around 25 to 30 kW/m was found where the FGR 
rate increased sharply.
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5 -7  x  lO21 n/cm2).

It was suggested that the FGR rate distributions within pellets from a high FGR 
rate rod were the reason for this strong dependency on power. The FGR in the 
peripheral region (low temperature) was almost zero. However, moving inwards to 
the centre, the FGR rate rose with the temperature. The same phenomena have been 
observed in pellets subjected to power ramping tests [6].

In the fuel rod with a high burnup and a high FGR rate, a larger volume of 
helium was measured than present in an as-manufactured rod, as shown in Fig. 7. 
The main source of helium was considered to be alpha decay of 242Cm, which was 
released with fission gas from the pellet. This has also been reported by Yang and 
Rowland [7].

The maximum rod pressure experienced by the monitoring fuel rods during 
irradiation was estimated at about 35 kg/cm2, which is somewhat lower than the 
reactor system pressure.

3.3. Cladding behaviour

3.3.1. Mechanical properties

The mechanical property changes of the cladding tube were measured by ten
sile, burst and microhardness tests.
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The data of yield strength and ultimate tensile strength showed very small scat

tering and good reproducibility, as shown in Figs 8 and 9. The cladding tubes used 

in the monitoring fuel assemblies consisted of four lots (two lots from each vendor). 

However, all data were on the same line, suggesting that they had good homogene

ous properties.
Compared with the strength values, the elongation data scattered widely, as 

shown in Fig. 10. However, the measured elongation data showed a ductility greater 

than 2%. Their scattering corresponded to the fracture mode. Test specimens with 

low elongation (less than 10%) mainly showed a spiral failure mode, whereas others 

had a necking failure mode.

The effect of strain rate was studied with cladding irradiated for four cycles 

(fluence: «6  x 1021 n/cm2). The tensile test results obtained while varying the 

strain rate from 0.05, 0.5 and 5%/min at 300°C changed very little, as seen in 

Fig. 11. Almost all the strain rates that actual fuel rods experience during power 

reactor service are covered by this data range, thus it is unnecessary to consider the 

strain rate effect in fuel design.

3.3.2. Water-side corrosion and hydrogen uptake

Nodular corrosion is a typical form of corrosion observed on BWR fuel rods. 

It was found on all the monitoring fuel rods, as evinced by Fig. 12. The coverage 

of nodular corrosion was relatively high after one cycle of irradiation, but succeeding 

cycles showed little change.

Figure 13 presents examples of typical nodule cross-sections which had round 

and lenticular shapes. The maximum thicknesses of the nodules were measured from 

metallographic pictures; the results are given in Fig. 14. The maximum thickness did 

not exceed 100 /*m in any of the samples. They increased with exposure but a saturat

ing tendency appeared (Tmax «  exp06).

Nodular corrosion data obtained from the monitoring fuel rods had fairly large 

values, both in coverage and in thickness. However, such a high amount of nodular 

corrosion did not seem to influence the thermal or mechanical performance of the 

cladding and did not cause any fuel failure.

A greyish-white region of uniform corrosion was found at the bottom end of 

all the monitoring fuel rods (Fig. 12). The thickness of this uniform oxide was less 

than the maximum thickness of the nodular corrosion.

The hydrogen content was measured; the results are plotted in Fig. 15. The 

maximum content of hydrogen was very low, less than 70 ppm throughout the total 

service time. From the hydrogen and oxygen contents measured on samples with sur

face oxide, the hydrogen absorption rate was evaluated to be less than 10%.

From these results it is thought that water-side corrosion and hydriding do not 

cause any problems in BWR fuel cladding when assemblies are used in a power reac

tor up to the current maximum burnup.
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FIG. 12. Fuel rod appearance.



IA E A -S M -2 8 8 / 5 8

8 0  /¿m
I-------------- 1

L e n t i c u l a r  S h a p e d  N o d u l e s

FIG. 13. Metallography o f cladding irradiated for four cycles (nodular corrosion).
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FIG. 14. Bumup dependence of maximum thickness of nodular corrosion.
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3.4. Pellet behaviour

3.4.1. Density change

Pellet density increases at an early stage of irradiation due to densification 

and decreases gradually due to swelling. The results measured by a liquid 

immersion method are shown in Fig. 13 in Ref. [3]. Densification is usually
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Pellet Exposure (GWd/i)

FIG. 18. Exposure dependence o f pellet grain growth.

completed at exposures lower than 10 GW-d/t. From the density decrease 

which appeared in the graph, we estimated the swelling rate to be about

0.2% (Д vol./vol.)/(1020 fission/cm3); this value did not depend on the pellet type.

The amount of densification could be calculated as the difference between the 

as-manufactured density and the density extrapolated to exposure zero from the 

change in the irradiated pellet density. The quantity of densification estimated in this 

way agreed with the results of out-of-pile resintering tests carried out at 1700°C for 

24 hours.

3.4.2. Grain growth

Figure 16 shows cross-sections of the pellets irradiated for four cycles. 

Figure 17 shows the microstructure changes at the centre and periphery of the 

pellets. The U02 grain sizes at the periphery did not change with exposure, and 

they were almost the same as their as-manufactured sizes. The grain sizes at the 

centre region increased slightly. The differences in grain size for the two regions 

reflected the slower and smaller grain growth which occurred at the pellet centre, 
as seen in Fig. 18.

3.5. Behaviour of other components

3.5.1. Spring constants

Spring constants were measured on expansion springs, plenum springs and 

spacer lantern springs. The results for the expansion springs are shown in Fig. 19. 

The spring constants of all the parts proved to be unchanged during their service.



IA E A -S M -2 8 8 / 5 8 9 7

(GW-d/t)

Bund le  Average Exposure

Bund le  Average  Exposure 

FIG. 19. Bumup dependence of spring constant and free length of extension spring.

The reduction in fuel rod retention force of the spacers can be attributed to 
dimensional changes caused by creep deformation.

3.5.2. Moisture getter

Hydrogen analyses of getter chips, which were installed in the fuel plenum, 
showed that they absorbed 2.4 mg of moisture. This was almost equivalent to the 
quantity of moisture which remained in the rod after fabrication.

3.5.3. Spacers

It was confirmed that spacers exhibit no visible abnormalities. The oxide thick
ness of the Zircaloy-4 spacer band was measured metallographically; the maximum 
thickness was about 50 pm, which was less than the nodular corrosion size on the 
cladding tube surface.

Other assembly parts, such, as the tie plate, water rod, finger springs, etc., 
were visually inspected but showed no abnormalities.

4. CONCLUSIONS

In this 10-year long programme, 10 commercial BWR 8 x 8  fuel assemblies 
were fully characterized throughout their manufacture and service life stages.
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Detailed PIEs were carried out on seven assemblies with exposures in the range of

6 to 29 GW • d/t. A large amount of in-pile behaviour data were obtained on the fuels. 

Based on this systematic collection of data, it was confirmed that BWR 8 x 8  fuel 

assemblies have been designed and manufactured appropriately and have a high 

reliability.

The current standard BWR fuel in Japan has been modified slightly from the 

8 x 8  fuel, and is now of the 8 X 8RJ type. It has. a smaller rod diameter, a He 

prepressurization of 3 kg/cm2 abs, two water rods, as well as other changes. The 

zirconium liner type fuel rod is also being introduced as a standard fuel in Japanese 

BWRs in order to attain lower fuel cycle costs and a better load following operation 

capability. However, the current standard fuels are basically an extension of the 

8 x 8  fuel technology, therefore the results and conclusions obtained in this 

programme can be applied when assessing the behaviour of the modified fuels.

NUPEC is executing a new programme of Verification Test on High Perfor

mance BWR Fuel and will carry out the Verification Test on High Bumup Fuel under 

the sponsorship of MITI. The in-pile behaviour data obtained in the programme dis

cussed in this paper will be very useful and should be important as basic reference 

data for the future verification test programmes.
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Abstract

IN-PILE BEHAVIOUR ANALYSES OF THE MONITORING FUEL RODS.
As test objects for the Proving Test on the Reliability of BWR 8x8 Fuel Assemblies, 

10 monitoring fuel assemblies were irradiated under normal conditions in a typical commercial 
BWR. Seven were subjected to detailed post-irradiation examination and a large amount of 
data was obtained on in-pile fuel rod behaviour. On the basis of these data, fuel rod behaviour 
is discussed. A new computer code for thermal-mechanical analysis of the fuel rods was used 
to analyse the behaviour of the punctured rods, which had exposures ranging from 4 to 
32 GW • d/t. These monitoring fuel rods showed a very small decrease due to cladding creep- 
down. Pellet-cladding mechanical interaction (PCMI) was first considered to have caused this 
increase, but no evidence was found of a PCMI large enough to have resulted in permanent 
strain on the cladding. From the data on diameter change, most of the increase was then 
attributed to cladding surface corrosion and crud deposition. The fission gas release (FGR) 
rate showed a distinctive exposure dependency. At exposures lower than 10 GW -d/t all FGR 
data were less than 1%; however, above 10 GW-d/t they showed large scatter, from 0.1 to 
20%. Data from microgamma scanning indicated the existence of a threshold temperature for 
FGR. This temperature depended on exposure and the local FGR rate increased rapidly with 
a temperature above the threshold. This rapid increase of the local FGR rate may be the reason 
for the distinctive data scattering. Pellet density changes were also compared with out-of-pile 
test results. Through evaluation work, a better understanding of the in-pile behaviour of com
mercial fuel rods has been achieved and the reliability of the BWR fuel rods has been verified; 
the prediction capability of the new code was also confirmed.
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1. INTRODUCTION

Fuel rod behaviour has mainly been studied using rods irradiated in test reac

tors such as the Halden reactor. Not only the development of fuel design codes, but 

also the establishment of design techniques have been based on the in-pile fuel 

behaviour information obtained from these test reactor fuel data. However, there are 

some differences between test and commercial reactor fuels, such as fuel dimensions 

and irradiation conditions (temperature, pressure, neutron flux). These differences 

may induce some uncertainties in fuel designing. Therefore, sufficient margins are 

usually allowed for in commercial reactor fuel designing to cover these uncertainties.

In recent years, burnup extension has become an increasingly important means 

of improving nuclear fuel cycle costs and its step-by-step implementation has been 

started. Another major concern is to improve the operation capability of load follow

ing; for this purpose a remedy fuel has been developed. Considering these trends, 

nuclear fuel will be used under more severe conditions in the near future. Therefore, 

it is very important to understand more clearly the in-pile behaviour of commercial 

fuels and to optimize the margins during commercial fuel designing.

In Japan, a 10 year programme entitled the Proving Test on the Reliability of 

BWR 8x8  Fuel Assemblies has been carried out by the Nuclear Power Engineering 

Test Centre (NUPEC); it places emphasis on a thorough understanding of the in-pile 

behaviour of commercial BWR fuel. Through this programme, a large amount of 

data have been compiled on BWR fuel, some of which are discussed in another paper 

at this meeting [1]. In this paper, fuel rod behaviour is presented, including such 

points as fuel rod diameter changes, fission gas release and pellet density changes.

To achieve a better understanding of fuel behaviour, the monitoring fuel rods 

were analysed with a new computer code and compared with the pellet-cladding 

interaction results.

2. MONITORING FUEL RODS

In 1976 the monitoring fuel rods, which were the test objects used in the above 

programme, were designed by the Toshiba Corporation and manufactured by the 

Japan Nuclear Fuel Co. Ltd. They were of the non-pressurized 8 x 8  fuel type, 

which was the standard one at the time; the pertinent design parameters are shown 

in Table I. Current standard fuel rods differ slightly from the monitoring rods 

regarding diameter and He pressure, but these differences have not prevented us 

from gaining an understanding of the in-pile behaviour of current BWR fuel based 

on the results obtained from the programme.

The monitoring fuel assemblies were irradiated under normal conditions for 

four cycles in the Fukushima Daiichi No. 3 Nuclear Power Station of the Tokyo Elec

tric Power Company. The exposures that the assemblies attained and the maximum 

linear heat rates that they experienced are shown in Tables П and Ш, respectively.
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T A B L E  I .  D E S IG N  P A R A M E T E R S  O F  M O N I T O R I N G  F U E L  A S S E M B L Y

Assembly
Lattice geometry 
Length
Fuel rod pitch

Heat transfer area 
Total weight 
U02 weight

Fuel rod
Number 
Effective length 
Plenum length

He pressure

Water rod
Number

Pellet
Diameter
Length/diameter ratio 
Material

Density

Cladding (water rod tube) 
Outer diameter 
Thickness 
Material

Spacer
Number
Material

8 x 8  
4.47 m
16.3 mm

9.06 m2 
310 kg 
210 kg

63
3.66 m 
0.40 m

1 kg/cm2 abs

1

10.6 mm
1.0
U02 (U02 + Gd203 

95% TD

12.5 mm 
0.86 mm 
Zircaloy-2

7
Zircaloy-4/Inconel X-750

Seven assemblies were subjected to detailed PIEs executed in the hot labora

tory of the Nippon Nuclear Fuel Development Co. Ltd. Fifteen monitoring fuel rods 

from each assembly were non-destructively examined and six were punctured to 

evaluate the fission gas release rates. Two punctured rods in each assembly were 

subjected to detailed destructive examination. Exposure of these examined fuel rods 

ranged from 4 to 32 GW-d/t. They provided a great deal of data on the behaviour 

of BWR fuel rods, which have now been evaluated.



104 K O I Z U M I  e t a l.

TABLE II. MONITORING FUEL ASSEMBLY EXPOSURE HISTORY 

(in GW-d/t)

Assembly
name

End of 
1st Cycle

End of 
2nd Cycle

End of 
3rd Cycle

End of 
4th Cycle

PIE

F3A 1 5.4 14.5 2nd
F3A 2 5.7 13.8 20.3 27.1
F3A 3 5.5 14.0 21.1 28.6 4th
F3A 4 5.8 13.3 19.0 25.9
F3A 5 5.8 1st

F3A 6 5.8 13.8 2nd
F3A 7 5.6 14.3 21.3 3rd
F3A 8 6.1 1st
F3A 9 5.6 14.3 20.3 26.1 4th
F3A10 5.6 15.0 21.0 28.0

TABLE III. MAXIMUM LINEAR HEAT RATE OF FUEL ASSEMBLY 

PIEs (in kW/m)

Assembly
name

During 
1st Cycle

During 
2nd Cycle

During 
3rd Cycle

During 
4th Cycle

PIE

F3A 1 32 35 2nd
F3A 3 32 31 35 32 4th
F3A 5 36 1st
F3A 6 36 30 2nd

F3A 7 37 32 30 3rd
F3A 8 39 1st
F3A 9 31 33 28 21 4th

3. RESULTS AND DISCUSSION

3.1. Diameter change of fuel rods

The fuel rod diameter usually shows a tendency to decrease gradually at an 

early stage in the irradiation, with subsequent recovery at a high exposure stage. The 

former is caused by cladding creepdown, and the latter by pellet outward expansion 

due to swelling.
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FIG. 2. Axial distributions of average fuel rod diameter change.

The outer diameters of all the monitoring rods were measured with the same 

apparatus before and after irradiation; their average values are shown in Fig. 1. They 

showed little change, but appeared to follow a different trend from that mentioned 

above. From the beginning of irradiation they increased little by little; this trend was 

more obvious in the fuel rods made with the claddings supplied by vendor K.
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FIG. 3. Calculated fuel rod diameter change and cladding hoop stress.
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FIG. 4. Fuel rod outer diameter comparison of before and after first cycle irradiation.

The axial distributions of the measured and calculated diameter changes are 

shown in Fig. 2, The measured axial profiles were flatter than those of the calculated 

profiles. If the diameter increase had been caused by pellet-cladding mechanical 

interaction (PCMI), then the axial profiles should have been proportional to the 

power distribution; however, there were no such indications. Larger diameter 

increases were often observed for the low exposure areas of the bottom and top ends.
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Figure 3 shows the diameter change, i.e. the cladding radial plastic strain, and 

the cladding hoop stress history calculated for the highest exposure node of a rod 

irradiated for four cycles. Hoop stress in the cladding was negative almost through

out the entire irradiation time, indicating that weak PCMI (pellet-cladding contact 

may be a more appropriate term) occurred above 20 GW • d/t. This PCMI was not 

large enough to leave visual evidence such as ridging; however, it was sufficient to 

reduce cladding creepdown.

In an attempt to find evidence of PCMI, the diameter profiles and eddy current 

signals of all the monitoring fuel rods were examined carefully. However, no signifi

cant indications were found, except for some eddy current signals which appeared 

on the rods irradiated for four cycles. These signals were small, but showed the 

phase characteristics of ridging. No diameter changes indicating ridgings in the pro

file chart were found, therefore these signals were considered to indicate only small 

creep deformations caused by weak PCMI. From these results, the monitoring fuel 

rods were judged to have been irradiated under mild conditions, meaning that, as 

expected, the current BWR operation method does not have a large impact on the 

fuel rod.

Water-side corrosion was considered another reason for diameter increase. 

Figure 4 compares fuel rod diameter before and after first cycle irradiation. Visual 

inspections revealed that nodular corrosion covered almost the entire upper half of 

the rod surface, but that a fairly large amount of autoclaved layer remained on the 

lower half and at the spacer positions. The diameter profile in the figure cor

responded reasonably well with the observed surface conditions, e.g. for an area 

with more corrosion, a larger diameter was measured.

The oxide contribution to an increase in diameter was evaluated from the 

results of metallography and oxygen gas analyses. The average increases due to 

oxide were estimated to be about 10 fim for fuel rods irradiated for one cycle, 15 /nm 

for two cycles, and 20 /zm for three and four cycles. After correction for this oxide 

effect was taken, all the monitoring fuel rods showed a slight decrease in diameter 

of roughly 10 to 20 /tm, and locally as high as 30 /xm. Therefore, the main reason 

for the increase in diameter was considered to be oxide buildup.

The diameter fluctuation, as observed in Fig. 4, may have been caused by the 

roughened surface due to nodular corrosion.

Some differences still remain between the measured and calculated changes in 

diameter but the reason for this is not clear. However, it has been verified that the 

dimensional stability of these monitoring fuel rods is excellent.

3.2. Fission gas release

Puncture tests were carried out on 42 fuel rods with exposures ranging from 

4 to 32 GW-d/t. The results are shown in Fig. 5 [2]. These data show very charac

teristic scattering.
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FIG. 6. Maximum power experienced for low FGR fuel rods (FGR rate <  57c).

Figure 6 shows the maximum powers experienced by the fuel rods with fission 

gas release (FGR) rates of less than 5%. The envelope of these maximum powers 

was a threshold power corresponding to 5 % FGR. The threshold power, which was 

higher than 40 kW/m at low exposures, decreased with exposure and gradually satu

rated at about 30 kW/m at an exposure higher than 15 GW-d/t. Because the FGR 

rate was considered to be controlled by the local pellet temperature and not by the
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FIG. 7. Calculated maximum pellet centre temperature o f low FGR fuel rods 
(FGR rate < 5 % ) .
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power, the pellet centre temperature was calculated with a new code. The highest 

pellet centre temperatures of the low FGR rods (Fig. 6) are shown in Fig. 7. The 

upper bound of these data was a threshold temperature that agreed well with that pro

posed by Vitanza et al. [3].

Figure 8 shows a correlation between the FGR data and the maximum power 

they experienced at exposures higher than 10 GW -d/t. The graph indicates that the 

FGR remained low unless the power exceeded the threshold, but that the FGR rate 

increased rapidly when the power exceeded the threshold. This increase in the region 

beyond the threshold is strongly dependent on power but not on exposure.
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FIG. 9. Typical distributions o f >37Cs/I44Ce.
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FIG. 10. Relationship between the FGR rate and axially averaged fraction o f migrated 
,37Cs.
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FIG. 11. Typical ceramography of a high FGR pellet after fourth cycle irradiation.

The caesium radial distributions in pellets were measured; the typical results 

are shown in Fig. 9. These distributions were measured on the pellets sampled from 
high FGR rods, except for first cycle data.

Ohuchi et al. [4] considered that the distribution of fission gas in the pellets 

was almost the same as that of caesium, because the FGR rates showed good agree

ment with the averaged rod redistribution fractions of caesium in the pellets. The 

data shown in Fig. 10 [4] verify this. Manzel et al. [5] have reported that the distribu

tion of fission gas in pellets was almost the same as that of caesium. Therefore, the 

caesium distributions shown in Fig. 9 could be taken to imply the local fission gas 
retention and release rates.

These distributions indicated that the local FGR rate changed drastically when 

moving from the pellet periphery to its centre. The local FGR rate at the pellet 

periphery of low temperature was very low, even at an exposure as high as 

35 GW-d/t. From the radius at which the temperature corresponds to the threshold,
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Calculated FGR Rate (% )

FIG. 12. Comparison o f measured and calculated FGR rate.

the local FGR rate increased rapidly. In the centre region, which has the highest tem

perature, the local FGR rate reached 80 or 90%. These distinctive distributions, 

shown in Fig. 9, had almost the same patterns irrespective of their exposure, which 

means that exposure in the range of 15 to 35 GW • d/t had little influence on FGR.

Ceramography of a high FGR rate fuel pellet irradiated for four cycles is 

shown in Fig. 11. Some of the characteristic features that appeared correspond to 

the above local FGR regions. No change was found in the as-manufactured status 

at the periphery, a region in which almost all the fission gas atoms seem to resolve 

in the U02 matrix. In the region where the local FGR rate began to increase a dark 

ring often appeared, and many grain spallations were observed; these might have 

occurred during sample preparation. In the inner region of the dark ring, the grains 

were a little larger than the as-manufactured sizes and many gas bubbles appeared 

in the grains and on the grain boundaries. Gas bubbles on the grain boundaries 

increased in number towards the pellet centre and seemed to connect gradually with 

each other, forming tunnel paths. Most of the fission gas seemed to be released 

through the tunnel paths formed at the grain boundaries.

The threshold temperature at which the local FGR rate began to increase is 

estimated to be around 1200°C at high exposure (above 20 GW-d/t). When the 

pellet temperature rose beyond the threshold, the effective mobility of fission gas 

atoms and the local FGR rate increased rapidly. As mentioned previously, high tem

perature FGR behaviour is quite different from that at a low temperature. This might 

be the reason why FGR data showèd such large scattering.
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FIG. 13. Fuel pellet density change.

The new code employed a semi-empirical model that took into account such 

characteristic FGR behaviour. The values calculated with this code are shown in 

Fig. 12, and a comparison is made with measured data. The new code demonstrated 

excellent ability to predict FGR. Data for the intermediate FGR rate showed a larger 

difference relative to the high or low FGR rate data. This trend appeared inevitable, 

because the temperature at the pellet centre was close to that of the threshold and 

a small error in temperature estimation could introduce a large error due to the posi

tive feedback effect of FGR through gap conductance.

Some of the monitoring fuel rods used gadolinia bearing pellets (2 wt%). No 

FGR differences were found between the U02 and gadolinia bearing fuel rods.
The maximum pressure experienced by these monitoring fuel rods during oper

ation was estimated to be about 35 kg/cm2, which is approximately half that of the 

reactor coolant pressure.
The data obtained from the monitoring fuel rods provided a great deal of infor

mation on the FGR phenomena of commercial BWR fuel.

3.3. Pellet density change

To evaluate the FGR accurately, it is important to calculate the pellet tempera

ture correctly. Most of the error in pellet temperature calculations is considered to 

be caused by the complex behaviour of the pellet, e.g. the change in pellet density.
The measured pellet density data are shown in Fig. 13. The density change 

appeared to have been caused by densification and swelling. Because densification 

phenomena occur largely in the low exposure region (less than 10 GW-d/t), most
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of the present data showed a change which reflected swelling. The densities 

decreased linearly with exposure and the swelling rate was estimated to be about

0.2% (Avol./vol.)/(1020 fission/cm3). This value did not depend on the pellet type 

or the FGR rate. In the centre region of the high FGR rate pellet, many gas bubbles 

were observed, but no differences were found in the densities measured by the liquid 
immersion method.

Pellet density changes at zero exposure estimated from extrapolation of the 

data are indications of densification. The values obtained thus showed good agree

ment with the results of out-of-pile resintering tests (1700°C, 24 hours). Densifica

tion of gadolinia bearing pellets was greater than that of U02 pellets, but the 

agreement between in-pile and out-of-pile results was excellent.

4. CONCLUSIONS

The in-pile behaviour of non-pressurized 8 x 8  fuel rods was studied; their 

exposures ranged from 4 to 32 GW-d/t.

The fuel rod diameters showed a slight increase due to surface corrosion. 

When the diameters were corrected for this oxide effect, the values decreased by 

about 10 to 20 pan, which was less than the estimated change due to creepdown 

provided by The fuel analysis code. No evidence was found to indicate that a PCMI 

large enough to leave permanent strain on the claddings had occurred. These results 

revealed that the monitoring fuel rods showed excellent dimensional stability and that 

they had been irradiated under mild conditions.

The FGR rate data showed a large scatter at exposures higher than 15 GW-d/t. 

A threshold temperature existed in the FGR phenomena. This temperature was high 

at low exposures and decreased with exposure, reaching about 1200°C at exposures 

of over 20 GW-d/t. The local FGR rates differed greatly on both sides of the 

threshold. The local FGR on the lower temperature side was almost zero, whereas 

on the higher temperature side it was very large. In the region which experienced 

temperatures higher than the threshold, many gas bubbles formed tunnel paths on the 

grain boundaries.
The FGR behaviour was shown to depend strongly on the local temperature. 

This was believed to be the reason for the large scatter of FGR data. The new code 

employed a semi-empirical model, which provided good predictability.

The pellet swelling rate was estimated to be about 0.2% (Дvol./vol.)/( 1020fis- 
sion/cm3) from the results of the liquid immersion method. This value was constant 

in the measured exposure range (up to 35 GW -d/t) and did not depend on the pellet 

type or the variation in the FGR rate. The extent of in-pile densification was shown 

to agree well with the results of out-of-pile resintering tests (1700°C, 24 h).
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Abstract

LARGE SCALE DEMONSTRATION OF BARRIER FUEL.
LWR nuclear fuel is susceptible to fuel failures, commonly called pellet-cladding inter

action (PCI) failures, when subjected to fast power increases at moderate to high exposures. 
Operational procedures, which involve slow approaches to power, have essentially eliminated 
PCI failures in LWRs, but at the cost of loss of plant capacity factor. Zirconium barrier fuel 
was invented as a material solution to the PCI failure problem. Extensive test reactor and 
laboratory tests have shown convincingly that Zr-barrier fuel is more failure resistant than cur
rent non-barrier fuel. However, confirmation of Zr-barrier PCI resistance in full size fuel 
bundles in a power reactor was required. The results of large scale demonstrations of 
Zr-barrier fuel in the Quad Cities Unit 2 reactor are described. The demonstrations involved 
fast power increases on 16 bundles caused by step-wise (6 pulls) withdrawal of adjacent con
trol blades. The first demonstration ramp was performed in March 1983 at approximately 
6 MW-d/kg U bundle average exposure and the fuel was subjected to power increases of up 
to 32.8 kW/m (with peak power levels of 41.3 kW/m). The second demonstration ramp was 
completed in March 1985 at a bundle average exposure of 14 MW'd/kg U. Peak power levels 
up to 44.9 kW/m were achieved. All the ramped fuel was found to be sound, both from plant 
off-gas measurements and by fuel sipping. Had non-barrier fuel been subjected to the second 
demonstration ramp, numerous fuel rod failures would have been expected. The successful 
completion of these two in-core demonstration ramps has confirmed the PCI resistance of bar
rier fuel. Operational limitations which were designed to protect fuel from PCI fuel failures 
are therefore no longer recommended for Zr-barrier fuels in power reactors. Information on 
operation of the fuel during the next cycle, with 72% of the core barrier fuel in the core, is 
presented. Included is a discussion of frequency control operation and an increase from zero 
to full power in six hours.
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Zirconium barrier fuel was invented by Armijo and Coffin [1, 2] as a material 

solution to the fuel failure mechanism caused by the interaction between the urania 

fuel and the Zr-alloy (typically Zircaloy) cladding tube (pellet-cladding interaction, 

or PCI). The barrier refers to a layer of relatively soft zirconium which is metallurgi- 

cally bonded to Zircaloy, and it comprises approximately 10% of the thickness of 
the composite zirconium/Zircaloy cladding tube.

A chronology of General Electric Company (GE) experience with PCI and the 

development of barrier fuel is summarized in Table I, starting with the work done 

by Rosenbaum [3] on I2 stress corrosion cracking of Zircaloy.

Barrier cladding successfully survived accelerated in-reactor PCI screening 

tests [4] and ex-reactor stress corrosion tests [5] (1969—1977). On the strength of 

these positive results as well as encouraging fuel design, licensing and fabrication 

studies a programme was performed by GE in co-operation with Commonwealth 

Edison Company (CECo) and the United States Department of Energy (DOE) to 

demonstrate barrier fuel in a power reactor.1 A large programme of both in-reactor 

and ex-reactor tests was undertaken in support of this demonstration. These tests 

were required to provide the reactor operator and the licensing authorities with ade
quate assurance, in advance of the demonstration, that there were no unforeseen risks 

associated with the operation of barrier fuel.

The supporting tests included power ramp and PCI simulation tests as well as 

tests to characterize the behaviour of barrier fuel under off-normal conditions: defec

tive cladding, reactivity initiated accident and loss of coolant accident simulation 

tests. The results of the DOE programme have been summarized in the programme 
final report [6].

The in-core demonstration included 144 bundles of Zr-barrier fuel: 44 of the 

crystal bar type and 100 with barriers of low oxygen sponge zirconium. These 

demonstration barrier fuel bundles are now operating in their third cycle in Quad 
Cities Unit 2. The first demonstration power ramp on 16 of these bundles was suc

cessfully completed under the DOE programme [7, 8] in March 1983. None of the 

fuel rods failed, even though they were subjected to large, very fast incremental 

power increases, as high as 33 kW/m (10 kW/ft) with a peak linear power of

41.3 kW/m (12.6 kW/ft). However, the bundle average exposure of the bundles

1. I N T R O D U C T I O N

Demonstration of Fuel Resistant to Pellet-Cladding Interaction — Phase 1, Com
monwealth Research Corporation Subcontract No. 3-204-46, United States Department of 
Energy Prime Contract No. EN-77-C-02-4473, 1 July 1977 to 28 February 1979.

Demonstration of Fuel Resistant to Pellet-Cladding Interaction — Phase 2, Commonwealth 
Research Corporation Subcontract No. 3-20-46, United States Department of Energy Prime 
Contract No. DE-AC02-77ET34001, 28 February 1979 to 30 September 1984.



IA E A -S M -2 8 8 / 3 0 119

TABLE I. CHRONOLOGY OF GE EXPERIENCE WITH PCI AND 

DEVELOPMENT OF Zr-BARRIER FUEL

First evidence that I2 causes stress corrosion cracking of Zircaloy 1965

Power ramp tests on fuel rods from Dresden-1 documenting that failures 
occur on power increase

1966

GE interpretive review linking power history to fuel failures 1969

PCI fuel failures in commercial reactor 1971

Intensive PCI study and development effort started 1971

Fractographic evidence linking PCI with stress corrosion cracking 1972

Zr-barrier fuel invented (substantially pure) 1973

Plant operating rules implemented to avoid PCI fuel failures 1973

Unequivocal fractographic evidence for stress corrosion cracking 
(incipient crack in unfailed fuel rod)

1974

Fission product species tested; I2 and Cd cause stress corrosion cracking 1974

Segmented rod bundles to test potential remedies placed in 
commercial reactors: Quad Cities-1, Monticello, Millstone

1974

Potential solutions evaluated 1975

Accelerated PCI in-reactor ramp tests indicate Zr-barrier resistant to PCI 1976

Moderate purity Zr-barrier invention 1976

1977-
Joint GE/CECo/DOE demonstration programme

1984

Lead test assemblies irradiation began at Quad Cities-1 1979

Defected rod test (in-reactor) 1979
Loss of coolant accident tests (laboratory) 1980

1980-
Multiple ramp tests

1983

Start of demonstration irradiation in Quad Cities-2 (144 bundles) 1981

First demonstration ramp at Quad Cities-2, Cycle 6 1983

Second demonstration ramp at Quad Cities-2, Cycle 7 1985

Operational limit recommendation removed from Zr-barrier fuel 1985

Unrestricted operations at Quad Cities-2, Cycle 8 1986
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BURNUP (MW-d/kg U) AT PEAK POWER NODE

FIG. 1. Zr-barrier ramp test results [10].

ramped was low, ~ 6 MW-d/kg U [7, 8]. The results of the second demonstration 

ramp (performed after completion of the DOE programme) at approximately 

14 MW-d/kg U bundle average exposure are described. The nuclear design of the 

barrier bundles and Cycle 6 ramping results are briefly reviewed, followed by a 

description of the Cycle 7 ramping results [9]. Some early information on the opera

tion of Quad Cities-2 in Cycle 8 (72% of the core Zr-barrier fuel) is also presented. 
Cycle 8 is currently in progress.

2. OVERALL PROGRAMME SUMMARY

One advantage of the Zr-barrier fuel cladding concept is that no new chemical 

elements are introduced in the fuel rod. The only change is that the alloying elements 

which are normally present in Zircaloy are not present in the zirconium barrier layer. 

Despite this seemingly minor change in the cladding material, introduction of such 

a new fuel for commercial power production requires extensive testing to evaluate 

the advantage with regard to PCI resistance and to ensure that there are no disadvan

tages in normal and off-normal (power transients, accidents) service situations. In 

1985 two papers were published which attempted to present all aspects of the 

development and demonstration programmes. In the first [10], the highlights of the 

overall programme were described:
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(1) The first demonstration cycle in Quad Cities-2 and plans for the second

(2) Lead test assemblies in Quad Cities-1

(3) The single-rod power ramp tests in a test reactor

(4) The laboratory PCI simulation test using neutron-irradiated cladding tube

specimens

(5) In-reactor tests for reactivity initiated accidents

(6) Laboratory simulated loss of coolant accident tests

(7) Both laboratory and in-reactor tests for fuel rod behaviour with a cladding 

defect (water-steam ingress).

In the second paper [11], the metallurgical and mechanical aspects of Zr- 

barrier cladding function were discussed. It was shown that the barrier function 

requires three attributes: metallurgical bond, softness and thickness.

Figure 1 shows data from ramp tests of single fuel rods in test reactors [10].

This figure has been updated to show some ramp test data at exposures

>30 MW-d/kg U. The statistical analysis previously presented [12] is not changed 

significantly by our new data.

3. FIRST DEMONSTRATION CYCLE (Cycle 6)

The Cycle 6 operations have been described elsewhere [7, 8]; only a brief 

description is given here.

The demonstration involved the insertion of PCI resistant barrier fuel as part 

of a normal reload batch. The demonstration was designed so that: (a) the PCI 

resistance of the barrier fuel could be demonstrated by suitable power increases on 

certain fuel nodes (i.e. axial locations) of the barrier fuel bundles; (b) simultane

ously, the power changes on the non-barrier fuel would be controlled to minimize 

the risk to the non-barrier fuel; (c) the demonstration would not inhibit the reactor 

performance at a central station power plant; and (d) the operational procedures 

would be compatible with the needs and capabilities of the operating utility. The 

demonstration plan fulfilled these goals.

The demonstration nuclear core loading strategy involved the use of four ramp 

cells which contain barrier fuel and which were located symmetrically in the core. 

Each ramp cell contained four barrier fuel bundles surrounding one cruciform con

trol blade. The ramp cells were operated with their control blades inserted 60 to 

100% of their length during the reactor cycle to prevent the fuel from being precon

ditioned. Near the end of the cycle, the control blades in the ramp cells were with

drawn in a step-wise fashion to severely increase power in the barrier fuel in order 

to demonstrate its resistance to PCI. The ramp cells were surrounded by a buffer of 

higher exposure (~23 MW-d/kg U) non-barrier fuel bundles. These buffer zones 

served to partially isolate the increase in power due to the withdrawal of the ramp
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cell control blades and, thereby, to protect the non-barrier fuel in the core. The 

buffer zones also enabled meeting cold shutdown margin criteria for the ramp cells.

To achieve high peak power levels in the demonstration fuel, special barrier 

bundles2 were designed with increased enrichment in the wide-wide (W-W) corner 

fuel rod to increase the peak powers during the demonstration ramps. This enhanced 

the peak linear heat generation rates (LHGRs) in the barrier bundles in the ramp cells 

during the control blade pulls. In all cases, the W-W comer pin had the largest 

LHGR and the largest change in LHGR during the power ramping sequence.

Irradiation of 144 zirconium barrier cladding fuel bundles3 in Cycle 6 began 

on 26 December 1981. Sixteen special barrier bundles were loaded into four quarter- 

core symmetric ramp cells. Each ramp cell had four fresh special barrier bundles sur

rounding a control blade location. The four fresh bundles were surrounded by a 

buffer zone made up of 11 already exposed non-barrier bundles and one fresh stan

dard barrier bundle. This buffer zone improved the cold shutdown margin and 

limited power increases outside the ramp cells when the control blade was 
withdrawn.

In March 1983, over approximately a one-week period, power ramping utiliz

ing the ramp cells and special barrier bundles was performed. Control blades in the 

ramp cells were withdrawn from position 18 (62.5% inserted) to fully withdrawn in 

six steps at or near 100% of the rated core thermal power. Fuel rods in the special 

barrier bundles experienced LHGR increases of up to 32.8 kW/m (10 kW/ft). Peak 

LHGRs in the uncontrolled fuel nodes following withdrawal of the control blade

Definitions of demonstration nomenclature:

(a) Ramp cells comprise the four fuel assemblies surrounding a single cruciform control 
blade which is planned for programmed withdrawal near the end of a fuel cycle to effect 
a power ramp on those fuel assemblies.

(b) Demonstration fuel bundles or barrier fuel bundles are any of the 144 bundles of barrier 
fuel which were loaded into Quad Cities-2 at the beginning of Cycle 6 in this 
demonstration.

(c) Special demonstration bundles or special barrier bundles are any of the 64 barrier bun
dles which have a special nuclear design to peak the power in the W-W comer and 
which were designed to be power ramped in the ramp cells.

(d) Standard demonstration bundles or standard barrier bundles are any of the 80 demon
stration bundles having a standard nuclear design (i.e. were not designed to peak the 
power in the W-W comer).

3
The cladding for 142 of these bundles was manufactured by GE. Cladding for two 

additional fuel bundles was supplied to GE by Hitachi Ltd and the Toshiba Corporation. Of 
the 144 bundles, 44 were with barriers of crystal bar zirconium, and the remainder with bar
riers of low oxygen sponge zirconium.
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TABLE П. POWER AND MAXIMUM LHGR DURING CYCLE 6 

BARRIER FUEL DEMONSTRATION RAMP

Change in Peak linear heat
Blade insertion reactor power generation rate observed

Blade observed
position change (ft) (m) (MW(th)) (kW/ft) (kW/m)

18 to 20 7.5-7.0 2.3-2.1 +21 10.5 34.5

20 to 24 7.0-6.0 2.1-1.8 +43 11.0 36.1

24 to 30 6.0-4.5 1.8-1.4 +32 11.7 38.4

30 to 36 4.5-3.0 1.4-0.9 + 1 12.2 40.0

36 to 42 3.0-1.5 0.9-0.5 -1 12.3 40.4

42 to 48 1.5-0 0.5-0 -1 12.6 41.3

Note: Observed LHGR is after a complete core scan with the traversing in-core probe and 
after updating all power shapes used by the process computer. Nodal exposures of the 
fuel were approximately 5 to 6 MW-d/kg U.

were in the range of 36.1 to 42.7 kW/m (11 to 13 kW/ft) (Table П). Off-gas activity 

remained stable before, during and after the demonstration, indicating that there 

were no cladding failures resulting from the power ramp. This was later confirmed 

by bundle sipping of all 144 barrier fuel bundles. There were no fuel failures in either 

barrier fuel or non-barrier fuel during the first cycle of the demonstration, as con

firmed by the sipping of 496 assemblies following Cycle 6.

After completion of the power ramp, the Quad Cities-2 reactor began a long 

coast-down period extending from March to early September 1983. Off-gas activity 

was stable during this coast-down period.

4. SECOND DEMONSTRATION CYCLE (Cycle 7)

During the end-of-Cycle 6 refuelling outage, 204 fresh barrier bundles were 

inserted in the core, making a total of 348 barrier bundles in Cycle 7. The core was 

shuffled and a second set of 16 special barrier bundles that had been incubated in 

low power regions near the outside of the core in Cycle 6 were loaded into new ramp 
cells (Fig. 2) [9].

The peak power on the 16 second cycle demonstration bundles during their 

first cycle of operation was approximately 27.9 kW/m (8.5 kW/ft). Up to the time
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FIG. 2. Quad Cities-2 core configuration during Cycle 7 (348 out o f a total of 724 barrier 
bundles in the core) [9].

of the second demonstration ramp, in their second cycle, the control blades adjacent 

to these bundles were inserted 60 to 100% of their length to hold the peak power 

down on these bundles to approximately 26.2 kW/m (8.0 kW/ft). Consequently, 

these bundles had not been ‘preconditioned’ to high power operation prior to the end- 

of-Cycle 7 demonstration ramps.
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FIG. 3. Axial power profiles in special barrier bundles corresponding to control blade steps 
during end-of-Cycle 7 power ramps.

The second demonstration ramp was performed near the end of Cycle 7. The 

first blade pull was made on 26 February 1985 and the last (sixth) was completed 

on 13 March 1985. The reactor was shut down on 17 March 1985 for refuelling and 

maintenance.

The power shape on the W-W corner fuel rods during the demonstration is 

shown in Fig. 3. Peak power levels and nodal exposures are presented in Table Ш. 

Rod-by-rod powers, exposures and power changes for the peak power node during
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w-w

1 4.3 11.6 13.9 14.9
4 4.6 35.4 3 5.8 37.4
3 5 .8 2 6 .2 2 5.3 25.3

7-9 13.5 14.8
2 8 .5 2 9.9 30.8
18.7 17.4 16.4

16.2 16.9
3 2 .5 31.8
16.1 13.5

ROD EXP. (M W -d /kg  U) - 18.6
ROD POWER (kW /m) ♦  3 2 .5
DELTA POWER (kW /m ) - ♦  11.5

NOTES:
THE REMAINING 27 FUEL ROD 
POWERS AND EXPOSURES ARE 
SYM METRIC A BO U T THE LINE 
FROM THE W IDE-W IDE |W -W ) 
TO THE NARROW -NARROW  
(N-N) CORNER.

14.9 1 6.0 16.6 1 7.7
36.4 37.1 3 5 .8 3 2 .8
24.0 23.0 19.4 14.8

10.2 1 7.5 17.9 17.4
29.5 34.4 33.1 2 9 .9
14.8 1 5.7 13.8 11.5

17.2 17.2 11.7 18.1
31.8 3 1 .2 2 8.2 3 0 .8
12.1 11.2 9.5 9 .8

0 .0 17.8 18.2 2 1 .4
0 .0 3 0 .2 30.8 33.1
0 .0 8 .9 8.5 8.9

18.9 17.4 18.2 2 1 .4
30.0 2 8 .5 2 9 .9 32.2

8.2 7.5 7.2 8.9

17.0 12.0 2 0 .4
28 .5 2 5 .9 31.8

6.6 5.9 6.6

2 0 .7 19.8
3 2 .8 3 0 .5

6.6 6.2

20 .5
3 0 .2

5.9

TYPICAL OF EIGHT RAM P CELL BUNDLES ROD POWERS.
THE REMAINING EIGHT RAM P CELL BUNDLE ROD POWERS 
WERE APPROXIMATELY 0 . 7 - 2 . 3  kW /m  LOWER TH A N  SHOWN.

FIG. 4. Rod-by-rod exposures, peak linear power and power changes for fourth blade pull 
step at the end of Cycle 7.

the fourth blade pull (position 30 to position 36) are shown in Fig. 4. The peak power 

after the respective blade pulls ranged from 37.4 kW/ш (11.4 kW/ft) to 44.9 kW/m 

(13.7 kW/ft)4; the change in power on each pull was approximately 32.8 kW/m 

(10 kW/ft), occurring in a few seconds. All the blade pulls had to be performed at 

slightly less than full reactor power to avoid exceeding preconditioned power levels 

on non-barrier fuel located near the demonstration ramp cells. After the blade pulls, 

the reactor was returned to power levels at or near 100% at a slow rate (5 MW(e)/h),

4
The technical specification LHGR limit on Quad Cities-2 is 44.0 kW/m 

(13.4 kW/ft), but a waiver was obtained from the United States Nuclear Regulatory Commis
sion to permit power levels up to 49.2 kW/m (15 kW/ft) on the demonstration fuel in the ramp 
cells.
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FIG. 5. Quad Cities-2 core configuration, Cycle 8 (524 out of a total o f 724 barrier bundles 
in the core).

by flow control, to avoid risk to the non-barrier fuel. The peak power reached on 
the demonstration fuel following the return to power was 47.9 kW/m (14.6 kW/ft).

Plant off-gas remained stable during and after the demonstration, indicating 
that no failures occurred during or after the demonstration. All 16 demonstration 
bundles in the ramp cells and the barrier bundles in the buffer zones were sipped 
during the shutdown and no failures were detected.

5. POST-DEMONSTRATION OPERATION WITH BARRIER FUEL 
IN QUAD CITIES-2

When Quad Cities-2 was refuelled for Cycle 8, a full reload of barrier fuel was 
added to the core. The core was then 72% barrier fuel (524 assemblies) and except 
for four control cells all the non-barrier fuel was in peripheral or near-peripheral 
locations (Fig. 5). Consequently, the Quad Cities-2 core loading permitted taking
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essentially full advantage of the improved performance of barrier fuel. Although GE 

had advised BWR reactor operators that all operating limitations for barrier fuel 

could be removed following the successful Cycle 7 demonstration, the utility decided 

to take a more conservative approach for the first operating cycle.

In evaluating the operating strategy for Cycle 8, two options were considered: 

first, an immediate increase in the preconditioning threshold5 to the technical 

specification limit of 44.0 kW/m (13.4 kW/ft), and second, a step-wise increase in 

the operating threshold from 27.9 kW/m (8.5 kW/ft) up to the technical specification 

limit of 44.0 kW/m (13.4 kW/ft). A step-wise increase in operating threshold was 

selected. The basic plan developed was as follows: the initial unit startup and first 

month of operation would use a threshold of 27.9 kW/m (8.5 kW/ft) (same as non

barrier fuel). After approximately one month of operation the threshold would be 

increased in the following step-wise manner: 27.9 to 34.4 to 39.4 to 44 kW/m (8.5 

to 10.5 to 12.0 to 13.4 kW/ft). Each step increase was accomplished using planned 

and carefully monitored rod pulls at the first increase in power to the new threshold, 

followed by operation at the threshold for several months before proceeding to the 

next higher operating threshold. A gradual increase in operating threshold was 

chosen, recognizing that during each operating period at a higher threshold the fuel 

would be subjected to multiple power increases at a higher exposure than that ramped 

during the end-of-Cycle 7 ramp demonstration. In addition, since some non-barrier 

fuel remained in control cell locations and since little recent experience was available 

with power reactor fast ramp rates, it was decided that the effects of xenon transients 

on non-barrier assemblies should be evaluated. The station had operated for the 

previous 12 years using slow ramp rates above the threshold limits, and operating 

with less restricted limits on the barrier bundles was an unfamiliar operating strategy. 

Between startup of Cycle 8 on 5 June and 16 July 1985 the 27.9 kW/m (8.5 kW/ft) 

limit was observed. The limit was increased to 34.4 kW/m (10.5 kW/ft) between 

16 July and 19 December 1985. On 19 December the limit was increased to

39.4 kW/m (12.0 kW/ft) and finally to 44.0 kW/m (13.4 kW/ft) on 

28 February 1986.

On 4 March 1986, with the threshold set at 44.0 kW/m (13.4 kW/ft), Quad 

Cities-2 started up and maintained a ramp rate of approximately 140 MW(e)/h to 

reach full power in six hours. After reaching 829 MW(e) on 4 March, 135Xe was 

allowed to accumulate, while increasing core flow to maintain full power. Compared 

with a normal startup with non-barrier fuel, this startup resulted in an additional elec

trical power generation of 11 550 MW-h.

The threshold is the local power level at which the subsequent ascent to power must 
be made at a slow rate for fuel that has not been preconditioned to a higher local power level.
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FIG. 6. EGC operation of Quad Cities-2 during May 1986.
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FIG. 7. Power and exposure ranges during the first and second in-core demonstration ramps.
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In addition to increased startup rates, use of barrier fuel increased operating 

flexibility by permitting control rod movement while at power. Some examples are:

(1) July 1985 Four shallow insertion rods were pulled at 98% power; newly

uncontrolled barrier fuel reached 34.8 kW/m (10.6 kW/ft) at

25.0 MW-d/kg U

(2) Dec. 1985 Four medium insertion rods were pulled at 96% power; newly

uncontrolled barrier fuel reached 40 kW/m (12.2 kW/ft) at 

25.8 MW-d/kg U

(3) May 1986 Twelve control rods were pulled from medium to shallow positions

at 95% power; newly uncontrolled barrier fuel reached

38.1 kW/m (11.6 kW/ft) at 29 MW-d/kg U.

Since 1985 the Quad Cities reactors have been operating under a frequency 

control mode called economic generation control (EGC). In this mode of operation, 

the utility load dispatcher can raise or lower the reactor power frequently and 

rapidly, as is required by the load demands of the system. Although this mode of 

operation was in effect before advantage could be taken of barrier fuel, the improved 

performance of barrier fuel has allowed the operators to increase the power level at 

which this can be done. During Cycle 8 the EGC power range was changed from 

a range of 50 MW(e) with a peak of 93% full power to a range of 100 MW(e) with 

a peak of 96% full power.

During much of Cycle 8, Quad Cities-2 operated under EGC. In 1985 Cycle 8 

operated for 14% under the EGC mode. From 1 January to 30 May 1986 this had 

increased to approximately 47%. As shown in Fig. 6, during May 1986 the unit 

operated for approximately 70% of the month under the EGC mode. Throughout 

Cycle 8 the off-gas records have been carefully reviewed for any indication of fuel 

defect formation. No increase in off-gas has been observed during the operating 

cycle, which indicates that no fuel failures have occurred during Cycle 8.

6. DISCUSSION OF RESULTS

The power and exposure ranges of demonstration fuel during the first and 

second demonstrations are shown in Fig. 7. Also shown in the figure is the failure 

correlation for non-barrier fuel in test reactor ramp tests. The first demonstration 

ramp did not challenge the barrier fuel significantly because the burnups were low, 

but it confirmed the nuclear methods and provided confidence that in-core ramping 

could be performed without risk to non-barrier fuel. The second demonstration ramp 

of the barrier fuel was well into the failure regime for non-barrier fuel based on test
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reactor data; thus, a substantial number of fuel rod failures would have been expected 

had the demonstration fuel not been barrier fuel. Past experience with power reactor 

fuel also indicated that there would have been many fuel rod failures had the demon

stration been performed with non-barrier fuel.

The success of the Quad Cities-2 demonstration is the culmination of an exten

sive programme to develop and demonstrate fuel resistant to PCI failures. Elements 

of this programme included:

(1) Test reactor power ramp tests of fuel rod segments showed that Zr-barrier fuel 

was convincingly more resistant to PCI than conventional fuel [10, 12, 13]

(2) Laboratory PCI simulation tests showed that Zr-barrier cladding was more 

resistant than non-barrier cladding to stress corrosion cracking, the perceived 

mechanism for PCI [6]

(3) Repeat ramp tests of Zr-barrier fuel showed that fuel which had been subjected 

to a high power level could survive repeated ramp tests to high power levels, 

even after extended (5 MW-d/kg U) operation at moderate power levels 

[13, 14]

(4) Tests showed clearly that the Zr-barrier fuel did not adversely affect fuel per

formance under off-normal conditions, such as:

(a) Reactivity initiated accident conditions

(b) Loss of coolant accident conditions

(c) Anticipated operational power transients such as would be caused by a 

turbine trip without bypass

(d) Operation with a through-wall cladding defect.

Two full size Zr-barrier lead test assemblies in Quad Cities-1 were examined 

after four cycles of operation and 38.5 MW-d/kg U bundle average exposure 

(50 MW-d/kg U peak pellet). Their condition was found to be normal or better than 

normal relative to non-barrier fuel.

Based on this extensive test database, and the successes of the Quad Cities-2 
large scale demonstration, GE advised BWR operators that the operating limitations, 

currently in effect for non-barrier fuel, are not necessary for Zr-barrier fuel. Subse

quent operations in Quad Cities-2 have substantiated this recommendation by show

ing that barrier fuel can operate in an unrestricted mode on a core-wide basis without 

failing fuel. Substantial savings in replacement energy costs have accrued as a result 

of the improved operating flexibility of cores with barrier fuel.

The Quad Cities-1 reactor started its Cycle 9 with a sufficiently large propor

tion of barrier fuel (57%) to take partial advantage of the PCI resistant fuel later in 

the cycle. Except for control cells, most of the non-barrier fuel is in peripheral or 

near-peripheral positions. Two Zr-barrier lead test assemblies are now in their fifth 

cycle of operation in Quad Cities-1. At the end of the current cycle their exposure 

is projected to be 43.3 MW-d/kg U bundle average and 56.7 MW-d/kg U peak 

pellet.
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(1) Based on the success of this demonstration and the supporting tests which have 

been reported previously, the operating limitations which apply to non-barrier 

fuel have been removed for all Zr-barrier fuel

(2) The large scale demonstration of Zr-barrier fuel in Quad Cities-2 has shown 

that fuel operating restrictions can be removed without affecting fuel reliability

(3) Although the entire core of Quad Cities-2 has not yet been converted to barrier 

fuel, recent operations with 72% barrier fuel have resulted in a higher capacity 

factor and an improved operational flexibility which are directly attributable 

to the barrier fuel design.

7 . C O N C L U S I O N S

REFERENCES

[1] ARMIJO, J.S., COFFIN, L.F., United States Patent 4,200,492 (1980).
[2] ARMIJO, J.S., COFFIN, L.F., United States Patent 4,372,817 (1983).
[3] ROSENBAUM, H.S., The interaction of iodine with Zircaloy-2, Electrochem. 

Technol. 4  (1966) 153-156.
[4] DAVIES, J.H., et al., “Power ramp tests of potential PCI remedies”, LWR Fuel Per

formance (Proc. ANS Topical Mtg Portland, OR, 1979), American Nuclear Society,
Hinsdale, IL (1979) 275.

[5] TOMALIN, D.S., ADAMSON, R.B., GANGLOFF, R.P., “Performance of irradi
ated copper and zirconium barrier-modified Zircaloy cladding under simulated pellet- 
cladding interaction conditions”, Zirconium in the Nuclear Industry (Proc. 4th Conf., 
1979), Rep. ASTM STP 681, American Society for Testing and Materials, 
Philadelphia, PA (1979) 122-144.

[6] ROWLAND, T.C., Demonstration of Fuel Resistant to Pellet-Cladding Interaction — 
Phase 2 Final Report, Rep. GEAP-25163-10, General Electric Company (Nov. 1984).

[7] PAUSTIAN, H.H., THOMPSON, J.R., Nuclear Design and Core Operation for the 
First Irradiation Cycle of the Large-Scale Zirconium Barrier Fuel Demonstration at 
Quad Cities Unit 2, Rep. GEAP-30314, General Electric Company (Mar. 1984).

[8] PAUSTIAN, H.H., FURTADO, D.T., STRUB, B.R., “An in-core large scale demon
stration of barrier fuel at Quad Cities-2”, Pellet-Cladding Interaction in Water Reactor 
Fuel (Proc. Specialists Mtg Seattle, 1983), IWGFPT/18, IAEA, Vienna (1984) 56-60.

[9] ROWLAND, T.C., et al., Large-Scale Demonstration of Barrier Fuel in the Quad 
Cities Unit 2 Nuclear Power Station, Rep. NEDO-30967, General Electric Company 
(Apr. 1985).

[10] ROSENBAUM, H.S., et al., “Large scale demonstration of barrier fuel”, Light Water 
Reactor Fuel Performance (Proc. ANS Topical Mtg Orlando, FL, 1985), American 
Nuclear Society, Hinsdale, IL (1985) 7-63.

[11] ROSENBAUM, H.S., et al., “Zr-barrier cladding attributes”, Zirconium in the 
Nuclear Industry (Proc. 7th Symp. Strasbourg, 1985), Rep. ASTM STP 939, American 
Society for Testing and Materials, Philadelphia, PA (1986) (in press).



134 R O S E N B A U M  e t a l.

[12] ROWLAND, T.C., DAVIES, J.H., THOMPSON, J.R., ROSENBAUM, H.S., 
“Statistical analysis of power ramp PCI data”, Pellet-Cladding Interaction in Water 
Reactor Fuel (Proc. Specialists Mtg Seattle, 1983), IWGFPT/18, IAEA, Vienna (1984) 
61-68.

[13] DAVIES, J.H., ROSICKY, E., ESCH, E.L., ROWLAND, T.C., Fuel Ramp Tests in 
Support of a Barrier Fuel Demonstration, Rep. GEAP-220786, General Electric Com
pany (Jul. 1984).

[14] WAKASHIMA, Y., ITO, K., ROSICKY, E., OI, N., МАЮ, H., “Multiple ramp tests 
of zirconium liner fuel” , Light Water Reactor Fuel Performance (Proc. ANS Topical 
Mtg Orlando, FL, 1985), American Nuclear Society, Hinsdale, IL (1985) 7-79.



IA E A -S M -2 8 8 / 5 6

FUEL DESIGN EVOLUTION  
IN  INDIAN PHWRs

S.A. BHARDWAJ, M. DAS 

Nuclear Power Board,

Department of Atomic Energy,

Bombay, India

Presented by K. Balaramamoorthy 

Abstract

FUEL DESIGN EVOLUTION IN INDIAN PHWRs.
The current Indian nuclear power programme is based on the installation of a series of 

PHWRs of 235 MW(e) and 500 MW(e) capacities. This programme follows the successful 
demonstration at the Rajasthan Atomic Power Station (RAPS) and the Madras Atomic Power 
Station of all the essential input technologies developed in the country. Premier amongst these 
is development of all the fuel cycle activities, from mining of the ore to final reprocessing of 
the spent fuel. The responsibility for the design, development, manufacture and operation of 
reactor fuels rests with the Department of Atomic Energy. This arrangement ensures a close 
interaction between the agencies involved and has resulted in expedient development of the 
fuel cycle. The fuel design used for the initial charge of RAPS, the first power reactor of the 
PHWR type in India, was essentially the same as that used for the Douglas Point reactor in 
Canada. A major part of the initial fuel charge for RAPS Unit 1, which started operation in 
1972, was fabricated in India. The evolution of designs is discussed, beginning with the design 
analysis of the 19-element wire wrap fuel bundle design obtained from Canada. Over the 
years, the following additional power reactor fuel assemblies have been developed: a 
19-element (split spacer) fuel bundle; a 22-element fuel bundle; a 28-element fuel bundle and 
a 37-element fuel bundle. These new designs have been developed by the thorough under
standing that has been gained in the basics of fuel design, fuel material specifications, 
manufacturing engineering and quality control procedures, type-test requirements and 
operating technical specifications.

1. INTRODUCTION

The manufacture of PHWR fuel on a small scale at the Bhabha Atomic 

Research Centre (BARC) started with the fabrication of about 2000 fuel bundles for 

the Rajasthan Atomic Power Station (RAPS), using the fuel design and specifications 
obtained from Canada.

The uranium oxide for this fuel was processed at BARC. However, Zircaloy 

for the fuel structural components had to be imported. Based on this initial power
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reactor fuel fabrication experience, large scale production plants have been 

established in India. These facilities (at the Nuclear Fuel Complex (NFC)) include 

in-house fabrication of all fuel components, including Zircaloy. The production units 

at NFC are the result of the processes developed and the plant designs evolved by 

various divisions of the Department of Atomic Energy.

However, certain problems arose in the initial phase of operation of these 

production plants, e.g. the end product sometimes deviated markedly from the 

design specifications. The divergent production parameters were gradually over

come and adequate process controls were formulated and implemented. At the same 

time these deviations prompted the designer to conduct a sensitivity analysis of the 

available design specifications. The design requirements were analysed with respect 

to the production deviations, and several interim solutions were offered, one of 

which was to use certain off-specification material. Some of these solutions 
necessitated undertaking out-of-pile tests and proof irradiations in the reactor. The 

information acquired at various seminars and meetings on fuel organized by the 

IAEA has proved invaluable to a developing country such as India. Designer’s 

attempts to aid fuel manufacturing have led to a thorough first hand investigation of 
the various fuel design parameters and helped to create the necessary out-of-pile and 

in-pile test facilities. These facilities, and the experience obtained from them, as well 

as feedback from in-reactor fuel performance, have helped us to design, develop and 

evolve new, improved designs for the Indian nuclear power programme.

2. REFERENCE DESIGN

The fuel design used for the initial fuel charge of RAPS reactors is shown in 

Fig. 1. This design, evolved from the design for the Douglas Point reactor in 

Canada, consists of 19 elements arranged into a 500-mm long, closely packed circu

lar assembly. The obvious choice of a close packed circular cross-section resulted 

from the containment of the fuel and the coolant in small diameter pressure tubes. 

The inherent emphasis placed on neutron economy in a natural uranium oxide fuelled 

heavy water moderated and cooled reactor has resulted in the use of thin walled 
collapsible cladding and high density sintered U02 pellets. Because the clad is col

lapsible, close control on axial and diametral pellet clad clearances and clad mechani

cal properties is necessary in order to avoid excessive sheath strain. These basic 

features, coupled with an on-load fuelling capability, have enabled an average 

burnup of over 7000 MW-d/t U to be achieved from natural fuel. The nominal maxi

mum thermal power output in individual elements is limited to 50 kW/m.

The salient design features of the fuel assemblies used in Indian PHWRs are:

(1) Thin walled cladding of the desired mechanical strength and ductility under

loading in a closed end burst test
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(2) High density U02 pellets sintered and ground to the desired visual quality 
standards

(3) Narrow pellet-clad gaps

(4) High integrity resistance welds of end-caps to sheath

(5) High integrity welds on wire wraps/spacers used for interelement spacing

(6) Close control of the bundle assembly in order to meet the fuel handling 

requirements.

3. DEVELOPMENTS OF THE DESIGN TECHNICAL SPECIFICATIONS

WITH RESPECT TO MANUFACTURING PROCESSES

Evolution of the design technical specifications has proceeded in parallel with 

development of the manufacturing processes of various components used in fuel. 

Some typical examples of these developments are discussed in the following 

subsections.

3.1. Zircaloy cladding

3.1.1. Mechanical properties

In the initial design of RAPS the cladding was specified as Zircaloy-2 in a cold- 

worked and stress-relieved condition, with emphasis placed on strength. The reason 

for this was that higher strength improves the neutron economy because of lesser 

wall thickness and also prevents longitudinal ridge formation. However, to accom

modate expected end-of-life strains on the sheath in a circumferential direction, the 

specifications were revised to emphasize the total circumferential elongation require

ments for the closed-end burst test.

At times large scatter was observed in the mechanical properties of the tubes 

produced at NFC. To take into account the scatter in mechanical properties, 

appropriate statistical sampling techniques and acceptance criteria have been 
included in the specification. These criteria comprise the sample size, average 

property of the sample size, average property of the samples and variance in the 

individual sample properties to ensure a desired confidence level. However, there 

have been instances during the initial periods of Zircaloy fabrication at NFC when, 

owing to large scatter in the mechanical properties of the samples drawn for destruc

tive tests, the specified confidence level was not met.

Stress-relieved Zircaloy material properties are very sensitive to control in the 

tube fabrication route, particularly variation in the stress-relieving temperature. 

These process parameters were gradually refined and maintained by quality control 

plans. Meanwhile, the fuel design group evaluated the likely impact of these devia

tions on fuel performance, and suggested using certain off-specification material.
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Some examples are:

(1) Low confidence level in biaxial ductility. Taking advantage of fuel assembly 

characteristics such as short length and the flexibility of fuel management in Indian 

PHWRs, some solutions were offered by the fuel designer, e.g. to use material 

where large scatter was observed in closed end burst tests. Bundles were fabricated 

using such tubes and were categorized as ‘low power zone’ bundles. These fuel 

bundles were assigned positions in the reactor where demands made on ductility are 

minimum. These restrictions imposed certain constraints on fabrication and in

reactor fuel management schemes because of the limited locations available for load

ing such fuel. However, use of this kind of material proved successful in achieving 

good fuel performance as it permitted time for iterating the process parameters in 

the fuel tube fabrication route.

(2) Low confidence level in strength. The strength of the clad material determines 

the collapse behaviour under coolant pressure and the capability of the fuel bundle 

to sustain, without any unacceptable deformations, the loads likely to be imposed on 

it by the fuelling machine and other fuel transfer operations. Out-of-pile type tests 

were conducted on prototype fuel assemblies to proof test their load bearing capacity. 

The collapsibility of the clad has been studied theoretically and experimentally by 

Das et al. [1]. These studies helped to relate yield strength, wall thickness and pellet 

clad gap appropriately so as to avoid permanent longitudinal ridge formation.

Thus, for tube lots with yield strength values (based on statistical evaluation) 

lower than the specified requirements control was exercised in other complementary 

design parameters to meet the overall design intent of avoiding longitudinal ridge 
formation.

Large scatter in the tube mechanical properties can also be overcome if the 

material is used in a fully annealed condition. In-pile evaluation of the behaviour of 

fuel bundles with fully annealed clad material is continuing on a batch of 500 fuel 

bundles. Performance has so far been encouraging. However, we plan to conduct 

power ramp tests on fully annealed cladding before specifying that such material be 
used as fuel cladding.

3.1.2. Chemical composition

Another major area of concern in the initial phase of commercial production 

of Zircaloy has been the occasional presence of higher than specified impurities, 

namely oxygen, nitrogen and aluminium, in the Zircaloy. Their impurity levels dic

tate the corrosion characteristics of zirconium alloy, whereas the oxygen level also 
affects the strength and ductility of the alloy.

The sources of these impurities were soon traced to various stages of produc

tion and were successfully controlled; aluminium, for example, was entering the Zir

caloy through the refractory bricks used for the chlorinator. Even after carrying out
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T A B L E  I .  R E L A X E D  S P E C I F I C A T I O N S

Element Specified value 
(ppm)

Recommended concessional value 
(ppm)

Aluminium 75 175

Nitrogen 65 100

Oxygen 1400 1750

these controls, deviations in the impurity levels persisted, although in decreasing 

order, in some production lots because of the recycling of scrap from previous lots. 

Acceptance of such lots was based on the relaxed specifications shown in Table I.

These concessional limits were based on a survey of the literature [2] and long 

term (lasting over 300 days) out-of-pile corrosion tests undertaken at BARC [3,4]. 

Corrosion tests were conducted on actual production samples, where these higher 

impurities were present in the same material lot. The control samples obtained from 

normal design specifications were also subjected to corrosion tests under the same 

environmental conditions in order to compare the results. These tests showed that 

for a substantial period, i.e. for nearly 200 days out of a test duration of 308 days, 

the off-specification material showed corrosion rates similar to those observed in the 
control samples. However, in the later period a definite increase in the corrosion 

rates was observed (as shown in Fig. 2) in off-specification material over that in the 

control samples [5]. The overall weight gain was, however, well within the design 

limits. These out-of-pile corrosion tests, the water chemistry control maintained and 

the short fuel residence time in these reactors permitted us to relax the specification 

limits.

3.2. U02 pellets

Production of U02 pellets in the initial stages also posed certain problems. 

The U02 grain size, for example, was often found to be unusually large, i.e. around 

100 ¡Á,m as against 25 цт specified in the reference specifications. There were also 

large variations in average grain size from lot to lot. While considerable effort was 

being made by the fabrication group to define the powder characteristics and other 

means of maintaining control of the U02 grain size, the design group reviewed the 

impact of large grain size on fuel performance.

This study was carried out to analyse theoretically the fission gas release 

phenomena with varying grain size and was primarily based on a detailed survey of 

the literature. The conclusion reached was that the large grain size did not have a 

deleterious effect on fuel performance; on the contrary, it may be beneficial with
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FIG. 2. Long term corrosion test results.

regard to fission gas release. Therefore, the pellet specifications were revised to 

delete the requirement on grain size; however, the requirement of a uniform defect 

free microstructure was retained.

4. PERFORMANCE OF OFF-SPECIFICATION MATERIAL

The changes referred to above were implemented after in-reactor proof testing 

of fuel bundles fabricated from such materials was completed. Specially documented 

fuel bundles were loaded into power reactors to gain information on certain typical 

recurring deviations where insufficient design or performance information was avail

able. The prominent deviations such as large grain size of U02, low yield strength 

of cladding and fully annealed cladding were studied. These special bundles were 

generally loaded into high power locations in the reactor. The details of these bundles 

and their performance are given in Table II. It should also be mentioned that none 

of these special bundles have failed in the reactor. Thus, it was these initial difficul

ties in fabrication which prompted a detailed design analysis to be made of the initial 

fuel design and led to expeditious development of facilities for out-of-pile and in-pile 

testing. This experience further aided the design and development of new fuel 
designs.
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Category of bundle No. of 
bundles 
irradiated

Loading Typical 
bumup 
achieved 
(MW-d/t U)

Fuel tubing — mechanical strength

Low yield strength 1 200 Normal 7 850
Low ductility under biaxial test 900 LPZa 7 512

Zircaloy ingot — chemical composition

Fuel tubing 3 500 Normal 9 160
Bars for end-cap 2 500 Normal 9 160
Wire 2 500 Normal 9 160
End-plate 700 Normal 9 160

U02 pellet

U02 pellet — large 400 LPZa and 10 757
grain size normal
U02 pellet — chemical composition 480 Normal 8 970
(Fe, Ca, Si, Gd)

a LPZ — Low power zone in the reactor.

5. FUEL DESIGN DEVELOPMENT

5.1. Fuel element and bundle design and development

An in-house capability has been established for reactor core design, fuel design 

and fuel management for PHWRs. Fuel element design computer codes [6] have 

been developed for the engineering design of fuel elements. These have been vali

dated against the information available on initial design, published results and 

irradiation experiments. Computer codes have also been written for the structural 

design of bundles, taking into consideration [7] the loading conditions during irradia

tion and those imposed by fuel transfer operations.
All the design improvements and the new fuel designs have been implemented 

after thorough out-of-pile and in-pile testing. A new design is type-tested in order 

to prove its performance under typical reactor loading conditions arising from inter

acting systems such as fuelling machine operations, movement in fuel transfer
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TABLE III. DESIGN DATA FOR FUEL BUNDLES DEVELOPED FOR THE 

INDIAN PHWR PROGRAMME

No. of elements 19 22 28 37

Designed reactor power (MW(e)) 235 235 500 500

Fuel material Natural U02 Natural U02 Natural U03 Natural UO;

Clad material Zircaloy-4 Zircaloy-4 Zircaloy-4 Zircaloy-4

Bundle diameter (mm) 81.74 81.74 102.36 102.36

Length of bundle (mm) 495 495 495 495

Element outer diameter (mm) 15.22 13.08 (outer 
14 elements)

15.22 (inner 
8 elements)

15.22 13.08

Clad thickness (mm) 0.38 0.38 0.38 0.38

Pellet-clad gap (mm) 0.05 0.05 0.05 0.05

Minimum U02 weight (kg) 14.97 14.45 22.35 21.78

Linear power rating (kW/m) 50.20 47.80 52.80 44.00

Design maximum burnup 
(MW-d/t U)

15 000 15 000 15 000 15 000

system, coolant flow, and pressure and temperature conditions. New fuel bundle 

configurations have also been tested for the flow mixing pattern among subchannels

[8] to establish their thermal-hydraulic design.

These design and development facilities have been utilized to develop the fol

lowing fuel designs for the Indian PHWR programme: a 19-element fuel bundle, a 

22-element fuel bundle, a 28-element fuel bundle and a 37-element fuel bundle.

The salient parameters of these fuel bundles are given in Table III. Figure 3 

shows cross-sections of these geometries. The 19- and 22-element fuel bundles are 

the designs developed for use in 235 MW(e) reactors, and the 28- and 37-element 

fuel bundles are for 500 MW(e) reactors. The 22-element fuel bundle uses elements 

of two different diameters in its assembly. In-pile testing of a few such bundles is 

currently underway in the Madras Atomic Power Station. Besides updating of the 

material specifications and development of element design and fuel bundle structural 

designs for our current nuclear power programme, certain general features such as 

split spacer design and graphite coating of the clad tube inner surface are also being 

adopted.
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FIG. 3. Fuel bundle cross-sections.

5.2. Split spacer bundle

The reference 19-element bundle fuel design was of the wire wrap type. The 

design has been found to be reliable, and to date operating experience on this type 

of fuel has been quite satisfactory. Development of the split spacer fuel design 

emerged from two main considerations: (a) sheath fretting still exists due to 

increased coolant flow velocities, and (b) the wire wrap design is not easily adaptable 

to relatively open geometries such as 22-, 28- or 37-element configurations. The split
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spacer design overcomes the sheath fretting problem and also improves fuel burnup 

because of a lower Zircaloy content. Spacer attachment technology was developed 

by both brazing and welding routes. However, the welding route is preferred as tox

icity caused by the beryllium used in the brazing process can be avoided. A number 

of fuel bundles of split spacer design have been irradiated in RAPS and performance 

has been satisfactory.

5.3. Graphite coating of clad tube

The graphite coating acts in a number of ways to reduce the incidence of fission 

product induced stress corrosion cracking of the cladding on a power ramp. Such 

coating reduces the friction between the fuel and the cladding, thus lowering the 

stress concentration in the cladding, in line with the cracks in the U02 pellets. It 

also serves as a barrier layer and so prevents fission products from coming into 

contact with the cladding. In this design, the inside surface of the fuel sheath is 

coated with a graphite layer that is 5 to 9 ¿tm thick.

The graphite coated bundles are expected:

(1) To provide improved fuel performance, even at higher heat ratings

(2) To reduce power ramp induced fuel defects

(3) To reduce some of the restrictions imposed on fuel bundle movement and the

rate of power rise during reactor startup

(4) To reduce fission gas release by achieving better heat transfer between the

U02 pellets and cladding, with a consequent lowering of the central

temperature; special test bundles using graphite coated tubes are currently 

being irradiation tested.
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Abstract

CURRENT EXPERIENCE AND DEVELOPMENT ASPECTS OF SVEA BWR FUEL.
A review is given of the current experience gained with SVEA water-cross BWR fuel 

with regard to manufacture, pool-side inspections and operational behaviour. Some aspects on 
its near term and future development potential are also presented. The first four SVEA assem
blies were loaded in Ringhals 1 in 1981; they are now at the end of their fifth operating cycle. 
The first full SVEA reload was inserted in 1984. SVEA is now regarded as the standard 
ASEA-ATOM BWR fuel and already dominates 8x8 fuel in the 1986 deliveries. The SVEA 
fuel channel, including the water-cross structure, contains 20 to 30% less Zircaloy than 
normal channels. This is the only component that has required major development of the 
manufacturing technique and equipment. These efforts have been successful and the channels 
are now produced efficiently and according to the high standards required for dimensional 
tolerances and welding quality. Since 1982 detailed pool-side inspections of SVEA assemblies 
have been made during shutdown periods. So far, the experience has been very satisfactory. 
Low channel deformation rates and differential rod growths have been noted. Follow-up of 
the first two SVEA reloads in Ringhals 1 supports the reactivity gain prediction of about 
2% Дк for SVEA fuel compared with 8x 8  fuel. However, there has been a tendency to 
underpredict the cycle length. A number of ASEA-ATOM plants are equipped with 
instrumentation to monitor coolant flow through individual fuel channels. Studies of flow 
noise patterns have shown that the coolant flow through the SVEA fuel assemblies is much 
more stable than that of the 8 x 8 assemblies. There is a large potential for development within 
the basic SVEA concept. Some interesting design options and improvement areas are dis
cussed, e.g. a low absorption spacer grid, an alternative burnable absorber concept, and a 
5x5  sub-bundle lattice.

1. SVEA FUEL

SVEA water-cross fuel represents a new generation of BWR fuel from 

ASEA-ATOM and provides an improvement in fuel utilization in the order of 10% 

compared with the previous standard 8 x 8  design. SVEA fuel was first presented 

in 1981 [1] and was later described and discussed at several meetings [2-6]. Thus, 

only a short description is given here.
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N o n - A S E A - A T O M  R oa  Channel

R eactor Design A S E A - A T u iv '  Reactor Design

FIG. 1. SVEA fuel assembly.

SVEA fuel achieves its outstanding fuel economy primarily through the 

introduction of moderating water in the water-cross. The cross structure also 

strengthens the channel, thus reducing creep deformation and minimizing the quan

tity of structural material. The cross is welded together along the edges of the wings 

and also along a row of dimples in each wing near the centreline of the channel in 

order to increase structural stability. The outer shroud is similar to but thinner than 

an ordinary 8 x 8  channel. The cross is intermittently welded to the shroud along 
the centreline of each side. Between the welds small gaps are formed to allow 

hydraulic communication between subchannels.

The fuel rods are arranged in four 4 x 4  sub-bundles, using the same rod 

design as that of 8 x 8 fuel. Each sub-bundle is assembled as a separate unit, with 

its own top and bottom tie plates, and is held together by two tie rods. The rods are 

supported laterally by spacer grids of ASEA-ATOM standard low pressure drop 

design. The axial positions of the spacers are secured by a spacer capture rod, which 
also acts as a fuel rod.

Use of SVEA fuel in reactors from different vendors requires adaptation of 

design details to differences in core and core internal dimensions as well as differ

ences in handling equipment. Currently, two SVEA models exist: SVEA-S and 

SVEA-C; they have been adapted for use in ASEA-ATOM and non-ASEA-ATOM 

reactors, respectively. The most noticeable differences between the two SVEA
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models are found at the top of the assemblies. They reflect differences in fuel loading 
equipment and also in lateral support in the core grid (Fig. 1). Moreover, for non- 

ASEA-ATOM reactors, the rod diameter is slightly smaller — in combination with 

a broader water gap — for optimization regarding nuclear characteristics.

2. INTRODUCTION OF SVEA FUEL

The first four SVEA fuel assemblies were loaded in the Ringhals 1 reactor in 

1981 and are still in core. Since then, SVEA assemblies have been loaded into 

various ASEA-ATOM reactors in Sweden and Finland, contributing to a broad 

verification base of reactor type and operation conditions. In 1984 the first commer

cial reload was delivered in Ringhals 1. The status of operational experience, as of 

July 1986, is given in Table I.

SVEA is now regarded as the ASEA-ATOM standard BWR reload fuel. Dur

ing 1986, 468 SVEA assemblies have been delivered to nine reactors, including lead 

assemblies to the Kriimmel Nuclear Power Plant in the Federal Republic of Germany 

and the Leibstadt Nuclear Power Plant in Switzerland. This corresponds to almost

TABLE I. SVEA EXPERIENCE (1 July 1986)

Reactor
No. of 

assemblies
Inserted Inspected

Peak assembly 
burnup 

(MW-d/kg U)

Ringhals 1 4 1981 1982, 1983, 1984, 1985 29

Ringhals 1 2 1982 1983, 1984, 1985 26

Ringhals 1 8 1983 1984, 1985 22

Ringhals 1 80 1984 1985 17

Ringhals 1 80 1985 9

Oskarshamn 2 2 1982 1983, 1984, 1985 31

Oskarshamn 2 12 1983 1984, 1985 24

Oskarshamn 2 40 1985 9

Forsmark 2 8 1984 16

Forsmark 2 22 1985 8

Barsebàck 1 8 1985 8

TVO П 8 1985 1986 11
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60% of the ASEA-ATOM BWR fuel deliveries for 1986. The expected deliveries 
for 1987 and 1988 are 80% and near 100%, respectively. The 1986 deliveries 
include some SVEA fuel with liner type pellet-cladding interaction (PCI) resistant 
fuel rods.

The first full reload order to the FRG has been obtained for the Brunsbüttel 
Nuclear Power Plant. It consists of four reloads (1988-1991), preceded by eight lead 
assemblies in 1987. Lead assemblies have also been ordered for the Philippsburg 1 
reactor.

SVEA is currently licensed for reloads in Sweden and Finland. Licensing 
activities are under way in the FRG and Switzerland as well as in the United States 
of America where water-cross fuel has been introduced by the Westinghouse Electric 
Corporation under the name of QUAD+.

3. MANUFACTURING AND QUALITY

SVEA fuel mainly utilizes the same design, and therefore the same manufac
turing methods, as ASEA-ATOM 8x8 BWR fuel. For instance, SVEA-S fuel rods 
are identical to the 8 X 8 rods, although SVEA requires lower enrichment grades. 
SVEA spacer grids are, in principle, the same as for 8 X 8 fuel but are applied to 
the 4 x 4 rod configuration, and bundle assembly operation is carried out in the same 
way as for 8 x 8 fuel.
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S s 0.23 mm

— — Standard channels
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X  = mean value S ** standard deviation

F I G . 3 . S t a t is t ic s  o f  b o w  m e a s u r e m e n t s  f o r  S V E A  a n d  s t a n d a r d  c h a n n e ls  d u r i n g  1 9 8 4 - 1 9 8 5  

m a n u f a c t u r in g  c a m p a ig n .

SVEA fuel channels are manufactured in a special shop, where the major part 
of the equipment is new and placed on a production line. The equipment is highly 
specialized and is therefore designed entirely at the Fuel Division. An important 
requirement is flexibility and short retooling times, since the line has to cope with 
different versions of the SVEA concept, corresponding to different BWR designs. 
For example, we need only 10 minutes to retool our heavy press for bending of the 
channel halves. All new equipment is controlled by modem, programmable 
controllers.

SVEA channel manufacturing includes a number of welding operations. They 
are all performed in vacuum chambers designed to ensure weld quality.

Sizing of the outer channel is done according to the same reliable method used 
for 8 x 8 channels.

To a large extent dimensional inspections are performed by computerized 
inspection equipment with electro-mechanical sensors. Numerous measurements are 
made; for instance, the water-cross is measured in more than 1500 different points 
in order to determine thickness, volume, symmetry, etc. (Fig. 2).

Owing to the modem manufacturing equipment and to the advantages of the 
design, the dimensional accuracy of SVEA channels tends to be even better than that 
of the 8 x 8 type channels. An example is given in Fig. 3.

The manufacturing experience and capacity for SVEA fuel have expanded 
greatly since 1981 when the first lead assemblies were manufactured. As mentioned, 
almost 60% of our BWR fuel for 1986 is of the SVEA design and in 1988 the switch 
to SVEA will be essentially complete. This demonstrates both ASEA-ATOM’s and 
the utilities’ confidence in the SVEA design, manufacture and quality.
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Extensive inspection programmes have been carried out to monitor closely 
the in-reactor behaviour of the SVEA assemblies; the inspections made during all the 
annual shutdowns since first insertion are shown in Table I. The inspection results 
show that the irradiated SVEA assemblies are in excellent condition and confirm the 
predicted behaviour.

The inspection programmes have included periscope and TV inspection of sub
bundles as well as external and internal channel surfaces. Individual rods have been 
pulled out and inspected. Measurements of external and internal channel dimensions 
have been made.

Detailed visual inspections of SVEA assemblies after up to four cycles of oper
ation and with a bumup of up to 26 MW -d/kg U have shown that the fuel bundles 
are in very good condition, with low corrosion rates and crud depositions, no rod 
bow and insignificant differential rod growth (less than 2 mm difference). There is 
no indication of fretting wear at contact points, e.g. between fuel rods and spacers, 
or in any other positions. The channel surfaces show a low corrosion rate and the 
weld appearance is generally highly satisfactory.

For visual inspections sub-bundles have been lifted out of the channel and sub
bundle top tie plates have been removed to enable rods to be pulled up for inspection 
of spacer contact points. This has also made it possible to inspect internal rods,

4. P O O L -S ID E  IN S P E C T IO N S

Symbols: Side 4 - o

\ N_ T Side 1 =X
\ \
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including the fuel containing spacer capture rod. All the inspected assemblies have 
been reassembled and reinserted for continued operation.

Measurements of channel and subchannel dimensions show very good dimen
sional stability and confirm the predicted creep deformation properties. Channel bow 
and twist show small changes, but these are less than for 8 x 8 channels at the same 
bumup. The measured bow for two of the channels with the longest irradiation 
periods are shown in Fig. 4, before irradiation as well as after different periods of
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irradiation. It can be seen that channel straightness is very stable during irradiation. 

The slightly larger change in bow in the 1984-1985 cycle (for the assembly inserted 

in 1981) is due to its position near the core periphery during that cycle. The bow 

behaviour of the two channels shown in Fig. 4 is representative for all the SVEA 

channels measured.

Measured channel twist after irradiation is shown in Fig. 5. It was found that, 

with few exceptions, the twist still lies within fabrication tolerances.

The change in outside width due to creep deformation has been measured up 

to an assembly burnup of 26 MW-d/kg U, as shown in Fig. 6 . The width is 

measured along the channel and the results for the axial region with the largest creep 

deformation are presented. The width increase is significantly smaller than that of 

8 x 8 assemblies with the same burnup. Thus, the inspection results confirm the 

predicted favourable creep behaviour of the SVEA channel, which is due to the 

support given by the cross to the walls.

5. IN-PILE EXPERIENCE OF SVEA FUEL PERFORMANCE -  FUEL 

ECONOMY

At present more SVEA fuel has been loaded into the Ringhals 1 reactor than 

into any other BWR. Accordingly, the operating history of this particular reactor 

core provides the best confirmation of the fuel economy advantages predicted for the 

SVEA fuel design [6].

Figure 7 illustrates how the core content of SVEA fuel has increased succes

sively over the last three years. During the operating season 1985-1986, about one- 

quarter of the Ringhals 1 core consisted of SVEA assemblies; more SVEA reloads 

are to follow.

Theorectical analysis shows that SVEA fuel offers reactivity savings of about 

2% Дк. However, these cannot be observed directly as a gain in core reactivity, 

since the k<.ff value of an operating reactor core is, by definition, always 1 .0 . 

Rather, the savings materialize as a combination of reduced demand for replacement 

fuel and increased fuel exposure.

From a practical point of view, the reactivity savings offered by SVEA fuel 

can be demonstrated in two ways:

(1) By comparing core reactivity predictions with the actual core reactivity 

(keff =  1 .0) throughout successive operating periods of reactors, with succes

sively increasing SVEA fuel core contents

(2) By comparing predicted and actual lengths of operating periods at rated power.

Figure 7 shows the results achieved from the tracking calculations of core reac

tivity performed during 1983-1986 for the Ringhals 1 reactor. First, the calculations
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Predicted Num ber o f SVEA
K ef f  value assemblies in the  core

hours (EFPH)

FIG. 7. Ringhals 1: predicted keg values and core content of SVEA assemblies 
(cycles 7  to 9).

are seen to underestimate actual core reactivity by a small amount (about 0.2% Дк) 

throughout the period considered. The reason for this small discrepancy is not related 

to the use of SVEA fuel in the core. Second, the small reactivity difference remained 

essentially constant throughout this period, while the core content of SVEA fuel suc

cessively increased. This implies that the reactivity characteristics predicted by the 

tracking calculations for the Ringhals 1 core were closely matched by actual core 

performance.

The operating period for cycle 7 (1983-1984) in the Ringhals 1 reactor was 

in good agreement with theoretical predictions. For cycles 8 and 9, there is a 

tendency for the operating periods to even exceed the prediction.

This experience confirms the reactivity savings offered by the SVEA fuel 

design.
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6 . IN-PILE EXPERIENCE OF SVEA FUEL PERFORMANCE -

FLOW STABILITY

During development of the SVEA fuel concept, the implications of its particu

lar thermal-hydraulic design features, with respect to performance, were tested in 

loop experiments utilizing mock-ups with electrically heated rods. The test results 

show that the SVEA fuel design offers improved thermal-hydraulic characteristics 

with regard to loss of coolant accident (LOCA) heat transfer and dry-out power limit 

and also indicated improved stability compared with the standard 8 x 8 fuel. 

Recently, evidence of the improvements offered by the SVEA fuel assembly design 

in hydrodynamic flow stability has emerged from coolant flow measurements in 

operating ASEA-ATOM BWRs.

In ASEA-ATOM BWRs of the latest design generation — with internal coolant 

recirculation pumps — coolant flow is monitored in eight individual coolant channels 

by measuring the pressure drops across their calibrated inlet orifices. This arrange

ment provides a unique means for observing directly the hydrodynamic characteris

tics of channel flow through individual fuel assemblies in operating BWRs.

In all the ASEA-ATOM BWRs the initial cores were composed of standard 

8 x 8 fuel elements. Coolant flow measurements performed in the internal pump 

plants during commissioning, and also on later occasions, have provided a wealth 

of information on the hydrodynamic stability characteristics of coolant flow through 

fuel elements of this particular design, including the dependence of flow stability 

margins on factors such as the magnitude of channel flow and channel power, as well 

as the axial power profile. In recent years the cores of two internal pump plants, 

Forsmark 2 and TVO II, have been reloaded with SVEA fuel elements. Thereby,

( a )  ( b )

FIG. 8. Forsmark 2: autospectra of flow noise through fuel channels with equal power densi
ties loaded with: (a) standard 8 x 8  fuel, and (b) SVEA fuel.
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opportunities have emerged to compare, by direct observation in operating plants, 

how the design differences between standard 8 x 8 fuel and SVEA fuel influence 

the hydrodynamic stability of coolant flow through these fuel elements. To date, four 

SVEA assemblies have been loaded into core positions where instrumentation for 

monitoring coolant flow is provided.

Experience shows that adequate information on flow stability can be obtained 

merely by analysing the noise patterns of the channel flow signals. Such studies 

demonstrate unequivocally that coolant flow through the SVEA assemblies is even 

more stable, and less noisy, than flow through the standard 8 x 8 fuel elements. For 

example, Fig. 8 compares flow noise spectra from two equally rated channels loaded 

with standard 8 x 8 fuel and SVEA fuel, respectively. The flow noise was recorded 

in these channels simultaneously in the Forsmark 2 BWR during operation at full 

power. In the diagram for the 8 X 8 fuel assembly, the broad spectral peak at about

1 Hz signifies the presence of a well damped flow oscillation at this frequency. The 

diagram for the SVEA assembly shows no sign of a similar flow oscillation in this 

frequency range; this is clear evidence of a much improved flow stability.

7. GENERAL COMMENTS ON DEVELOPMENT AREAS

Based on the experience gained in several studies carried out in Europe and 

the USA, where SVEA (or QUAD+) has been compared with other advanced BWR 

fuel designs, it is concluded that the current SVEA design offers considerable advan

tages and is very competitive. Looking into the future, there is certainly a very large 

development potential within the basic SVEA concept. During the development of 

the current SVEA designs, a large number of interesting design options and improve

ment areas have been identified. These could lead to further improvements in fuel 

economy, but would require more time for development, verification, adjustment of 

manufacturing and handling procedures, etc. In addition to the development possibil

ities that are specific to the SVEA concept, any improvement in basic fuel compo

nents, such as fuel rods and spacers, should also be applicable to SVEA.

An ‘L version’ of SVEA already exists, with an advanced fuel rod design 

featuring a liner type PCI remedy, beta-quenched low corrosion cladding, and 

optimized fill gas pressure. Part of the 1986 deliveries are of this design. However, 

there is ongoing development of fuel rod design and performance verification in 

Sweden and Finland [7] as well as in other parts of the world. SVEA will benefit 

from these developments in the same way as other designs. Low local peaking factors 

and neutron flux gradients in SVEA will contribute towards achieving the highest 

assembly power and assembly burnup consistent with a certain fuel rod design.

In the layout for SVEA-C for non-ASEA-ATOM reactors, reactivity gain has 

to some extent been traded off in favour of improved void coefficient and shutdown 

margin characteristics. The need for these improvements, and the possibilities of
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utilizing them for improved fuel economy or operational flexibility, may be very 

different in different reactor applications. They may also be changed in the future, 

because of other improvements in the reactors or their operation, e.g. by introduction 

of more efficient control rods. Therefore, it is important to note that a significant 

reactivity gain would result from a reoptimization towards a design with somewhat 

thicker fuel rods containing more uranium. To some extent this could be made within 

the same channel dimensions without causing an unacceptably high pressure drop. 

O f course, cost parameters, which may change with time as well as geographical 

location, enter into an actual fuel cycle cost optimization and will influence the 

optimum layout.

8 . LOW ABSORPTION SPACER GRID

The current SVEA spacer, based on the well proven 8 x 8 design, has a very 

reliable mechanical function up to high bumups, a low pressure drop and good 

characteristics regarding the dry-out margin. However, as the spacer has an all 

Inconel design, the parasitic neutron absorption is relatively high. There is a poten

tial for a fuel cycle cost reduction in the order of 1 %  by introduction of an all 

Zircaloy or a well optimized bimetallic spacer.

An extensive verification programme for a low absorption spacer is currently 

in progress as a joint project between ASEA-ATOM and Westinghouse, including 

in-pile demonstration as well as laboratory testing.

9. ALTERNATIVE BURNABLE ABSORBER CONCEPT

For more than ten years ASEA-ATOM has successfully utilized a burnable 

absorber concept in which UO2 pellets, containing a certain amount of Gd20 3, are 

mixed with non-poisoned U 02 pellets to obtain the optimum burnable absorber 

characteristics for a particular fuel cycle. This concept applies to SVEA as well.

However, an interesting alternative in connection with SVEA could be the 

introduction of thin removable burnable absorber shims in the water-cross gaps of 

the reload fuel. Depending on the cycle length, etc., such shims could wholly or 

partly replace the normal burnable absorber rods. By removing the shims after one 

cycle, the reactivity penalty caused by the even number of non-burning, gadolinium 

isotopes could largely be eliminated. This penalty, which is present as long as the 

gadolinium remains in the fuel, depends on cycle length, power density and other 

factors determining the total amount of gadolinium that is needed in the fuel. A 

reduction in the order of 2 % in fuel cycle costs would be possible with the removable 

shims in cases of extended cycle length. In addition, some extra flexibility would 

result from the fact that the shims would be manufactured independently of the rest 

of the fuel.
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One of the development trends for BWR fuel has been towards a division of 

the fuel into more and thinner rods. However, when other vendors had a 7 X 7 

lattice, ASEA-ATOM had already introduced (in the late 1960s) the 8 X 8 design 

and, keeping the same basic rods and number of rods, more margins and load capa

bility have been developed by various improvements such as SVEA and the liner PCI 

remedy.

Although the current SVEA design, with its 4 x 4 sub-bundle lattice, more 

than satisfies the needs known today and foreseen for the near future, there are possi

ble advantages to be achieved by a design offering still more margins. It seems 

desirable to reduce the linear heat rating of the rods at normal operation to below 

the PCI preconditioning threshold of about 30 kW/m. This would lead to a design 

with about 100 rods, which would then need no liner or other PCI remedy. For 

SVEA this is a logical step, thus providing sub-bundles with a 5 x 5 lattice. Six such 

demonstration assemblies have been produced for in-pile verification which will start 

this year in two reactors. The nuclear layout of these assemblies is shown in Fig. 9.

Characteristic for this design is the very low fuel temperature and fission gas 

release because of the low linear heat rating, as well as improved heat transfer due 

to a much increased heat transfer area. As a result, this fuel will have additional 

margins for operation to high powers and high bumups, which will contribute to 

good fuel economy, and the safety characteristics will be superior.

10. S V E A  5 X 5  L A T T IC E
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For a design with more and thinner rods, limitations may result from reduced 

stability due to the decreased fuel time constant and a tendency towards increased 

pressure drop. In the case of SVEA, improved flow stability properties have been 

indicated, as discussed in Section 6 . In combination with a less negative void coeffi

cient, this will compensate for the reduced fuel time constant. Moreover, the SVEA 

channel can withstand a somewhat higher pressure drop without the need for 

increased wall thickness. Flow noise recordings will be part of the verification 

programme for the demonstration assemblies.

11. CONCLUDING REMARKS

SVEA has now been established as a standard BWR reload fuel. Five years 

of operational experience with such fuel have already been gained. Pool-side inspec

tions and measurements have verified the dimensional stability of the SVEA channels 

and the adequate behaviour of the fuel bundles. Follow-up of the first reloads in 

Ringhals 1 confirms the reactivity gain expected, and flow noise measurements of 

SVEA assemblies in internal pump reactors indicate superior thermal-hydraulic 

stability.
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Abstract

EXTENDED BURNUP POTENTIAL AND PLANT CAPACITY FACTOR SAVINGS OF 

IMPROVED LWR FUEL DESIGNS.

Fuel cycle costs can be reduced by extending burnup and reducing capacity factor 

losses. Improved fuel designs have been developed with features that provide the means for 

attaining these performance goals. The current burnup experience was compared with future 

goals. The fuel rod internal pressure limit was analysed and the evaluation indicates that 

several design modifications can extend this burnup related limit. Mechanical design changes 

have extended limits due to differential growth. Improvements in Zircaloy corrosion 

resistance have been made, but experience is insufficient to quantify the increased margin 

available. Future bumup goals can be as high as 34 to 40 GW-d/t U batch average burnup 

for BWRs and 45 to 50 GW-d/t U for PWRs. Capacity factor improvements were predicted, 

based on the analyses of fuel ramp test results and their application to actual plant perfor

mance. Analytical predictions indicate that over 90% of the fuel related capacity factors may 

be recovered.

1. INTRODUCTION

The design of LWR fuels is changed periodically to improve performance and 

reliability as well as fuel cycle economics, a trend that is stimulated by a highly 

competitive market. The optimum fuel design can shift due to changes in financial, 

economic and administrative environments.

The improved fuels w ill cost more to cover research, development, 

engineering and marketing costs, and in most cases they will cost more to fabricate 

than the previous designs. The potential benefits should be weighed against the costs; 

the factors that should be included in such an evaluation are:

(1) T e c h n i c a l  p a r a m e t e r s :  equilibrium and transition fuel cycle designs; extended 

burnup capability; increased capacity factor due to decreased operating 

restrictions; improved reliability balanced against potential cost of fuel 

failures; improved overall plant manoeuvring capability, and ease of plant 

operation; effect on storage capacity; and effect on safety and licensing.
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(2) Economic parameters: increased fabrication price; other fuel cycle unit costs 

(U3Og conversion, separative work unit, disposal); cost of money; accounting 

methods (treatment of income taxes, fuel leasing conditions); and replacement 

power costs.

There is no doubt that two performance characteristics help significantly in 

achieving the best economic performance: the ability to operate reliably to extended 

bumup levels, and the ability to operate with minimal or no power manoeuvring 

restrictions. Extended residence of the fuel in the core permits it to operate until the 

bumup related fuel cycle cost optimum is reached [1]. Unrestricted manoeuvring of 

the plant reduces plant capacity factor losses due to current fuel related operation 

restrictions. It is the purpose of this paper to discuss the current and projected 

capability of improved LWR fuels in the United States of America to achieve 

extended bumups and higher plant capacity factors.

The design improvements that help to achieve these goals are:

(a) Extended bumup: annular pellet for BWRs and PWRs; 9 x 9  fuel array for 

BWRs; and heat treatment to improve Zircaloy corrosion resistance.

(b) Improved capacity factor: zirconium barrier for BWRs and PWRs; annular 

pellets for BWRs and PWRs; 9 x 9  fuel array for BWRs; and improved 

thermal margin.

In this paper, both generic improvements and specific commercial designs 

have been evaluated. The commercial designs evaluated were the Exxon Nuclear 

Company; Inc. (ENC) 9 x 9  BWR fuel and the Westinghouse Electric Corporation 

(W) QUAD+ BWR fuel.

2. EXTENDED BURNUP POTENTIAL

2.1. Lim iting parameters

To reach higher burnup discharge levels, fuel assemblies will have to meet 

increasingly severe thermal-mechanical performance requirements due to higher fuel 

burnup, higher neutron exposure of structural components, and longer exposure time 

of the assembly to the coolant temperatures and chemical environment. These 

requirements will have to be met by some changes in the design and fabrication 

methods.

The affected parameters are listed below in approximately decreasing order of 

importance, although they are all important. Some of the margin extension methods 

are noted below each one.

(1) Zircaloy growth
Provide more space by design changes, change fabrication method to decrease 

growth rate, improve fabrication techniques to reduce scatter in growth rate
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(2) Zircaloy corrosion
Beta- or alpha + beta-quench heat treatment for BWRs, develop more 

corrosion resistant structure and alloys

(3) Internal fuel rod pressure
Reduce fuel temperatures by decreased rod power, annular pellets, decreased 

gap, decreased fuel porosity, increase free void space in rod.

The items above are more sensitive to higher burnup because they are 

predicted to increase at least linearly with increased burnup. The items below are 

less sensitive to higher bumup, because they are predicted to increase at a lower rate 

than the burnup.

(a) Effect o f radiation on properties
Saturates with fluence and little can be done except change materials or modify 

fabrication techniques

(b) Pellet-cladding interactions (PCIs), mechanical or stress corrosion assisted 
Use PCI resistant barriers, reduce rod power, reduce fuel temperatures, with 

annular pellets

(c) Spacer spring relaxation
Saturates with fluence and little can be done except change materials.

B atch  average b u rn u p  ( G W d / t  U )

B atch  average b u rn u p  ( G W d / t  U )

FIG. 1. Relationship of assembly, rod and pellet bumup to batch average bumup.
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FIG. 2. (a) Standard 8x 8,  standard 8 x 8  barrier (5 atm prepressure) and W QUAD+ 
fission gas release, bumup, internal pressure and linear power versus time; (b) ENC 8 x 8  
(standard and annular) and ENC 9 X  9 fission gas release, bumup, internal pressure and 
linear power versus time; (c) ENC 15 X  15 (standard and annular) fission gas release, 
bumup, internal pressure and linear power versus time. (1 atm =  1.013 25 X  10s Pa.)

Extended burnup also requires higher reload enrichments and excess reactivity 

at the beginning of cycle, which tends to complicate the cycle design and increase 

power peaking and to potentially reduce margins.

To put the burnup values in context, one is reminded that economic analyses 

for extended burnup, as well as the vendors’ mechanical warranties, are based on 

batch average burnups. However, the thermal-mechanical and nuclear limits are 

related to assembly and rod bumups. Since the assembly burnups vary within a 

batch, it is important to keep the values in context in a review of potential burnup 

limitations. The relationship between batch, assembly and rod burnups is shown in 

Fig. 1.

2.2. Fission gas release modelling

The burnup limits imposed by rod internal pressure were evaluated using 

COMETHE-3K, a fuel rod behaviour computer program [2]. An actual BWR power
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history was imposed on all BWR designs and a typical PWR history on all PWR 

designs. For these analyses, the upper bound on allowable internal pressure was 

assumed to be system pressure. Some vendors have increased the licence lim it to the 

pressure level that would lift the clad off the pellet.

COMETHE-3K predictions for fission gas release and internal pressure for the 

BWR and PWR designs are shown in Fig. 2(a), (b) and (c), along with the power 

history and burnup of the peak axial node.

A ll BWR designs, except standard 8 x 8 , have low fission gas releases 

(<1% ), resulting in internal pressures well below system pressure. Extrapolating 

the standard 8 x 8 calculated end-of-life pressure of 66.5 kg/cm2 (965 psi) 

indicates that the internal pressure would equal a system pressure of 71.4 kg/cm2 

(1035 psi) at about 44 G W -d/t U batch average bumup. For all other BWR designs, 

steady state internal pressure is not limiting to any currently anticipated burnup.

End-of-life internal pressure in the PWR solid pellet design is predicted to be 

145 kg/cm2 (2100 psi) for a backfill pressure of 24.1 kg/cm2 (350 psi). Extrapola

tion indicates that system pressure would be reached at a region average burnup of 

69 GW-d/t U.

The annular pellet design exhibits nearly constant internal pressure (because 

of low temperature and low gas release) for both BWRs and PWRs and would not 

be limited in burnup due to fission gas release. The ENC BWR 8 x 8 solid pellet 

was included in the analysis to provide a reference point for the ENC 8 x 8 annular 

pellet rod analysed. The only difference between these two sets of calculations is 

the pellet.

2.3. Extended burnup experience

2 . 3 . 1 .  B W R s

The standard burnup goals for BWRs were in the range of 28 to 30 GW • d/t U 

for many years, an equivalent of about four annual cycles. Improvements in the 

thermal-mechanical design have extended the current burnup goals to a range of 30 

to 34 GW • d/t U in the near term, and a range of 36 to 40 GW • d/t U may be feasible 

in the future. The BWR fuel vendors in the USA are General Electric Co. (GE), 

ENC and, most recently, W . The extended burnup experience of GE and ENC 

standard fuels is summarized in Table I.

A ll the lead test assemblies (LTAs) operated without clad failure. The only 

burnup limit reached was due to differential Zircaloy growth in the GE LTAs. This 

limit was extended by appropriate mechanical design changes. Relatively high fission 

gas release due to thermal feedback in unpressurized fuel rods used in most of the 

LTAs has led to helium prepressurization of BWR rods and reduced fuel tempera

tures, gas release and end-of-life rod pressure.
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Fuel vendor and type Fuel rods 

(G W -d/t U)

L T A s 

(G W -d/t U)

Reload batches 

(G W -d/t U)

G eneral Electric 

Zr-barrier 42

B W R s

40 20

E xxon N uclear 

A nnular pellets, 

graphite coating 32 2 4 - 2 6

9 x 9  array — 18 —

B abcock &  W ilcox 

B E B  (extended burnup)

P W R s

45 (55 goal)

A nnular pellets — 33 (60 goal) —

Com bustion Engineering 

16 x  16, solid pellets, 42 33 (55 goal) 2 5 - 3 3

annular pellets, 

graphite coating, 

large fuel grain 

Exxon N uclear 

A nnular pellets 36 (40 goal)

A nnular pellets + — 16 (55 goal) —

Zr-barrier

Zr-barrier 35 _ _

W estinghouse 

17 X 17 50 3 6 - 4 0

Optim ized fuel assem bly — 50 30

Extensive nodular corrosion of Zircaloy clad and spacers in some assemblies, 

although not performance limiting, did indicate a potential bumup limit. Heat treat

ment to produce a more nodular corrosion resistant Zircaloy structure has been 

developed and consists of a rapid quench from the alpha + beta- or beta-phase 

regions to produce a fine dispersion of intermetallic compounds [3]. Heat treated 

clad is now offered by all the BWR fuel vendors.

The irradiation experience with the recent improved BWR fuels, summarized 

in Table П, is of course more limited than that with standard fuels. Their extended 

burnup goals and their increased operating flexibility have yet to be fully proved.
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The most extensive experience is with the GE barrier fuel [4]. The LTAs are 

in their fourth cycle and reload batches in their third cycle, providing operating 

experience with a nearly full core of barrier fuel. Over 80% of the fuel currently 

produced by GE is with barrier clad. ENC’s 9 x 9  experience is increasing as the 

first reloads become operational. Their annular BWR fuel has not been offered 

commercially.

The W  QUAD -I- fuel has not been irradiated as yet; however, the similar 

ASEA-ATOM SVEA fuel has significant experience, as described in another paper 

in these Proceedings [5].

2 . 3 . 2 .  P W R s

The standard batch average burnup goals for PWRs were 33 GW • d/t U until 

recently, an equivalent of three annual cycles. Current experience is in the range of 

34 to 40 GW 'd/t U, near term goals of 40 to 45 GW-d/t U have been established 

and a range of 45 to 50 GW-d/t U appears to be desirable and may be achievable. 

The extended standard fuel burnup experience of Babcock & Wilcox (B&W), 

Combustion Engineering (CE), ENC and W is summarized in Table I.

A ll the LTAs operated without clad failure and, as in the case of BWRs, the 

only burnup limit reached was differential Zircaloy growth in isolated cases. Other 

potential performance limits perceived, but not yet reached, included uniform clad 

oxidation and hydrogen pick-up.

The status of improved fuel irradiations is given in Table П. The objective of 

these designs is mainly to reduce fuel rod internal pressure for extended burnup 

lim it, and also differential growth. PCI resistance is also desired, but the need is less 

than for BWRs.

3. CAPACITY FACTOR SAVINGS POTENTIAL

3.1. Plant review

A review of operating records of New York State plants, all of which are base 

loaded, was made to evaluate their PCI related capacity factor losses and maximum 

improvement potential. This was accomplished via a four-step approach, where all 

data were derived from operating records:

(1) The number and categorization of important power manoeuvring events per 

fuel cycle were determined (e.g. hot and cold startups, power recovery, 

sequence exchanges, surveillance tests).

(2) The results from item (1) were combined with explicit data on PCI related 

capacity factor losses for various event categories to evaluate the overall loss 

per fuel cycle.
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(3) The maximum per cent of the loss recoverable per event (elimination of PCI 

related operating restrictions) was determined.

(4) From items (2) and (3) maximum capacity factor improvement potentials per 

cycle were determined. Regardless of the nature of the PCI related fuel design 

improvement, full recovery cannot be achieved because of the thermal limit 

constraints on some power manoeuvres.

It was determined that PCI related capacity factor losses per cycle for the two 

operating BWRs, Nine Mile Point 1 (BWR 2) and J.A . FitzPatrick (BWR 4), range 

from 1.0 to 2.5%. Neither unit operated in the control cell core operating mode, 

which tends to reduce PCI related capacity factor losses. The higher loss in the 

BWR 4 is mainly due to its higher power density of operation. The estimated 

maximum potential recovery by reduced operating restrictions is 92% for either unit.

For PWRs the only PCI related restriction is a slow ramp rate for initial 

startup. This produces capacity factor losses ranging from 0.10 to 0.16% depending 

on cycle EFPDs, with the losses potentially being fully recoverable.

3.2. PC I remedies and database

Operating restrictions are imposed on standard fuels to prevent PCI failures 

caused by rapid power changes. These in turn result in costly capacity factor losses 

in BWRs and to a lesser extent in PWRs. Numerous PCI remedies have been 

proposed and tested to reduce or eliminate restrictions and to maximize capacity 

factors. Several of these have reached development or full scale applications in the 

USA and their potential performance is analysed here.

3 . 2 . 1 .  Z i r c o n i u m  b a r r i e r  c l a d

Zirconium barrier fuel rods have a thin layer or ‘barrier’ of pure zirconium, 

metallurgically bonded to the Zircaloy clad inner diameter for the entire length of 

the clad. The only difference in mechanical design between barrier fuel and standard 

fuel is the duplex clad. The concept is applicable to BWRs and PWRs.

PCIs are resisted by the barrier, because the soft zirconium reduces localized 

stresses and crack propagation. The zirconium is also claimed to act as a barrier to 

fission products that can assist in stress corrosion cracking of the Zircaloy. These 

barrier characteristics permit the fuel rods to be power cycled at rapid rates without 

failure.

Ramp tests of BWR fuel rods, preirradiated in commercial reactors, were 

made in the R-2 reactor at Studsvik Energiteknik AB. A total of 50 rods irradiated 

up to 26 GW-d/t U were tested at ramp rates of 1000 W-cm_ 1 -min_1 to peak 

powers of up to 580 W/cm. A 100% failure rate would be expected of standard fuel 

under these conditions; however, only six barrier fuel failures occurred. The details
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of the single rod test programme have been reported previously [4] and large scale 

demonstration of the fuels’ capabilities is described in these Proceedings [6].

3 . 2 . 2 .  F u e l  r o d  p r e s s u r i z a t i o n

Up to the late 1970s BWR fuel rods had 1 atm pressure of helium when 

fabricated. 1 Pressurization of BWR fuels started at that time to reduce initial fuel 

temperature as well as the effect of high thermal conductivity helium dilution by low 

conductivity fission gases, which in turn can initiate thermal feedback, increased fuel 

temperatures and PCI. Sensitivity studies carried out by the authors evaluated the 

effect of the prepressurization level on thermal fission feedback and gas release, and 

it was found that at between 3 and 5 atm there can be a significant improvement in 

gas release suppression. A design with 5 atm prepressurization was therefore 

evaluated both for improved PCI and burnup margin.

No actual test experience is available to verify the proposed advantages of this 

design.

3 . 2 . 3 .  A n n u l a r  p e l l e t s

The annular pellet concept uses fuel pellets with a central hole instead of ‘solid’ 

cylindrical pellets. The other mechanical design features of the annular pellet fuel 

assembly can be identical to those of the standard assembly. The concept is 

applicable to both BWRs and PWRs.

The major advantages of the concept are reduced fuel temperatures for the 

same linear heat generation rate (LHGR) and increased void space per rod, with their 

attendant effects on fuel and core performance, as summarized below:

(1) R e d u c e d  f u e l  t e m p e r a t u r e

(a) Decreases differential fuel and clad expansion, reducing PCI

(b) Decreases pellet hourglassing and ridging, reducing PCI

(c) Decreases pellet swelling due to fission products, reducing PCI

(d) Decreases fission gas release, increasing burnup margin to fuel rod

internal pressure limit

(e) Decreases pellet stored energy and, under LOCA conditions, reduces 

peak clad temperature and clad oxidation.

(2) I n c r e a s e d  v o i d  p e r  f u e l  r o d

(a) The available free gas volume for fission gas is increased, reducing fuel

rod internal pressure and increasing the margin to the licensed pressure 

limit

atm =  1.013 25 X 105 Pa.
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(b) Added margin may be used to increase the ‘shoulder gap’ (fuel rod to 

upper tie plate spacing) for differential Zircaloy growth by reducing the 

fuel rod plenum volume and fuel rod length, particularly in PWRs

(c) The added space may be used to shorten the overall assembly length and 

to provide an added margin for assembly growth to extended burnups.

The incentives for extended burnup have pushed some fuel rod designs to their 

licensed internal pressure limit. The increased void space therefore provides a design 

feature to increase the margin to this limit. Another lim it, differential Zircaloy or 

assembly growth, could also be alleviated by this design feature.

The fission gas release and ramp test results have produced some encouraging 

results, but do not consistently support the proposed advantages.

A total of 12 annular pellet BWR rods, 9 with graphite coated clad, designed 

and fabricated by ENC were ramped at 1000 W-cm_1 -min_1 after exposures of up 

to 33 GW • d/t U to power levels in the range of 500 to 680 W/cm. None of the rods 

failed; however, none of the comparison standard rods failed either [7].

The data suggest that the annular fuel has the potential for reducing PCI 

susceptibility, based on the observed rod elongation behaviour. Under severe 

ramping conditions, however (peak power over 430 W/cm), fission gas release is 

higher for annular designs than for reference designs due to the formation of 

circumferential cracks in the annular pellets. The cracking will probably not affect 

PCI susceptibility unless the fuel is repeatedly severely ramped, leading to central 

hole closure and the transfer of expansion stresses to the cladding. Circumferential 

cracking could impact the steady state performance because of the high temperature 

and increased fission gas release.

The ramp tests of four annular PWR rods by W  at 100 W  ■ cm ~ 1 -min-1  were 

less successful; they all failed, as did their companion solid pellet rods [8].

The inconsistencies in results need to be resolved to evaluate whether the 

potential advantages of annular pellets can be realized.

3 . 2 . 4 .  9 x 9  f u e l  r o d  a r r a y s

The primary difference between 9 x 9  and 8 x 8 BWR fuel arrays is the 

number of fuel rods per assembly. The objective of the greater fuel subdivision is 

to reduce the LHGR per rod to a level at which PCIs would not affect fuel 

performance and operating restrictions could be relaxed for corresponding gains in 

plant capacity factors.

The LHGR of the 9 x 9 fuel rods is reduced to 22 %  below that of the 8 X 8 

rods, reducing fuel temperatures and providing the attendant performance improve

ments. The improvements are the same as those gained by annular pellets, except 

that the annular pellet achieves fuel temperature reduction by removing the hot 

central portion of the fuel and maintaining the same LHGR. The characteristics of
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this fuel concept are described in Ref. [9]. In the USA the 9 x 9 fuel is provided 

by ENC.

Fuel rods representative of 9 X 9 commercial fuel have not been ramp tested 

to date. The existing 8 x 8 ramp test data are useful in estimating the potential per

formance of 9 x 9 fuel. However, differences between 9 x 9  and 8 x 8 fuel must 

be noted and accounted for in the comparisons:

(1) Smaller dimensions (clad diameter and thickness, pellet to clad gap, pellet 

diameter)

(2) Cold-worked and stress-relieved clad of commercial 9 x 9  fuel, instead of the 

annealed clad of most of the ramp test data provided by GE.

The degree of capacity factor improvement for the 9 X 9 will be strongly 

keyed to the margin between the core peak LHGR and the LHGR failure threshold.

3.2.5. QUAD+

The mechanical design of the QUAD + fuel assembly is uniquely different 

from those of standard and other advanced BWR fuels and was developed by W  from 

the original SVEA design by ASEA-ATOM. The objective of the design is to provide 

a high reactivity assembly by introducing unvoided water in a cross shape without 

replacing fuel rods with water rods, and a shape that helps flatten assembly power. 

Its characteristics are described in greater detail in another paper in these 

Proceedings [5].

The potential of the design to improve the capacity factor derives from a spacer 

with an improved minimum critical power ratio (MCPR) margin, which provides 

significant advantages to operational flexibility, such as an expanded power-flow 

operating space, greater manoeuvring capacity for load follow by flow control, and 

larger MCPR for rapid power ascension events.

The increase in thermal margins can be used to expand the reactor operating 

power-flow map. With more margin to boiling transition, at any given power level, 

less flow to the bundles can be tolerated without exceeding the MCR limits. An 

expanded power-flow map increases the flexibility to operate with spectral shift, 

eases manoeuvring near full power conditions and can potentially improve the capa

bility to load follow. The increased flexibility of operation can be translated into 

direct economic benefits through reduced fuel cycle costs and improved capacity 

factors. The capacity factor can be improved by reducing the number of rod swaps 

(deep rod sequence exchanges) required, since a greater range of reactivity control 

is available from flow control. There have been no ramp tests made of QUAD + fuel. 

Ramp tests with either representative cold-worked/stress-relieved or annealed clad 

should be applicable.
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3.3. PC I failure threshold modelling

Many ramp tests have been performed, with various fuel designs, in order to 

determine the PCI performance of fuel. The failure or non-failure of a rod depends 

both on its base irradiation power history and the ramping power history. This makes 

the direct use of data, such as failure kW/m versus burnup, for determining PCI 

operating restrictions and hence plant capacity factor losses difficult and sometimes 

misleading.

The approach taken for this study was to model a number of ramp tests, of 

different fuel types, with COMETHE. From these runs, a failure criterion was deter

mined for each type of fuel. The ridging model in COMETHE was used in these 

analyses. Failure or non-failure was found to correlate with the peak hoop stress 

calculated from the ridging model.

The analyses also indicated that the failure stress depended on the type of clad. 

Three types of clad were analysed: recrystallized annealed (RXA), RXA with Zr bar

rier and cold-worked/stress-relieved or annealed (CW/SR). Other fuel design 

parameters which affect PCI performance, such as pellet density or pellet to clad 

gap, were modelled explicitly in COMETHE.
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The failure criteria were then used to evaluate COMETHE modelling of power 

escalation ramps in power reactors in order to evaluate the PCI related capacity 

factor improvements for the various improved fuel designs.

Fifteen separate ramps of reference RXA (i.e. non-barrier) GE rods were 

modelled for 11 segmented rods (four rods experienced two successive ramps) [4]. 

The peak nodal (local) burnups of the reference rods modelled were in the 9 to 

28 GW-d/t U range. The peak ramp powers in the tests modelled range from 3 to 

4 kW/m (9.9 to 16 kW/ft), with the majority of the tests in the 4 to 4.9 kW/m (13 

to 16 kW/ft) range.

Figure 3 shows the calculated peak clad stress in the ramps for the reference 

rod tests plotted as a function of peak burnup. The failure stress ranges from

11 kg/mm2 (15 ksi) to 34 kg/mm2 (48 ksi). Based on the data shown in the figure, 

The S.M. Stoller Corporation (SMSC) has assumed a failure stress level of 

15 kg/mm2 (21 ksi) for RXA non-barrier cladding. Use of this criterion success

fully predicts 12 of the 14, or 85%, of the ramps analysed.

The ramp tests of seven segmented barrier clad rods were modelled. Two rods 

had been ramped once, and five had been ramped twice [4]. The peak nodal burnups 

of the barrier rods modelled were in the 11 to 26 GW-d/t U range. The peak ramp 

powers in the tests modelled were in the 4 to 5.5 kW/m (13 to 18 kW/ft) range. All 

tests, except one, had ramp powers over 4.9 kW/m (16 kW/ft).

Figure 3 shows the calculated peak clad stress as a function of peak nodal 

burnup. The failure stress ranges from 28 kg/mm2 (40 ksi) to 31 kg/mm2 (44 ksi). 

Based on the data shown, the failure stress level for GE barrier clad was chosen to 

be 27 kg/mm2 (38 ksi). Use of this criterion successfully predicts 10 of the 12, or 

83%, of the ramps analysed.

The ENC 8 x 8 Fuel Performance Improvement Program (FPIP) [7] and 

W  Over-Ramp [10] tests using CW/SR clad were analysed. Figure 3 shows the 

calculated peak hoop stress versus burnup. In the Over-Ramp rods, the failure stress 

ranges from 34 kg/mm2 (48 ksi) to 31 kg/mm2 (44 ksi). None of the FPIP rods 

failed; the highest calculated stress was 15 kg/mm2 (21 ksi). Based on these data, 

the failure criterion chosen for CW/SR clad is 31 kg/mm2 (44 ksi), the lowest value 

obtained from the Over-Ramp analyses.

3.4. Capacity factor improvement modelling

A typical BWR operating envelope was used as a basis for all the designs 

considered in the study. Rapid power ramps were imposed on the fuel at several 

different times. From these calculations, the linear power at which failure would be 

predicted to occur could then be determined. This represents the threshold power 

level above which ramp rate restrictions would be required. Estimates of capacity 

factor improvements were made, based on the improvement in threshold 

power level.
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F I G .  4 . F a i l u r e  t h r e s h o ld  v e r s u s  b u m u p  f o r  v a r io u s  d e s i g n s .

The improvement in the plant capacity factor by use of improved fuel depends 

not only on the ability of the fuel to resist PCI, but also on the number and type of 

manoeuvres performed by the plant. In addition, not all the capacity factor losses 

from these manoeuvres are the result of PCI operating restrictions, since thermal 

margins may result in capacity factor losses.

The PCI performance of the various fuels is shown in Fig. 4. It should be noted 

that, strictly speaking, the results shown depend on the power history of the rod 

analysed and on the operating envelope for the plant being analysed. The threshold 

curves shown represent the power levels above which ramp rate restrictions would 

be needed. The core power at which ramp rate restrictions would be applied was 

scaled assuming that the operating envelope represents 100% core power. Burnup 

of the fuel limiting the return to power will vary throughout a reactor cycle. For 

simplicity in the analysis presented here, a single bumup corresponding to 

32 GW-d/t U peak pellet (28 GW-d/t U assembly average) was used. This is 

roughly the burnup at which the distance from the operating envelope to the threshold 

curve is a maximum for all designs considered.

Capacity factor increases were estimated for J.A . FitzPatrick using data on the 

number of different types of manoeuvres for these plants. The impacts of the 

improved fuels were determined by reducing the portion of energy lost from PCI 

limitations. This was analysed by increasing the core power at which a slow ramp 

would be required, as described above. This procedure is normalized by assuming 

that the actual current losses are for the standard 8 x 8 fuel threshold shown in 

Fig. 4. The loss due to thermal limits was unchanged for each type of event. These
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results are shown in Table Ш . The table shows, for each design considered, the total 

(PCI and thermal margin) energy loss for each type of manoeuvre, and the total loss 

summed for a cycle with the indicated number of manoeuvres. Also indicated is the 

percentage of the total fuel related capacity factor loss which is recoverable with each 

improved fuel type.

The analysis presented here is an extrapolation of existing ramp test data for 

a few fuel rod designs before commercial operation of many improved fuel rod 

designs. As such, its accuracy rests on the adequacy of the assumptions made. The 

key assumptions which could significantly impact the conclusions are:

(1) The assumption that PCI failure in a ramp can be correlated with parameters 

calculated by a fuel performance code such as COMETHE. Clad stress, as cal

culated by COMETHE, does divide the fail/no fail ramp test data reasonably 

well. Additional analyses of ramp tests would improve confidence in the 

criteria, and might allow statistical evaluation of the uncertainty or variability 

in the criteria.

(2) Use of a failure criterion developed from data on one design in evaluating a 

different design. This assumption is unavoidable due to the lack of ramp test 

data on several of the improved designs being evaluated. Ramp testing of these 

designs should be performed to qualify the designs, preferably before commer

cial operation.

(3) The threshold boundaries were determined for only one power history, albeit 

an actual BWR power history. Repeating the analysis for a different power 

history would be a straightforward, if expensive, effort. The threshold 

boundaries presented should be reasonably representative for reasonable 

power histories.

(4) The capacity factor calculations were performed at single limiting pellet (node) 

burnup and assumed that the node would reach the operating envelope in each 

manoeuvre. It would be possible, although time consuming, to calculate an 

‘exact’ capacity factor improvement if 3-D power and burnup history were 

available for the cycle of interest.

(5) The capacity factors calculated for the various improved designs are based on 

the implicit PCI operating restrictions developed by SMSC. The vendors of the 

improved designs will develop their own PCI operating restrictions, which will 

certainly be different than those developed by SMSC. SMSC expects that 

utilities purchasing improved fuel would follow their vendor’s 

recommendations.

As noted earlier, PWR capacity factor losses due to startup ramp rate limita

tions amount to 0 .1 0  to 0.16%, depending on the cycle length.

The steady state COMETHE calculations (Fig. 2) explicitly included cycle 

startup ramp rates of 5%/min. In no case were the clad hoop stress failure criteria 

exceeded, either for standard designs or improved designs.
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This suggests that a startup PCI failure is a somewhat different mechanism than 

the PCI failures in the ramp tests analysed in Section 3.3.

The maximum potential capacity factor increase in PWRs by using improved 

fuel is 0.10 to 0.16%. Should multiple startups be required, this could perhaps 

increase to 0.25%.
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Abstract

THE ADVANCED FUEL ASSEMBLY (AFA), A NEW FRAGEMA FUEL ASSEMBLY 

GENERATION.

The design and the licensing of a new generation of fuel assemblies require an extensive 

database, both to develop the concept into a workable product and later to confirm its operabil

ity under actual power reactor conditions. Some out-of-pile test results are presented which 

were obtained in the early 1980s; they were used to license the new Fragéma 17 x 17 

Advanced Fuel Assemblies in France, Belgium and Sweden. Power reactor on-site data 

obtained recently in France are also given. The out-of-pile tests were performed in the CEA 

or the Technicatome R&D facilities at Saclay, Grenoble or Cadarache; the power reactor on

site data were acquired on the Electricité de France Tricastin site.

1. INTRODUCTION

The Advanced Fuel Assembly (AFA) [1] represents a new generation of 

Fragéma fuel design. The key characteristics of AFA involve the use of Zircaloy 

spacer grid straps with Inconel springs, removable upper and lower end fittings, and 

the same fuel rods (except the fuel rod end plugs) as in the present fuel assembly.

The first two 17 x 17, 12 ft1 AFA reloads were loaded in May and July 

1985 in France and Belgium, respectively. Since then, four new reloads have been

1 1 ft =  3.048 x 10'1 m.

183
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inserted into reactors, including one 17 x 17 ,12ft reload in the Swedish Ringhals-4 

reactor, one 14 x 14, 8 ft reload in the Belgian Doel-2 reactor, one 17 x 17, 12 ft 

reload in the Belgian Tihange-2 reactor and one additional 17 X  17, 12 ft reload in 

France.

The AFA design features are also being implemented for the 17 X  17, 14 ft 

cores (France and Belgium) and for the Mulheim Karlich reactor in the Federal 

Republic of Germany, where the first reload is expected to be delivered in 1987.

2. AFA BENEFITS

Compared with the former generation assembly, the AFA has a number of sig

nificant economic and operational advantages.

Better uranium utilization is achieved owing to the replacement of Inconel 718 

by Zircaloy-4 as the grid strap material, which results in a lower overall neutron 

absorption rate. For example, the 235U enrichment of AFA is reduced by about

0.07% although it supplies the same amount of energy. If  the same fuel enrichment 

was maintained for AFA, the energy output would be increased by about 2.4% (or 

seven equivalent full power days for a 900 MW(e) unit).

Lower coolant activity results owing to the lower content of Inconel 718 in the 

spacer grids and the consequent reduced rate of cobalt release to the coolant.

An easy, fast and practical dismantling system has been developed for repair 

or reconstitution of damaged fuel assemblies; it is based on an original screw design 

for fastening the end nozzles to the guide thimbles. Figures 1 and 2 show the AFA 

top and bottom nozzle joints, respectively. The deformable stainless steel locking 

screws can easily be removed from the sockets machined on to the nozzle adapter 

plates by applying an adequate reverse torque to deform the locking bulges, allowing 

removal of the nozzles.

3. AFA OUT-OF-PILE QUALIFICATION

An extensive out-of-pile test programme covering mechanical strength, vibra

tion, fretting, corrosion, hydraulic loop endurance, pressure drop and critical heat 

flux has been performed. Also, the AFA capability under out-of-reactor conditions 

has been verified (i.e. during refuelling and assembly repair). The following para

graphs will describe four categories of tests which have been used, in particular, for 

the licensing of the 17 x 17 AFA in France, Belgium and Sweden.

The geometrical and metallurgical (heat treatment) characteristics of the 

Zircaloy-4 spacer grid strap were chosen in order to obtain high grid mechanical 

strength and acceptable manufacturing conditions during strap cutting and stamping 

while minimizing the hydraulic resistance increase and the impact on critical heat
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FIG. 2. AFA bottom nozzle joint.
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flux (DNB). Similarly, grid strap growth and grid dimple creep had to be kept within 

acceptable limits.

These conflicting requirements were factored into the overall AFA mechanical 

and hydraulic performance evaluation and a compromise was reached whereby the 

grid volume increase was limited to 50% compared with the all-Inconel grid volume, 

and a high tensile properties, stress-relieved Zircaloy-4 material was retained. 

Furthermore, the grid straps are manufactured from Zircaloy strip, with the rolling 

direction perpendicular to the grid strap length in order to minimize the grid envelope 

geometrical changes under irradiation.

These choices were made with the aim of producing a Zircaloy grid with at 

least the same crush strength as the all-Inconel grid, while limiting the overall AFA 

hydraulic resistance increase to much less than 10%. The correctness of these 

choices was confirmed by out-of-pile mechanical, hydraulic and thermal-hydraulic 

loop tests.

3.1. G rid crush tests

Figure 3 shows the comparison made between some typical all-Inconel and 

AFA hot dynamic grid crush test results obtained with the same testing equipment 

(see Fig. 4). The crushing load for AFA grids is above 2000 daN under hot condi

tions, confirming the choices made at the design stage and thereby ensuring that the 

AFA grids could withstand the accidental loads of LOCA and design basis earth

quake hypothetical accidents without significant geometry distortion.

3.2. Pressure drop test results

Besides the new Zircaloy bi-metallic grids, the AFA has been designed with 

slightly modified top and bottom nozzles in order to accommodate the end nozzle-to- 

guide thimble removable joints and to reduce hydraulic flow resistance.

The impact on the overall fuel assembly hydraulic resistance has been meas

ured, under reactor operating conditions, for both the all-Inconel fuel assembly and 

the AFA in the same hydraulic loop. These measurements confirmed that the 

increase in core hydraulic resistance is between 6 and 7 %, which meets the initial 

design objective.

3.3. Cross flow test results

In a situation of transition between an all-Inconel grid fuel assembly core and 

an AFA core, local cross flows can be observed near the grids due to the pressure 

drop differences. These local cross flows have to be taken into account while evalu

ating the core critical heat flux (DNB) margins and the propensity for a higher vibra

tion amplitude of some peripheral fuel rods.
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F I G .  3 .  G r i d  c r u s h  s t r e n g t h  —  h o t  d y n a m i c  b u c k l i n g  te s t .

FURNACE

TESTED GRID
MOVABLE IMPACTING MASS

FIG. 4. Grid crush test equipment.
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R A D IA L  P O S IT IO N  (m m )

F I G .  5 .  C o m p a t i b i l i t y  t e s t s  in  V it e l  ( A F A - S T D ) .  V e lo c i t y  p r o f i l e  5 0  m m  a b o v e  f i r s t  g r id .

To assess these effects hydraulic flow compatibility tests, using a loop accept

ing two full size fuel assemblies, were performed and local cross flow velocities were 

measured by laser anemometry.

Figure 5 shows a typical axial flow velocity profile taken radially through the 

interface between an all-Inconel grid fuel assembly and an AFA in the vicinity of 

the bottom grids. Using these measurements to calibrate the 3-D hydraulic flow 

model, it is possible to evaluate each particular core transition situation.

In all test configurations representative of various core transition situations the 

fuel rod vibration amplitudes were never higher than for cores with a single type of 

assembly.

3.4. Critical heat flux test results

Maintaining the same fuel rod geometry as for the former generation assembly 

should significantly reduce the impact of the grid changes on critical heat flux. 

However, the grid geometry has been modified, including the flow mixing vane pat

tern, and critical heat flux testing was necessary.

The testing was performed on 5 x 5 arrays using both all-Inconel and AFA 

grids in the same loop, including the simulation of the particular guide thimble-to- 

grid welds. Several hundred DNB data points were obtained from which it was possi

ble to demonstrate that the AFA critical heat flux behaviour correlated well with the 

existing DNB correlations. Figure 6 illustrates some results obtained on AFA grids 

and their good agreement with the correlation currently used with all-Inconel grid 

fuel assemblies.
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P R E D IC T E D  D N B  H E A T  F L U X  (W /c m 2 )

FIG. 6. D N B  tests on A F A  grids. Omega loop test — comparison of measured to predicted 
D N B  heat flux (AFA grid without guide tube).

4. AFA IN-REACTOR PERFORMANCE

4.1. CAP experimental reactor operation

Four prototype assemblies with AFA features (grids and screws fastening the 

nozzles) are under irradiation in the experimental CAP reactor. (This reactor accom

modates 17 x 17 array assemblies.) The assemblies have so far completed one cycle 

of operation, which corresponds to an average bumup of 12 000 MW d/t U. At the 

end of their first cycle, nozzle screws were successfully removed and refastened on 

one assembly. The grids were examined, and the fuel rod support conditions were 

checked by measuring the drag force on some fuel rods while they were being pulled 

in and out. A ll the results of these measurements were quite satisfactory and agreed 

with design predictions. The four assemblies are currently in their second cycle of 

irradiation.

4.2. Power reactor operation

The first 17 x 17, 12 ft AFA reload, inserted into Tricastin Unit 1 in 

mid-1985, has successfully completed its first cycle of irradiation, reaching an aver

age region bumup of »  10 000 M W d/t U. During this cycle, the reactor coolant fis

sion product activity remained negligible, indicating the absence of fuel cladding 

failure. At the end of cycle all fuel assemblies, including the 52 AFAs, were 

unloaded without incident and dimensional measurements were performed on five 

characterized AFAs to assess their overall performance. A ll visible fuel rod and Zir

caloy grid surfaces were free of defects and the overall assembly structure was free
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of irradiation induced or handling damage. The fuel rod bowing and the fuel rod and 

assembly growth were small and in agreement with previous measurements [2] per

formed, in particular, on all-Inconel grid fuel assemblies at equivalent burnups. The 

fuel rods were all well aligned, with no sign of slippage. The top nozzle of one AFA 

was removed, five rods were partially withdrawn and then pushed back into place. 

This allowed verification of the AFA repair capability after one cycle of irradiation. 

The assembly was then returned to the core for further irradiation. Finally, a new 

batch of fresh AFAs was loaded for the subsequent cycle. A ll handling operations 

were completed without any difficulty.
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Abstract

RESEARCH CARRIED OUT ON WWER-440 TYPE FUEL RODS IN THE 

MR REACTOR.

A description of the research programme carried out on the in-pile behaviour of 

WWER-440 fuel is presented. The work was carried out as a joint programme between Soviet 

and Finnish organizations and irradiation was performed in the MR reactor at the Kurchatov 

Institute of Atomic Energy, Moscow. The first test bundle characteristics and irradiation con

ditions in the MR test reactor are given. Six of the 18 fuel rods of the bundle were 

instrumented to provide data on fuel centre temperatures. The temperature results from the 

2000-hour steady state irradiation period are presented and a preliminary comparison is made 

between the measured and calculated fuel thermal behaviour.

1. INTRODUCTION

1.1. General

During normal operation of a nuclear power plant the reliability of the fuel is 

of utmost importance, since fuel rod cladding forms the first barrier against the 

escape of the fission products. The requirement that the cladding should maintain its 

integrity during normal operation and anticipated operational transients has been 

widely adopted internationally.

The fuel rods of the Soviet WWER-440 type PWRs are fabricated of annular 

uranium dioxide pellets and zirconium +1% niobium cladding. In the fuel bundle 

with a hexagonal cross-section the rods are arranged in a triangular lattice and are 

surrounded by a hexagonal shroud tube. This fuel concept has demonstrated high 

reliability and good operational performance in WWER-440 plants both inside and 

outside of the USSR, particularly at the Loviisa Nuclear Power Station in Finland.

191
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The average failure rate of Loviisa fuel during the accumulated 15 reactor-years 

is 0 .002%.

Part of the positive experience gained may be related to rather tight operational 

restrictions, especially on linear power changes and change rates. The continuous 

efforts made towards better fuel utilization and more flexible operation of the reactor 

have lead to an increased interest in studying the capability of the fuel to withstand 

more demanding operational conditions such as increased linear power and load fol

low conditions.

1.2. Soviet-Finnish co-operation on research of WWER-type fuel; background

and the SOFIT programme

Soviet-Finnish co-operation on WWER fuel research, referred to as the 

SOFIT programme, comprises a series of WWER fuel rod irradiations carried out 

in the M R test reactor situated at the Kurchatov Institute of Atomic Energy, Moscow

[1]. The parties involved in the work are the Department of Research Reactors and 

Reactor Technology of the Kurchatov Institute of Atomic Energy on the Soviet side 

and the Finnish state owned power utility, Imatran Voima Oy.

The incentives for the work were to enhance the flexibility of use of the fuel 

and to verify, for WWER fuel, the fuel behaviour computer programs used in the 

Soviet Union (PIN) [2] and in Finland (GAPCON-THERMAL-2) [3].

The operational conditions studied were normal operational conditions, base 

load operation in the first stage and operational transients in a later stage.

2. OBJECTIVES OF THE SOFIT PROGRAMME

The main objective of the SOFIT programme is to produce high quality data 

on WWER fuel rod behaviour to be used to verify and improve the performance of 

the fuel behaviour codes used in the USSR and in Finland.

The programme includes irradiation of a number of characterized and 

instrumented test rod bundles. The main specific objectives for the whole series of 

experiments are:

(1) To obtain fuel temperature, inside pressure and fuel stack and cladding elonga

tion behaviour during irradiation for several diametral gap sizes at various 

power levels

(2) To determine the fission gas release in various conditions up to or exceeding 

the most severe conditions in a power reactor

(3) To study the behaviour and effects of the gases absorbed in the fuel and 

released at the beginning of the irradiation
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(4) To study the phenomena leading to fuel-cladding gap closure and the onset and 

intensity of pellet-cladding mechanical interaction

(5) To study the irradiation effects on fuel materials.

The special objectives for the first bundle, the irradiation of which started in Novem

ber 1985, were:

(a) To irradiate the bundle for a minimum of 2000 full power hours

(b) To study, with varying design parameters, the behaviour of the fuel in the

power range typical of high power WWER-440 rods.

3. EXPERIMENTAL TECHNIQUES

3.1. Reactor characteristics and test rig configurations

The MR reactor is a pool type research reactor with a total power of 50 MW.

For fuel experiments, several pressurized loops were provided. One or more

experimental test channels can be connected to each of the loops. The channels are 

located between blocks of beryllium, used as a moderator, and the inner part of the 

surrounding core reflector. Graphite was used as the main reflector material (see 

Fig. 1).

The power distribution of the reactor core was kept constant over the 30 to 

40 day cycle period. The average axial form factor of the core was 1.37. The loop 

water pressure was 16 MPa, corresponding to WWER-1000 coolant conditions.

In the first experiment the experimental rig contained a hexagonal channel that 

housed a bundle of 18 fuel rods. The fuel rod configuration in the bundle exhibited 

lattice dimensions close to those in a WWER fuel assembly. The central tube was 

reserved for instrumentation, including neutron detectors and coolant temperature 

thermocouples. A schematic cross-section of the test rig is shown in Fig. 2.

The coolant flowed in an annular downcomer around the hexagonal channel 

and was directed upwards through the test bundle. To minimize heat losses, the rig 

was surrounded by double walls with a vacuum isolation.

During the first experiment the total channel nuclear power was 420 kW. The 

inner fuel rods of the bundle were somewhat shadowed by the outer rods, the bundle 

radial form factor being around 1.2. The parameters of the channel are shown in 

Table I.

3.2. Rod parameter matrix

To obtain the maximum information on the effects of the separate design 

parameters, some fundamental parameters were varied among the 18 fuel rods of the 

bundle. Rods in the bundle were manufactured to three different pellet diameters,
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1 -  su p p o r t  s t r u c t u r e
2 -  cadmium s h ie l d  in  a lum in ium  cans
3 -  p ro te c to r  p la t e  ,
4 -  co re  s t a c k in g  w ith  su p p o rt  g r id
5 -  f u e l  channe l w ith  s t a t io n a r y  fu e l a ssem b ly
6 -  f u e l  ch an ne l w ith  m ovable fu e l a ssem b ly
7 -  s u p p o r t  p la te  fo r  g u id e  s le e v e s  o f  lo o p  and f u e l  c h a n n e ls
8 -  p r im a ry  c i r c u i t  header w ith  v a lv e s
9 -  c e n t r a l  u n if lo w  V -sh ape d  lo o p  channe l
10 -  c o u p l in g  d r i v e s  to  c o n t r o l  and s a f e t y  ro d s  and to  stem s o f 

m ovab le  fu e l a s s e m b lie s
1 1 -  i o n iz a t i o n  chamber ch a n n e ls
12 - m a t e r ia l s  i r r a d i a t i o n  channe l
13 -  t r a v e l l i n g  t a b le  w ith  a c tu a t o r s  fo r  c o n t r o l  and s a f e t y  ro d s  

and m ovab le  fu e l a s se m b lie s
14 -  c o n n e c t io n  between lo o p  channe l and c i r c u i t
1 5 -  p o o l c i r c u i t  header
16 - ch an n e l accom m odating c o n t r o l  and s a f e t y  ro d s
17 - p o o l c i r c u i t  p ip in g
18 - b e r y l l iu m  b lo c k s
1 9 -  g r a p h it e  b lo c k s  in  a lu m in iu m  cans

FIG. 1. Vertical cross-section of the MR reactor.
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n o n - in s tru m e n te d  r o d

©  — SP  n e u tro n  d e te c to r

FIG. 2. The 18-rod test bundle (numbering shows the locations of the instrumented rods).

TABLE I. PARAMETERS OF THE CHANNEL AND BUNDLE

Thermal bundle power 

Maximal linear power rating 

Coolant pressure 

Inlet coolant temperature 

Outlet coolant temperature 

Coolant mass flow 

Coolant velocity 

Coolant cross-section 

Radial power form factor 

Axial power form factor

420 kW 

440 W/cm 

16 MPa 

310°C 

325° С 

295 m3/h 

5.5 m/s

1.49 x 10' 3 m2 

1.20 

1.37
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R o d  w i th  tw o  th e rm o c o u p le s

R o d  w i th  o n e  th e rm o c o u p le

N o n - in s tru m e n te d  r o d  

FIG. 3. Test rods.

rod < 

] rod 2 

y * r o d  J 

D rod 4 

D rod 5 

D rod 6

FIG. 4. Axial distribution of the neutron flux and instrumentation of the rods.
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TABLE II. PARAMETER CONFIGURATIONS OF THE INSTRUMENTED 

FUEL RODS

Rod

No.

Pellet

diameter

(mm)

Gas

gap
(mm)

Fill

pressure

(MPa)

Relative

power
Instrument

1 7.54 0.210 0.1 0.95 TC

2 7.60 0.150 0.1 0.85 TC

3 7.54 0.210 0.1 0.8 2 TC

4 7.54 0.210 1.5 0.75 TC

5 7.48 0.270 0.5 0.75 TC

6 7.48 0.270 0.1 0.9 TC

TC = thermocouple.

corresponding to the average diametral gap (0 .2 10  mm) and the two additional gap 

sizes (0.270 and 0.150 mm) within the design limits. The rods were filled to different 

initial helium pressures: 0.1, 0.5 and 1.5 MPa. The radial power distribution over 

the rods enables comparison of the behaviour of the rods at various power levels. 

A ll the rods have annular pellets with a central hole of 1.6 mm in diameter.

Six of the rods were instrumented to give data on the fuel temperatures; these 

rods are located in the outer row of the bundle (see Figs 2 and 3). In each of the 

six rods there are one or two centreline thermocouples. The locations of the instru

ments, with the typical axial neutron flux profile of the MR reactor, are given in 

Fig. 4.

Table II summarizes the test parameter matrix for the instrumented fuel rods. 

In the first phase, steady state behaviour was studied and both the test matrix and 

the instrumentation were designed to yield data on basic thermal phenomena. Rod 

No. 1 represents the nominal parameter values, i.e. the average diametral gap and 

nominal helium pressure of standard WWER-440 fuel.

Similar pellet diameters and helium prepressurization were used in the 12 non

instrumented fuel rods. The post-irradiation examination will form the major part of 

the study of these non-instrumented rods and will complement in-pile data from the 

instrumented rods. Emphasis will be placed on fission gas release determination, 

microstructural analyses and dimensional measurements. The relatively large num

ber of the well characterized rods in the bundle is expected to give some statistical 

confidence for the in-pile and out-of-pile results.
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TABLE Ш. INITIAL TEST ROD DATA: UPPER AND LOWER LIMITS 

AMONG THE TEST RODS AND ESTIMATED UNCERTAINTY OF THE 

MEASUREMENT

a ± 0 .0 2 mm between individual pellets in the rod.

3.3. Precharacterization

A careful precharacterization of the test fuel was performed. Besides the data 

from the fuel supplier, detailed pellet-pellet information was obtained from dimen

sional and fuel density measurements. The integrity of the fuel in the rod was ensured 

by neutron radiography analysis. Parallel material tests were carried out for archive 

material samples in Finland. The precharacterization testing results from the two 

sources were compared to evaluate the influence of the characterization methods on 

the results. Table П1 summarizes the initial test rod values.

3.4. Data acquistion system

Experimental data are collected and stored by a real time data acquisition sys

tem based on an SM-4 computer. The 43 measurement channels are connected to the 

computer via CAMAC modules. The data can be collected with a frequency of up 

to 10 Hz. This speed is needed only during rapid power changes. Under steady state 

conditions the storage rate can be reduced to 1 to 10 measurements in an hour. All

Cladding material 

Fuel stack length 

Rod outer diameter 

Cladding thickness 

Pellet diameter 

Pellet centre hole diameter 

Plenum  free volum e 

Fuel density 

Enrichment

Fuel surface roughness 

Cladding surface roughness 

Fuel grain size

Z r l% N b  

1000-1010 mm 

9 .1 7 - 9 .1 7 5  mm ±  0.005 mm 

0 .71 mm ±  0.01 mm 

7 .6 , 7 .5 4 , 7.48 m m '

1.60 mm ±  0.01 mm

8 .0 -9 .3  cm 3 ± 0 . 1  cm 3 

10 .60 -10 .70  g/cm3 ±  0.02 g/cm3 

4 .4 %

1.0-3.0 /хm ± 0 . 1  (im 

1.0 ¡xm ± 0.1 /xm  

3-20 ixm ± 0 . 8  (xm
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FIG. 5. Data acquisition system.

data are stored on a disc and magnetic tapes, and on-line processing (scaling, calibra

tion, etc.) is possible in the steady state mode. The software includes various optional 

programs for treatment and display of the stored information. A schematic set-up for 

the data acquisition system is given in Fig. 5.

4. RESULTS OF THE MEASUREMENTS OF FIRST IRRADIATION

4.1. Power and temperature histories

Rod power determination was based on the calorimetric bundle power meas

urements and physical model calculations. The axial and radial power distributions



2 0 0 Y A K O V L E V  et al.

of the bundle were determined by using the experimental data obtained from the 

physical model of the M R reactor. The axial distributions during the irradiation were 

corrected by the readings of several neutron detectors. The overall uncertainty of the 

power determination method is less than 10%. Within the irradiation time of 

2000 hours (84 days) two planned shutdown periods and a few scram periods were 

included. The post-scram rise of power typically involves 10% power steps, each 

lasting about 10 minutes.

Two examples of single power histories up to 84 days are shown in Fig. 6 . The 

local maximum linear heat rates were kept well above 400 W/cm (the maximum 

linear heat rate in WWER-440 reactors is 325 W/cm). In the peak power rods the 

axial average of the heat load was close to 300 W/cm. Some generalizations of the 

time-steps of the data have been made for simplifying comparison of the results with 

thermal calculations. The highest burnups of the rods were around 6 MW-d/kg U at 

84 days.

The fuel centreline temperature readings in specified rods are shown in Fig. 7. 

The thermocouples are located at a 500 mm elevation in these rods and hence the 

temperatures can be taken as the peak temperatures of the rods. Unfortunately, no 

signal was obtained from the TC in rod No. 1 after 41 days and later-in-life tempera

ture behaviour remains unknown in this case.

A slight decrease in the maximum temperatures was visible along the irradia

tion and the total decrease was 100 to 200°C in the instrumented rods. To date, the 

highest temperature measured has been 1670°C (at 1.4 days) in ‘nominal’ rod No. 1. 

This is due to the relatively high linear power.

4.2. Preliminary observations made on the data

4 . 2 . 1 .  U t i l i z a t i o n  o f  t e m p e r a t u r e  d a t a

One special feature of the M R reactor that is common to research reactors is 

the interlinkage between loop power and coolant temperature. The coolant is not pre

heated, which means that the temperature of the circulating water is connected to the 

heat generation of the bundle. The initial coolant temperature is close to room tem

perature and at full power a temperature of about 300°C is reached. When predicting 

the fuel temperatures with the aid of measured linear power, the actual coolant condi

tions must be taken into account in the calculations. However, comparison of the 

thermal behaviour of different fuel rods with different design parameters becomes 

complicated in the case of varying coolant temperatures. The coolant temperature 

affects the heat transfer properties of the fuel rod.

For proper comparison of the fuel rods, identical environmental conditions 

should be created for all cases. This was realized afterwards by shifting the measured 

values to correspond to a constant coolant temperature (e.g. 300°C). Simple fuel 

behaviour codes can be used to calculate these ‘equivalent’ fuel central temperatures.
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FIG. 6. Measured peak linear power histories for two test fuel rods.

2 0 0 0  

180 0  

1600  

1400  

1200  

10 0 0  

BOO 

6 0 0  

4 0 0  

2 0 0  

0
о  10 2 0  3 0  4 0  5 0  6 0  7 0  flO  9 0  100

Irradiation time (days)
FIG. 7. Measured temperature histories for two test fuel rods.
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Linear pow er at TC (  W /cm  )

FIG. 8. Measured and predicted temperatures at startup (rod No. 3, two thermocouples).

4 . 2 . 2 .  S t a r t u p  p e r i o d

The startup period forms a valuable basis for the study of the fuel rod 

behaviour later in life. A ll the burnup dependent phenomena are excluded at this 

time. The initial gap width, thermal expansion and relocation of the pellets mainly 

determine the rise of the fuel temperature during startup. Thus, the important zero 

bumup validation data obtained for corresponding models are included in various 

fuel behaviour codes. The minimal number of affecting parameters is also the reason 

why most of the codes can accurately predict the first temperature rise.

Calculations for rod No. 3, which was provided with a thermocouple, were 

performed by using the computer code PIN. In Fig. 8 the results of the calculations 

are compared with experimental results during the first power rise without the 

coolant temperature compensations.

The calculations were conducted by using the thermal conductivity values 

measured for U 02 pellets which were manufactured with the normal technology of 

the WWER-440 fuel [4]. The thermal conductivity of the fuel was calculated by 

using the formula:

X = 1/(0.0258T + 3.77) + 1.1 X  10' 6 T 

+ 1.01 X  10‘ 13 T3 exp(7.2 x  10"1 T)
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where X is the thermal conductivity of 95% TD fuel (W-cm ’-k"1) and T is the fuel 

temperature (K).

The startup phase temperatures of rod No. 1 can be seen in Fig. 9, together 

with the predictions of the thermal fuel behaviour code GAPCON-THERMAL-2 

(G-T-2). The varying coolant temperatures were compensated for, as explained in 

Section 4.2.1. In these specific cases (fuel rods Nos 1 and 3) a close fit was obtained 

between measured and calculated temperatures. On the other hand, in prepressurized 

rods 4 and 5 the measured values were 10 to 100°С lower than the code predictions. 

A clear gap size effect was observed in the TC readings, i.e. the highest temperatures 

were found in the large gap rods at equal power levels. Standard fuel thermal expan

sion and relocation models of the code were applied.

Linear power at TC (W/cm)

FIG. 9. Measured and predicted temperatures at startup (rod No. 1).
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Rod average bumup (MW• d/kg U)

FIG. 10. Measured and calculated temperatures at constant power (300 to 320 W/cm) in two 
test fuel rods.

4 . 2 . 3  L o n g  t e r m  d a t a

Only a preliminary study of the first bundle results is possible at the moment. 

The 84-day irradiation period can be analysed to some extent. Figure 10 shows the 

temperature behaviour of fuel rods 3 and 4 at the thermocouple locations when the 

local linear power was within the range of 300 to 320 W/cm. The gaps were identical 

and the power level almost equal in the two cases, but in the latter, high initial pres

sure was used. It is obvious that the higher prepressure leads to lower fuel tempera

tures, as can be seen in Fig. 10. Moreover, the difference between the two 

measurement curves seems to diminish in the course of irradiation. Owing to the high 

initial density of the fuel (10.65 g/cm3), the densification effects are expected to be 

small. In pressurized rod No. 4 a weak maximum can be seen in the temperature 

curve (at 1 to 2 MW'd/kg U), which might have been caused by slightly densifying 

fuel.

The figure also presents the predicted behaviour (G-T-2) of these fuel rods. 

At the beginning of irradiation the temperatures were overestimated but a closer fit 

was achieved in the later phase (see Fig. 10). A continuously declining trend can be 

seen in the calculated temperatures of the fuel rods. Whether the minor differences 

result from relocation phenomena or from other reasons has still to be determined.
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FIG. 11. Measured temperatures as a function of linear power in fuel rod No. 5.

The changes in the heat transfer properties of fuel rod No. 5 were also small, 

as can be concluded from Fig. 11. Here, the thermocouple readings were plotted as 

a function of the local linear heat rate at various burnups of the fuel.

The release of fission gases can only be estimated. Using the thermal behaviour 

code (Beyer-Hann model) the fraction is assumed to be less than 3% in the 

instrumented rods. Therefore, the fill gas remains practically uncontaminated by the 

end of the 2000-hour irradiation period. Puncturing of the rods after irradiation will 

give information on the cumulative release of the fission gases.

5. DISCUSSION AND CONCLUSIONS

The joint Soviet-Finnish co-operation programme on research of WWER type 

reactor fuel, the planning of which was started in 1982, has reached the experimental
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phase. Irradiation of the first test bundle was started in November 1985, only 

6 months behind the original schedule.

The experimental equipment has worked satisfactorily. However, careful plan

ning will be required to equip the second bundle with instruments. It is planned to 

be irradiated to a higher burnup, starting in 1987.

The results of the programme will be used to verify the fuel behaviour com

puter programs used in the Soviet Union and in Finland as well as to study possibili

ties of enhancing the economy and operational flexibility of fuel utilization.

At the moment, analysis of the results from the beginning of the irradiation of 

the first bundle has been initiated. These results agree well with the analytical predic

tions. Further qualification and profound analysis of the rest of the data are under 

way to explain the details of the observed behaviour and to judge the predictive capa

bilities of the fuel performance models under these conditions.
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Abstract

R E C E N T  D E V E L O P M E N T S  IN  P O W E R  R E A C T O R  F U E L  IN A R G E N T IN A .

T w o nuclear pow er stations are currently in operation in Argentina: a 350 M W (e) 

P H W R  and a 600 M W (e) C A N D U  type reactor; a third, 680 M W (e) o f  the PH W R  type, is 

under construction. In addition, 700 M W (e) pow er is foreseen up to the year 2000. A  small 

pow er reactor is under developm ent (15  M W (e), C A R E M -15 ) which is designed for serving 

rem ote or low  populated areas in non-interconnected electrical grid systems. D om estic partici

pation in nuclear fuel design and developm ent activities has increased greatly in the period 

since the startup o f  the first nuclear pow er station as a result o f  the self-sufficiency policy that 

has been introduced in the nuclear fuel cyc le . PH W R  fuel was optim ized in order to sim plify 

dom estic material procurement and production operations and to better fuel utilization. 

Testing o f  the basic design o f  fuel assem blies and the supply o f  the first core for the 

680 M W (e) pow er station under construction are being carried out, as w ell as developm ent 

o f  H W R  fuel technology. W hile  the basic design o f  C A N D U  fuel is w ell known, detailed 

design o f  this fuel is a task for the fuel suppliers. F or this reason, w e have com pleted the 

detailed design, testing and manufacturing technology. D evelopm ent o f  special production 

equipment has played a significant role in the domestic manufacturing technology and has ena

bled us to becom e equipment suppliers fo r lo w  scale production plants. One version o f  the 

C A R E M -15  fuel assem bly is presented. The main features are the use o f  segmented fuel rods 

integrated in a 1.2-m  long fuel assem bly containing guide tubes for the control rods and 

heterogeneous burnable poison rods. A  compartmentalized fuel rod design with a lo w  linear 

heat generation rate, the incorporation o f  geom etrically and m echanically conservative 

param eters and the inclusion o f  pellet-cladding interaction remedies allow  adequate operating 

m argins and flexibility for load follow in g operations.

1. INTRODUCTION AND BACKGROUND

The Argentine nuclear programme is based on the use of domestic uranium 

reserves and on locally engineered projects for the installation of power stations with 

increasing domestic participation [1]. Assured uranium reserves are approximately 

30 000 t and the country has a probable potential for ten times this figure [2].

207
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Cautious planning for the installation of nuclear power stations, based on 

natural uranium and HWRs, has been carried out since 1966. Two nuclear power 

stations are at present in operation: a 350 MW(e) PHWR and a 600 MW(e) HWR; 

a third, 680 MW(e) of the PHWR type, is under construction. In addition, 

700 MW(e) power is foreseen up to the year 2000, depending on the economic and 

industrial growth of the country in the near future, as well as maximum use of the 

hydroelectric power potential. The design and engineering of this nuclear power sta

tion will start soon and will have a fully domestic management.

Argentina is a large country with many remote, isolated and sparsely populated 

areas. The long distances do not permit installation of transmission lines as they are 

very expensive and are subject to climatological damage. For these reasons, we are 

developing a veiy small power plant for the production of electricity and industrial 

steam for urban heating or sea water desalination. It will also be able to be used for 

bigger electricity plants by adding more reactors, with an economic lim it of around 

150 MW(e).

To date, the front end of the nuclear fuel cycle has been industrially completed, 

while research installations are under construction or in operation for the back end.

The current capacity or potential expansion of industrial installations will 

enable fuel to be supplied to all the power stations planned for this century.

Domestic participation in nuclear fuel design and development activities has 

increased greatly in the period since the startup of the first nuclear power station as 

a result of the self-sufficiency policy that has been introduced in the nuclear fuel 

cycle. Participation in the offices of the reactor designer for the first power station 

continues and will be followed by performance evaluation and finally optimization.

PHWR fuel was optimized in order to simplify domestic material procurement 

and production operations and to better fuel utilization.

O f greatest importance was the study carried out on inclusion of a 37th fuel 

rod instead of a structural tube. This work included modelling of the vibration 

behaviour of fuel assemblies, testing in a low pressure loop with fully instrumented 

prototypes and performance testing in the high pressure loop. These results will be 

used for the design of the fuel assemblies of the 680 MW(e) PHWR under 

construction.

Strip Zircaloy spacers instead of spark-eroded Zry spacers have been 

developed for the Atucha-I Power Station. Structural calculations and the construc

tion and testing of prototypes, both in laboratory and out-of-pile tests, are being done 

or are planned. The current status of the design engineering of these spacers is suffi

ciently advanced for us to foresee their use in the fuel assemblies of the Atucha-П 

Power Station.

The introduction of slightly enriched uranium prototype fuels and a 

programme for MOX fuel recycling is also planned. Testing of twelve prototypes 

with 0.85% enriched 235U is under way in the Atucha-I Power Station. Changes in 

specifications for production and control charts are being made by our design group.
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The development of M OX fuel technology started several years ago. Pluto

nium handling in an alpha facility started in early 1980 and the production of MOX 

pellets and fuel rods is currently being carried out.

Experimental irradiations are planned in research and power reactors.

Installation of a second alpha-Pu facility in the reprocessing pilot plant build

ing is being prepared.

As suppliers for the 600 MW(e) HWR, we have made a detailed design of fuel 

as well as the necessary out-of-pile testing and in-reactor irradiation to qualify our 

fuel bundles.

Development of special production equipment has played a significant role in 

the domestic manufacturing technology and has enabled us to become equipment 

suppliers for low scale production plants [3].

The design of the fuel assembly for the 680 MW(e) PHWR was done in a joint 

venture with the plant designers Kraftwerk Union. At present, the latest version is 

being tested in the high pressure loop; laboratory testing of a low pressure loop has 

already been completed [4].

Self-sufficiency in design engineering capability is nearing realization with the 

design of fuel rods and assemblies for low power reactors, as described in Section 2.

2. LOW POWER REACTOR FUEL

2.1. M ain features of the reactor

The low power reactor CAREM-15 has a modular concept, i.e. it has enriched 

uranium fuel and is light water cooled (Fig. 1). It has an integrated primary circuit, 

is self-pressurized, is cooled by natural convection and has a passive type emergency 

cooling system.

The main design engineering features are: the modular design, as little on-site 

work as possible, possibilities for increasing the power of the system by adding more 

reactors, components or subsystems that are easy to transport, a self-controlled reac

tor and a passive emergency system.

From the point of view of economics, this type of reactor offers: low engineer

ing costs, lower licensing costs, a small industrial infrastructure, lower QA costs, 

lower general costs on account of the use of standardized components, lower interest 

rates, reduced dead times during projects and a lower radioactivity inventory and, 

hence, higher public acceptability. Moreover, it has fewer requirements for the 

siting, fewer stand-by machines in the grids, shorter distances between the plants and 

the customers, a smaller stock of spare parts and, in turn, lower maintenance costs.
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R eserve  
w a te r  tan ks

FIG. 1. CAREM-15 reactor scheme.

2.2. Fuel assembly design

Several versions of the fuel assembly design were proposed and studied. A 

hexagonal shape was chosen because of the compactness of this array and the possi

bility of attaining a quasi-circular section of the core. Three versions of fuel 

assembly were selected for detailed engineering and testing.

The first, in a conventional PWR fuel assembly, consists of two grids (upper 

and lower) and integrated guide tubes for control rods and heterogeneous burnable 

poison rods, with spacer grids in between (Fig. 2). The fuel rods are free in the ‘box’ 

and there is enough space for longitudinal differential elongation. The main feature 

is the extremely low pressure drop required by the thermal-hydraulic design due to 

natural convection cooling. Fuel assemblies are fixed from the bottom by a type of 

mast that keeps the assembly in position and presses it against the reactor grid. A 

cluster of control or burnable poison rods are placed in the guide tubes. The control 

rods are mechanically connected to the driving systems, whereas the cluster of 

burnable poison rods are in a fixed position.

A second version of fuel assembly consists of a box with two end-grids, six 

lateral edges and control rods-bumable poison guide tubes (Fig. 3). The box accom

modates three to six short bundles made of compartmentalized fuel rods welded at
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FIG. 2. CAREM-15 fuel assembly (version 1).

FIG. 3. CAREM-15 fuel assembly (version 2).
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FIG. 4. CAREM-15 fuel assembly (version 3).

both end-caps to each end-plate; thus, their shape fits that of the cross-section sec

tors. These short bundles are axially loaded to prevent vibration.

The third version comprises the piling up of three 40-cm long bundles which 

are laser welded at their end-plate junctions. No standard end-plates are foreseen, 

but a bottom piece is attached to the reactor grid where the assembly is placed and 

fixed (Fig. 4).

2.3. Fuel rod design

The characteristics of fuel rod design are shown in Table I. The low linear heat 

generation rate and the selection of adequate geometrical parameters allow very low 

mechanical loading of the cladding under steady state conditions.

Compartmentalized fuel rods were selected in order to compare them with the 

full length rods, with the intention of reducing primary coolant contamination in the 

event of fuel failures.

Two different fuel rod concepts were analysed using the BACO code [5]: a full 

length (FL) 120-cm long rod and three compartmentalized 40-cm long rods. Owing 

to the assumed symmetrical axial flux distribution in the reactor core, only two com

partmentalized rods were analysed: CH and CL, for high and low power, 

respectively.
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Fuel assembly

37

1.38 cm 

102

24

2 

3

Fuel rods

ZR Y  cladding 

Outer diameter =  8.95 m m  

Inner diameter =  7.71 m m  

Thickness =  0.6 m m

U 0 2 pellet 

Diameter: 7.58 m m  

Density: 92.6% T D  

Enrichment =  4 %  235 U

Active length =  1200 mm 

Control rods

Material: Ag, In, Cd 

Cladding: SS 

Outer diameter: 8 m m

Burnable poison rods

Material : С b- AI2O 3-SÍ 

Cladding: SS 

Outer diameter: 8 m m

Fuel rod operating parameters

Maximum linear heat generation rate =  235 W / c m  

Maximum central fuel pellet temperature =  950° С

Quantity 

Hexagonal array 

Pitch 

Fuel rods

Control or burnable poison 

rods per assembly 

End-plates of SS 304 L 

Spacers of I nconel
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V (cm3 - stpï

FIG. 5. Time evolution o f  the volume, V, o f  fission gas released plus fission gas stored at the 

grain boundaries.

FIG. 6. Assumed daily power cycle during load follow ing operation.

A 2-year constant power operation was studied. Owing to pellet swelling and 

some cladding creepdown (despite the low stresses characteristic of a thick, small 

diameter sheath), some mechanical contact between fuel and cladding was predicted. 

Nevertheless, hoop stress at the cladding inner surface remained compressive until 

the end-of-life (EOL).

As already stated, compartmentalization is intended to minimize coolant con

tamination in the event of fuel failure. In order to quantify this effect, it was assumed 

that, in the event of cladding rupture, both the fission gases released to the rod free 

volume and those stored at the U02 grain boundaries could be released to the 

coolant. Figure 5 shows the volume, V, of fission gas released and stored at the grain
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Mol x IO3

F IG  7. Time evolution o f  the number o f  gas moles in the rod free volume. He refers to the 

fillin g  helium; F G -I and F G -II  to fission gases released according to Models I  and II, respec

tively; FG R is the fraction o f  fission gas released at EOL.

boundary as a function of irradiation time for the FL and CH rods. It can be seen 

that the potentiality for coolant contamination of the CH compartmentalized rod is 

approximately half that of a full length rod.

A daily load follow operation was also studied. Figure 6 shows the assumed 

daily power cycle, where a 15% overpower, simulating the effect of Xe oscillations, 

was considered in each early morning power-up ramp. In order to obtain an upper 

bound to fission gas release during power cycling, extremely high ramp velocities 

(625 W-cm-1 -h_1) were considered during the whole power history.

Fission gas release during power ramping was considered the most critical 
phenomenon in this analysis. For this reason, two different FGR models were used 

in the В ACO code: an overpredicting, highly conservative one (Model I), and a more 
realistic one (Model II).

Figure 7 shows the fission gas release predicted by both models for the CH 

rod under power cycling; as a reference, the He content of these prepressurized rods 

was also plotted. Under constant power operation, fission gas release is negligible 

in all cases (< 1%).

Figure 8 shows the time evolution of the internal gas pressure under load fol

lowing operation. For the FL rod, the conservative Model I predicts a slight internal 

overpressure (compared with the coolant pressure) at EOL; Model II gives no over

pressure at all. For the CL rod, both models predict the same, and the gas pressure 

remains below that of the coolant pressure. For the CH rod, both models predict 

internal overpressure at EOL: 83 % using Model I, and 47 % with the more realistic 

Model П. Nevertheless, under normal operation, the high overpressure predicted by 

the conservative Model I has no major effects: fuel centreline temperature remains 

below 1300°C (1100°C if Model П is used), while the cladding diameter increase
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FIG. 8. Time evolution o f  the internal gas pressure during load following operation. Gas 

pressure is taken at nominal power; I  and I I  refer to the predictions o f  Models I  and II, 
respectively.

O'hoop 
(M P a )

FIG. 9. Time evolution o f  tensile hoop stresses at the cladding inner surface during load 

follow ing operation. Peak corresponds to the overpower at 07:00 hours (see Fig. 6); standard 

to nominal power; low to low power during the night.
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at EOL, mainly due to creepout, is <0.1% (Model П predicts a small diameter con

traction at EOL, due to the cumulative effect of early creepdown). Owing to cladding 

creepout, no PCMI is predicted with Model I.

Figure 9 shows the hoop stress at the cladding inner surface for the same cases 

as those described in Fig. 8. The plotted values correspond to the: (1) overpower 

at the end of the early morning power-up ramps (marked ‘peak’); (2) the nominal 

power (marked ‘std’); and (3) low power during the night (marked ‘low’). For the 

sake of clarity, the predicted daily oscillations between these three bounds were 

omitted. Owing to the low diameter to thickness ratio cladding stresses are low in 

all cases, and well below any reasonable failure limit for Zry. Compared with 

Model I, Model П predicts not only lower stresses but also lower stress increments 

per unit time. The peculiar shape of the curve for peak power using Model П is due 

to the fact that pellet-clad contact is predicted between 420 and 670 days; thereafter, 

increasing gas pressure breaks the contact.

Under loss of coolant accident (LOCA) conditions, the high gas pressure 

predicted by the conservative Model I for FGR may result in large ballooning and 
even rupture of the cladding. This is restricted to high power compartmentalized rods 

(one-third of the total) at the central part of the reactor core. Analysis of the reactor 

radial power profile shows that under LOCA conditions only 4% of the total number 

of fuel rods would fail.

REFERENCES

[1] C A S T R O  M A D E R O ,  С., El Plan Nuclear Argentino y su proyección futura, Futurable

3 4 (1981) 25-40.

[2] STIPANICIC, P.N., Origen y desarrollo de la industria del uranio en la Argentina, 

Rev. Argent. Estud. Estratég. 1 1 (1984).

[3] CIRIMELLO, R.O., OLEZZA, R., EGIDO, F., M O R G E N S T E R N ,  S., “C A N D U  

fuel technology development in Argentina”, Heavy Water Reactor Fuel Technology 

(Proc. Sem. San Carlos de Bariloche, Argentina, 1983), Comisión Nacional de Energía 

Atómica, Buenos Aires (1983).

[4] D E  G R A N D E ,  A., H O R R O ,  R., BELINCO, C., “Vibration behaviour of CNA-I fuel 

assembly in a low pressure loop”, ibid.

[5] H A R R IAGUE, S., COROLI, G., SA  VINO, E.J., “The B A C O  fuel rod analysis com

puter program”, Proc. 5th SMIRT Conf. Berlin (West), 1979 (Paper Dl/1).





IA E A -S M -2 8 8 / 2 0

F U E L  D E S I G N  F O R  E X T E N D E D  B U R N U P  

I N  A  D E M O N S T R A T I O N  A S S E M B L Y

F.L. ZHANG, S.C. ZHANG, W.D. HE 

South-West Centre for Reactor Engineering 

Research and Design,

Chengdu, Sichuan, China

Abstract

F U E L  DESIGN F O R  E X T E N D E D  B U R N U P  IN A  D E M O N S T R A T I O N  ASSEMBLY.

A  4 x 4 P W R  fuel assembly has been designed to demonstrate the performance of 

extended burnup fuel rods made of domestic materials and with Chinese technology. The fuel 

assembly contains current P W R  standard fuel rods and high performance fuel rods. Zircaloy-4 

cladding with a zirconium liner and annular fuel are used for the high performance fuel rods. ' 

Zircaloy spacer grids with Inconel-718 spring clips and an Inconel spacer grid are used in the 

assembly.

1. INTRODUCTION

A 4 X 4 PWR fuel assembly has been designed to demonstrate the perfor

mance of extended burnup fuel rods made of domestic materials and with Chinese 

technology. The fuel assembly will be irradiated in a loop of our high flux engineer
ing test reactor.

After studying the PWR fuel design improvements made by some developed 

countries, we decided to use annular pellets with chamfer in order to reduce the 

pellet-cladding interaction and decrease the fuel temperature, thereby reducing the 

fission gas release rate. The fuel is seal-welded in a cold-worked and stress-relieved 

Zircaloy-4 cladding with a zirconium liner. An Inconel spacer grid and Zircaloy 

spacer grids with Inconel-718 spring clips are used in the assembly. A maximum 

single fuel rod average burnup of 60 GW-d/t U is expected.

2. DESIGN CHARACTERISTICS

Besides meeting some of the required fuel design standards, the fuel assembly 
has the following characteristics:

(1) It simulates the 17 x 17 fuel assembly configurations

(2) It contains current PWR standard fuel rods and high performance fuel rods

21 9
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A
I

A B-B

1 Upper adapter plate
2 Hold-down plate
3 Nut
4 Guide thimble
5 Zircaloy grid
6 Inconel grid
7 Retaining tube
8 Lower adapter plate

FIG. 1. Fuel assembly fo r  extended bumup (measurements in mm).

(3) It contains a gadolinia bearing fuel rod

(4) The upper and lower adapter plates are removable and fuel rods can be with

drawn for inspection at medium bumup.

3. DESIGN DESCRIPTION

3.1. Assembly

The cross-section envelope size of the assembly is determined according to the 

experimental hole conditions and the loop capacity. The length of the assembly is
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1259 mm, the cross-section is 51 x 51 mm, the active length is 1000 mm, the 

diameter of all the fuel rods is 9.5 mm and the pitch is 12.6 mm (see Fig. 1).

The assembly consists of a rigid skeleton and twelve fuel rods. The skeleton 
is formed by fastening the three spacer grids to the four guide thimbles which are 

located in four comers. The lower spacer grid is made of Inconel-718. It is secured 

by first sliding a short part of the two tubes over the guide thimbles and then welding 

the two together. The upper and middle spacer grids are made of Zircaloy-4 straps 

with welded Inconel-718 spring clips. They are fixed to the guide thimble by tabs 

which are spot-welded to the thimble. The upper and lower threaded plugs of the 

guide thimbles pass through the upper and lower adapter plates separately and are 

fastened by nuts. The fuel rods are retained by the grids. There is a gap of 10 mm 

between the fuel rods and the upper and lower adapter plates. To enable inspection 

of some of the fuel rods at medium burnup, removable adapter plates have been 

designed. After being replaced by the appropriate fuel rods, the assembly can be 

irradiated continuously.

3.2. Fuel rods

The 12 fuel rods are of four types. Types I and II each have four fuel rods, 

which complies with the current standard PWR fuel design. Type Ш, which belongs 

in the high performance category, has three fuel rods and Type IV has one gadolinia 
bearing fuel rod. The parameters for each type are shown in Table I.

All the fuel rods use stable fuel. For current PWR standard fuel rods, solid 

dished pellets with chamfer are used; for high performance fuel rods annular pellets 

are used; for the gadolinia bearing fuel rod a lower 235U enrichment is used (the 

gadolinia content is 5 wt%).

All the Zircaloy-4 cladding tubes are cold-worked and then stress-relieved. To 

increase the margin against pellet-cladding interaction, the zirconium liner of the 

Zircaloy-4 cladding, which is produced in China, is used for the high performance 

fuel rods. All the fuel rods are seal-welded by an electron beam and are internally 
prepressurized, with a helium value ranging from 20 to 30 kgf/cm2.1

3.3. Spacer grids

Three spacer grids are arranged along the length of the bundle to maintain the 

lateral spacing between the rods and their axial position.

The Inconel spacer grid consists of individual slotted straps interlocked and 

brazed in a square arrangement. The straps contain spring clips, dimples for fuel rod 

support as well as mixing vanes. The thickness of the Inconel strap is 0.3 mm. Some 

mechanical tests, including a compression test and thermal-hydraulic tests, of the

1 1  k g f / c m 2  =  9 . 8 0 7  x  1 0 4  P a .
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Types I П Ш IV

No. of fuel rods 4 4 3 1

Diameter of rods (mm) 9.5 9.5 9.5 9.5

Active length (mm) 1000 1000 1000 1000

Pellet shape Solid, Solid, Annular, Annular,

dished dished, dished, dished,

chamfered chamfered chamfered

Pellet height (mm) 11 11 11 11

o.d. of pellets (mm) 8.19 8.05 8.05 8.05

i.d. of pellets (mm) — — 2 2

Density (%TD) 95 95 95 <95

235U  enrichment (%) 10 10 10 <10

Gd20 3 content (%) — — — 5

Cladding material Zr-4 Zr-4 Zr-4 Zr-4

Cladding thickness (mm) 0.57 0.64 0.64 0.64

Zirconium liner thickness — — 0.08

(mm)

Cladding condition Cold-worked and stress-relieved

Diameter gap (mm) 0.17 0.17 0.17 0.17

Inconel spacer grids have been completed. The DNB value of the bundle with the 

grid located in the burnup area is as high as that with no grid. An irradiated relaxa

tion test for several types of Inconel-718 spring clips has been carried out. To obtain 

performance information, the Inconel spacer grid is used in the assembly.

The Zircaloy spacer grids consist of individual slotted straps interlocked into 

a square arrangement. Each intersection between the straps is fixed by laser-welding. 

The straps contain support dimples and mixing vanes as well as some tabs. Before 

the straps are interlocked, Inconel-718 spring clips are positioned on the strap. The 

four corner cells of the grids, which are reserved for the guide thimble, do not have 

supporting points, but at the top they have tabs which are spot-welded to the guide 
thimbles to fix the grids. The remaining 12 cells that receive the fuel rods have six 

supporting points: two soft and four rigid. A prototype of this grid has been fabri

cated and mechanical and thermal-hydraulic tests are now being carried out.
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To minimize assembly deformation and irradiation growth, annealing 

Zircaloy-4 guide thimbles are used which have a lower part with a reduced diameter. 

The guide thimble is fabricated from a single tube. Four holes are provided on the 

thimble to permit inward flow of the coolant.

4. DEMONSTRATION PROGRAMME

Implementation of this research programme began in 1984. The demonstration 

assembly design was completed in 1986 and fabrication of various components such 

as pellets, cladding and grids has also been realized. Manufacture of the assembly 

is expected to start immediately. The irradiation device and inspection equipment are 

also in preparation and it is estimated that irradiation of the fuel assembly will begin 

in 1988.

When a maximum single fuel rod average bumup of 45 GW *d/t U is reached, 

some of the Type I and II fuel rods will be withdrawn from the bundle and will be 

subjected to detailed inspection. Meanwhile, some of the appropriate 235U enrich

ment fuel rods will be reinserted and the reconstituted assembly will be irradiated 

up to a maximum single fuel rod average burnup of 60 GW-d/t U. During irradia

tion, the fuel will be subjected to shutdown, startup and load following operations.
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Abstract

P W R  F U E L  P E R F O R M A N C E  A N D  B U R N U P  E X T E N S I O N  P R O G R A M M E  IN JAPAN.

Since the first P W R  nuclear power plant Mihama Unit 1 initiated commercial operation 

in 1970, Japanese utilities and manufacturers have expended much of their resources and 

efforts on improving the technology of PWRs. The results can already be seen by the 

significantly improved performance of the P W R  plants now in operation. Mitsubishi Heavy 

Industries, Ltd supplied the nuclear fuel assemblies, which now amount to almost 5000. 

Although some trouble with fuel was experienced in the beginning, the progressive efforts 

made to improve the fuel design and manufacturing technology have resulted in the superior 

performance of Mitsubishi fuels. Since fuel of current design should comply with the limita

tion set in Japan for a maximum discharged fuel assembly average bumup of less than

39 000 MW-d/t, the maximum bumup is now around 37 000 MW-d/t. However, an increase 

in this bumup limitation has been strongly requested by Japanese utilities in order to make 

nuclear power more economic and thus more competitive with other power generation 

methods. A  summary is given of the design improvements made on Mitsubishi fuel, as well 

as demonstration programmes of current design fuel to prove its superior reliability and to pre

pare the database for a future extension of bumup.

1. INTRODUCTION

Since the first PWR nuclear plant Mihama Unit 1 initiated commercial opera

tion in 1970, Japanese utilities and manufacturers have expended much of their 

resources and efforts on improving the technology of PWRs. The results can already 

be seen in the significantly improved performance of the 15 PWR plants now in oper

ation. Mitsubishi Heavy Industries, Ltd (MHI) supplied the nuclear fuel assemblies, 

which now amount to almost 5000. Although some trouble with fuel was experienced

225
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in the beginning, the progressive efforts made to improve the fuel design and 

manufacturing technology have resulted in the superior performance of Mitsubishi 

fuels.

Since fuel of current design should comply with the limitation set in Japan for 

a maximum discharged fuel assembly average burnup of less than 39 000 MW • d/t, 

the maximum burnup is now around 37 000 MW-d/t. However, an increase in this 

burnup limitation has been strongly requested by our utilities in order to make 

nuclear power more economic and thus more competitive with other power 

generation methods.

This paper presents a summary of the design improvements made on 

Mitsubishi fuel, as well as the demonstration programmes of current design fuel to 

prove its superior reliability and to prepare the database for a future extension of 

burnup.

2. DESIGN IMPROVEMENTS MADE ON MITSUBISHI FUEL

The design of Mitsubishi fuel originated from the Westinghouse Electric Cor

poration. However, it was necessary to implement several design improvements to 

adhere to the strict nuclear environmental regulations in Japan.

Some of the fuel troubles that have been encountered in Japanese PWRs are: 

rod bowing, grid damage during fuel handling, fuel rod damage due to baffle jetting, 

and pin-hole type leakage.

Rod bowing and grid damage have not as yet directly caused any fuel leakage 

that has affected plant operation, but assemblies with excessive rod bowing and 

irreparable grid damage are not used in the next core; this is considered economically 

undesirable and has made design improvement necessary.

One of the most important changes in grid design was the introduction of an 

eight-grid assembly for 14 x 14 fuel and a nine-grid assembly for 17 x 17 fuel 

instead of the seven- and eight-grid designs, respectively, of Westinghouse. In addi

tion to the increase in grid number, some other design changes have been introduced 

such as optimization of grid spring force and rod bottom off design. These design 

improvements were incorporated before 1976; since then, no unplanned removal of 

assemblies has had to be carried out (see Fig. 1).

Mitsubishi has made an extensive evaluation of grid damage and found that it 

most often occurs at the top grid corners during fuel loading. After analysing the 

damage, Mitsubishi developed a fuel loading programme which optimizes the fuel 

loading sequence; this reduces the possibility of interference between assemblies 

during their loading. Mitsubishi has also modified the grid corner design so that it 

has a better loading capability. Because of this improvement in grid design and the 

application of a sophisticated fuel loading sequence, grid damage has hardly 

occurred in recent years.
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FIG. 1. Rod bowing experience in Japan.

It should be pointed out that the change in grid design not only takes loading 

capability into consideration, but also other aspects such as structural integrity for 
earthquakes. The safety criteria for plant and core components are very strict in 

Japan, and have become even more so in recent years. Thus, fuel assemblies for a 

new plant now require a higher reliability regarding earthquakes. With this in mind, 

Mitsubishi developed a ‘VS’ (very strong) grid design.

Several years ago, fuel rod damage due to baffle jetting was a major problem 

in Japan, and extensive R&D efforts were carried out to resolve the difficulty. 

Although Mitsubishi invented the anti-vibration clip, which can easily be attached 

to the assemblies in front of the baffle plate joints, our utilities decided to try to solve 

this problem by changing the direction of coolant flow from original down-flow to 

up-flow. However, the Mitsubishi anti-vibration clip is believed to be a very 

effective device, and it is still available upon request.

Pin-hole type leakage was sometimes observed during early operation. 

However, Mitsubishi has made every effort to improve the quality control of 

manufacturing and design specifications. As a result, pin-hole type leakage rarely 
occurs now and the leakage rate is less than 10-5. In 1983, Mitsubishi developed 

the Fibrescope Inspection System (FIS) in order to observe the appearance of failure
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ACHIEVED ASSEMBLY AVERAGE BURNUP (GW-d/t)

FIG. 2. Irradiation experience o f  PW R fuel in Japan.

and to acquire a better understanding of the causes of failure. FIS enables very clear 
observation of the outer surface of a leaking rod through use of ultrasonic equipment 
inside the assembly. With the introduction of FIS it has been suggested that lack of 
integrity of the fuel is not the main reason for fuel leakage.
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FIG. 3. Time schedule o f  proving test on the reliability o f  domestic PW R fuel assemblies.

Fuel Assembly Fuel Rod

V isual Inspection
Dimension Measurement
Rod withdrawal Force Measurement

•  V isual Inspection
• P ro fllo m etry
•  Gamma-Scanning
•  Eddy current Test
• х-Ray Rodlography
•  Puncture Test

Cladding Tube P e lle t

netallograohy
Oxide F ilm  t  Hardness
Inner ond Outer Surface inspection
Tensile  Test
Burst Test
EPMA Examination

■ Ceramography
> n icrogcnra Scanning
> Density Measurement 

Burnup Analysis

FIG . 4. P IE  programme fo r  monitoring fuel assemblies.

3. VERIFICATION OF MITSUBISHI FUEL PERFORMANCE

As described in Section 2, Mitsubishi fuel has been satisfactorily used in 
Japanese PWRs after several design improvements had been implemented. The 
irradiation experience of Mitsubishi fuels is shown in Fig. 2.
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Various programmes have been carried out in order to demonstrate the 
integrity and reliability of current Mitsubishi fuel assemblies, to confirm the design 
integrity and the design margin for the fuel assemblies during irradiation, and to 
accumulate fuel irradiation data.

3.1. Proving test on the reliability of Mitsubishi 15 x 15 fuel assemblies

A verification test to confirm the reliability of Mitsubishi 15 x  15 fuel 
assemblies was initiated in 1976 under the sponsorship of the Ministry of 
International Trade and Industry, Japan. Ten monitoring fuel assemblies, which 
were selected from standard products and were characterized by the collection of 
more fabrication data than those obtained during usual inspections, were loaded into 
Mihama Unit 3 and irradiated from the second to the fourth reactor cycle. After each 
reactor cycle one of these assemblies was shipped to the hot laboratory at the Japan 
Atomic Energy Research Institute (JAERI) in Tokyo for detailed post-irradiation 
experiments (PIEs). The time schedule and the hot cell PIE items are shown in 

Figs 3 and 4, respectively.

3.2. PIE programme of high burnup fuel of the 14 x 14 type

To enhance the database on irradiation behaviour of Mitsubishi fuel (focusing 
on the data at high burnup), one 14 x 14 type assembly with an average assembly 
discharged burnup of approximately 37 000 MW-d/t was examined non- 
destructively and destructively at the JAERI hot cell laboratory (1981 to 1985). A  
special feature of this PIE programme is the detailed and varied destructive examina
tion of fuel assembly components other than fuel rods such as the grid and the 
thimble tube (see Fig. 5); some interesting results have been achieved.

3.3. PIE programme of the power ramp demonstration (PRD) assembly

exposed under cycling

To verify the load following capability of Mitsubishi fuel, a series of demon
stration programmes has been carried out since 1978. Fuel behaviour that is consi
dered under load following operation is pellet-cladding interaction (PCI) resistance, 
the acceleration effect on fission product gas release, etc. and cladding fatigue under 
irradiation. These have all been confirmed in the programme.

The initial task was to investigate the PCI resistance of current design fuel by 
power ramping tests, followed by power cycling tests to confirm that there is no 
adverse effect on fuel performance due to cyclic power transients (where the number 
of cyclings reached about 600). These tests were carried out on Mitsubishi type fuel 
rods in the experimental reactors at Studsvik and Halden, simulating PWR 

conditions.
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Fuel Assembly DT of Fuel Rod DT of Assembly Conponents
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FIG. 5. P IE  items o f  high bumup fuel o f  the 14 X 14 type.

After these verification tests were completed, load following capability tests 
(called the PRD tests) were carried out at the domestic commercial reactor; these are 
still in progress. Some test assemblies have been subjected to on-site profilometry 
after PRD to evaluate the cycling effect on the rod diameter, while one PRD 
assembly is now being examined at the JAERI hot cell laboratory to confirm that 
there are no microcracks on the cladding inner surface.

4. IRRADIATION BEHAVIOUR OF THE MITSUBISHI FUEL ASSEMBLY

The irradiation behaviour of the Mitsubishi fuel assembly is described using 
the data accumulated by the programmes discussed in Section 3.

4.1. Fuel assembly growth

A comparison of the fuel assembly growth data of Mitsubishi fuel with those 
of Westinghouse is given in Fig. 6 [1, 2]. The magnitude of the assembly growth 
of Mitsubishi fuel is greater than that of other suppliers; it is, however, well below 
the acceptance limit for core plate interference. This growth in Mitsubishi fuel is 
thought to be due to the increase in grid numbers, which results in more creep strain 
because of the greater tensile stress on rod control cluster thimble tubes caused by 
rod growth through the grids.
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4.2. Fuel rod growth

The fuel rod growth data are plotted according to the fast neutron fluence 
( >  1 Mev) (see Fig. 7 [1, 2]). No difference between the fuel types can be observed. 
It should be noted that the rod growth rate is almost the same as that of the Zircaloy 
tube itself (see Adamson data in figure).

4.3. Fuel rod bowing

The various data accumulated on channel closure due to rod bowing are shown 
in Fig. 8 [1-4]. The channel closure of Mitsubishi fuel is as small as that of Combus
tion Engineering and Babcock & Wilcox fuels, which have more grids than Westing
house fuel. It can be seen that the channel closure tends to saturate with burnup and 
therefore would not show critical behaviour at a higher burnup.

4.4. Fission product gas release

In Japan one of the most important design criteria of fuel rods is to maintain 
a fuel rod internal pressure that is lower than that of the coolant system pressure.
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The fission product gas release data were gathered extensively during the PIE 
programmes to verify the design integrity of Mitsubishi fuel. Figure 9 [1, 5, 6] shows 
that the fission product gas release from Mitsubishi fuel irradiated steadily at 
domestic commercial reactors is less than 1 %, even at an average burnup of about 
40 000 MW-d/t.
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4.5. Cladding water-side corrosion

The coolant chemistry is strictly controlled in Japanese PWRs and the crud 
deposition on fuel rods is very small, which leads to the superior corrosion behaviour 
shown in Fig. 10 [1, 3, 4, 7, 8]. The hydrogen uptake is small enough not to lose 
fuel cladding ductility.

4.6. PCI resistance

It is generally maintained that PCI resistance can be well defined by the maxi
mum local power level attained (Pmax) and the maximum local power increase from 
the pre-conditioned power level (ДР). The PCI threshold for Mitsubishi type fuel has 
been established from various power ramping data (see Fig. 11) with respect to Pmax 
and ДР. There is a tendency for the PCI threshold to remain at a constant level after
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FIG. 13. Results o f  power ramp demonstration tests.

exceeding a burnup of about 20 000 MW-d/t, i.e. with a Pmax of about
40 kW/m and а ДР of about 8 kW/m.

It has been confirmed that there is no adverse effect on PCI resistance due to 
power cycling. Fuel behaviour during power cycling reaches a state of equilibrium 
after several cycles, as shown in Fig. 12. Also, no enhancement of fission product 
gas release due to power cycling was seen during the cycling tests carried out for 
about 600 cycles.

The load following capability of Mitsubishi fuel has been demonstrated by a 
series of PRD tests at the commercial reactors; the results are summarized in Fig. 13.

5. BURNUP EXTENSION PROGRAMME

Japanese utilities have gradually been extending the length of the operational 
cycle (the conventional length is 9 or 10 months) in order to increase plant availabil
ity and to achieve more economic power. At the moment plant inspection has to be 
performed within 13 months. To extend the cycle length, taking into consideration 
the better fuel cycle costs achieved with a maximum cycle length of 13 months, it
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is planned to relax the assembly average discharged burnup limitation to 
48 000 MW-d/t. Extensive R&D programmes are continuing. The long term goal 
is to further raise the level of discharged burnup to about 55 000 M W  • d/t and to 
extend the plant inspection intervals to about 15 months.

Accumulation of a database on irradiation experience to high burnup and 
detailed evaluation of these data are necessary to obtain the licensing for an extension 

of burnup. However, since fuel of current design should have a maximum discharged 
fuel assembly average burnup of less than 39 000 M W  • d/t, which is the limit in 
Japan, the burnup extension programme has also needed data from foreign commer
cial and experimental reactors.

An assembly at the Zion plant irradiated to an average burnup of approximately 
55 000 M W  • d/t (the fuel design is similar to that of Mitsubishi) was subjected to hot 
cell PIE. This was carried out as part of a joint R&D project with Westinghouse. 
PIE included examination of the contacting rods caused by excessive rod bowing. 
This provided invaluable data showing that fuel cladding corrosion is not accelerated 
even if rod contact occurs. Mitsubishi is participating in other international fuel 
programmes such as HBEP and TRIBULATION, which are producing useful data 
for the evaluation of fission product gas release and the power transient effect on high 
burnup fuel.

The range of power history and achieved burnup of the database is wide, as 
shown in Fig. 14, therefore improvement of the design tool can be carried out. 
Individual data are included in Figs 6 to 10, together with the data obtained from 

the domestic PIE programmes already mentioned.
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(1) Fuel rod internal pressure
(2) Fuel cladding water-side corrosion
(3) PCI
(4) Irradiation growth of the fuel rod
(5) Fuel rod bowing
(6) Relaxation of the grid spring force.

Based upon the data already described, these key aspects have been evaluated as 
follows.

5.1. Fuel rod internal pressure

As can be seen in Fig. 9, the fission product gas release of rods irradiated at 
commercial reactors remains less than 3% and no burnup enhancement is observed, 
whereas the fission product gas release of rods irradiated with higher power is high. 
The power transients release the additional fission product gas according to the 
power level achieved. However, additional release is small when holding time at the 
high power level is short.

The fuel rod internal pressure can be evaluated by combining individual fuel 
irradiation phenomena such as the fission product gas release, pellet density change 
and cladding creepdown. Mitsubishi has improved the fuel modelling codes and 
enlarged their burnup range according to the data accumulated. The high accuracy 
of prediction by these codes is clearly shown in Figs 15 to 17 for the fission product 
gas release, pellet density change and cladding creepdown shown in the fuel rod pro
file, respectively. Current evaluation of a burnup extension to 48 000 MW-d/t by 
the integral code indicates that it may be necessary to adopt the lift-off criterion in 
addition to lower helium prepressurization.

5.2. Fuel cladding water-side corrosion

Although the corrosion data scatter widely and increase with burnup, no 
acceleration can be seen and the maximum oxide layer thickness of the rod at a 
burnup of 60 000 MW-d/t is approximately 50 /xm, which is well below (10%) that 
of the cladding. Since the coolant condition in Japanese PWRs is good and there is 
hardly any crud deposition, corrosion is not considered to be a significant problem 
in extending the burnup to 48 000 M W  • d/t.

5.3. PCI

The data shown in Fig. 11 show that the PCI threshold is saturated after a 
burnup of about 20 000 MW-d/t. PCI failure is considered less likely to occur at 
a higher burnup because of the low reactivity of high burnup fuel.

T h e  k e y  c o n c e rn s  in  th e  p e r fo r m a n c e  o f  h ig h  b u rn u p  fu e l  a re :
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FIG. 16. Predictability of pellet density change.
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5.4. Others

Accelerated fuel rod growth with bumup is not observed up to about 
60 000 MW-d/t, as shown in Fig. 7, and it is believed that gap closure between the 
top/bottom nozzle and the fuel rod will not be a critical issue should the burnup 
limitation be extended to 48 000 MW-d/t. In the event of an even higher extension 
in burnup, more detailed evaluation will be needed.

Rod bowing shows a tendency to saturate with burnup and may not be critical.
Relaxation of the grid spring force is thought to cause hydraulic fretting of the 

fuel rods. However, it has been confirmed that the spring force remains at a level 
of 30% of the initial force with the saturation tendency after short irradiation.

6. CONCLUSIONS

Based on the superior performance of Mitsubishi fuel under a bumup limitation 
of 39 000 MW-d/t and the database accumulated from various R&D programmes 
with a maximum discharged burnup of about 55 000 MW-d/t, extension of the 
discharged burnup limitation to 48 000 M W  • d/t may well be realized within a few 
years in Japan. Negotiations with the licensing authorities have already started. It has 
been concluded that no change in the current fuel design is necessary, but that a 
decrease in He prepressurization will be needed.

О measured data

rod average burnup = 8 800 MW-d/t
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Abstract

I M P R O V E M E N T  O F  F U E L  P E R F O R M A N C E  IN T H E  W O L S U N G  N U C L E A R  P O W E R  

PLANT.

From the start of commercial operation in 1983 until the end of 1985, the Wolsung 

Nuclear Power Plant operated for about 800 effective full power days (EFPDs). During this 

relatively short operational period it experienced various problems but achieved high relia

bility in operation. Wolsung recorded economical fuel utilization, particularly in 1985, 

together with a 94.4% plant capacity factor; it also showed successful in-pile test results as 

part of a fuel localization project. The actual fuelling rate was 16.3 bundles per E F P D  in 1985, 

i.e. a saving of about 11 %  compared with the design fuelling rate of 18.2 bundles per EFPD. 

Better fuel performance was achieved because minimum excess reactivity was maintained in 

the core, characteristics unique to the core were found and the spatial flux distribution was 

controlled. The average discharge fuel burnup in 1985 was 6993 MW-d/t U, which was 8.5% 

more than the design value of 6446 MW-d/t U. The fuel performance record is discussed with 

respect to discharge bumup, fuelling rate, fuelling scheme, excess reactivity and defective fuel 

rate, and a comparison is made with the predicted design values; the in-pile test results of fuel 

bundles fabricated in the Republic of Korea are also presented. Some suggestions are made 

for a more effective method of fuel management based on the experience gained.

1. INTRODUCTION

The Korea Electric Power Corporation (KEPCO) is the national utility in the 
Republic of Korea. With an installed capacity of 17 109 MW, it currently has five 
nuclear units in commercial operation, one is being commissioned and three units 
are under construction. In 1985, the amount of energy generated by nuclear power 
plants was about 30%.

KEPCO has eight PWRs and one PHWR (Wolsung). The latter is the second 
nuclear reactor of KEPCO and also the second commercial 600 MW(e) PHWR in 
the world. From initial criticality on 21 November 1982 to the end of 1985, 
Wolsung, with a capacity of 678.7 MW(e), operated for about 800 effective full 
power days (EFPDs).

When Wolsung went into service on 22 April 1983, the CANDU-600 MW(e) 
PHWR had not been sufficiently proved operationally. Unfortunately, the service

24 3
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FIG. 1. Fuelling scheme.

date of the original reference plant in Canada was very close to that of Wolsung. As 
a result, it was substituted by another plant which went into service only three 

months before Wolsung. Furthermore, the CANDU-600 MW(e) design was still 
under review by the regulatory authorities with regard to some safety features and 
engineering changes.

During the initial operation period, Wolsung experienced some problems, for 
example steam generator deterioration, a large heavy water leakage incident, and a 
power distribution mismatch between the on-line and off-line computer programs. 
Also, because the Wolsung design was somewhat different to that of the reference 
plant it took a long time for KEPCO to determine the characteristics unique to the 
Wolsung core.

2. FUELLING SCHEME

The Wolsung reactor consists of a low pressure tank called the calandria which 
is penetrated by high pressure fuel channel assemblies containing bundles of natural 
uranium fuel. It has 380 fuel channels arranged in a square array within the calan
dria. The heat transport system has two circuits with 190 fuel channels in each cir
cuit. Flow through the fuel channels is bidirectional, i.e. in opposite directions in 
adjacent channels. The fuel channels consist of 12 fuel bundles, each 0.5 m long, 
and each bundle consists of 37 fuel elements,
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FIG . 2. (a) Number o f  fuellings (channels pe r 10 F P D ); (b) average discharge bumup (per 

10 F P D ); (с)  cumulative discharge bumup (MW-d/t U).
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One of the unique and highly desirable features of a CANDU reactor is the 
capability of refuelling the reactor while operating at full power; we call this on- 
power refuelling.

Normally, eight bundles per fuel channel are replaced with the reactor operat
ing at full power. We introduced the ‘Swing-8 bundle shift scheme’ for the first 
charge fuel bundles in order to improve the initial fuel burnup. This scheme (shown 
in Fig. 1) adds eight new bundles to the fuelled channels and ten bundles, formerly 
in positions 3 to 12, are accepted into the receiving head of the fuelling machine 
(bundles 11 and 12 are the first to enter the head). The magazine of the fuelling 

machine is then rotated and bundles 11 and 12 are re-inserted into their original 
positions. Re-shuffling of the fuel bundles back into the core is necessary only once 
during the first fuel charge. Subsequent refuellings of the channel are performed 
using the simple push-through eight-bundle shift scheme.

The number of fuellings, average discharge burnup and cumulative discharge 
burnup of the Swing-8 scheme were compared with those of the reference scheme 
(see Fig. 2(a), (b) and (c)). As can be seen in the figures, the first charge fuel bundle 
reshuffling using the Swing-8 scheme showed a significant increase in fuel burnup 
(14.5%) compared with that of the standard eight-bundle shift fuelling scheme. It 
should be stressed that the Swing-8 scheme is implemented only during first 
refuelling.

3. FUEL MANAGEMENT

There are two regions in the core: an inner region with 124 fuel channels, and 
an outer region wtih 256 fuel channels. Two depleted uranium bundles per channel 
in the inner region are loaded in the first charge core to maintain flattened flux.

First refuelling was commenced on 13 July 1983 after 99 full power days 
(FPDs) of operation, as predicted. In the previous May, a total of 20 bundles had 
been replaced for demonstration of the fuelling machines. The first discharge burnup 
of eight bundles in channel M-08 was 3280 MW-d/t U.

Figure 3 shows the variation in refuelling rate per 10 FPDs with time. The rate 
of refuelling was relatively high in the initial period, but as time passed it neared 
the equilibrium value of 2.05 channels per FPD. Compared with the design value 
of 2.3 channels, Wolsung showed a 12% saving in fuel. As shown in Table I and 
Fig. 4(a) and (b), the average discharge fuel bumup in 1985 was 6993 MW-d/t U, 
which was 8.5% higher than the predicted value of 6446 MW-d/t U.

The channels to be refuelled were chosen on the basis of the following refuel
ling criteria:

(1) Irradiation. Highly irradiated channels were chosen whenever possible.
(2) Symmetry. The core is divided into seven radial zones, each representing the area 
covered by two co-axial spatial control zones. Symmetry was maintained by
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FIG. 3. Refuelling rate per F P D  interval (channels per 10 FPD ).

refuelling approximately the same number of channels from symmetrically opposite 
zones.
(3) Power constraints. Only fairly low powered channels were selected for refuelling 
and preferably channels whose nearest neighbours were also low powered. This was 
done to ensure that maximum channel and bundle powers were maintained below 
limited power.
(4) Bidirectionality. To implement any one of the reshuffling schemes, it is necessary 
to fuel alternately from each end of the reactor. However, when some channels are 

fuelled for a second or third time, strict alternation gives way to an equal number 
of fuelling operations from each end during a 10 FPD period.
(5) Fuelling machine utilization. Whenever possible, high reactivity channels were 
refuelled to reduce the fuelling rate.
(6) Failed fuel. Priority is given to failed fuels.

It should be noted that there is no order of preference in the refuelling criteria 
except that failed fuels are given top priority. On the basis of the above criteria, in- 
core management staff decide the fuelling priorities, taking into consideration the 
status of plant operation at the time and the plant operation history. Thus, the intui
tion of the engineer, based on his accumulated experience and knowledge, is one of 
the most important criteria. Accordingly, the number of fuel bundles introduced into 
a core varies from 14 to 20 bundles per FPD. By adjusting the fuelling rate in various 
core regions, the power distribution is effectively controlled over a time-scale of the 
order of one week.

There are a number of factors that directly affect the discharge fuel burnup, 
namely excess reactivity in the core, moderator purity and power distribution.
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FIG. 4. (a) Average discharge bumup (MW-d/t U ); (b) cumulative discharge bumup 

(MW-d/t U).

Therefore, every effort was made to maintain minimum excess reactivity, a modera
tor purity of above 99.8 wt% and flattened flux distribution. The necessary excess 
reactivity per FPD is compensated for by daily refuelling; such a deviation from 
criticality can be handled by the liquid zone controller. Figure 5 shows the average 
excess reactivity per month, based on the 40% level achieved in the zone control 
system in 1985. This excess reactivity is used for emergency operations such as fuel
ling machine unavailability. Concerning the fuelling machine failure rate, our inter
nal policy is to maintain 1 to 2 milli-k excess reactivity; such a deviation from criti-
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FIG. 5. Average excess reactivity.

TABLE III. FUEL DEFECT RATES

1983 1984 1985

No. of channels replaced 230 521 703

No. of bundles replaced 1840 4152 5624

No. of defective fuel

bundles 8 14 4

Defect rate (%) 0.43 0.34 0.07

cality is handled by boron in the moderator. With 1 milli-k reactivity of boron in the 
moderator, the discharge burnup would be reduced by 124 MW-d/t U. Also, the 
reactivity coefficient of moderator purity at 99.8 wt% is 3 milli-k per 0.1%.

4. FUEL PERFORMANCE

Defective fuel bundles are removed as soon as they are located to reduce 
fission products and uranium contamination in the heat transport system; this is done 
on-power. The channel with failed fuel bundles can be detected during on-power 
operation by the delayed neutron detection system. If the failed status suddenly 
deteriorates or the defect is deteriorating continuously, the failed bundles should be 
removed from the channel at once and stored in the spent fuel bay. It is desirable 
that failed parts be confirmed by an underwater camera or periscope.



TA
BL

E 
IV

. 
PE

R
FO

R
M

A
N

C
E

 
OF

 
FU

EL
 

FA
B

R
IC

A
TE

D
 

IN 
TH

E 
R

EP
UB

LI
C 

OF
 

K
O

R
E

A
 

(a
) 

D
w

el
lin

g 
ti

m
e

2 5 2 K I M

Q
O hЬ
<D
S

о
?Q

60Ц.a

ТЭCQ
О

*oсо

0>3u«

о
ce
û

О

3x>
u3
Uh

4>
ce
û

S
PU

CQ
û

<L> C
C O
5 лr~ O
6  s

<n OO ГЧ »o-h m
N  ( S  N  (N

00
( N

en ^  
t } - 4 0

oin

003
<

o,uco

00
00

i H  D .  D .

s  <  <

00 00 00

eu
s■Q

CL, O .  CX «U 1> ü
CO C/2 C/3

û  M  H

uU)os g 
<d > 
<



IA E A -S M -2 8 8 / 1 0 2 5 3

A total of 11 616 fuel bundles had been discharged from the core by the end 
of 1985. As shown in Table II, a total of 26 fuel bundles were judged to be defective; 
19 failed bundles (of 26) were initial charge fuels. As can be seen in Table III, in 
the first and the second year of operation, 8 and 14 failed fuel bundles with defect 
rates of 0.43 and 0.34%, respectively, were found. To achieve successful fuel per
formance every effort was made to select the fuel channels that had to be fuelled, 
with particular attention being paid to the fuel channel temperature, the flattened flux 
distribution, the power peak and a severe ramp power rate below 5% per hour at 
high power. As a result of these efforts the defect rate dropped to 0.07% in 1985.

5. FUEL LOCALIZATION PROJECT

At the end of the 1970s the Korea Advanced Energy Research Institute started 
R&D work on a fuel localization project. It was necessary to establish this 
programme to achieve self-reliance in technology and fuel manufacturing for the 
Wolsung Nuclear Power Plant. In 1983, two fuel bundles built in the Republic of 
Korea were shipped to the Canadian nuclear research reactor for in-pile testing.

On the basis of this demonstration test, the first 24 fuel bundles were loaded 
into channels D-9, T-9 and K-9 of Wolsung on 8 September 1984. At a burnup of 
6831 MW-d/t U, the 24 bundles were discharged from the core, passing twice 
through the standard eight-bundle shift scheme (see Table IV). The irradiation 
results, including discharge burnup, dwelling time and maximum bundle power, 
show that the fuel localization programme was successful; no fuel defects were 
found. The second 24 fuel bundles manufactured from domestic uranium ore were 
loaded on 15 November 1985 as a part of the fuel localization programme. To date, 
there has been no indication of any fuel defects.

6. CONCLUSIONS

The fuelling rate of the PHWR 600 MW(e) has been determined from operat
ing experience; our current aim is 16 fuel bundles per FPD. Since the fuelling rate 
depends on various factors such as flux distribution, excess reactivity, moderator 
purity and the fuelling scheme, continuous technical development is required to 
approach an optimum value. It is suggested that in the future utilities should try to 
improve their technical capabilities in order to achieve better fuel performance and 
thus economic effectiveness, and that efforts should be made to realize technical self- 
sufficiency by finding more accurate characteristics unique to the core and by further 
developing fuel modelling.
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Abstract

O P E R A T I N G  EX P E R I E N C E  O F  T H E  F R A G E M A  G A D O L I N I A  B E A R I N G  F U E L  

ASSEMBLY.

The fuel management strategies required by utilities are becoming more complex than 

the standard (third core) out-in scheme used for yearly cycling. Requirements such as 

extended cycle length, low leakage loading pattern, reduced vessel fluence and decreased 

reload size are now demanded. Owing to the fact that achievement of such objectives always 

relates to control of the core power distribution and/or core reactivity, use of burnable poisons 

is most often the method used to obtain satisfactory fuel management strategies. To make 

allowance for handling, storage, reprocessing and residual reactivity penalty aspects, Frama

tome has developed a UOj-GdjOj integrated fuel burnable absorber which consists of 

gadolinia bearing fuel rods made of sintered U 0 2-Gd20 3 pellets fabricated from depleted 

U 0 2 powder cold blended with Gd20 3. This process has been fully qualified and is routinely 

used. The main design feature of the Fragéma fuel assembly is that the gadolinia bearing fuel 

rods are located on the peripheral rows of the fuel assembly. This design can be reproduced 

for any number of gadolinia bearing fuel rods. Throughout its experience with fuel, Fragéma 

has been able to integrate the data obtained during core physics tests performed during the 

startup tests with the numerous data accessible throughout reactor follow-up. Analysis of these 

data and comparison with predicted design values demonstrate the validity of the design 

models and codes developed by Framatome. Moreover, qualification of the gadolinia 

integrated fuel burnable absorber has been performed under severe operating conditions. 

Fragéma is therefore able to guarantee high P W R  operating flexibility as well as safe 

behaviour of its fuel.

1. INTRODUCTION

Framatome, on behalf of Fragéma, has developed a gadolinium product design 
in order to meet the various utility requirements for fuel management, namely, 
extension of the cycle length, reduction in the fuel cycle costs and reduction in the

2 5 5
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FIG. 1. Core loading pattern (third core fuel management, 14-month cycle).
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pressure vessel neutron exposure. In particular, these requirements can lead to 
higher batch enrichment, higher discharge burnup and decreased or increased reload 
sizes. The fuel management modifications must be carried out without penalizing the 
operating flexibility of the reactor; in some cases they may also call for relaxation 
of reactor control constraints. Therefore, they necessitate an efficient power distribu
tion controller.

The purpose of this paper is to present the Fragéma gadolinium product as a 
power distribution control device, Framatome experience in the reloading of power 
reactors with gadolinia bearing fuel assemblies and the qualification of calculation 
codes through the feedback of experience.
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FIG. 2. Hybrid core loading pattern (quarter core fuel management, yearly cycling).

2. EXPERIENCE IN POWER REACTORS

Framatome has studied and tested different strategies for the loading of 
gadolinia bearing fuel assemblies in order to meet utility requirements such as:

(1) Extension of the cycle length by increasing the fresh assembly number and 
enrichment

(2) Extension of the cycle length by increasing fresh assembly enrichment, 
keeping the reload size constant

(3) Reduction in radial neutron leakage (economic and vessel fluence benefit) by 
positioning fresh fuel assemblies towards the interior of the core.
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Framatome’s experience with gadolinia poisoned cores is reported on Table I. 
Each of the gadolinia bearing fuel rods corresponding to the above strategies has the 
same physical characteristics, which are specific to Framatome’s gadolinium 
product: poisoned rods are made of sintered UOj-GdjOj pellets fabricated from 
depleted U 0 2 powder cold blended with Gd^Oj. The gadolinium weight per cent is 
adjusted to meet fuel management requirements.

Figure 1 shows the fuel management strategy which was applied to increase 
the cycle length from 11 000 to 13 000 MW-d/t U for a three-loop 900 MW(e) reac
tor (157 17 X 17 fuel assemblies).
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For economic reasons the reload size was maintained at 52 fuel assemblies 

(one-third core) and the enrichment was increased from 3.25 to 3.7%. The reload 
contains 16 fuel assemblies with eight Gd poisoned fuel rods (8wt%Gd20 3 each).

An illustration of a fuel management strategy used to reduce annual fuel cycle 
costs is given in Fig. 2 (for the same reactor type as that shown in Fig. 1). The reac
tor has a core loading pattern of 40 fresh fuel assemblies, eight of which contain 
12 gadolinium rods with 5 wt% Gd20 3. The fresh fuel assemblies are located 
towards the core interior in order to reduce radial neutron leakage.

Finally, Fig. 3 presents (again for the same reactor type) a core loading pattern 

for yearly cycling which allows appreciable vessel fluence reduction in the most 
limiting positions (in front of fuel assembly locations H-15 and G-15 and symmetri
cal locations) while offering attractive fuel cycle costs. Eight fuel assemblies contain 
eight gadolinium fuel rods with 6 wt% Gd20 3.

3. PRODUCT AND  METHOD QUALIFICATION

Framatome and the CEA have set up an extensive programme of development 
and experimental qualification, the aims of which are as follows:

(1) Determination of the UO^GdjOj physical-chemical characteristics (melting 
point, thermal conductivity, etc.)

(2) Analysis of U 02-Gd20 3 rod thermal-mechanical behaviour
(3) Qualification of the fabrication process
(4) Optimization of the product.

All these points have been described elsewhere [1 ,2 ], especially qualification 
of the neutronics method, which is based on two types of experiments: the critical 
experiment (zero burnup) and the depletion experiment.

Framatome’s experience with gadolinium in power reactors started by using 
the standard mid-assembly location for the poisoned rods. One of the drawbacks of 
this positioning is power distribution control due to radial reactivity redistribution 
(the more gadolinia bearing rods present, the more intense the effect).

From the experience acquired through numerous gadolinia bearing core calcu
lations, Framatome has developed a new concept for the positioning of the gadolinia 
bearing fuel rods. However many poisoned rods there may be, they are localized in 
the peripheral rows of the assembly.

This new design (Fig. 4) has many advantages over the standard mid-assembly 
location [1], for example:

(a) Better distribution of gadolinium effects between the neighbouring fuel 
assemblies

(b) Better fine power distribution in the gadolinia bearing fuel assembly
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HIO-ASSEHBLY LOCATWH

PERIPHERAL LOCATION

B  Gadolinia bearing fue l rod

I I Fuel rod 

[Q Guide thimble

FIG. 4. Positioning o f  eight U 0 2-G d 20 3 rods in a fue l assembly.

(c) Negligible impact of gadolinium rods on the power peaking factor bearing rod 
(since they are separated by several fuel rods)

(d) No axial gadolinium concentration grading (not necessary from the hot spot 
control point of view).

In addition, use of depleted uranium provides some margins with regard to the 
rod thermal-mechanical critieria, reduces the initial reload investment and allows 
gadolinium rod fabrication in a non-controlled area.
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TABLE П. TRICASTIN 3 — CYCLE 5. INITIAL STARTUP TESTS: 

COMPARISONS BETWEEN MEASUREMENT AND CALCULATION 

RESULTS. THE RELOAD IS COMPOSED OF 52 ASSEMBLIES 

(ENRICHMENT = 3.70%)

(16 assemblies contain eight gadolinia bearing fuel rods)

Parameter
Rod Results

Differenceconfiguration
Measurements Calculations

Critical boron ARO 1443 ppm 1445 ppm -2 ppm
concentration Rin 1350 ppm 1346 ppm +4 ppm

Isothermal
temperature
coefficient

ARO
Rin

-9.2 pcm/°Ca 
-12.7 pcm/°C

-10.3 pcm/°C 
-14.5 pcm/°C

1.1 pcm/°C 
1.8 pcm/°C

Integral 
rod worth

R 799 pcm 834 pcm -35 pcm

Differential 
rod worth

R 5.2 pcm/step 5.7 pcm/step -0.5 pcm/step

Difference = measurements -  calculations. 
a pcm = per cent milli (10 s).

4. FEEDBACK OF EXPERIENCE

Initial startup tests and operating surveillance of various gadolinia poisoned 

cores have yielded a large number of experimental data on different parameters such 

as hot spot factors, boron concentrations, rod cluster control assembly worths and 
power distributions.

Specific operating surveillance programmes have been set up, e.g. Grave-

lines 2, Cycle 3 (demonstration assemblies) and Gravelines 5, Cycle 1 (first core).

These two cores have gadolinia bearing assemblies which contain removable rods in 

order to perform post-irradiation examinations (the first results are scheduled for late 
1986).

Table П presents comparisons made between measurements and calculations 

of the initial startup tests of Tricastin 3, Cycle 5, which started in February 1986. 

The experimental results are in good agreement with the calculated values.
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FIG. 5. Tricastin 3, Cycle 4. Average assembly-wise power distribution and measurement- 

calculation discrepancy (flux map power: 100%; cycle bumup: 12 250 MW-d/t U).

Operating surveillance has yielded a large body of data concerning full power 

conditions. Figures 5 to 8 show the flux map analyses that were performed monthly 

throughout Cycle 4 of Tricastin 3. Even for this core, which is extensively poisoned 

with gadolinium (36 fresh gadolinia bearing assemblies), different parameters such 

as axial offset, axial peaking factor (FZ), enthalpy elevation (F ^ ) , hot spot factor 
(Fq), boron concentrations and average assembly-wise power distribution show no 

deviation between measurements and calculations.

Figure 9 shows a comparison between the calculated and measured axial distri

butions of activity in a Gravelines 2, Cycle 3, gadolinium fuel assembly. Again, the 

agreement in measurement-calculation is excellent.
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BURNUP (MW- d/t U)

FIG. 6. Tricastin 3, Cycle 4. Axial and radial peaking factors versus bumup

(A  =  experimental resu lt;---- =  theoretical result (best estimate); — =  theoretical result

including adequate uncertainty).
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Bearing in mind the constant aim of maximizing core operating margins (DNB, 

LOCA, etc.), Framatome has developed an original gadolinium product in order to 

meet the utility requirements.

A wide range of fuel management strategies have been studied for a 

900 MW(e) reactor (157 17 x 17 fuel assemblies). These studies cover the follow

ing range of enrichment and reload size:

(1) The fresh assembly enrichment (235U) varies from 3.25 to 4.5%

(2) The composition of the reload varies from 40 assemblies per reload (quarter 

core fuel management) to 64 assemblies per reload (long cycles).

About 2000 gadolinia bearing rods were tested under severe operation condi

tions (load follow, reduced power operation); the results show that high PWR operat

ing flexibility is guaranteed.

Since power distribution and core reactivity control have been mastered, 

further loading patterns and fuel management optimization may call for a relaxation 

in design limits and improvements in reactor control systems. These new design 

bases will be taken into account by the Framatome Fuel Division in order to make 

the most efficient use of the capability of the reactor.
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Abstract

W E S T I N G H O U S E  P W R  E X T E N D E D  B U R N U P  E X P E R I E N C E  A N D  R E L A T E D  

P R O D U C T  I M P R O V E M E N T S .

The design and licensing of Westinghouse standard 15 x 15 and 17 x 17 fuel arrays 

have been accomplished with fuel design codes incorporating fuel behaviour models based 

primarily on data from the Saxton and Jose Cabrera (Zorita) development programmes. The 

accumulation of successful four- and five-cycle operating data on representative fuel assem

blies in the Surry and Zion reactors, including extensive hot cell examinations, established an 

expanded fuel performance database which has supported the development of both improved 

fuel behaviour models and an improved fuel design and licensing code. The database, the 

principal behaviour model and the design code improvements are discussed. Descriptions are 

also given of the fuel management improvements and new fuel products which have been 

introduced on the basis of the enhanced fuel behaviour predictive capability and the continuing 

accumulation of successful commercial fuel extended bumup operation experience.

1. INTRODUCTION

Early recognition of the economic and reactor operational benefits of high 
burnup has made burnup extension a key element of Westinghouse’s fuel develop

ment programme for over 20 years. This paper discusses recent improvements in 

fuel performance models and shows how these models have permitted improvements 

in fuel management and have supported major new product developments.

Fuel rod design and licensing models and methods based primarily on the 

Saxton [1] and Jose Cabrera (Zorita) [2] data verified the ability of both 15 x 15 

and 17 X 17 helium prepressurized fuel to satisfy all design requirements for out-in 
fuel management at a region average burnup of 33 GW-d/t U. These fuel design 

methods also supported the development of the optimized fuel assembly which incor

porated reduced diameter fuel rods and Zircaloy spacer grids to improve neutron 
economy, as well as 36 GW-d/t U region average burnup.

2 7 3
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The Saxton and Zorita test programmes confirmed initial fuel performance 

expectations and provided a sound basis for implementing major extended burnup 

demonstration programmes in the Zion, Surry, Trojan and Farley commercial units. 

These latter programmes have shown that all standard fuel designs are capable of 

operating to region average discharge burnup levels of about 40 GW • d/t U with low 

leakage fuel management schemes.

Successful achievement of 55 GW • d/t U average burnup in four Zion assem

blies [3], extensive post-irradiation evaluations of high burnup fuel in the 

commercial unit demonstration programmes [4—6] and high power extended burnup 

tests in the BR-3 reactor [7] provided a database for the development of new fuel 

rod design and licensing models [8]. This paper discusses the effect of higher burnup 

on the key fuel behaviour models. The effects of the fuel duties which are required 

for different fuel management strategies at high burnup are also discussed. These 

models have supported the development of VANTAGE5 fuel, which includes 

features such as axial blankets and an integral fuel burnable absorber. This fuel is 

compatible with fuel duties produced by very low leakage fuel management schemes 

with region average discharge burnups greater than 40 GW-d/t U.

2. HIGH BURNUP PERFORMANCE DATA MODELLING

The extensive on-site and hot cell examination programmes conducted on 

commercial PWR fuel from 1976 to 1984 produced a database which was used to 

test the earlier fuel design models based principally on the Saxton and Zorita data

base. This new database was subsequently used to develop improved fuel behaviour 

models which have been incorporated in an upgraded fuel design and licensing code. 

Assessment of the early design code with the new high burnup database showed that 

changes were required in the fission gas release, Zircaloy creep and fuel rod growth 

models. A change of less significance was also made in the fuel swelling model for 

burnups beyond the point of maximum densification.

The high burnup (30 to 60 GW-d/t U) fission gas release data from Zion

15 X 15 fuel which operated in the range of 5.5 to 7.0 kW/ft, Surry 17 x 17 fuel 

which operated in the range of 3.0 to 6.0 kW/ft, and BR-3 fuel which operated in 

the range of 6.1 to 13.9 kW/ft are shown in Fig. 1. 1 The Zorita fission gas release 

data are shown in this figure. The fission gas release model that predicted the high 

power/high burnup Zorita data significantly overpredicted these new results, particu

larly for low fission gas release, which is typical of the expected operating linear 

power levels associated with low leakage fuel management schemes. Consequently, 

an improved two temperature regime fission gas release model was developed which 

better predicts all of the data [8]. This model also reduces the uncertainty in the gas

1 1 ft =  3.048 x 10” 1 m.



IAEA-SM-288/28 275

F.Q.R. Fraction (%)

O Zorita
•  BR3 • •
Д  Surry

~  □  Zion C ycles 1-4
О Zion C ycle 5 о
A Point Beach

_ e °
о

•
° o  о

• о

О
0

о

I n n
D 10 20 30 4 0  50 6 0  7

Rod A verage Burnup (GW-d/tU)

FIG. 1. Fission gas release data.
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FIG. 2. Fuel rod growth variation with fluence.

release predictions by about 35%, thus allowing higher He prepressurization levels 

for the same end-of-life design rod internal pressure limit.

The fuel rod growth behaviour for a commercial PWR database of about 

2000 measurements (including Zion, Surry, Trojan), with operating histories similar 

to those of the fission gas release database, exhibited significantly increased 

variability in rod growth with increased fast fluence (E >  1 MeV), as shown in 

Fig. 2 [9]. Although rigorous statistical treatment of these data reduced best-estimate 

growth slightly, the uncertainty in growth predictions at high burnup dominates. The 

net effect of using the commercial fuel data is to require greater fuel assembly
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C reepdow n (mil)

Rod A ve rag e  Burnup (G W -d/tU )

FIG. 3. Surry Juel rod average creepdown versus bumup (1 mil = 2.54 X  10~2 mm).

dimensional accommodation for fuel rod growth to satisfy the design criterion that 

there shall be no fuel rod/assembly mechanical interference at the planned fuel 

discharge burnup.

A comparable review of the Zircaloy cladding creep behaviour of Zion, Surry 

and Trojan fuel, with emphasis placed on the first two cycles of operation in which 

no hard pellet-cladding mechanical interaction occurred, showed that the early 

model, which was based primarily on the Zorita data (tubing fabricated by 

Wolverine, USA), overpredicted the creep rate of the Zion and other cladding made 

at the Westinghouse Specialty Metals Plant. A revised creep model developed 

specifically for Westinghouse cladding exhibits a much better fit with in-reactor 

observations, as is shown for three cycles of a Surry fuel rod in Fig. 3. In addition 

to providing a better representation of the fuel cladding gap, which is important in 

early exposure temperature predictions, the new creep model also contributes to the 

prediction of fuel rod internal void volume as a function of exposure, and thus also 

improves the ability to predict end-of-life fuel rod internal pressure.

The results of fuel density measurements made on the Zion and BR-3 high 

bumup fuel led to the conclusion that some densification continues after the burnup 

point at which maximum densification occurs. This is based on the observation that 

even at the highest burnup levels evaluated, the net fuel swelling is less than the 

theoretical value predicted for solid fission product swelling. This is another model 

refinement which also improves the prediction of internal fuel rod volume, and 

therefore contributes to a better estimate of the end-of-life fuel rod internal pressure.

A ll the behaviour model improvements discussed have been incorporated into 

a new version of the Westinghouse fuel rod design code. Comparison of the design 

code prediction of end-of-life fuel rod internal void volume with hot cell fuel rod 

void volume measurements is a meaningful test of the predictive capability of the
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P red ic ted  Void Volume (in3)
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FIG. 4. Predicted versus measured fuel rod void volume (1 in3 — 1.639 X  104 mm3).

code, since the measured void volume data are not used in developing the code 

models. The plot of predicted versus measured end-of-life void volume, fo^ rod 

average bumups to 57 GW-d/t U, shown in Fig. 4, demonstrates the excellent 

predictive capability of the new code. This code is being reviewed by the United 

States Nuclear Regulatory Commission, with the issuance of an approved Safety 

Evaluation Report expected before the end of 1986.

3. HIGH BURNUP FUEL DESIGN CONSIDERATIONS

Fuel rod end-of-life internal pressure has traditionally been the bumup limiting 

design criterion because of the large uncertainty in predicted fission gas release. Use 

of the improved fuel rod design code, which is a best-estimate treatment of all the 

modelled behaviour phenomena, has made other design criteria of greater 

importance in fuel design analysis. Considerations such as clad stress during 

transients and the effects of Zircaloy cladding corrosion potentially become burnup 

limiting. These other criteria also assume greater importance to the fuel designer as 

the fuel duties required by the more aggressive fuel management methods now being 

implemented reduce the margin to fuel design limits associated with traditional out- 

in fuel management.

Fuel management schemes which increase cycle length, discharge bumup, or 

both, require that particular care be given to assessing clad corrosion performance. 

The Zion five-cycle corrosion film thickness data, shown in Fig. 5, illustrate this 

point effectively. Even though the last two cycles of exposure were accumulated at
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FIG. 5. Water-side corrosion versus rod burnup.

region average power levels which were only about 80% of the core average power, 

significant increases in oxide film thickness were observed. Improvements in 

Zircaloy corrosion design methodology are required to support developing utility 

interest in operating cycle lengths in excess of 18 months.

4. FUEL MANAGEMENT IMPROVEMENTS

Traditional fuel management schemes were selected and optimized on the basis 

of the closed fuel cycle with chemical reprocessing of the spent fuel, plutonium 

recycle, and the associated credits for the fissile value of the recovered plutonium. 

These schemes were also based on an annual reactor operating cycle in which the 

outage length was established by primary and secondary system maintenance 

requirements as well as the time required to refuel the reactor. Practical operational 

experience has resulted in utilities indicating a preference for 18 month or longer 

operating cycles in the last few years. In the USA, passage of the Nuclear Waste 

Policy Act has provided utilities with a means to account for their spent fuel on a 

firm cost basis. At the same time as these important economic changes were 

occurring in the back end of the fuel cycle, a continued search for reduced fuel cycle 

costs led to the development of the low leakage loading pattern. This fuel manage

ment strategy is of interest to the operating utility, not only because of the interest 

in fuel cycle cost reduction but also because of the benefit it provides in reducing 

the rate of accumulating pressure vessel fast fluence.

The ability of the fuel vendor to support these improvements in fuel manage

ment is significantly enhanced by the availability of an improved fuel design code, 

such as that discussed in Section 3. In particular, a better understanding of the 

response of key fuel behaviour phenomena such as fission gas release to changes in
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fuel rod linear power, which are characteristic of the different fuel management 

schemes, allows the fuel designer to continue verifying that all the fuel design and 

licensing criteria are satisfied for these more severe fuel duties. A comparably 

improved understanding of the effects of increased cycle length, for a given fuel 

management scheme, has allowed vendors to support the implementation of 15- to 

18-month operating cycles, and to identify the fuel performance considerations of 

using even longer fuel cycles.

5. HIGH BURNUP PRODUCT IMPROVEMENTS

The acquisition of the successful Zion four-cycle irradiation experience to

42 GW-d/t U, together with the accumulation of partial-region burnup experience 

in the range of 35 to 39 GW-d/t U in a number of other commercial reactors, 

supported the introduction of the Westinghouse optimized fuel assembly (OFA) in 

1979 [10]. OFA incorporates Zircaloy spacer grids, a slightly reduced fuel rod 

diameter and a 3000 MW-d/t U burnup increase (consistent with a 36 GW-d/t U 

region average fuel management).

Further accumulation of a significant amount of region burnup experience in 

the range of 36 to 40 GW ■ d/t U, an engineering evaluation of the database described 

in Section 1, and the initial formulation and evaluation of the fuel rod behaviour 

models described above provided the basis for introducing VANTAGE5 [11]. One 

of the features of VANTAGE5 fuel is a removable top nozzle which makes the 

assembly reconstitutable, and also provides axial space to accomodate the additional 

fuel rod growth indicated by the revised fuel rod growth model for rod average 

burnups in the range of 50 to 60 GW - d/t U. VANTAGE5 incorporates axial blankets 

for improved fuel economy and intermediate flow mixing grids for increased 

thermal-hydraulic operating margin. Increases in fuel design discharge burnup, 

which depend on the specific fuel management selected by the utility, are possible 

with VANTAGE5 fuel.

From a fuel behaviour and fuel design perspective, the most unique 

VANTAGE5 feature is a zirconium diboride coated U 02 integral fuel burnable 

absorber (IFBA). Introduction of IFBA depends on the ability of the fuel rod design 

code to closely predict the fission gas release, since the B-10 neutron capture reaction 

introduces a fuel rod internal gas composition helium contribution during the course 

of the burnable absorber depletion. The major share of this pressure increase occurs 

in the burnup interval of 5 to 10 GW -d/t U and thus has no significant impact on 

the beginning-of-life limiting loss of coolant accident licensing analysis, but is 

relevant to mid-life burnup transient stress and end-of-life rod internal pressure 

design limit evaluation. The significant reduction in fission gas release uncertainty 

afforded by the improved fuel rod design code allows the use of the IFBA for low 

leakage fuel management with both longer cycles and region average discharge 

burnups greater than 40 GW • d/t U.



280 M IL L E R  et al.

Accumulation of a high burnup standard fuel product performance database in 

operating commercial reactors has provided the basis for developing improved fuel 

behaviour models and an improved fuel design and licensing code. Use of this design 

code has supported the development and large scale use of new fuel features which 

will operate to region average discharge burnups above 40 GW • d/t U with improved 

fuel management methods and extended operating cycle lengths.
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Abstract

T H E  F IN N ISH -SW E D ISH  H IGH  B U R N U P  F U E L  E V A L U A T IO N  P R O G R A M M E .

A  Finnish-Sw edish high bum up fuel evaluation program m e w as initiated in 1984 and 

is scheduled to be com pleted in 1987. The co-operating parties are the Finnish utility T V O , 

the Swedish utilities O K G , SSP B , S V A B  and the fuel vendor A S E A -A T O M . This high burn

up program m e is structured to study various life  lim iting phenom ena separately, such as 

dim ensional changes, Z ircaloy  corrosion, hydriding, fission gas release, fuel sw elling. It is 

thus not lim ited to evaluation o f  a few  high burnup demonstration assem blies, but involves 

demonstration fuel in several reactors having A S E A -A T O M  fuel operating with different 

w ater chem istries, load fo llow in g, fuel design variants, pow er densities, cyc le  lengths, etc. 

H igh burnup experience is achieved by several means: (1) com plete assem blies are brought 

to a higher bum up than originally intended by special loading in the core; (2) reconstitution 

by which a fuel rod burnup o f  55 M W -d/kg U  is achievable; (3) material examination o f  

reused fuel channels corresponding to an assem bly bum up o f  60 M W -d/kg U . A s Z ircaloy 

corrosion in B W R s is a m ajor life  lim iting aspect, great effort has been spent an studying and 

reducing the corrosion rates. The effects o f  thermal treatments and surface treatments o f  fuel 

cladding have been extensively investigated. It has been proved that by  proper fabrication o f

281
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fuel cladding, involving beta-quenching heat treatment at an intermediate stage, in-reactor cor

rosion rates m ay be decreased by a factor o f  2 to 3, based on the data generated after five  

cycles o f  operation. H ydriding has been shown to be related to the extent o f  nodular corrosion 

o f  Z irca loy. Post-irradiation examinations in hot cells have shown that beta-quenching heat 

treatment at the intermediate stage does not only decrease the corrosion rate but also, to some 

extent, the hydriding. The U 0 2 material density change and fission product release behaviour 

are determined both by non-destructive pool-side measurements and destructive hot cell 

examinations. In Gd doped fuel, as w ell as in U 0 2 fuel, extensive migration o f  fission 

products seem s to appear above a burnup dependent temperature lim it in accordance with the 

diffusion theories o f  fission gas release. W ithin the program m e extensive w ork is being done 

on highly Gd doped fuel (5 w t% ) at high burnup. The much low er thermal conductivity o f  

(U  G d )0 2 com pared with that o f  U 0 2, which leads to a higher centre temperature, seems to 

be  com pensated by a slow er diffusion rate o f  the fission products. This results in a similar 

fission gas release in the tw o fuels at the same rating.

1. INTRODUCTION

There is a worldwide economic incentive to extend the discharge burnup of 

LW R fuel. However, this incentive is not as great in Finland and Sweden as in many 

other countries as reprocessing is not part of the back end costs of the once-through 

fuel cycle. Nevertheless, an extensive programme for generating very high burnups 

combined with examinations of presumptive life limiting phenomena and detailed 

evaluations of the fuel behaviour was initiated in 1984 as a combined project between 

Finnish and Swedish utilities and ASEA-ATOM.

The main contents of the programme were decided at the beginning, but some 

complementary subprogrammes have been and are being added as new questions and 

opportunities arise.

The programme is scheduled to be completed in 1987.

2. PROGRAMME STRUCTURE

The programme is so structured that each of the four participating utilities, 

OKG, SSPB, TVO and SVAB, is responsible for separate parts of the programme.

In the TVO-1 reactor it was decided to place emphasis on the effects on fission 

gas release at high burnup as related to He backfill pressure and on U 02 density 

changes. Pool-side Cs migration and fission gas release measurements were per

formed in 1985 at a bundle burnup of approximately 30 MW-d/kg U. These meas

urements are scheduled to be continued in 1986 on bundles with a bundle average 

burnup of up to 43 MW-d/kg U and a peak pellet burnup of 55 MW d/kg U.
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In Barsebàck-2 (SVAB) work has been done on the behaviour of highly doped 

(5 wt%) Gd fuel at high burnup. Two Gd rods with approximately 30 MW-d/kg U 

rod average exposure were examined in 1984 and currently two rods with a rod aver

age exposure of 43 MW-d/kg U are being examined.

The OKG utility has concentrated its efforts on Zircaloy material behaviour at 

high burnup. Hot cell examination was carried out on one high burnup channel 

(61.5 MW-d/kg U equivalent exposure) with modern highly corrosion resistant 

material to evaluate corrosion, hydriding and embrittlement.

The SSPB undertaking has been to study end-plug corrosion and fuel rod 

growth. End-plug corrosion has been measured in the Ringhals-1 reactor as it had 

10 lead assemblies with improved end-plug material inserted in 1980 and therefore 

was the most suitable reactor for this programme. Differential growth between bun

dle and channel is being studied in the Forsmark reactors which have been in exten

sive load follow operation.

The Nordic high burnup programme is thus structured to efficiently study 

specific life limiting phenomena in separate subprogrammes such as dimensional 

changes for rods as well as assemblies, Zircaloy corrosion and hydriding, fission gas 

release and redistribution of migrating fission products, fuel densification and 

swelling.

3. RESULTS

3.1. Dimensional changes

Fuel rod growth and its variability, and channel growth and other channel 

deformations are important input data in the bundle mechanical design. A large data

base on fuel rod axial growth has been generated within the programme. On the basis 

of an understanding of the phenomena of fuel rod growth, it can be concluded that 

the major parameters affecting growth are residual cold work, neutron flux, prepres- 

surization and burnup. No effect of extensive load follow operation has been found.

In Fig. 1 the data have been plotted as a function of rod average burnup. Data 

that are plotted in a logarithmic scale as stress free growth, being the major compo

nent, are not linearly time dependent. The equation fitted to these points is

where U is the rod average exposure.

In order to redundantly grapple a fuel assembly of ASEA-ATOM design with 

the refuelling machine it is essential that the differential growth between channel and

% = 0.032 U0 66
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Rod average burnup (MW. d/kg U)

FIG. 1. Relative rod length increase versus bumup.

bundle has not greatly changed the distance between the bundle handle and the chan

nel lifting lug. The bundle growth is determined by the tie rod with the least increase 

in length.

The lifting lug design is conservatively determined by this mechanism and 

depends on final bumup. The results from differential growth measurements are 

given in Fig. 2. The almost linear trend is maintained and the scatter in data does 

not seem to increase at very high burnup. The Forsmark-2 data set coincides fully 

with earlier experience, in spite of extensive load follow operation in this core.

3.2. Zircaloy corrosion

Water-side corrosion, hydrogen embrittlement, crudding and other environ

mentally induced material changes are important high burnup phenomena.

Water-side corrosion of Zircaloy was early recognized as being dependent on 

material fabrication processes. For fuel cladding and fuel channels, beta-quenching 

in final or intermediate stages is beneficial. As illustrated in Fig. 3, the corrosion 

rate may differ by a factor of 3 between different cladding types. Fuel clad corrosion 

is also a key factor in avoiding localized corrosion phenomena induced by copper 

containing crud in BWRs with a high copper concentration in the feedwater. To 

avoid this type of accelerated corrosion, the copper concentration on the fuel clad

ding surface should be kept low. As can be seen in Fig. 4, there is a correlation 

between the thickness of Zr02 layers on the fuel rods and the copper surface con

centration. This is due to the increasingly laminated structures of growing Zr02.
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FIG. 2. Change in length difference, assembly to channel.

FIG. 3. Fuel rod average oxide thickness versus assembly average bumup, Forsmark-1, for 

two different types of cladding.
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R o d  average o x id e  th ickn ess (ÿjm )

FIG. 4. Correlation between Cu content in the crud and oxide thicknesses in Oskarshamn-1.

Channel reuse and utilization of thin walled Zircaloy material in the SVEA 
channels also require high quality channel material. In the Finnish-Swedish high 
burnup programme hot cell examination of one ordinary channel with such beta- 
quenched material after 9 years of exposure (or 61.5 MW-d/kg U equivalent 
exposure) has been performed. No accelerated hydriding or corrosion was found. 
The average oxide thickness was less than 100 цт and the average hydrogen concen
tration was 130 ppm, the latter being well below the design limit of 500 ppm.

Accordingly, it is concluded that from a corrosion point of view, with proper 
material specifications and quality control, there are large margins to design limit 
values at high burnup.

3.3. Fission gas release

The design criteria for fuel rod internal pressure demands that the pressure 
should not exceed a value which would cause the outward cladding creep to dilate 
the fuel cladding gap. The rod internal pressure depends on a number of design 
parameters such as pellet-clad gap size, plenum size, helium backfill pressure and
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R o d  a verag e  b u rn u p  (M W -d /k g  U )

FIG. 5. Fission gas release versus rod average bumup.

pellet densification properties. In addition, the pressure is also burnup dependent and 
proportional to the fission gas release fraction. To reach the design limit an internal 
pressure of about 17 MPa is needed, which roughly corresponds to a 35% fractional 
release at 45 MW-d/kg U rod average exposure.

The highest fractional release recorded on ASEA-ATOM fuel, as illustrated in 
Fig. 5, is 12%, i.e. there is currently a large margin to the design limit on U02 
fuel, even with increased burnup.

In the Finnish-Swedish high burnup programme the studies made on fission 
gas release have therefore mainly concentrated on Gd fuel which, because of its 
lower thermal conductivity, operates at a higher temperature than U02 rods at the 
same power. In increasing the bundle average enrichment in order to achieve higher 
burnup, the number of Gd rods has to increase in order to maintain the shutdown 
margin. Accordingly, there is a potential peaking factor penalty associated with 
maintaining both power and 235U enrichment low for Gd rods.

Rods with high Gd concentrations (5 wt%) at high burnup have therefore been 
examined non-destructively in the site pool and destructively in hot cells. The rods 
were taken from the Barseback-2 reactor which has been operating in 18-month 
cycles with high Gd doping. In 1984 two rods with approximately 30 MW-d/kg U 
burnup were examined and in 1986 two rods with rod average exposure of
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( a ) ( b )

( с ) ( d )

FIG. 6. Microgamma scanning of a sliced piece of Ba fuel rod: (a) axial ga m m a  scan fuel 

centre; (b) axial g a m m a  scan fuel periphery; (c) radial ga m m a  scan (U02 pellet); (d) radial 

g a m m a  scan (5 w t%  G d  doped).
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43 MW-d/kg U (corresponding to 50 MW-d/kg U for some U02 rods in the assem
bly) were examined. The highest fission gas release measured was 8%.

By axial and radial gamma scanning on a thin sliced piece of fuel, it was con
firmed that Gd pellets do in fact retain mobile fission products better than U02 fuel, 
as predicted in Ref. [1], even when the Gd pellet is operating at a higher temperature. 
This fact is clearly illustrated in Fig. 6, which shows gamma scanning curves for 
different characteristic gamma energies typical for one mobile fission nuclide, 
137Cs, and one immobile nuclide, 106Ru. The sample is taken from a piece of rod 
with axial grading of Gd (Gd doped pellets and undoped pellets mixed) but the same 
235U enrichment, i.e. with similar power histories after the first year of operation. 
Less fission product migration is taking place in the Gd pellet.

As releases from the central regions of the pellets are known to be equal for 
volatile fission products such as a caesium and for fission gases, the behaviour illus
trated above should also be true for fission gas release. This is both valuable and rele
vant for the proper design of Ba fuel derating; it is also a very favourable result.

4. CONCLUSIONS

To date, no objections have been raised against increasing burnup to a peak 
pellet value of 55 MW-d/kg U and a full demonstration, even on whole assemblies, 
of standard ASEA-ATOM fuel is successfully being carried out. It is also a salient 
feature of the results that current safety analysis methods and design methodologies 
are also applicable at high bumup.
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Abstract

F ISSIO N  G A S  R E L E A S E  M E C H A N IS M S  O P E R A T IN G  IN W A T E R  R E A C T O R  F U E L  IN 

P O W E R  T R A N S IE N T S .

Local X e  concentrations in grains and grain boundary porosities w ere obtained as a 

function o f  the relative radius on pellets o f  transient tested, high burnup B W R  and P W R  fuels. 

T he techniques used w ere X -ray fluorescence analysis and electron probe m icroanalysis 

(E P M A ). T he P W R  fuel had a bum up o f  3 .4 %  fissions o f  initial metal atoms (FIM A ) 

(31 G W -d /t U) and w as held for 28 h at a transient terminal level o f  32 kW /m . The B W R  

fuel w ith 4 .3 %  F IM A  (39 G W -d /t U) w as held at a terminal level o f  42 kW /m for 14 h. C on 

siderable amounts o f  gas in the grain boundary porosities w ere found at certain radial posi

tions, up to 40%  o f  the X e  generated for the P W R  and up to 20% for the B W R  fuel. The X e  

distribution within single grains in the P W R  fuel w as measured by E P M A . O n the basis o f  

these observations, the mechanisms o f  transient fission gas release from  high bum up fuel are 

discussed. It is shown that for both types the gas release is lim ited by the tunnel formation 

process and not by diffusion o f  gas from  the grain interior to the grain boundary.

1. INTRODUCTION

With extended burnup, fission gas release is a fuel performance factor of 
increasing importance. This is especially so for power transients late in life, in which 
case even moderate power increases may result in significant gas releases.

Since the work of Booth [1] it has generally been assumed that transportation 
of gas from the grain interior to the grain boundaries determines the rate of the gas 
release process, even though discussions are still going on about whether single atom 
diffusion, bubble migration or grain boundary sweeping is responsible for this trans
port (see, for example, Refs [2-4]).

291
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The Central Electricity Generating Board group has described how the forma
tion of porosity and tunnels may have a delaying effect on the gas release (see, for 
example, Refs [5, 6]). The grain boundary bubbles and the closed tunnels are 
regarded as gas traps giving an effective diffusion coefficient which is lower than 
the coefficient for diffusion of the gas out of the grains.

The Kraftwerk Union group assumes [7, 8] that a certain amount of gas must 
diffuse to the grain boundary to produce full interlinkage of tunnels at grain edges. 
The release is then described as the amount of gas diffused out of the grain multiplied 
by an interlinkage factor.

It has also been proposed [9] that thermal resolution of intragranular gas bub
bles is the rate determining step in gas release.

Recently it was suggested that formation and interlinkage of porosity is the 
only important step controlling the gas release during transients [10], the diffusion 
process being much faster than tunnel formation. A consequence of this is that an 
important part of the gas should be located at the grain boundaries.

This paper presents results from a new way of determining the concentration 
of grain boundary gas by means of X-ray fluorescence analysis (XRF) and electron 
probe microanalysis (EPMA). The combination of these two techniques provides a 
method of determining the grain boundary Xe concentration (Cb), since EPMA 
measures the Xe concentration in the grains (Cg) only and XRF measures Cg + Cb. 
Also, the variation in Xe concentration across individual grains, as measured by 
EPMA, is given. These techniques were applied to two different transient tested, 
high burnup fuels. The implications of the observations for fission gas release 
mechanisms in power transients as well as for modelling and design are discussed.

2. XRF AND EPMA TECHNIQUES

The XRF and EPMA techniques have been described in detail elsewhere 
[11-13]. Some of their individual merits are summarized in Table I.

In the present context it is important to note the following points:
(1) XRF measures the Xe in solid solution as well as gaseous Xe in bubbles and 

pores. This is because the interaction between the exciting X-rays and Xe elec
trons is independent of the environment of the Xe atoms.

(2) EPMA can be restricted to the grain interior because of the fine lateral resolu
tion. EPMA is not suitable for detection of Xe in large intergranular pores for 
two reasons. First, the penetration depth is small; second, the exciting elec
trons interact differently with: (a) Xe in solid solution and in high pressure, 
small bubbles; and (b) Xe in low pressure, large pores.

The current XRF measurements were carried out at the Rise National Labora
tory, whereas the EPMA results were obtained at the European Institute for Trans
uranium Elements.
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T A B L E  I. M E R IT S  O F T H E  X R F  A N D  E P M A  T E C H N IQ U E S

293

M ethod Advantages Disadvantages

X R F Depth o f  analysis •

— 30 /хт, using the 

X e - K a  line

M easures total gas

Reasonably low  radial 

resolution, — 0.5 mm

O n ly X e  is measured

E P M A Fine radial 

resolution, — 2.5 цт
V ery  sm all depth o f  

analysis, — 0.5 цт

O nly X e  in matrix and 

in bubbles sm aller 

than 0 .1  nm  is 

analysed

3. TEST FUELS

Data for two types of test fuel have been reported elsewhere: a BWR type from 
the first Rise Fission Gas Project [14] and a PWR type from the IAEA D-COM 
Programme [15]. The characteristics of these fuels are summarized in Table II. For 
each fuel type, XRF and EPMA were performed on neighbouring samples, i.e. on 
cross-sections 15 to 20 mm apart.

4. DISTRIBUTION OF Xe

4.1. Radial profiles

Radial Xe concentration profiles measured by XRF and EPMA are shown in 
Figs 1 and 2 for BWR (F9-3) and PWR (AGI 1-10) fuels, respectively.

The EPMA profiles exhibit three distinct regions:
(1) An outer region extending from the pellet periphery to relative radii (r/r0) of 

about 0.75 (F9-3) and 0.60 (AGI 1-10) and showing no release
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T A B L E  II. F U E L  C H A R A C T E R IS T IC S

Pin identification 

Fuel type

F 9-3

B W R

A G I  1-10  

PW R

Design
D ensity % T D 93.4 95.4

D ensification % T D 0.6 0.6

Grain size fim 10 10

Open porosity % 0.3 0.1

Sintering °C/h 1700/2 1700/2

Pow der source — R ise U K A E A

O/M — 2.01 2.01

Enrichment % 235U 5 2.28

Pellet diameter mm 12.63 9.29

F ill gas atm H ea 1 10

G ap (diameter) fim 180 190

Base irradiationb
Reactor — Halden DR3

E arly, high pow er kW /m 51 32

Late-in-life kW /m < 2 3 < 2 0

Burnup % F IM A 0 4.3 3.4

Transient testingb
Reactor — DR3 D R3

Transient pow er kW /m 42 32

H old time h 24 28

R ise rate k W - m '- h '1 0.5 0.4

a 1 atm = 1.013 25 x 105 Pa. 

b Refers to the pin cross-sections examined.

c F IM A  =  fissions o f initial metal atoms.

(2) A central region out to r/r0 = 0.5 (F3-9) and 0.35 (AGI 1-10), with high 
release and Cg not varying significantly with radial position (i.e. temperature 
independent)

(3) An intermediate region in which Cg falls sharply with the radial position.

The XRF profile for the F3-9 fuel (Fig. 1) shows the same outer zone with 
no release of the EPMA, but the region with the decreasing Xe concentration extends
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RELATIVE RADIUS

FIG. 1. Radial concentration profiles ofXe measured by XRF (total Xe) and EPMA (Xe inside 
grains) on F9-3 (BWR) transient tested fuel (24 h hold time at 42 kW/m).

to the centre of the fuel. The maximum difference between the XRF and EPMA 

curves (i.e. maximum of Cb) is found at the position where Cg begins to level off. 

This maximum Cb corresponds to about 20% of the Xe generated.

Unfortunately, the central part of the fuel in the XRF sample of AG I 1-10 

(Fig. 2) was lost during preparation. However, the results suffice to show that also 

in this case the grain boundary gas reaches a maximum concentration at the position 

where Cg starts to level off. In this case maximum Cb is about 40% of the Xe gener

ated. When the XRF curve is extrapolated to the centre, as in Fig. 2, and integrated, 

the cross-sectional release becomes equal to 6 %, the value measured by puncture.

Table III summarizes some data relevant to the grain boundary gas.

4.2. Grain profiles

On the EPMA AG I 1-10 sample a number of Xe concentration profiles were 

measured on single grains. The procedure used is described in Ref. [16]. In the outer 

region of the fuel with no release the Xe is homogeneously distributed in the grains 

on the scale of the EPMA lateral solution of 2.5 /xm. In the central part of the pellet 

no clear concentration gradients could be detected and the Xe was very inhomogene- 

ously distributed; a variation amounting to a factor of about 2 to 3 was observed.
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RELATIVE RADIUS

FIG. 2. Radial concentration profiles ofXe measured by XRF (total Xe) and EPMA (Xe inside 
grains) on AGI 1-10 (PWR) transient tested fuel (28 h hold time at 32 kW/т).

In the pellet region with a decreasing Xe concentration, a Xe concentration gradient 

was also found inside the grains. An example is shown in Fig. 3, which gives the 

steepest profile observed.

5. MECHANISMS

5.1. Reaction scheme

Fission gas release involves two principal steps:

(1) Transportation of gas atoms from the grain interior to the grain boundary

(2) Formation of escape paths from the grain boundaries to the pin free volume.

For the first step, grain boundary sweeping can be ruled out as a release 

mechanism because no grain growth occurred during the transient test. This was 

checked by comparison of the transient tested sample with base irradiated samples. 

Furthermore, the fairly smooth grain profile shown in Fig. 3 is not in accordance 

with the assumption of a grain boundary sweeping mechanism.
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TABLE Ш . DATA DESCRIBING THE AMOUNT OF Xe IN THE GRAIN 

BOUNDARY POROSITIES AND THE ASSOCIATED VOLUME OF POROSITY 

AND SWELLING

BWR  

F9-3-44 (EPMA) 
and -53 (XRF)

PWR  

AG I 1-10-8 (EPM A) 
and -9 (XRF)

Transient power (kW/m) 42 32

Integral cross-sectional 
release (% ) XRF

33 6a

Integral cross-sectional 
release (% ) EPMA

39 16

Radial position of maximum 

grain boundary gas
0.50 0.35

Maximum grain boundary Xe 

in % of Xe generated
20 40

Porosity (% ) at location of 
maximum grain boundary gas

13 7

Swelling (% ) at location of 
maximum grain boundary gas

9 3

Part of the curve is extrapolated; the gas release was measured to 6% by puncture.

Whether the transportation of gas inside the grains occurs by single atom diffu

sion or bubble migration is more difficult to settle, since the differences in observable 

consequences seem unclear. In the following, step 1 will be referred to as diffusion.

Regarding step 2, the formation of escape paths could in principle either be by 

cracking of grain boundaries (microcracking) or by nucléation, growth and interlink

age of grain boundary bubbles and pores ultimately forming escape tunnels. Only the 

tunnel formation will be considered here because no microcracking was observed in 

the tested samples.

The two-step process may be visualized by the reaction scheme shown in 

Fig. 4.

5.2. Rate determining step

In multistep processes usually one step is the slowest one for a given set of con

ditions. This slowest step is called the rate determining step (rds). Changing the con

ditions may also change the rds.
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DISTANCE FROM GRAIN CENTRE Um)

FIG. 3. Distribution of Xe in a grain at relative radius 0.4 in the AGll-10 (PWR) fuel. 
Measurements along a full grain diameter are plotted on one radial scale.

One of the difficulties in determining the relative rate of the processes is that 

post-irradiation examination gives only a ‘snapshot’ of the situation as it looked at 

the end of the irradiation. The problem may, however, be overcome by means of 

the radial Xe concentration profile. The release processes may be reasonably 

assumed to be a combination of temperature activated processes, i.e. gas diffusion 

to grain boundaries, intra- and intergranular bubble precipitation and resolution, and 

grain boundary vacancy diffusion to grow interlinked porosity. Thus, as one moves 

radially inwards in the fuel one is effectively advancing in time, the outer fuel 

providing a picture of the earlier stages and the centre showing the release process 

towards completion.

Figs 1 and 2 show that the concentration of gas in the grain boundaries (the 

difference between the curves) increases steadily as the process proceeds, until the 

release from the grains is completed, i.e. Cg has reached a low, almost constant 

value. When this observation is put into the context of the scheme in Fig. 4 it is seen 

that step 2 is the rds throughout the whole transient test.

This release behaviour in high burnup fuel during power transients is in con

trast to low burnup, steady state behaviour as reported by Turnbull and Friskney

[17]. Here, the gas release was limited by the tunnel formation only until a few tenths 

of a per cent burnup were accumulated. Afterwards, the release was diffusion 

controlled.
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STEP 1 STEP 2

FIG. 4. Simplified scheme of the gas release process.

5.3. Parameters affecting the transient release

A number of parameters may affect the transient gas release; temperature, 

pressure, burnup, grain size, open and closed porosity, pore size distribution and 

fuel stoichiometry are thought to be of greatest importance. In the following a brief 

discussion is presented of how these may affect the gas release behaviour.

5 . 3 . 1 .  T e m p e r a t u r e  a n d  p r e s s u r e

Figure 5 shows the radially local gas release versus calculated local tempera

ture. The FRP code [18] was used for the temperature calculations, with post

irradiation examination data as code input where possible [19].

A striking feature of Fig. 5 is the much larger releases for the F9-3 fuel com

pared with that of the AG I 1-10 fuel. Part of this difference may of course be attribu

table to uncertainty on the calculated temperatures; this is estimated to ±150°C on 

the centre temperature. Design and base irradiation differences (Table II) will 

definitely result in release differences: The higher open and closed porosity and 

burnup of F3-9 cause higher gas release (see Section 6). Also, the centre temperature 

differences may contribute to the release differences. A high centre temperature 

(F3-9), resulting in a high centre release, could conceivably push the radial release 

profile towards larger relative radii (i.e. lower temperatures). This is because larger 

pressure gradients would be created, increasing the extent of tunnel formation. Such 

an explanation would also be in accordance with the higher amount of grain bound

ary gas found in AG I 1-10.

The pressure in the grain boundary bubbles and pores can be estimated from 

the swelling, as measured by the light microscope. It detects bubbles and pores above 

1 f j .m , most of which are found in the grain boundaries. Using the data given in 

Table 1П for the location of maximum Xe concentration in boundaries, a pressure
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TEMPERATURE (°C)

FIG. 5. Release versus calculated temperature for the two fuel types. Release as measured 
by XRF is the total Xe release from the fuel and EPMA gives the release from grains. The 
difference between XRF and EPMA curves shows the amount of Xe in the grain boundary 
porosities.

of about 100 atm at 1050°C was found for F9-3 and 550 atm at 1175°C for 

AG I 1-10. 1 These high pressure levels show that it is possible to obtain large pres

sure gradients as suggested above.

The surprisingly low release temperatures of the F9-3 fuel have already been 

discussed elsewhere [20], with the consequence that diffusion coefficients 2 X 103 

times larger than usually accepted must be assumed in order to explain the releases 

from the grains as measured by EPMA. Even though the calculated release tempera

tures are significantly higher for the A G I 1-10 fuel, the diffusion coefficients derived 

from EPMA are still 100 times above the band given by Matzke [2]. But the release 

data used to obtain the diffusion coefficients in Fig. 17 of Ref. [2] are considered 

to represent t o t a l  releases, whereas the above EPMA data only relate to g r a i n  

releases. Thus, it is more relevant to compare the observations presented in Ref. [2] 

with release data based on XRF. This then leads to calculated diffusion coefficients 

for F9-3 and AGI 1-10, which are somewhat closer to the band given in Ref. [2]: 

about 103 times and 10 times larger for F9-3 and AG I 1-10, respectively. 

However, it is questionable whether it is reasonable to use simple diffusion terms

1 1 atm =  1.013 25 X  105 Pa.
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to describe the present data on transient gas release from high burnup fuel, bearing 

in mind that it was concluded in Section 5.2 that the rate determining step is the for

mation and interlinkage of porosities.

The weak Xe concentration gradients inside the grains found in the centre of 

A G I 1-10 (see Section 4.2), together with the relatively high level of retention (30%, 

Fig. 2), indicate that a resolution of grain boundary gas is taking place at the high 

temperature and pressure. This is the basis for the proposed grain boundary gas reso

lution in the scheme shown in Fig. 4.

5 . 3 . 2 .  O t h e r  p a r a m e t e r s

When step 2 (Fig. 4) is rate determining, the qualitative effect of a number of 

parameters can be deduced. Thus, higher burnup will increase the pressure inside 

the pores, which in turn will increase the tunnel formation rate. Increasing the grain 

size is expected to lower the fuel creep rate and thus impede the tunnel formation. 

More open porosity means that shorter tunnels are required for the gas release, 

whereas more closed porosity may be able to decrease the pressure in closed tunnels, 

slowing down the tunnel formation, especially if the closed porosity consists of 

widely spaced, large pores. Fuel stoichiometry will probably affect both steps 1 and 

2; the higher the O/M ratio the higher the rates.

6 . IMPLICATIONS FOR MODELLING AND DESIGN

In the modelling of water reactor fuel performance it is common practice to 

represent fission gas release by a single transfer function. This is, for example, the 

case in the ANS-5.4 model [21] where the release of gas is predicted using a single 

temperature activated diffusion coefficient that increases with burnup. Application 

of such a model in the case of a power transient would provide release levels as a 

simple consequence of the temperature attained. The model would be incapable of 

representing the rate determining step, the interlinkage of the grain boundary 

porosity to form tunnels. This step must be represented specifically, either 

mechanistically or empirically; the importance of the gas retained on the grain 

boundaries makes other descriptions inadequate.

It is often claimed that it is more important to be able to predict the steady state 

than the transient release. However, water reactor fuel is usually operated at temper

atures sufficiendy low to avoid significant gas release. Any important release 

observed after discharge is therefore thought to be due to one or more mild 

transients.

To minimize gas release by design, the results suggest that the fuel should con

tain sufficient closed porosity to intercept the tunnels before they reach the free fuel 

surface. It is estimated that 5 to 10% porosity would be beneficial in the case of
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spherical pores with sizes in the range of 10 to 20 /xm (smaller pores will not be stable 

during irradiation). The pores should be as evenly distributed as possible. Open 

porosity should be absolutely minimized. The O/M should be kept low. If  an oxygen 

getter could be accommodated in the pores it would be beneficial because O/M 

increases with burnup. The cladding should be sufficiently strong to resist the pres

sure of a few thousand atmospheres in the pores.
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Abstract

HIGH RATED A N D  HIGH BURNUP GADO LINIA  FUEL IRRADIATED IN THE 

BR3 17 X  17 PWR.
Gadolinia fuel used as burnable poison for reactivity control was first introduced into 

the BR3 core in 1971. The Gd content in the fuel rods was progressively increased until it 
reached a nominal 7 wt% Gd20 3 in the current BR3 reloads. Experimental Gd fuel includes 

rods with a maximum of 10% Gd20 3. Several national as well as international programmes 

launched by BELGONUCLEAIRE (BN)/Belgian Nuclear Centre (CEN/SCK) are devoted to 

the irradiation behaviour (neutronic, thermal-mechanical, high bumup, transient) of various 

types of gadolinia bearing fuel rods. Regarding the thermal and mechanical properties, limited 

data exist on the behaviour of the gadolinia bearing fuel at a high linear heat generation rate 

(LHGR) and high bumup. Within the framework of the national Belgian programme, fuel rods 

(8.25 wt% 235U and 3 wt% Gd20 3) of different designs (pressurized, unpressurized, Zr4 

stress-relieved or fully recrystallized cladding) have been irradiated at high LHGRs and high 

bumups (up to 450 to 500 W/cm and 42 000 to 70 000 MW-d/t peak pellet) and examined 

in hot cells. These post-irradiation examinations include non-destructive tests, rod puncture, 
residual fission gas analysis and fuel microstructure examination. Some results and conclu
sions of these investigations are presented. Analysis of the results shows that the general evo
lution of the fuel is similar for U O j-G d jO j, with 3 wt% and pure U 0 2. However, differences 

in the pellet-cladding mechanical interaction and grain growth with respect to pure U 0 2 have 

been observed. They are partially attributed to the presence of Gd, but also to the different 
power histories (at the beginning-of-life) of the fuel rods. Complete diffusion of the Gd20 3 
rich particles into the U 0 2 matrix was observed in the pellet centreline of high rated fuel.

1. INTRODUCTION

Use of burnable poisons in PWRs is recognized as a requirement for 

implementing near term improvement such as 18-month cycles, extended burnups

305
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T e m p e ra tu re  (°C )

FIG. 1. Effect ofGd203 loading on U02 thermal conductivity (solid solution) (from Exxon 
Nuclear [4]).

and alternative in-core fuel reshuffling schemes. O f the burnable poisons, gadolinia

fuel is the preferred candidate for many reasons [1 , 2]:

(1) Its technology has been proved and commercially established through utiliza

tion in BWRs for many years

(2) It has desired depletion rates (the burnable Gd isotopes disappear after one 

irradiation cycle)

(3) Mixed with U02 fuel, it can be incorporated into the most appropriate loca

tions in the assemblies

(4) Gd depletion does not generate gaseous or volatile products that might limit 

burnup accumulation in the gadolinia fuel rod

(5) Gd fuel is routinely being reprocessed without any problems arising.

However, incorporation of gadolinia in uranium dioxide fuel requires design

refinements to properly account for:
\

(a) Uncertainties in the linear heat generation rates (LHGRs) and burnup calcula

tions of the Gd rods, which affect the uncertainty margin on local power peaks, 

shutdown margins and cycle length.
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(b) The limited experience on the effect of gadolinium on the thermal and 

mechanical fuel properties and its high burnup behaviour. Although GdjO j is 

physically compatible with U 02, its addition degrades some of the material 

properties of U 02. The thermal conductivity of Gc^Oj pellets has been shown 

to decrease gradually with the increase in gadolinia content [3-5].

Figure 1 [4] shows that the largest reduction in thermal conductivity occurs at 

lower gadolinia concentrations and that the decreasing rates become smaller at high 

temperatures. Moreover, the melting point of gadolinia fuel decreases slightly with 

the increasing Gd content [6]. To maintain the same thermal margin as that in U 02 

rods, the gadolinia rods have to be operated at a lower power, i.e. roughly approxi

mate to the decrease in thermal conductivity.

In this perspective, the potential of gadolinia fuel is currently not being fully 

utilized and, additionally, the tendency to increase the Gd content and the discharge 

burnup will require extension of these fields of investigation in the future.

In 1971 the national R&D programmes in Belgium introduced a few Gd rods 

into the BR3 PWR. They then successfully increased the Gd content in the fuel and 

the proportion of Gd fuel in the core. We have collected data on the nuclear evolution 

of the Gd fuel and on the comparative fuel behaviour to high burnup (up to 

70 GW-d/t) of U, MOX and Gd fuels.

Taking advantage of the existing facilities at the Belgian Nuclear Centre 

(CEN/SCK) in Mol, parallel international programmes were conducted on the 

irradiation behaviour (neutronic, thermal-mechanical, high burnup, transient) of var

ious types of gadolinia bearing fuel rods.

This paper describes the post-irradiation results of the high burnup and high 

rated Gd fuels used in our national programmes and gives guidelines of our interna

tional programmes devoted to Gd fuel.

2. BR3 IRRADIATION AND FUEL DESIGN CHARACTERISTICS

The BR3 PWR, representing on a reduced scale the 17 x 17 type lattice, has 

been used extensively for many years to test new fuel or assembly designs. The first 

experimental Gd bearing fuel rods were loaded into the BR3 core at a conservative 

and prudent level. The Gd content in the fuel rods was then progressively increased 

until it reached a nominal 7 wt% Gd20 3 in the current BR3 reloads. Experimental 

Gd fuel includes rods with a maximum of 10 wt% Gd20 3. Figure 2 shows the evo

lution in the number of gadolinia rods irradiated in BR3. Our confidence in calculat

ing the BR3 core controlled with Gd is justified by a quite reasonable agreement 

between burnup calculation and experimental measurements for high burnup rods.

The main characteristics of the 3 wt% Gd fuel rods and the U02 reference 

rods are summarized in Table I. The initial 235U enrichment was high (8.25 wt%), 

allowing all the rods to experience high fuel temperatures and to achieve high
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burnups. Several rod designs (cladding material and helium prepressurization) were 

tested in the BR3 reactor. The mechanical and thermal behaviour have been analysed 

and compared with standard UOz rods through post-irradiation examinations; both 

high linear power and extended burnup effects are emphasized here.

Figure 3 presents the typical evolution of the peak LHGRs as a function of 

irradiation time of the Gd bearing rods which were irradiated for two reactor cycles 

in the central location of the BR3 core. The power history during the first irradiation 

cycle is compared with the power history of a U 02 fuel rod located in the same 

assembly. Both Gd and U rods achieved similar bumups (42 to 44 GW -d/t) after the 

first irradiation cycle; the more pronounced step-wise power increase of the 

gadolinia rods during the first part of the irradiation was compensated for after the 

Gd burnout by a slightly higher power level during the second part of the cycle (Gd 

rods: 450 W/cm; U rods: 435 W/cm peak pellet). The Gd rods of the given example 

were then irradiated at a constant peak LHGR (300 W/cm) of up to 71 GW - d/t peak 

pellet bumup. The post-irradiation examinations of the uranium and the gadolinia 

bearing rods constitute the basis of the results discussed here.

3. POST-IRRADIATION EXAMINATIONS

3.1. Cladding deformation

Measurements of the overall rod length changes after irradiation showed the 

same quasi-linear relationship of rod growth with the fast fluence accumulated by 

both U and Gd rods. No burnup enhancement was observed. Diameter profile
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U 0 2 (U -G d )0 2

Fuel

235U  enrichment (w t% ) 8.25 8.25

G d20 3 content (w t% ) — 3

Pellet density 94.5 94.5

(%  theoretical density (TD ))

U 0 2 grain size (/xm) 11 6

G c^ O j m axim um  particle < 1 0 0

size (/im)

Pellet geom etry Dished D ished

L/D  ratio 1.54 1.54

Densification after < 1 %  T D < 1 %  T D

resintering test

Cladding

M aterial Zr4 stress-relieved or fu lly  annealed

Outer diam eter (mm) 9.5 9.5

Rod

A ctive  fuel length (mm) 1000 1000

D iam eter gap (fxm) 200 200

H elium  pressure (kg/cm2) 11 or 20 11 or 20

measurements indicated the same trend for urania or gadolinia fuel rods; the cladding 

creepdown due to the coolant pressure generally ceases aroung 40 GW-d/t, cor

responding to the appearance of periodic ridging. Nevertheless, the pellet-cladding 

mechanical interaction level of the high power and high burnup gadolinia rods 

appeared slightly more pronounced (more significant periodic ridging and smaller 

creepdown value) than that of the reference U rods. This observation could be 

attributed to a possible slightly higher expansion coefficient and a decreased 

tendency of gadolinium containing pellets to density [5], or to the unavoidable differ

ences in power histories experienced by the U and Gd rods.
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I r r a d i a t i o n  t i m e  ( d a y s )

FIG. 3. Power and bumup histories of G d  and U  rods irradiated in BR3.

(%)

F u e l  c o l u m n  ( m m )

FIG. 4. Clad mean diameter along fuel zone of G d  rods (stress-relieved and fully annealed 

cladding).
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FIG. 5. Comparison of the clad mean diameter along fuel zone of high bumup U and Gd 
rods.
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FIG. 6. BR3 fission gas release (FGR) data.
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FIG. 7. Summary of microstructural features of peak pellet power position.

Figure 4 shows that the clad mean diameter of stress-relieved and fully 

annealed Gd rods remained unchanged after the second irradiation cycle of the given 

power history (Fig. 3); no creep reversal occurred. Figure 5, however, gives a typi

cal example of the different diameter profiles observed for high burnup U and Gd 

rods, showing the smaller creepdown of the Gd rods.

3.2. Fission gas release

Gadolinia fuel rods (stress-relieved cladding material, 20 kg/cm2 prepressuri- 

zation) showed 13.3 and 15.6% fractional fission gas release after the first and the 

second irradiation cycles, respectively (Fig. 3). These data do not indicate out-of- 

range behaviour of the 3 wt% gadolinia fuel rods compared with the U 02 rods. In 

Fig. 6 , fission gas release data of rods experiencing relatively similar power histories 

(in or in-out loading strategy) were plotted as a function of the peak pellet LHGR. 

They indicate an almost linear increase of fractional release with the power and, 

therefore, with fuel temperature. On the basis of these first results, mixing 3% 

GdjO j with U 02 does not significantly affect the fuel central temperature.
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However, this conclusion is debatable on account of the microstructure observations 

described in Section 3.3. Additional data for various power histories and higher Gd 

content are still needed to properly assess the Gd fuel properties.

The retained fission gas measurements at the peak power level of the fuel rods 

showed a 33 % xenon and krypton gas release after the first irradiation cycle and a 

44.5% release after the second irradiation cycle, indicating some burnup enhance

ment of fractional release.

3.3. Fuel microstructure

Ceramographic examinations, alpha and beta-gamma autoradiography, as well 

as electron microprobe analysis (EMPA), were carried out on the one- and two-cycle 

rods which experienced the irradiation conditions shown in Fig. 3. The main results 

of this investigation are summarized in Fig. 7.

Both fuel samples showed the soundness of the cladding material and a 

pronounced interaction zone between the cladding and the fuel outer rim. This reac

tion layer, made up of zirconium oxide ( ~ 5 pim) and caesium uranate ( ~ 10 ptm) 

after the first irradiation cycle, was observed mainly as a Cs-Zr-0 compound after 

the second irradiation cycle. Such fuel clad bonding was currently observed in the 

U 02 fuel above 40 GW-d/t, but it appeared more pronounced in the U-Gd fuel 

examined. This indicates a significant caesium radial migration and, probably, some 

excess oxygen yielded by the outgoing solution of Gc^Oj in U 02 under irradiation.

FIG. 8. Radial distribution of mean grain size in the one- and two-cycle G d  rods (linear 

intercept method, without geometric correction).
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FIG. 9. Line scan analysis (EMPA) of U  and G d  elements in the high bumup Gdfuel sample.

The autoradiographs clearly showed a very low fission product concentration 

zone from the pellet mid-radius to the pellet centreline, corresponding to an 

important fuel restructure (grain growth, large intergranular porosity and metallic 

inclusions). This high fission gas release zone was surrounded by a low fission 

product concentration ring (from r/r0 = 0.6 to r/rn =  0.45), corresponding to the 

onset of gas release acceleration indicated by intragranular porosity, start of fission 

gas bubbles, as well as metallic fission product precipitation of grain boundaries.

The radius of the central restructured zone of the two-cycle rod was somewhat 

larger than that of the one-cycle rod. It is consistent with the higher fission gas 

release measured in the high burnup fuel sample.

Radial onset of the restructured fuel zone of these gadolinia fuel rods was not 

significantly different from that of U 02 fuel experiencing similar irradiation condi

tions. It is in agreement with the fission gas release data given in Section 3.2.

Nevertheless, equiaxed grain growth was much more pronounced in Gd fuel 

than in reference U 02 fuel when compared with the as-fabricated grain sizes; the 

maximum grain size increase was 30 /xm (Fig. 8) in Gd fuel, whereas it ranged 

between 16 and 18 /xm in U 02 fuel.

This significant difference could not be related, in the present instance, to a 

higher fuel temperature in Gd rods owing to the similar gas release behaviour of both 

fuel types. Complete solution of GdjO j in the U 02 fuel matrix, however, was 

observed in the equiaxed grain growth area by means of line scan analysis (Fig. 9) 

or by X-ray mapping analysis. Two assumptions are considered for the grain growth 

enhancement in UOj-GdjC^, none of which is, however, completely satisfactory. It 

is known that grain growth is modified by the addition of dopant elements [7], but 

it has not been demonstrated that Gd produces a similar effect. The second assump

tion considers the potential oxygen increase with burnup, resulting in enhancement
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of the diffusion coefficient, but it is not obvious why Gd doped fuel should differ 

from U 02 in this respect.

Caesium axial migrations were also observed in the high power zone of the 

gadolinia fuel rods. This effect is well observed on the axial profile of 134Cs and 

137Cs gamma activities (Fig. 10). Unexpected depletion of caesium activity is near 

to the expected depletion of activity due to the central spacer grid. The caesium axial 

migration was confirmed by radiochemical analysis at the axial level, which showed 

5 %  less caesium versus the non-volatile 148Nd monitor. This phenomenon was 

never observed in high rated U02 or MOX rods examined within the framework of 

our programmes.

The two-cycle gadolinia fuel rod showed an additional microstructural feature 

versus the lower burnup rod: a highly porous ring of 300 to 400 p m  thickness 

appeared at the pellet outer rim. Formation of this new pore population, which was 

also observed in high burnup U 02 rods, is associated with the high fission density 

of the plutonium rich zone.

3.4. Conclusions

Examination of BR3 high rated and high burnup 3 wt% gadolinia rods has 

produced no evidence of a significant limitation in achieving extended burnup.

(1) The gadolinia fuels examined have not shown any evidence of a significant 

reduction in thermal conductivity and, therefore, of enhancement of the fuel 

central temperature due to the mixing of 3 wt% Gd20 3 with U 02. Fission gas 

release data of high rated and high bumup Gd rods fall within the range of the 

reference U rods.

R e a c to r level (m m )

F u e l

FIG. 10. Axial profile of137Cs and I34Cs activity in the high rated one-cycle Gd rod.
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(2) Nevertheless, caesium axial migration, enhanced grain growth and a slight 

increase in the oxidation of the clad inner surface have been observed in high 

rated Gd fuels. These phenomena could more likely be interpreted in terms of 

a modification of fuel chemistry due to the diffusion of GdjO j in the UOz 

matrix.

(3) The gadolinia effect is one of the multiple aspects of fuel chemistry evolution 

and its consequence on the fuel conductivity as burnup proceeds. Further com

prehensive work is still needed to separate and model these different effects.

4. INTERNATIONAL PROGRAMMES

The difficulty of predicting the fuel temperature and fission gas release of Gd 

bearing fuel rods is mainly due to lack of information on the radial LHGR distribu

tion in the pellet versus time. This fact is also very important for calculating the local 

amount of gas retained in the fuel. These aspects are mainly studied in the interna

tional programmes GAP and GAIN. The reduced melting temperature and thermal 

conductivity of the UOj-GdjOj fuel will be the objective of the proposed GAME 

programme.

4.1. GAP

This programme provides nuclear evolution data, namely, radial burnup distri

bution, radial depletion of the Gd absorbing isotopes and 235U and the buildup of 

Pu, in Gd fuel rods with two different gadolinia contents and in two different 

environments (without and with the adjacent water hole). This programme, initiated 

in 1984 with fuel already irradiated, will be completed in 1987. It is currently 

sponsored by two fuel vendors, four utilities and three national laboratories.

4.2. GAIN

The main objective of the programme is to provide an experimental database 

on the in-pile thermal-mechanical behaviour of UOj-Gc^Oj fuel rods of PWR 

design irradiated up to 70 GW-d/t peak pellet burnup. Fuel rod properties (e.g. 

pellet-cladding interaction, fission gas release and water-side corrosion or crud 

deposits) are mainly being analysed in this programme.

A complementary aspect to this high burnup base irradiation programme 

relates to Gd fuel behaviour in operational or accident transients. Therefore, some 

Gd fuel rods are being submitted to power ramps and power transients at intermedi

ate burnups; one will even be reinserted into the BR3 plant to assess the potential 

effects of a power transient on subsequent fuel behaviour.

The programme is sponsored by 19 fuel vendors, 7 utilities and 5 national 

laboratories. It started in 1983 and will extend into 1987.
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The objective of this new programme is to determine the extent of partial melt

ing as a function of LHGR in Gd fuel at a burnup range of about 20 GW • d/t. This 

is indeed the time in life when Gd fuel rods might approach the fuel melting design 

criterion and when they are most affected by the radial distribution of fission density, 

the equilibration of the O/U + Gd ratio and the presence of fission products.

This programme is engineered on the experimental approach followed earlier 

in the national Belgian programme and will very soon be proposed to the nuclear 

community.
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Abstract

O V E R V IE W  O F  R E C E N T  A N D  O N G O IN G  E X T E N D E D  B U R N U P  ST U D IE S A T  T H E  

O E C D  H A L D E N  R E A C T O R  PR O JE C T .

The O E C D  Halden boiling water reactor is a useful tool for providing w ell qualified 

in-reactor data from  instrumented fuel rods. Recent experim ental studies have included much 

w ork that relates to the behaviour o f  fuel rods at extended burnup. Tem perature and fission 

gas release data have been obtained to burnups in excess o f  35 M W -d /k g  U 0 2; m echanical 

data on cladding and fuel elongation, cladding diameter and ridging, and fuel-cladding gap 

condition have also been obtained. In addition to providing direct measurements o f  conditions, 

a considerable amount o f  w ork has also been carried out to provide an understanding o f  what 

the measurements mean.

1. INTRODUCTION

The Halden Reactor Project is an internationally funded and staffed nuclear 

research and development organization located in Halden, Norway. Research 

programmes are concerned with nuclear fuel performance and computerized process 

control, and are structured to answer the needs of member organizations and the 

nuclear community at large. The primary research tool of the Halden Reactor Project 

is the Halden boiling water reactor (HBWR). With its spacious and easily accessible 

core, the HBWR is an ideal test bed for complex experimental assemblies requiring 

large numbers of instrument leads.

In the 30 years since its inception, the research programme for the HBWR has 

evolved from the initial goal of demonstrating the heavy water moderated reactor 

concept to become one of the most versatile nuclear test reactors in the world. The 

reactor is a boiling water design that is both moderated and cooled by heavy water 

(D20). Special loops have been built to provide light water reactor coolant condi

tions of temperature and pressure.

A major area of research for the Halden Reactor Project during recent years 

has been to study fuel behaviour at extended bumups. Because of the measurement 

techniques available [1 , 2], considerable data on fission gas release, fuel temperature

319
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and mechanical behaviour have been accumulated. This paper summarizes some of 

the recent major research and results that relate to extended burnup operation of fuel 

rods.

2. CURRENT STUDIES AND RESULTS RELATED TO EXTENDED

BURNUP OPERATION

Many programmes at the HBWR currently emphasize the relationship between 

extended burnup operation and fuel behaviour, particularly the relationship between 

extended burnup and fission gas release. This is because fission gas release affects 

fuel temperatures, the reliability of the fuel rod, and in the case of fuel rod failure, 

the amount of fission gas released to the coolant.

As an introduction to the discussion on extended burnup operation, Fig. 1 

presents concurrent measurements of fuel centreline temperature and rod internal gas 

pressure. (Note the correlation between increasing rod gas pressure (i.e. fission gas 

release) and fuel temperature over the burnup range 5 to 15 MW-d/kg U02.) In 

general, the rate and burnup at which an interaction occurs between fission gas 

release and fuel temperature (thermal feedback) have been observed to be highly 

dependent on both fuel rod design and operation.
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Many of the experimental studies carried out in the HBWR are integral rod 

studies, i.e. simultaneous measurement of many aspects of fuel rod 

behaviour/response. It is recognized that measurable aspects of fuel rod performance 

are dependent on other aspects (e.g. the relationship between fuel temperature and 

fission gas release). However, for the purposes of this discussion, only various 

aspects of fuel rod behaviour will be presented.

2.1. Fission gas release

Fission gas release for an instrumented fuel rod is estimated from the measured 

in-reactor fuel rod internal gas pressure, the known volume of original fill gas and 

the burnup (i.e. fission product production). Rod internal gas pressure measurements 

at the HBWR were originally made using zero balance pressure transducers; cur

rently, bellows type pressure transducers are used. These transducers have proved 

reliable and the methods used for translating the output of the instruments into rod 

gas pressure under a number of conditions have steadily been improved.

In addition to fuel rods originally instrumented for gas pressure measurement 

in the HBWR, a technique has been developed (in co-operation with AGIP Nucleare 

and the Comitato Nazionale per la Ricerca e per lo Sviluppo dell’Energia Nucleare 

e delle Energie Alternative (ENEA)) to extend the range of rods which may be tested 

for fission gas release in the HBWR. This technique consists of reinstrumenting, 

with bellows type pressure transducers, fuel rod segments that have been previously 

irradiated in other reactors, particularly commercial power reactors [3]. The tech

nique has the advantages of not disturbing the existing fuel column and fill gas, and 

providing a measurement of the rod internal gas pressure prior to HBWR testing as 

well as continuous gas pressure monitoring during HBWR testing. The 

reinstrumentation technique has been successfully applied to fuel rod segments of up 

to 45 MW-d/kg U 02. The technique has also been modified to allow pre-irradiation 

instrumentation of commercial reactor fuel rod segments for later measurement of 

rod internal gas pressure.

2 . 1 . 1 .  C o n s i s t e n c y  o f  s t e a d y  s t a t e  r e l e a s e  a s  a  f u n c t i o n  o f  t e m p e r a t u r e

An example of the consistent relationship that has been observed between 

steady state fission gas release and temperature is provided in Fig. 2 [4]. This figure 

presents post-irradiation measured fission gas release as a function of weighted 

temperature. The rods had identical fuel, but differences in initial fill gas and fuel- 

cladding gap lead to operating temperature differences.

It should be noted that presenting fission gas release as a function of weighted 

temperature is useful for evaluating the consistency of a particular data set, but 

should not be used for modelling. This is because a specific weighted temperature 

may be obtained by many different histories, i.e. irradiation at a constant tempera-
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W eighted M e a s u re d  
L ife tim e  T e m p e r a tu re , °C

FIG. 2. Relationship between fuel temperature and steady state fission gas release [4].

ture versus irradiation at different temperatures that provide the same weighted 

temperature. The exact power-temperature history is required for modelling use.

2 . 1 . 2 .  T e m p e r a t u r e - b u m u p  t h r e s h o l d  f o r  f i s s i o n  g a s  r e l e a s e

An evaluation of measured fission gas release and temperature data collected 

at the HBWR has been used to derive a fission gas release threshold relationship [5]. 

This relationship, hereafter called the HBWR threshold curve, defines the 

temperature-burnup relationship at which significant fission gas release is expected 

to occur, i.e. low fission gas releasé below the curve and significant fission gas 

release above the curve. The HBWR threshold curve is defined as

BU = 5.0 exp (9800/T)

where BU is the burnup in MW-d/t U02 and T is the fuel centreline temperature 

in °C.

An example of the correlation between temperature, measured rod fill gas 

pressure, the threshold curve and burnup is presented in Fig. 3. (Note that only a 

limited pressure increase is observed prior to a burnup of 30 MW-d/kg U 02, while 

a much greater rate of pressure increase (fission gas release) is observed for higher
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burnups.) The bumup level of 30 MW-d/kg U 02 corresponds to the point at which 

the fuel centreline temperature consistently reaches or exceeds the HBWR threshold 

curve. This type of relationship has been consistently observed in HBWR data since 

the curve was defined, and in rods not used to originally define the curve. The fission 

gas release behaviour that is summarized by the HBWR threshold curve, including 

a required incubation burnup, may be adequately explained by the processes of 

thermal controlled diffusion and retention of fission gas along grain boundaries.

2 . 1 . 3 .  F u e l  d e s i g n

Tests have shown that fission gas release during transients is dependent on the 

initial fuel design. Rod internal gas pressure was measured for six rods of differing 

fuel design during a transient; the increases in pressure relative to the starting condi

tion are presented in Fig. 4. (Note that greater pressure increases (higher fission gas 

release) were related to lower initial fuel density, smaller initial fuel grain size, 

larger initial fuel-cladding gap size and higher power during the transient.) The 

higher fission gas release may be attributed to higher fuel temperatures during the 

transient as a result of the initial design condition (except for fuel grain size) or oper

ation during the transient.

A different test, performed with reinstrumented rods at a burnup of 

35.5 M W -d/kg UO2, also showed the dependence of fission gas release on the ini

tial fuel density. In this test, higher fission gas release (based on measured fill gas 

pressure) was found for the lower density fuel both before and after a transient.

It is readily apparent that initial fuel design parameters can affect fuel perfor

mance at high burnup, even when that bumup might reasonably be expected to 

reduce the effect of those parameters (e.g. fuel swelling overcoming the effect of ini

tial densification and/or fuel-cladding gap size).

2 . 1 . 4 .  S o l i d  v e r s u s  a n n u l a r  f u e l  p e l l e t s

An assembly loaded with both solid and annular fuel pellet rods and 

instrumented for measurement of rod internal gas pressure has been irradiated to 

burnups of 30 MW - d/kg UOz. Analysis of the pressure data, in terms of fission gas 

release, has shown considerably lower fission gas release for the annular pellet rods 

than the solid pellet rods (see Fig. 5). The lower fission gas release for the annular 

pellet rods is attributed to the lower fuel temperatures for the annular pellets.

2 . 1 . 5 .  E f f e c t  o f  f u e l  s t r e s s - s t r a i n

Gas pressure data obtained from a small gap, reinstrumented fuel rod have 

indicated an apparent relationship between fission gas release measurement of gas 

pressure increase and fuel stress-strain. The pressure and power histories
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(>45 kW/m) are presented in Fig. 6 . Two key features should be noted. First, pres

sure is observed to increase as power decreases. A small pressure increase is 

observed following the power decrease at the start of the time period, and large pres

sure increases are observed following the reactor shutdowns at approximately days 7 

and 12. In conjunction with the correlation between pressure increases and power 

decreases, the apparent lack of pressure increase during the power increase of the 

6th and 7th days should be noted; a pressure increase would have been expected 

solely from the increase in power and subsequent increase in fuel temperature.

The correlation between pressure increase and power decrease is attributed to 

an inability of the fission gas released during high power operation to communicate 

its release, as evidenced by a pressure increase, to the plenum and instrumentation. 

During high power operation the fuel stress-strain is assumed to be high and gas 

communication routes to be closed. Upon power decrease, fuel stress-strain is 

reduced, gas communication routes are reopened, and the released fission gas 

produces a pressure increase which may be recorded by the instrumentation. It 

should therefore be noted that: (1) high fuel stresses may temporarily delay fission 

gas release; and (2) measurement of rod fill gas pressure may not always be truly 

indicative of the fission gas release history.

2.2. Temperature analysis

The standard instrument for fuel temperature measurement is a W/Re 

thermocouple placed in a well along the fuel column centreline. This instrument has 

a high level of reliability and long lifetime. In-reactor data on fuel temperature have 

been obtained to burnups in excess of 40 MW-d/kg U 02. The data obtained have 

clearly reflected the relationships between fuel temperature and design factors such 

as fuel density-stability, fill gas composition-pressure and fuel-cladding gap size, 

all of which are affected by burnup [6 , 7]. In addition, identical rods operated under 

similar conditions have shown a high degree of repeatability of behaviour [8].

2 . 2 . 1 .  T h e r m a l  r e s u l t s  f r o m  r o d s  w i t h  c o n t r o l l e d  f i l l  g a s

Two special assemblies have been built and irradiated which allow complete 

control of the rod fill gas, both composition and pressure. This is accomplished by 

connecting gas lines to the fuel rods that allow changing the rod fill gas as desired. 

Some of the thermal studies have involved filling the rods, at intervals, with helium 

at 2 bar, helium at 30 bar or argon at 2 bar.

Evaluating data collected while the rods were filled with helium at 2 bar has 

shown a very constant fuel temperature (at constant linear heat rate) to a burnup of 

20 MW-d/kg U 02, thus indicating negligible changes in the total fuel thermal 

resistance.
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FIG. . 7. Decrease in hydraulic diameter with increasing burnup.

Although measured fuel temperature when the rods are filled with helium at

2 bar has been very constant with burnup, the measured temperature when the rods 

are filled with helium at 30 bar has been observed to change with burnup. At 

beginning-of-life, because of the effect of helium pressure on temperature jump 

distance, the measured fuel temperature (at 20 kW/m) with high helium pressure was 

observed to be 30°C lower than with that low helium pressure. However, at a burnup 

of 20 MW-d/kg U 02, measured temperatures when the rods are filled with helium 

at 30 bar are 90°С lower than those for low helium pressure.

The effect of argon fill gas (to simulate fission gas) on fuel temperatures has 

also been studied using the gas flow assemblies. Although the fuel temperature with 

low pressure helium gas has been observed to be stable with burnup, the fuel centre

line temperature with argon fill gas, over the burnup range 0 to 20 MW-d/kg U 02, 

has decreased approximately 300°C at 20 kW/m. Observation of this effect implies 

that the thermal effect of fission gas may not be as strong at high burnup as that 

measured at low burnup.

Measured pressure drops along the fuel stack length, while flowing gas 

through the rod, have been used to estimate the cross-sectional area available to axial 

gas flow. This area is expressed as the hydraulic diameter and is related to the 

amount of fuel cracking, relocation and swelling that has taken place. The change 

in hydraulic diameter as a function of burnup is presented in Fig. 7. (Note the consis

tent behaviour that has been observed (data from four fuel rods).)
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Transient temperature data have been obtained from a number of fuel rods 

equipped with thermocouples and operated with different transient histories. The 

data have been used for developing and qualifying transient thermal codes and for 

evaluating fuel thermal performance and condition [9].

An evaluation of measured thermal responses has concluded that the nature of 

the fuel changes with burnup. Two types of thermal response are postulated: cracked 

pellet and solid pellet. For the cracked pellet mode, initial cracking and relocation 

of the fuel pellet produce fragments that are not physically connected. Thus, power 

changes open or close the pellet cracks and the major effect is a change in the effec

tive fuel thermal conductivity. For a solid pellet, power changes affect the radial 

thermal expansion of the pellet and thus the thermal conductance of the fuel-cladding 

gap. Each type of behaviour shows a different thermal response to transient power 

changes.

Observations of transient temperature data have concluded that at beginning- 

of-life the fuel behaves in a cracked pellet manner to all power changes, during mid

life the behaviour is mixed between solid pellet for power increases and cracked 

pellet for power decreases, and at burnups in excess of 40 MW-d/kg U 02 the fuel 

responds more as a solid pellet to all power changes.

2.3. Mechanical behaviour

Mechanical response of the fuel rod (measured by profilometry, cladding elon

gation, etc.) indicates the degree and type of mechanical interaction between the fuel 

and cladding as a function of design, operation and bumup. Instruments that have 

been developed and used include: linear variable differential transducers for 

monitoring both fuel stack and cladding length changes; in-reactor cladding diameter 

gauges to measure cladding diameter changes and ridging along the length of a fuel 

rod [10 , 1 1 ]; in-reactor eddy current analysis for detection of cladding defects.

2 . 3 . 1 .  L o a d  f o l l o w  o p e r a t i o n

In-reactor cladding profilometry measurements have been performed on fuel 

rods subjected to load follow type operation (both daily and rapid cycling) to burnups 

of 17 MW-d/kg U02. The major conclusions reached from analysis of the data 

include the following. Cyclic power operation led to local cyclic strain variations; 

both the cladding diameter at ridge top and bottom, and the ridge height (difference 

between ridge top and bottom) showed this cyclic response. The local cyclic defor

mations were observed to decrease with an increasing number of cycles.

An example of the decrease in ridge height (distance between top and bottom 

of ridge) with increasing number of cycles is presented in Fig. 8 . (Note that the ridge

2.2.2. Transient temperature analysis
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FIG. 10. Relationship between mechanical estimation of gap and fuel centreline temperature.

height decreases for both high and low power; also, that the difference in ridge height 

between high and low power decreases with an increasing number of cycles.)

An additional concern of load follow operation has been the possible impact 

upon fission gas release, i.e. load follow operation enhancing fission gas release. 

Experimental results at the HBWR have not provided any significant evidence that 

load follow operation enhances fission gas release relative to steady state operation 

at the equivalent peak power and elapsed time [12].

2 . 3 . 2 .  F u e l  c o l u m n  l e n g t h  c h a n g e s  a n d  s w e l l i n g

In-reactor measurements of fuel column length changes have been obtained for 

the purpose of evaluating fuel densification and fuel swelling. Experimental meas

urements are taken under zero power, hot stand-by conditions so as to obtain a nearly 

constant temperature throughout the fuel stack and thus avoid the complication of 

accounting for local differences in thermal expansion. Isotropic swelling of the fuel 

is assumed: Д vol./vol. =  3 Д L/L.

Fuel rods with initial densities ranging from 93 to 99% theoretical density and 

with varying initial stabilities are being irradiated. It was observed (Fig. 9) that the 

high density fuel showed no initial densification and an approximately constant 

swelling rate has been measured from the beginning of the irradiation. Low density 

fuels with varying initial stabilities have shown varying in-reactor densification and
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swelling stabilities. The fuel that was most stable during thermal resintering tests has 

shown the least in-reactor densification and little swelling has been measured. 

However, the low density fuel that was most unstable during thermal resintering has 

shown the greatest in-reactor densification and significant fuel swelling has been 

measured.

2.3 . 3 .  M e c h a n i c a l  e s t i m a t i o n  o f  f u e l - c l a d d i n g  g a p

An in-reactor technique to estimate the mechanical fiiel-cladding gap has been 

developed based on the measured stress-strain relationship when the cladding is 

‘squeezed’ onto the fuel (‘gap meter’ assembly). A stress-strain curve obtained from 

the squeezing procedure shows three regions: low slope, indicating elastic compres

sion of the cladding; medium slope, indicating light fuel-cladding contact and clos

ing of fuel cracks; and high slope, indicating closed fuel cracks and hard 

fuel-cladding contact. The points of slope change are used to define the ‘free’ fuel- 

cladding gap (change from cladding elastic behaviour to light fuel-cladding contact, 

thus the gap at first fuel-cladding contact) and the ‘compressed’ fuel-cladding gap 

(change from light fuel-cladding contact to hard fuel-cladding contact, thus the gap 

with an approximately solid pellet).

An example of gap meter measurements is presented in Fig. 10; the figure 

presents the free gap as a function of fuel centreline temperature. (Note that data 

obtained during the first power ascension show more change in the free gap with tem

perature than do data obtained after the first power ascension; also, that there is a 

decrease in gap at zero power (240°C) for the data taken after the first ascension 

data.) This behaviour is compatible with the hydraulic diameter data that have been 

obtained from the gas flow assemblies.

3. PLANNED FUTURE STUDIES

A number of fuel assemblies of differing designs, including the experiments 

already discussed, continue to accumulate burnup in the HBWR. The steady state 

data collected from these assemblies will continue to shed illumination on the ques

tion of fuel rod behaviour at extended bumup. The selected fuel rods of interest will 

be subjected to detailed post-irradiation examination for fission gas release and 

microstructural changes to supplement the in-reactor experimental data obtained.

Work has begun at the Halden Reactor Project to provide a highly detailed 

study on the subject of cladding water-side corrosion. A pressurized loop will be 

used to provide PWR or BWR coolant conditions of pressure, temperature and 

chemistry. Two principal conditions for evaluation are currently being planned: load 

follow operation, and high lithium concentrations in th'e coolant (being considered 

to reduce the level of crud and attendant increase in radiation levels).
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Future load follow tests will continue to concentrate on both fission gas release 

and mechanical response. Items of particular interest will include the difference in 

response between solid pellet and annular pellet fuel rods at a burnup of 

30 M W -d/kg UO2, and the difference in response between identical rods operated 

under steady state conditions and load follow conditions to the same peak power. A 

variety of cycles to evaluate the effects of both period and magnitude are planned.

Fission gas release during transient operation, particularly at extended 

burnups, has shown the expected dependence on fuel temperature. However, the 

magnitude of the releases has indicated that diffusion coefficients derived from 

steady state data are not necessarily applicable to high burnup transients. Planned 

tests will continue to investigate the fission gas release mechanisms that are operative 

during high burnup transients.

4. SUMMARY

The experimental work conducted at the Halden Reactor Project using the 

HBWR is contributing significantly to the understanding of fuel rod behaviour during 

extended burnup operation. Both separate effects and integral fuel rod experiments, 

combined with the instrumentation capabilities of the HBWR, have provided insight 

into the factors that can affect the response of fuel rods at extended burnup. 

Experimental results to date have given no indication that current fuel designs cannot 

be safely operated to extended burnup, including the use of load follow operation.
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Abstract

IR R A D IA T IO N  T E S T IN G  O F  A D V A N C E D  F U E L  C L A D D IN G  D E S IG N E D  F O R  L O A D  

F O L L O W  A N D  E X T E N D E D  B U R N U P  O P E R A T IO N S .

A n  advanced fuel clad design has been under developm ent at Studsvik for some years, 

utilizing the R2 test reactor and the hot cell facilities for the various irradiation investigations 

involved. The specific design feature o f  the cladding is the bore surface, which has been 

‘ rifled ’ in the tube manufacturing process. The perform ance characteristics o f  the test fuel, 

w hich in other respects has been designed according to typical B W R  8 x 8  fuel rod specifica

tions, seem to o ffer unique advantages, in particular with regard to load fo llow  and extended 

burnup operations including anticipated, off-norm al pow er transient events. A  b rief descrip

tion o f  the experim ental evolution o f  the clad design is given. The preferred bore surface o f  

the cladding has a m ultifaced prismatic form  so designed that during operation very  shallow 

triangular channels, only about 20 /im deep, form  in the interface betw een the m echanically 

interacting pellet column and the cladding. The channels extend up to the fuel rod plenum and 

w ill remain open even under conditions o f  hard p ellet-clad  m echanical interaction, thus 

permitting an unrestricted axial gas comm unication along the full length o f  the fuel rod. The 

experim ental results and evaluations perform ed point towards significant and unique im prove

ments in fuel perform ance when simulating high burnup operating conditions and irradiation 

tested at approxim ately 12 M W -d /k g U . (1) The rate o f  axial gas m ixing is enhanced and 

remains permanently established, even under ‘c losed ’ gap conditions, thus counteracting the 

decrease in gap thermal conductance and resulting thermal feedback effects, follow ing 

transient fission gas release. (2) The fuel rod thermal response tim e can be increased (by about 

0 .5 to 1.0  s) and conveniently maintained. (3) T he pellet-cladding interaction/stress corrosion 

cracking failure threshold is raised significantly, by  an increm ented value o f  m ore than 

25 kW /m , and the time to clad failure and fission gas release on overram ping is prolonged.

(4) T he rifled cladding can, with advantage, be combined with other p ellet-clad interaction 

rem edies such as a graphite coating on the fuel pellets for further im proved fuel perform ance. 

N o  failures have been experienced with graphite so far (up to 35 kW /m in a direct ramp step).

(5) T he rifled cladding can readily be manufactured using com m ercial tube reducing 

techniques.

335
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Advanced fuel cladding has been under development at Studsvik for some 

10 years. The specific design feature of the cladding tubing is the inner surface, 

which has been manufactured to be lightly prismatic, or ‘rifled’, to precise dimen

sions on the microscale (Fig. 1). The minute surface features are invisible to the 

naked eye when viewed in a cross-section.

As part of the development, a series of irradiation tests have been performed 

at Studsvik using 8x8 BWR type fuel specimens, all preceded by cladding manufac

turing trials. The results and conclusions of the initial scoping phase have been 

published elsewhere [1]. The subsequent phase of development is still in progress 

and will be concluded in about 1 year. It aims at optimization of the cladding bore 

configuration and adoption of a commercial cladding manufacturing route. The 

results obtained so far seem very encouraging and interesting from a performance 

point of view. We therefore feel inspired to present this advance report on the 

progress.

It has been found that the cladding design shows a potential for substantial 

improvements in fuel performance under heavy duty operating conditions. In 

particular, the rifled cladding seems to offer unique advantages for use in fuel desig

nated for load follow and extended burnup operations. In addition, rifled cladding 

promises to survive anticipated off-normal power transients more reliably than con

ventional fuel cladding.

1. IN T R O D U C T IO N

F IG . 1. Prism atic bore cladding.
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et

FIG . 2. Schem atic stress-strain pattern.

Originally, the main objective of the development was to improve the cladding 

failure resistance against pellet-cladding interaction/induced stress corrosion 

cracking (PCI/SCC). However, it became apparent that the rifled cladding concept 

concurrently offers a unique potential for improving the axial gas mixing capacity 

within the fuel rod, as well as some control of the fuel rod thermal response time.

2. INTEGRAL FUEL-CLADDING DESIGN

The principle design features of the rifled (or ‘ribbed’) cladding have been 

presented in an earlier publication [1]. On the basis of the results and analyses of



3 3 8 M O G A R D  et al.

C O L D  R A D IA L  A S S E M B L Y  G A P

FIG . 3. Cladding segment and radial pellet-cladding space.

the experiments, some important modifications were introduced with respect to both 

the cladding bore configuration and the integral fuel-cladding design.

Currently, the preferred bore configuration consists of a multitude of protrud

ing flat ribs or facettes evenly distributed around the cladding circumference, such 

as to form a prismatic bore surface (Fig. 1). One particular aim was that during 

intense pellet-cladding mechanical interaction (PCMI) the magnitude of stress-strain 

concentrations, imposed by widening cracks in the underlying fuel pellets, would be 

minimized (Fig. 2). The form, size and interspacing of the ribs, as shown in Fig. 3, 

are close to optimal dimensioning. However, the fuel pellet also needs to be properly 

designed, i.e. provided with shallow chamfers and given a length/diameter ratio 

close to 1.0 in order to minimize additional stresses and strains imposed by circum

ferential ridge formation. At steady power operation the heat flows across the 

pellet-cladding interface via the open gap space and the mechanical interaction points 

(Fig. 4). On power ramp the contact areas widen, but shrink again on the power 

downramp in a sort of roll-on/roll-off mechanical mode of interaction.

Another important feature of the fuel-cladding design are the means provided 

for improved axial gas migration and helium-fission gas mixing. This point deserves 

particular attention because basically all the performance problems, which may 

become life limiting at high fuel exposure (such as excessive internal gas pressure, 

high stored energy and increased PCI/SCC failure propensity), actually emanate 

from one single phenomenon, namely excessive release of fission product gases and 

other volatile elements, e.g. xenon, krypton, iodine, cadmium, etc. Therefore,
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S O F T  P C M I I H A R D  P C M I

FIG . 4. R oll-on/roll-off interfacial contacts.

minimizing the effects of released fission gases should become an urgent issue in 

designing LWR fuels, e.g. by fast dilution or displacement.

In the present design such attempts have been made. The axially extending 

grooves (or straight rifles) will remain open even under intense interfacial contact 

pressure and thus function as axial gas communication channels all along the fuel rod 

column up to the plenum chamber. The gas volumes contáined in the torus shaped 

chambers at each pellet-pellet interface are all cross-linked to the axial channels and 

thus build up an interconnected ‘grid’ system available for easy axial gas communi

cation. At steady power operation essentially only diffusional axial gas migration 

occurs preferentially within the grid system.

On a postulated transient fission gas release (FGR), e.g. following a power 

ramp, this gas communication system will become activated. The initial rise in fuel 

temperature will force the contained gas, primarily helium, to expand and flow 

towards the top plenum. On a further rise in temperature, the fission gases will be 

released, perhaps in the form of a sudden ‘burst’ , when operating at high fuel 

exposures. The released fission gases will then join the helium flow towards the top 

plenum, while successively being diluted (Fig. 5(a)). At each toroid location some
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( a ) Using rifled cladding ( b ) Using conventional cladding

FIG . 5. Conceptual view o f  the axial fission  gas flo w  pattern.

dilution with helium occurs. The larger these toroid spaces are dimensioned in rela

tion to the axial channel spaces, the faster the gas will flow away from the fission 

gas releasing rod section and the faster the helium dilution will be. Furthermore, the 

smaller the gas flow resistance over the axial channels in relation to the flow 

resistance over the cracked pellets outside the FGR section, the smaller the effect 

on the rod thermal conductance. After pressure equilibration within the rod, diffu- 

sional mixing of helium with the fission gases initiates. The rate of diffusional mixing 

depends primarily on the cross-sectional areas available, the rod length involved and 

the impact on diffusion of the gas retained in the toroid volumes.
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The low gas flow resistance along the axial channels will permit a fast pressure 

equilibration, probably within a few seconds after the gas pressure pulse. This means 

that a minimum of fission gases will have been forced by overpressure, or given time 

by diffusion, to penetrate into the internal crack voids of the fuel pellets. Hence, the 

residual effect of the fission gas release will mainly be contamination of the helium 

gas contained in the channel system and the consequent impact on the pellet-cladding 

gap conduction (as evidenced by experiments, this effect will be surprisingly small).

Another burst of FGR may occur on termination of the high fuel power opera

tion by down-rating to a lower power level. Fast equilibration of the different gas 

pressures will take place once more, followed by a surge of plenum gas down the 

pellet column as a result of the decreasing fuel temperature. After pressure equilibra

tion, the diffusional axial gas mixing will again take over.

Considering the axial gas mixing capability of the design concept, it appears 

evident that operation under power cycling conditions is favourable in maintaining 

stable thermal conditions on the fuel rod. Part of the plenum helium gas will actually 

be forced to flow up and down over the pellet column.

Also, from a PCI/SCC point of view, fast displacement of the fission gas from 

the point of release and efficient dilution with helium should be beneficial.

In the conventional fuel design the induced axial gas flow will be delayed con

siderably, perhaps for a minute or so, because of the very constrained flow paths 

along the pellet column (Fig. 5(b)). Therefore, a much longer residence time of the 

fission gases at the point of release results. In this case the fission gases are forced 

to penetrate not only the very narrow gap but also the crack voids of the fuel pellets, 

where they will cause a temperature rise and possibly initiate a thermal feedback 

mechanism, eventually propagating along the whole rod length.

3. IRRADIATION TESTING

3.1. Objectives

During the course of the first-phase irradiations at Studsvik it became evident 

that the integral fuel-clad concept, as just described, indicated the potential for 

substantial improvements in performance and was thus deemed qualified for further 

investigations. The objectives of these current phase investigations are several, and 

can be summarized as follows:

(1) Determine the PCI/SCC failure resistance:

— using otherwise conventional fuel design parameters

— using, in addition, a pellet-cladding interlayer of graphite

(2) Investigate the pellet-cladding gap conductance at normal steady power by 

means of the fuel rod thermal ‘constant’ measured by the power ‘noise’ 

technique
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TABLE I. DATA ON TEST FUEL RODS, FUEL DESIGN, IRRADIATION 

TESTING AND POST-IRRADIATION EXAMINATION

N O M IN AL D A TA  O F  TEST F U E L  R O D S

Rod length (mm) 528

Cladding outer diameter (mm) 12.25

Cladding wall thickness (mm) 0.80

Enriched fuel stack length (mm) 429

Plenum chamber length (mm) 56

Fuel-clad diametral gap (opposite ribs) (mm) 0.15

Cladding material Zr-2, ann.

Helium fill gas pressure (MPa) 0.3

U02 powder AUC

Pellet density (g/cm3) 10.5

Pellet diameter (mm) 10.4-10.5

Pellet length (mm) 11.0

Pellet chamfer (radial x axial) (mm) 0.7 x 0.2

Pellet length/diameter 1.1

F U E L  D E S IG N  D ATA

Rod designation 1PG1 4PS1 9SS1 2PG1 6PA1

Rifled cladding yes yes — yes yes

Reference standard — — yes — 'A AR-% He

Fill gas He He He He 0.7 He-0.3

Ar

Graphite coating (jxm) 5 — — yes —

IRRAD IATIO N  TESTING

Rod design 

Test No.

Base irradiation

LHGR mean (kW/m) 

Burnup (MW • d/kg U)

1PG1 4PS1 9SS1 2PG1 6PA1

2041 2042 2044 2045 2047

28.5 25.1 28.6 25.0 26.7.

13.0 11.1 11.3 11.5 11.8
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T A B L E  I  (c o n t .)

IRRAD IATIO N  TESTING (cont.)

Ramp irradiation

Conditioning power (kW/m) 

Conditioning time (h)

Ramp rate (W-cm'1-min'1) 

Ramp term level (kW/m) 

Failure/no failure 

Time to failure (min)

PO ST-IR R A D IATIO N  EXAM IN ATION

Diameter deformation (/xm)

FGR (%) Kr 

Xe

Same as LHGR mean under base irradiation

24 24 24 24 24

3000 3000 3000 100 3000

58.3 50.0 53.5 60.0 56.8

NF NF F NF F

_ _ 16 _ 8

2041 2042 2044 2045 2047

-  0 4 15 2

2.4 — 9.4 5.5

2.5 — 9.0 5.9

(3) Investigate the fuel rod thermal behaviour under power ramp conditions using 

the same measuring technique:

— during power ascension

— during holding at power

(4) Increase the fuel rod thermal ‘constant’ by adding argon to the helium fill gas

(5) Adopt cladding and fuel rod manufacturing techniques, including QC proce

dures, as established commercially.

3.2. Test fuel design

The test fuel specimens, all of the 8x8 BWR rod type, were specifically 

designed for irradiation in the R2 test facilities. The main design data are summa

rized in Table I. The cladding has a regular prisma bore configuration with 40 faces 

protruding radially 15 to 20 ц т  (see cross-section of segment in Fig. 3). The cold 

diametral assembly gap is defined as twice the minimum radial distance between the 

centred pellet and the opposing prisma faces. Purposely, a small cold assembly gap 

was chosen (0.15 mm) in order to exaggerate the impact of PCMI on subsequent
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FIG . 6. Dim ensional recording o f  bore profile.

power ramping and, not least, to simulate the closed gap conditions prevailing at 

extended fuel burnup operation. Also, addition of 33% argon to the pressurized 

helium fill gas simulates high burnup operating conditions as regards the effect of 

fission gases.

The fuel pellets have flat end faces and are provided with shallow chamfers 

and minor dishes. The ratio of chamfer (torus) to rifle channel volumes under closed 

gap conditions is approximately 3:1.

3.3. Cladding manufacturing

The cladding tubing has been manufactured by Sandvik, Sweden, utilizing 

commercial production techniques. In the tube reducing process, however, a special 

mandrel was used. The Zircaloy-2 material has been given final recrystallization heat 

treatment. Conventional QC procedures were followed. A dimensional recording of 

the bore profile is reproduced in Fig. 6.



IAEA-SM -288/15 345

3.4. Test fuel fabrication

The test fuel specimens have been fabricated by ASEA-ATOM, Sweden. No 

special problems associated with the rifled cladding were experienced. The graphite 

coating of approximately 5 pm thickness was applied to the cylindrical surfaces of 

the ground pellets utilizing laboratory techniques.

3.5. R2 base irradiation

Eight fuel specimens were initially base irradiated in the R2 reactor in two 

groups of four each. The present paper concerns the testing performed on five of 

these specimens after an accumulated burnup of approximately 12 MW -d/kg U. One 

of these ramp tested fuel specimens has been reinserted, together with the three non

ramped specimens, for continued base irradiation up to a bumup of approximately 

20 MW-d/kg U.

Base irradiation (see Table I) proceeded at linear heat ratings of 25 to 30 kW/m 

utilizing, as available, boiling water capsules (BOCAs) or the water loop position, 

according to established routines at the R2 reactor.

3.6. Power ramp irradiation testing

3 . 6 . 1 .  E a r l i e r  t e s t  s e r i e s

A series of earlier irradiation tests was performed at Studsvik with the purpose 

of finding an optimal cladding bore configuration and also an optimal combination 

of cladding and pellet designs, not only with respect to PCI/SCC failure resistance 

but also concerning the heat conduction over the pellet-cladding gap and the effects 

of the uprated axial migration fission gases.

A particular form of shallow slightly convex ribs (20 pm in height, 32 in 

number and evenly distributed over the bore surface) were irradiation tested at about 

10 MW-d/kg U in a staircase mode of power ramping (see Fig. 7(a)). Only the 

particular combination with chamfered flat ended fuel pellets indicated a substan

tially improved ramp step to PCI failure, i.e. about 25 kW/m. A long delay time to 

fission product out-leakage (7 hours) was observed at a ramp terminal level of

65 kW/m. The test fuel had been base irradiated in the R2 reactor in the range of 

30 to 40 kW/m. The non-chamfered dished pellets performed less satisfactorily.

Another series, incorporating only similarly chamfered fuel pellets, was base 

irradiated according to the cyclic scheme adopted in the Studsvik INTER-RAMP 

programme. A comparison of test data should thus be justified (see Fig. 7(b)). The 

base irradiation terminated at a power level of about 30 kW/m, where it was held 

for a couple of months. Again, on ramping an incremental power to PCI failure of 

25 kW/m was indicated, i.e. about 8 kW/m higher than that for the INTER-RAMP
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rods. Once again, a delayed out-leakage of fission products appeared. In fact, only 

in-leakage of water was observed (by neutron radiography). The PCI/SCC through- 

wall cracking was also considerably delayed. One rod,with a somewhat wider cold 

gap of 0.18 mm, was reramped after additional preconditioning at 30 kW/m for

24 hours. No failure occurred following a power step of 25 kW/m, in spite of FGR 

during the first ramp to 50 kW/m.

LHGR
kW/m

60

SO

40

30

RIB Clad/chamf. pellets^ FP

F FP
X •

jPF ~ 25 kW/m

.. .4 ....: - . - 4
/ Ref. design /

RIB Clad, non-chamf. dished pellets
' i i ' i ' i ' l l  !__ |_j__ i i T i i

Symbols 
•  FP leakage 
x Crack through 

failure ( a )
1-1 h TIME, h
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F IG . 7. (a) E arlier staircase ramp tests; (b) earlier single-step ramp tests; (c) current very 

fa st upramp tests.

3 . 6 . 2 .  C u r r e n t  t e s t  s e r i e s

Using the successful basic fuel design concept of the earlier test series, some 

minor but essential modifications have been introduced, such as a simpler and more 

effective heat conducting bore configuration, and fuel pellets with a smaller 

length/diameter ratio and larger chamfers. Also, the fill gas was pressurized to 3 bar 

(see Table I).

A very fast ramp rate of approximately 3000 W -cnr1 -min-1 was adopted for 

four of the five tests. The Studsvik TRANS-RAMP I Project and other programmes 

had indicated that such ramp rates are more destructive from a PCI/SCC point of 

view. The axial distribution of incipient SCC defects is also seen to indicate the 

probable location of the failure threshold. In addition, local ramp rates of such 

magnitude may be imposed by regular control rod movements in BWRs.

The test fuel was base irradiated in the range of 25 to 30 kW/m up to approxi

mately 12 MW-d/kg U. The ramp test results are presented in Fig. 7(c).The fuel 

concept now exhibits a still better PCI/SCC failure resistance, i.e. an incremental 

power of more than 25 kW/m. The failed argon-helium filled rod actually indicates 

a failure resistance of about 28 kW/m; the reference rod of conventional design 

shows a failure resistance of less than 20 kW/m.
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An interesting test included in this programme concerns a study made on the 

effect of graphite coating on PCI/SCC failure resistance. In this particular case, no 

mechanical barrier effect of the coating can be counted on, possibly only a chemical 

one. No failures were experienced after direct step ramps of 30 and 350 kW/m using 

ramp rates of 3000 and 100 W-cm-1 •min-1, respectively. The question arises what 

the preventive action is, and if it can be maintained for the exposure time requested.
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Inside inspection of the test fuel specimens in the hot cells reveals a visual 

effect of the rifled cladding on the visual interaction pattern (see Fig. 8). An impor

tant observation concerns the axial distribution of the incipient defects. The argon- 

helium containing rod shows a smaller axial distribution of defects along the bottom 

half of the cladding than the reference rod. This difference in defect distribution may 

reflect differences in the velocities of axial gas flow. In the reference rod the released 

fission gases may become locked in for a longer time, while in the rifled designs the 

fission gases are quickly swept away. As a result of the fast axial gas flow, the 

chemical activity of the fission gases being released should be lowered and the 

propensity for SCC reduced.

Another important issue of the testing concerned the thermal behaviour of the 

rifled cladding design. By measuring the rod thermal response time, or the thermal 

time ‘constant’, some insight into this matter has been gained. On applying the 

‘noise’ analysis technique [2], data on the thermal time constant were obtained 

during various phases of the base irradiation and during the ramp testing (see 

Table I). The time constant is consistently somewhat longer (0.5 to 0.7 seconds) for 

the rifled designs (at the steady power operation of about 28 kW/m) than for the 

reference rod, whose time constant was measured to be 4.6 ± 0.4 seconds. The 

Ar-Не rod produced a longer constant of 5.5 ± 0.3 seconds. This last value seems 

surprisingly low and indicates that the gap thermal resistance is governed more by 

the solid-solid contacts than by the conductance over the gas filled gap space.
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( a ) ( b ) Location of crack

FIG . 1 0 .(a) Test rod 2042 step ramped at 25 kW/т; (b) test rod 20 4 7 step ramped at 

25 kW/m.

Evidently, the cladding design presents an option to modestly increase the thermal 

time constant.

During the upramping, about 25 seconds into the transient, only minor or no 

changes of the thermal time constants were detectable, keeping the internal ordering 

the same as before the ramping. In this case another measuring approach was used, 

based on examinations of the graphical time recordings of the power generation and 

the heat transfer to the water coolant.

During holding at the ramp terminal power the noise analysis technique was 

again applied using a single rod (test 2045) (see Fig. 9). From a value of about 

5.3 seconds before (and under) the upramping, it increased to a value of 6.3 after 

holding for 2 hours, but decreased to 6.0 seconds after additional holding for

10 hours. This latter effect may reflect the influence of axial diffusional mixing of 

helium with the released fission gases.

Post-irradiation examination produced information about profilometry, 

neutron radiography, fission gas release and metallography (see Table I). Substantial 

diametral clad deformation of 15 /mi was only observed for the graphite coated rod 

ramped incrementally at 35 kW/m. For the other rods, a minor permanent deforma

tion of some few micrometres was observed, which seems sufficient to cause 

PCI/SCC failure. However, the helium filled rifle cladding design did not deform 

detectably. The fission gas release values seem rather normal. The metallographic 

examinations (see Fig. 10(a) and (b)) did not reveal any unusual information (see 

Fig. 10(b)). The SCC defect observed appears to originate within the unsupported 

part of the prismatic face of the bore surface.
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(1) The incremental PCI/SCC failure resistance of the rifled fuel design exceeds

25 kW/rn at a burnup of 12 MW -d/kg U.

(2) On using, in addition, a thin graphite coating on the fuel pellets, the resistance 

is raised beyond 35 kW/m; no failure was experienced.

(3) The gap thermal conductance is only marginally affected by the rifled cladding, 

as indicated by the thermal noise analysis, and seems fairly insensitive to any 

reasonable contamination (simulated by argon) of the helium by fission gases.

(4) During power ramping beneficial gas flow effects are indicated, i.e. the ramp 

induced fast axial gas flow seems to reduce the propensity for SCC. During 

holding at power axial gas mixing is observed.

(5) By adding argon to the helium fill gas the thermal time constant increases, 

although only marginally .

(6) The rifled cladding was produced successfully using commercial manufactur

ing routes. Conventional fuel fabrication routines were also directly 

applicable.

(7) Therefore, the rifled cladding concept seems suited for heavy duty fuel opera

tions such as load following and extended fuel exposure.
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Abstract

DEVELOPMENT AND TESTING OF GELLED OXIDE MICROSPHERES AS A 

POTENTIAL MIXED OXIDE FUEL FOR LWRs.

Gel fabrication of mixed oxides is seen as an alternative production route with advan

tages in reduced process stages, absence of dust and excellent plutonium homogeneity. The 

first step in a development programme to study gel produced mixed oxides (sphere-pac) fuel 

for LWRs is described. Based on extensive experience in the production of 

uranium-plutonium carbide by internal gelation for the fast breeder reactor, uranium dioxide 

microspheres were produced and vibro-filled into 12 test rodlets, giving a fuel smear theoreti

cal density of —86.5%. These rodlets were assembled into four strings (with pellet and 

dummy rodlets) for irradiation in the Gosgen PWR in Switzerland. One rodlet string will be 

withdrawn for detailed examination in each of the four years’ total irradiation time (maximum 

>50 GW-d/t bumup). The aim is to gain experience in sphere-pac uranium dioxide 

behaviour prior to testing uranium-plutonium (mixed) oxides.

1. INTRODUCTION

After many years of developing a gelation process for the production of mixed 

carbide (UPu)C fuel and its testing for the fast breeder reactor, the Eidgenôsisches 

Institut für Reaktorforschung (EIR) has extended its work on fuels to examining the 

sphere-pac concept for mixed oxide (MOX) fuels for the LWR.

The reasons for this are mainly to follow the evolving technology in MOX 

recycle fuels, in particular to offer a fabrication alternative to the traditional 

powder-pellet (dry) route. Irradiation testing of the sphere-pac concept is an integral 

part of this development whereby, in the case of inadequate performance of the parti

cle fuel, a compromise exists in the fabrication of pellets using gel material as feed. 

This would still retain most of the ‘dust free’ advantages of the wet route process 

and also provide the homogeneous U-Pu solid solution crystallite structure needed 

for good dissolution when reprocessing.
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2. MOX FABRICATION ROUTES

As a brief summary of fabrication routes, Fig. 1 shows in simplified form some 

possible methods of producing (UPu)02 fuel. Route 1, developed from standard 

U 02 dry route technology, produced an economic fuel with good fuel performance. 

During reprocessing, however, incomplete dissolution of the local concentrations of 

Pu02 occurs and this led to a search for improved methods giving a more 

homogeneous U-Pu solid solution matrix. Routes 2 and 3 are two such routes. 

However, the dry routes, using co-milling [1] or micronizing [2], still suffer from 

extreme dust production, for which a solution must be found.

The co-precipitation route 3 avoids this by using a wet method based on the 

AUC process for uranium oxide and produces a powder with good flowability. Both 

these routes make use of the ‘master blend’ concept in which mixed oxide powder 

with up to 40% Pu is blended with free flowing U 02 powder for the press feed.

Route 4 shows a similar process in which gelation is used to co-precipitate a 

master blend of (UPu)02 in solid solution and where the spheres are crushed and 

blended with U02. However, routes 4 and 5 are only intermediate steps towards 

direct pressing of the microspheres into pellets (route 6), as has been considered in 

Belgium (COGEPEL) [3] and is being tested in the United States of America 

(DIPRES) [4] for the fast reactor. Direct pressing of gel microspheres, if successful, 

has the advantage of easy handling of the material by using discrete particles to avoid 

the dust and contamination hazard. The ultimate process (route 7) is direct loading 

of the microspheres into the cladding tube. Both this and the direct pressing (gel- 

pellet) method use co-precipitated material which already has the correct final Pu 

concentration, without further blending. The solid state crystallite form of uranium- 

plutonium meets the requirements for a high solubility in nitric acid after irradiation.

3. IRRADIATION EXPERIENCE WITH SPHERE-PAC FUELS

A limited amount of published experience exists for oxide material irradiated 

in LWRs. Some work has been done at Petten, Netherlands, on UOz and on 

U 02-Pu02 particle mixtures [5, 6], but the most extensive recent results can be 

found in the US Fuels Performance Improvement Programme [7]. In this 

programme, sphere-pac U 02 fuel rods were tested with reference pellet rods and 

other pellet-cladding interaction (PCI) remedy fuel: annular and solid pellets with 

or without clad having internal graphite coatings. Under steady state irradiations (up 

to >  34 GW • d/t peak burnup) in the Big Rock Point BWR there were virtually no 

differences between the sphere-pac and pellet rods, and only a slight positive clad 

strain of ~0.1% AD/D in the former. Under ramping tests in the Studsvik reactor 

at very high rates (170 W-cm'1 •m in'1) to high terminal powers (520 W/cm), some 

of the sphere-pac rods failed. This was attributed to high clad hoop stresses due to
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the lack of a fuel-clad gap. The conclusion may be at variance with other Fuel Per

formance Improvement Program results in the Halden reactor. It was also shown that 

the sphere-pac rods could be conditioned not to fail under these extreme conditions. 

For the ramp tested fuel, the sphere-pac rods showed the lowest gas release, close 

to that of annular pellets.

For MOX sphere-pac fuels these preliminary U 02 results need confirmation 

both in steady state irradiation to high burnup under power reactor conditions and 

in careful transient studies on pre-irradiated rods. Ideally, a complete failure 

boundary for sphere-pac MOX LWR rods should be determined using sphere-pac 

U 02 as a reference, as in the Studsvik programmes [8].

4. EIR PROGRAMME

EIR ’s programme, of which only an initial phase has been realized, includes 

the following:

(1) Development of a quality assured process for gelled mixed oxide microspheres

(2) Development of an effective rod filling process to give high fuel smear densi

ties ( — 89% TD), close to those of pellet fuel

(3) Design and fabrication of experimental rods (initially U 02, later MOX)

(4) Irradiation testing of U 02, then MOX sphere-pac fuel under LWR conditions

(5) Post-irradiation examination, evaluation and modelling.

For irradiation testing and evaluation it will be necessary to take account of 

the data from international fuel programmes on MOX and ramp testing, optimally 

by direct participation and by parallel testing of E IR ’s fuels. Bilateral joint studies 

may also be considered.

5. THE GÔSGEN SPHERE-PAC TEST

An initial series of test rodlets was prepared for an extended test in the Swiss 

power reactor at Gosgen-Dániken. This is a 1000 MW(e) PWR of Kraftwerk Union 

(KWU) design. Twelve test rodlets were filled with U 02 microsphere fuel produced 

at EIR using internal gelation, the rodlet design and components being supplied by 

KWU and vibro-filled at EIR. Closure welding was done by KWU and three sphere- 

pac rods, together with two (KWU) pellet and two non-fuel rodlets, were assembled 

to make four seven-rodlet strings at the KWU subsidiary, Reactor Brennelement 

Union (RBU). Each string represents a full size Gôsgen fuel rod and the four strings 

are loaded into the outer row of a KWU Gôsgen 15 x 15 fuel assembly (Fig. 2).

The experimental aims are to carry out an irradiation test on the rodlets under 

normal power reactor conditions in order to compare sphere-pac oxide behaviour to
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FIG . 2. Rodlet positions in the Gosgen fu e l assembly: (a) position o f  strings in fu e l assem

bly (Я);  (b) position o f  rodlets in string.

high burnup with pellet fuel and to provide a baseline for later MOX tests. One rodlet 

string will be withdrawn at the end of each cycle and after pool-side evaluation will 

be transferred to the EIR hot cells for non-destructive and destructive examinations. 

In this way data will be obtained on normal operation up to four cycles of irradiation 

(>50  GW-d/t) under various linear ratings. One or two rodlets may be reserved for 

preliminary ramping tests. The remaining strings will be visually inspected and leak 

checked at each shutdown.

The rodlet characteristics are given in Table I and the nominal irradiation con

ditions in Table П. It is not possible to predict the exact conditions and power history 

until a final core loading plan has been established.

6. FUEL FABRICATION FOR THE GOSGEN EXPERIMENT

After some development work enriched uranium (4.3% 235U) was used to 

produce U 02 microspheres in three size fractions using the internal gelation process
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TABLE I. MAIN CHARACTERISTICS OF THE SPHERE-PAC TEST 

RODLETS

F u e l Uranium dioxide microspheres vibro-compacted

Enrichment 4.24% 235U

Smear density -86.5% TD

Size fractions 39 + 3 /mi, 275 ± 13 ¡xm, 1150 i¿m
Column length — 394 mm

Column weight -255 g

R o d l e t

Length — 518 mm

Diameter 10.75 mm o.d./9.3 mm i.d.

Cladding Zircaloy-4

End-caps Resistance welded (KWU)

Internal helium pressure 22.5 bar abs

TABLE II. NOMINAL OPERATING CONDITIONS 

SPHERE-PAC TEST

FOR THE GOSGEN

Peak linear rating 360-370 W/cm

Peak external cladding temperature —350°C

Maximum irradiation time 

(one rodlet string withdrawn each year)

Target peak burnup

-1300 d (~4 a) 

>50 GW-d/t

with silicon oil as the heat carrier [9]. From the start, the process was adjusted to 

give microspheres meeting the requirements of:

(1) Target size and narrow size range in each fraction (1200, 275 and 40 /¿m)

(2) Close control over chemical composition, as for pellet oxides, and in particular 

a tight tolerance on O/M ratio (2.00 ± 0.01)

(3) Regular microstructure, i.e. high density with low batch to batch variation.

Being a laboratory scale operation, the EIR production had the potential 

problem of small (sinter) batch size, but extensive analyses showed a reasonably sta

ble production process, as can be seen in Table III. Figure 3 shows typical ceramo- 

graphic cross-sections of the three size fractions, indicating dense (>98%  TD) 

microspheres with homogeneous and equiaxed grains in the range of 10 to 20 /xm 

in all fractions.
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Specification Fine Medium Large

Particle size 32-45 /tm 39 ±  3
250-300 ¿¿m 275 ±  13

1120-1250 /Ш1 1150

Enrichment 235U 4.24 ±  0.05% 4.24 4.24 4.24

Density >97.5% TD 99.63 98.60 98.79

Stoichiometry (O/M) 2 . 0 0  ±  0 . 0 1 2 . 0 0 2 2.003 2 . 0 0 2

Equivalent hydrogen content <  12 N mm3/g U 0 2 7.3 5.8 6 . 1

Halogens Cl <15 wtppm <12.5 15 2 0

F < 1 0  wtppm 7.5 5.5 9.5

Carbon < 1 0 0  wtppm 2 0  ±  2 0 30 ±  20 2 0  ±  2 0

Calcium < 1 0 0  wtppm 25 14 18
Iron < 1 0 0  wtppm 18 2 2 13
Nickel <50 wtppm 0.3 0 . 6 0 . 2

Mean grain size — ^m - 2 0 - 1 0 - 7

7. RODLET FABRICATION FOR THE GOSGEN EXPERIMENT

The Gosgen sphere-pac rodlets are -518 mm long over the end-caps, with a 

fuel column length of ~394 mm (Fig. 4). The Zircaloy cladding tube has dimen

sions (i.d./o.d.) of 9.3/10.75 mm; these were provided by KWU with one end-cap 

welded in place.

The main objective of the development work was to achieve as high a fuel 

smear density as possible, close to that of pellet fuels ( — 89%). To achieve this a 

three size fraction distribution was necessary but this made fuel loading more 

difficult. Additionally, the loading equipment was mounted in an inert gas glove box 

to maintain fuel stoichiometry. This is a disadvantage compared with standard U 02 

pellet handling but not for later MOX production when glove box operation is 

necessary anyway.

Filling trials were carried out to develop a simple method to achieve an opti

mum (smear) density using three size fraction fuel with a target of >87% TD. The 

method developed, using infiltration of the fine sizes, gave densities >87% but only 

by using fine sizes in the range of 20 to 38 /xm. A minimum size range of 32 to 45 ц т  

was, however, chosen to combine better with the particle retention disc placed at 

each end of the fuel column. This choice resulted in a smear density penalty of
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FIG . 4. Sphere-pac fu e l rodlet.

~ 1 % .  Fifteen rodlets were filled using the standard procedures developed and very 

flat axial density profiles were achieved.

The rodlets were fitted with temporary end-caps after flushing with helium and 

given leak checks, axial gamma densitrometry and radiography, as well as visual 

inspection for clad surface damage. Fourteen rods were sent to KWU (Erlangen), 

where the retaining springs were loaded, the rodlets pressurized and closure end-cap 

welding took place. Two archive rodlets remained at KWU; the remaining twelve 

were transferred to RBU (Hanau) for assembly into four seven-rodlet strings (includ

ing pellet and dummy rodlets) and were mounted as full length fuel rods into a 

Gôsgen fuel assembly.

8. IRRADIATION PROGRAMME AND POST-IRRADIATION

EXAMINATION

The assembly containing the sphere-pac rodlets was delivered to the reactor for 

the mid-1986 shutdown. The reactor is due to return to power at the end of July 

1986, which means that the first string will be withdrawn for examination in 

mid-1987. After visual exmination and a leak check the string will be transferred to 

E IR ’s hot cells where a tentative programme of routine examinations has been pro

posed: visual, dimensional checks; axial gamma scanning; oxide thickness; internal 

gas pressure (puncturing) and internal volume; fission gas analysis; radial and axial 

ceramography; selected burnup; clad microstructure; selected autoradiography. 

These examinations will be distributed among the available rodlets and will include 

examining at least one pellet rodlet from each string. Depending on the results, 

specialized analysis may also be requested (densities, radial gamma scanning, scan

ning ion mass spectrometry, microprobe, etc.).
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As the results from this first experiment are collected the programme will con

tinue to work towards the following MOX capabilities:

(1) Development of an advanced MOX gelation process

(2) Improvement and extension of three size fraction filling process for longer 

rodlets

(3) Introduction of a Zircaloy welding capability for M OX LW R rods

(4) Study of optimal rod design and modelling development for oxide sphere-pac, 

planning of new irradiation tests

(5) Safety studies, in particular loss of spheres from a breached rod.
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Abstract

LWR MOX FUEL EXPERIENCE IN BELGIUM AND FRANCE WITH SPECIAL 

EMPHASIS PLACED ON THE RESULTS OBTAINED IN THE BR3 PWR.

MOX fuel has been developed since 1958, first on a laboratory scale, later at the pilot 

level and finally to an industrial operation stage. This progressive approach to maturity has 

resulted in improvement of the fabrication processes, leading to an appropriate fuel, and col

lection of the database required to qualify the fuel for scheduled operation. The key to success 

has been the experience built up through fabrication of large quantities of MOX fuel and 

irradiation of experimental or characterized fuel assemblies in various PWRs and BWRs. In 

particular, MOX fuel rods manufactured by BELGONUCLEAIRE (BN) following two fabri

cation processes (mechanical blending and micronized master blend powder) were irradiated 

in the BR3 PWR under various steady state operating conditions. Surveillance and post

irradiation examination of MOX fuels from BR3, CNA, Dodewaard and Garigliano are 

already providing the performance references required. The main conclusions can be summa

rized as follows: (1) MOX fuel is now fabricated industrially at the same quality level as U 

fuel; (2) MOX fuel irradiation behaviour is superior to that of U fuel; (3) an adequate database 

already exists for the actual irradiation conditions in LWR power plants. The R&D 

programme is being pursued in a timely manner to acquire, for steady state and transient oper

ating conditions, the expanded database required for the more demanding irradiation condi

tions contemplated in the future.

* Member companies of COMMOX.
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Two topics have been combined in this paper, namely:

(1) LWR MOX fuel experience in Belgium and France, which summarizes the 

fabrication techniques, the references, the underlying MOX fuel technology 

and the current R&D programmes for expanding the database; and

(2) Behaviour of MOX fuel rods irradiated under steady state and transient operat

ing conditions, which focuses on the M OX fuel technology features acquired 

through the irradiation performed in the BR3 PWR and supplemented by tests 

in the BR2 MTR.

The past history of MOX fuel technology, as currently implemented commer

cially, has been described elsewhere [1—5]. Important milestones in the confirma

tion of this MOX technology include:

(a) The first incorporation of MOX fuel in a power plant was the loading of a 

MOX assembly fabricated by BELGONUCLEAIRE (BN) into the BR3 proto

type PWR in 1963

(b) The proportion of MOX fuel in the BR3 was progressively extended [6] to the 

present value of 50% of the fuel rods in the core and 70% of the fuel rods in 

the reload

(c) The first massive Pu recycle in a commercial LWR was the full reload of the 

Garigliano BWR (Italy) in 1968 with MOX fuel manufactured by BN

(d) MOX fuel fabricated by BN and CEA/Cadarache was loaded into the CNA 

PWR (France) in 1974

(e) Electricité de France (EDF) took ‘the MOX recycle plunge’ [7, 8] with a 

programme which will start with the incorporation of 16 MOX fuel assemblies 

in a 900 MW(e) plant in 1988, and will progress to 90 t/а in 12 French power 

plants in 1995 [9].

As a result, plutonium recycling in LWRs is industrially viable and has been, 

or is being, implemented in many countries. In this context, the fuel industry not only 

has to cope with the fabrication aspects, but also to understand the behaviour of 

MOX fuel under irradiation and to demonstrate to the utilities and the licensing 

authorities that the differences in the neutronic, safety and thermal-mechanical fea

tures have been properly taken into account.

This MOX fuel technology already exists and the database will be extended 

continuously in order to reach the same technological level as that of U fuel; the data

base for the latter is also being expanded. An overview of MOX fuel technology has 

been presented elsewhere [10].

This paper focuses on the thermal-mechanical behaviour of LWR MOX fuel 

rods, which is intimately related to the fabrication technique and vice-versa.

Fuel assembly considerations are the topic of two related papers at this Sympo

sium [11, 12] and will not be discussed here.

1. IN T R O D U C T IO N
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Today, commercial manufacturing plants for MOX fuel produce pellet fuels 

in order to achieve maximum benefit from the large technological background 

accumulated on U fuels fabricated for LWRs and HWRs. The Pu fuel fabrication 

plants operated by CEA/Cadarache (France) and BN/Dessel (Belgium) are only 

equipped to manufacture pellet type MOX fuel. The CEA/Cadarache plant was 

optimized for FBR reactor fuel and is adding a PWR MOX fuel line designed for 

a rated capacity of 15 t/а. The BN/Dessel plant was built for a rated capacity of 

35 t/а LW R M OX, but it is also capable of manufacturing FBR fuel. This com

plementary and long standing tradition of co-operation between France and Belgium 

has fostered technical expertise exchange agreements on FBR and LWR MOX fabri

cation involving CEA and Cogéma on the French side and BN and the Belgian 

Nuclear Centre (CEN/SCK) on the Belgian side.

The essential difference between Pu fuel and conventional nuclear fuel arises 

from the presence of Pu, whose alpha activity, as well as the gamma activity of its 

daughter product 241Am, require special safety measures, such as operation in a 

reduced pressure tight containment (glove box) that is located in depressurized halls, 

and adequate protection and monitoring of personnel.

During the industrial phases of Pu fuel manufacture several problems were 

revealed. This gave rise to corrective actions, as well as readjustments and improve

ments to the manufacturing equipment and the product quality level, or both. In par

ticular, the results observed during post-irradiation examinations (PIEs) contributed 

to the decisions taken to modify manufacturing or QC procedures.

The most significant change in the process resulted from requests from the 

reprocessing industry. The fuel produced by the original manufacturing process was 

only soluble in nitric acid with some addition of hydrofluoric acid. When non- 

irradiated Pu fuel was dissolved under the reprocessing conditions later implemented 

by the reprocessing industry, the residue was excessively high in Pu content. 

Furthermore, after irradiation at 34 GW-d/t at a linear heat generation rate (LHGR) 

of 340 W/cm, 5% of the Pu still remained as a solid residue after dissolving in hot 

nitric acid. Co-milling of the Pu02 with all or part of the U 02 was incorporated into 

the BN process to remedy this problem.

Mechanization was gradually introduced to develop a production line with the 

minimum human intervention. Protective screens were progressively integrated to 

shield operators working in the most exposed areas. Factory operation confirmed 

that the main source of radiological danger was the Pu dust deposited on surfaces 

within the glove boxes. Therefore, no matter what the level of automation, main

tenance and repairs set a radiological lim it to the age of Pu that could be processed. 

This lim it is lowest for the stages which create the most dust, and highest when self

shielding reduces handling problems. This experience formed the basis upon which 

procedures for the handling of nuclear materials were established. New automatic

2. M A N U F A C T U R IN G  T E C H N IQ U E S
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devices were introduced to improve production and to reduce exposure to personnel 

(e.g. Ref. [13]) under a long term programme spanning from 1980 to 1990.

Management of scrap and other waste also evolved in the light of the accumu

lated experience of 11 years of industrial operation. One of the main lessons learned 

led to the definition of adequate guarantees and appropriate nuclear materials 

management to integrate Pu accounting and monitoring operation into the process 

flow.

2.1. BN processes

Five fuel types have been developed in Belgium to various stages of maturity:

(1) H e t e r o g e n e o u s  v i p a c f u e l ,  in which the coarse and medium grain size fractions 

are pure U 02 and the fine size fraction pure Pu02 powder. The fabrication 

route involved a minimum amount of Pu handling steps and the irradiation 

behaviour was outstanding because of the stability of the U 02 structure and 

the good accommodation of the high rated Pu02 network, with plenty of 

space for stress free swelling. This fuel type was abandoned in the 1960s for 

two reasons:

(a) The difficulty of ensuring and controlling the proper axial and azimuthal 

dispersion of the Pu within the fuel rod

(b) Licensing difficulties in meeting the DNB ratio criteria for PWRs and in 

defining the adequate enthalpy limits for RIAs (in both BWRs and 

PWRs).

(2) H o m o g e n e o u s  v i p a c f u e l ,  incorporating the Pu in the three grain size fractions, 

which was produced by a high efficiency fusion process, namely, jaw crushing 

a very porous M OX ingot obtained by continuous high frequency melting of 

a blend of U 02 and Pu02 powders. Each fuel grain was almost a single crys

tal of M OX. The resulting high thermal conductivity provided excellent irradi

ation behaviour (e.g. Ref. [3]). This fuel type was abandoned in the 1970s in 

order to concentrate on MOX pellet fuels which were selected as the most 

appropriate fuel type for immediate commercial application.

(3) R e f e r e n c e  o r  t r a d i t i o n a l  p e l l e t  f u e l  (Fig. 1), which is produced by direct blend

ing of Pu02 and free flowing U 02 powder [14], resulting in dispersion of Pu 

rich particles of various sizes embedded in a U02 matrix. This structure 

provided high thermal conductivity (practically unaffected by the presence of 

Pu), dimensional stability (due to the low rating of the UOz matrix) and good 

accommodation capabilities (resulting from the plasticity induced by the high 

power rating in the Pu rich particles). This fuel type was abandoned in the 

1980s because of the constraints arising from the reprocessing industry, as out

lined above.
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(4) M I M A S  f u e l ,  described in more detail in Fig. 1, maintains the maximum advan

tages of reference fuel, but ensures adequate solubility in the commercial 

reprocessing plant. This fuel is now the standard industrial LWR MOX fuel 

of BN/Dessel [14].

(5) M I G R A  f u e l  (Fig. 1), in which the Pu is homogeneously diluted in the fuel. 

It is now the standard FBR fuel of BN/Dessel [14] and benefits from the long 

term development pursued at CEA/Cadarache on this type of fuel. Histori

cally, it was utilized by BN to fabricate some MOX fuel in the late 1960s and 

early 1970s, and provided comparisons with the reference fuel type.

Additionally, BN and CEN/SCK have investigated the COGEPEL route [15] 

to fabricate pellets with a homogeneous dilution of Pu, starting with uranyl + Pu 

nitrate solutions. This long term development has been discontinued as the R&D 

budgets have been reallocated to more urgent issues.

2.2. CEA/Cadarache process

In France, Pu fuel developments have traditionally focused on FBR fuel [16]. 

As a consequence, only pellets with homogeneous dilution of the Pu in the matrix
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( * these steps do not exist for FBR fuel)

F IG .  2. C E A /C ad ara ch e fa b r ic a t io n  p ro ce s s  f o r  L W R  M O X  fu e l.

are produced by CEA/Cadarache. Additional developments have been carried out to 

apply this fabrication technique to LWR fuel, resulting in the flow sheet presented 

in Fig. 2.

2.3. Fabrication experience

The fuels fabricated by the processes outlined above are summarized in 

Table I. Surveillance and examination of these fuels have already provided and will 

continue to provide insights into M OX fuel technology.

3. MOX BEHAVIOUR DATABASE FOR LWRs

The irradiation results include fuels irradiated in the BR2 (MTR), BR3 (PWR) 

[17, 18], CAP (PWR), CNA (PWR), Dodewaard (BWR) [3], Garigliano (BWR) and 

Oskarshamn 1 (BWR) power plants (see Table П). The experience gained mainly 

concerns the fuel from earlier M IGRA type fabrications and from the BN reference
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TABLE I. Pu FUEL MANUFACTURED IN BELGIUM AND FRANCE (status 

April 1986)

Reactors

BELGONUCLEAIRE CEA

Rods
Assemblies Rods Assemblies

Total MIMAS

PWR 7 796 1440 287 60 1

BWR 1 770 — 61 —

HWR 57 — 3 —

FBRs 18 2 0 0 — 90 304 000 1660

TABLE II. BN AND CEA LWR OPERATING EXPERIENCE WITH MOX FUEL 

(status November 1985)

Reactor
Insertion 
o f MOX 

assemblies

No. of 
assemblies

No. o f MOX 
fuel rods3 Maximum local 

burnup 
(GW-d/t)

В M С

BWR
Dodewaard 1971-1981 7 84 — — 45
Garigliano 1976-1984 50 1630 — — 26
Oskarshamn 1 1974-1979 4 53 — — 27

PWR
BR3 Since 1963 217 1869 1 2 — 80
CAP 1985 I 48 - 40 2

CNA 1974-1978 4 144 16 45

TOTAL 283 3828 1 2 56

a в = BN fuel.
M  =  BN M IMAS fuel. 
С =  CEA/Cad. fuel.
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M a x . p e a k  p e lle t  L H G R  (W /c m )  

F IG . 3. BR3 fission  gas release data (B N -C E N /SC K  programme).

fabrication process, whereas the first MIMAS rods introduced into BR3 are now 

being examined and CEA/Cadarache fuel unloaded from CNA has been examined 

and compared with BN reference fuel located in the same fuel assembly. Demonstra

tion M OX fuel rods were irradiated to extremely high burnups (80 GW-d/t peak 

pellet) and the database accumulated so far (hot cell examination, transient testing) 

has been used to develop the necessary tools for fuel rod design, both for BWR and 

PWR operation.

3.1. Fission gas release

It has been quite well established [3, 18] that fission gas release (FGR) is larger 

for MOX fuel pellets obtained by the former blending fabrication process than for 

U pellets (Fig. 3). There are several reasons for this observation:

(1) The pellet fabrication characteristics (density, stability, shape) were often 

different in these fabrications, and always towards a higher gas release

(2) The variable internal fuel rod chemistry induced by the Pu and its fission 

products is prone to enhance FGR

(3) Fuel temperatures in the pellets are different in MOX fuel because the thermal 

conductivity of the mixture is lower than that of pure U 02

(4) The product structure (porosity distribution, grain size) plays an important 

role; as a result, it makes a great difference with which U fuel the MOX fuel 

is being compared
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TABLE III. FISSION GAS RELEASE DATA FROM A CNA (PWR) MOX 

ASSEMBLY

Rod burnup 

(GW-d/t)

Fuel type

U

(%)

Reference BN MOX

(%)

CEA/Cad. MOX 

(%)

27 0.6 1.3

28 0.31 0.9

30 19

catculoted FGR 

V.

15

10

- +with heterogeneity model +

■ Owithout ✓

+ /

- /

/

- + /

/

— / +

/

+ /

/
о

:  /

- AД+ +
- у О  О

1 1 -1—

О

l i l i l í

о

О

1 1 1 1 1 1 1 1
5 10 15 V*

m e a su re d  FGR

FIG . 4. C O M E T H E  calculations o f  reference M O X  fu e ls  irradiated in BR3, Dodewaard and  
Garigliano.



3 7 2 B A IR IO T  et al.

(5) The Pu agglomerates induce very high local fission density spots

(6) The power history and evolution of the power repartition across the pellet are 

often more severe in the MOX fuel rods.

A direct comparison between U fuel, reference BN MOX fuel and 

CEA/Cadarache MOX fuel has been obtained through PIE of a CNA fuel assembly 

(Table Ш). A ll the MOX fuels examined had a more enhanced FGR than U fuel, 

despite the very similar power history, except for one CEA/Cadarache rod which 

was irradiated at slightly higher power and showed an acceleration in the FGR. 

Enhancement of FGR for BN MOX fuel over U fuel is attributed to the heterogeneity 

of the Pu distribution. The even higher FGR observed for the CEA/Cadarache MOX 

fuel could result from the small grain size (probably the predominant factor), the 

homogeneous repartition of the Pu in the fuel, and/or the fuel structure, leading to 

a decrease in thermal conductivity.

These results indicate the importance of the as-fabricated fuel microstructure 

for the fission gas behaviour, e.g.:

(a) The FGR heterogeneity model specially developed by BN [19] for MOX fuel 

and implemented in the COMETHE code. Figure 4 indicates the impact of the 

local fission spots on BN reference fuel.

(b) The influence of Pu distribution on the thermal conductivity: heat transfer 

through a stoichiometric U 02 matrix with local decrease of conductivity in the 

Pu agglomerates (for the BN fuel), or heat transfer through a U 02-Pu02 

matrix more affected by the internal fuel rod chemistry (for CEA/Cadarache 

fuel).

3.2. He generation

The He generated by ternary fissions and the alpha decay of transuranic ele

ments (predominantly 238Pu, 240Pu, 241Pu, 242Cm and 244Cm) contributes, in a non- 

negligible way, to the inner gas pressure of the rod. Table IV provides data resulting 

from PIEs of BR3 MOX fuel irradiated to high bumups. MOX fuel rods have oper

ated with an internal gas pressure above the system pressure (from 40 GW-d/t up 

to 90 GW-d/t), providing demonstration of the capability of MOX fuel to meet the 

‘no lift-off design criterion.

3.3. Cladding dimensional changes

All available results demonstrate that the introduction of MOX fuel pellets in 

a given cladding tube does not influence the fuel rod in-reactor elongation (Fig. 5). 

Irradiation growth of the Zircaloy material is the governing parameter and any possi

ble additional effect linked to pellet-cladding mechanical interaction (PCMI) is 

negligible and included within the dispersion of the experimental data.
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TABLE IV . He GENERATED IN  M OX FUEL AS 

A FUNCTION OF BURNUP 

(BR3 fuel rods initially pressurized at 20 atm He) 

(1 atm = 1.013 25 X  105 Pa)

He at end-of-life/ 
Average rod burnup TI . . .  r ,.r

*  ,/t, He at beginnmg-of-hfe
(GWd/t)

48 102

58 113

66 116

F IG . 5. Length increase o f  B R 3 U 0 2 and M O X  fu e l rods as a Junction o f  neutron dose  

(B N -C E N /SC K  programme).

Concerning diameter changes after irradiation, the situation is more complex 

because the pellet properties (densification, swelling, creep) start playing a role as 

soon as the pellet-clad gap is closed and the cladding properties are no longer the 

only parameter to be considered. Figure 6 shows the increase with time of cladding 

creepdown for MOX and U rods irradiated up to 65 GW-d/t in BR3 and 40 GW-d/t 

in Dodewaard. In all experiments involving fuel manufactured about 15 or more 

years ago, such as those carried out in BR3/G54 or Dodewaard/B201, the U fuel 

showed a stronger and earlier PCMI than the MOX fuel. This was confirmed by the 

detailed analyses made of the profilometries and the pellet ridging effects, which
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FIG . 6. Rod diameter decrease results o f  M O X  and U 0 2 fu e ls  fo r  BR3 and Dodewaard  

experiments (B N -C E N /SC K  programme).

were generally larger in U rods. The MOX rods of 17 x 17 geometry irradiated in 

BR3, however, showed a similar creepdown to that of the U rods, as indicated in 

Fig. 6. At very high burnup (65 GW-d/t rod burnup), the two MOX rods measured 

even emphasized outward creep (called ‘creepout’), which was observed in the cen

tral high rated portion of the fuel column.

A combination of phenomena explains the observations:

(1) The pellet and rod design characteristics were not always the same for U and 

M OX fuels: for example, the pellet density, shape of the pellets and gap were 

different in past fuel assemblies such as G54 and B201.

(2) The U 02 used for MOX fabrication does not have the same characteristics 

(porosity distribution, grain size) as the U 02 used in the U rods.

(3) The actual rod power histories and fuel temperatures (higher in MOX than in 

U for the same rating) should be taken into account in the interpretation; the 

temperature affects thermal expansion, densification, swelling and creep and 

is thus of primary importance in modelling MOX fuel accurately.

(4) MOX fuel swelling is less than that of U fuel, as has been deduced from the 

fuel column length changes. Here again, a combination of reasons can be 

given: the power histories, some design parameters (pellet density, shape of 

pellet) and,' predominantly, the heterogeneous distribution of Pu within the 

pellet.

(5) MOX fuel creep is larger than that of U, probably due to the Pu induced change 

in oxygen potential and also to the different fission and temperature distribu

tion within the pellet for a given power level and burnup.

(6) The FGR and He generation are larger in MOX fuel than in U fuel.
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FIG . 7. BR3 transient test on a M O X  fu e l rod (B N -C E N /SC K  programme).

Thus, the situation is complex and difficult to assess, especially for high 

burnup fuel. Nevertheless, the differences, if any, are in a conservative direction, 

as far as PCMI and thus stresses in the cladding are concerned. This has been demon

strated up to about 50 GW-d/t burnup. A direct consequence of this important con

clusion is, as will be confirmed later in this paper, that the pellet-clad interaction 

(PCI) failure threshold during power ramps should be higher for MOX than for U 

fuel rods.

3.4. Ramp and transient behaviour

In Belgium, emphasis was placed on MOX base irradiation under various 

irradiation conditions (BWR, PWR 17 x 17 or 15 x 15 power levels). No specific 

ramp programme was undertaken before 1985. An extensive and severe load follow 

experiment was, however, conducted in BR3, leading to failure of the U rods or 

damage leading to subsequent failures; all the MOX fuel rods remained intact. Two 

of these MOX fuel rods were subsequently introduced into a power cycling rig in 

the BR2 MTR to pursue their load follow irradiation from 47 MW-d/kg to 62 and 

77 MW-d/kg; no signs of damage were found. This confirms the good accommoda

tion properties of MOX fuel.

Figure 7 shows the power history of a MOX fuel rod irradiated to 40 GW-d/t 

in BR3 and tested to simulate an operational transient. The test is severe: the power 

increase between the ‘conditioning power’ (equal to the base irradiation power) and 

the transient final power is large (230 W/cm) and, at this high burnup, the gap is 

closed. The rod did not fail. The results will be compared with a series of similar 

tests obtained on U rods in the TRIBULATION program [20].
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FIG . 8. Pow er excursion test o f  a H e fille d  rod (BR2, 18  h, 30  +  1 5  min).

3.5. Internal fuel rod chemistry

The impact of the varying O/M ratio in the course of irradiation of MOX fuel 

has already been mentioned as a potential contributor to the fuel rod behaviour 

observed. More direct observations have confirmed the importance of the internal 

fuel rod chemistry, e.g.:

(1) Figures 8 and 9 present the results of power excursion irradiation tests per

formed with a He and an Ar filling gas, respectively. They consisted of raising 

the power from zero to terminal power in 30 min and holding at terminal power 

for 15 min. Dendrites deposited in the dishes are made up of U 02-Pu02 at 

their roots and pure U 02 at their extremities.

(2) Figure 10 presents the composite intermediate layer formed between the fuel 

and cladding in a BR3 fuel rod irradiated to very high burnup.

(3) Figure 11 presents the Cs migration at pellet interfaces in a BR3 fuel rod irradi

ated to high bumup. In other rods, irradiated under different conditions, this
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FIG . 9. Pow er excursion test o f  an A r  fille d  rod (BR2, 18  h, 30 +  1 5  min).

, 50pm  |

FIG . 10. Intermediate layer at the interface fu e l-c la d  in a BR3 M O X  fu e l rod (peak p ellet  

conditions: 90 GW-d/t at 420 W/cm p eak in time).
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FIG. I I .  Caesium-137 and BU profiles in a BR3 MOX rod irradiated at 450 W/cm peak (in 
time) pellet LHGR.

Cs migration only occurs at the fuel column ends and not in the hottest part 

of the fuel column.

3.6. Solubility

As explained in Section 2, dissolution of spent MOX fuel in pure nitric acid 

became a requisite a few years ago. To accumulate data and understand the effect 

of irradiation on MOX fuel dissolubility, various examinations were performed on 

irradiated fuel in the hot cells. Currently, the only significant database concerns BN 

reference fuel.

Table V illustrates the results of dissolution tests performed in 1977 on fuel 

from a G (15 x 15) assembly irradiated in BR3. The tests were conducted as 

follows:

(1) The specimens were dissolved in nitric acid at 95°C

(2) The residue of this first solution was analysed and submitted to a dissolution

in boiling nitric acid

(3) The residue of this second solution was analysed and submitted to a dissolution

at 95 °C in nitric acid with some hydrofluoric acid added to it

(4) The residue of this third solution was analysed and submitted to a dissolution

in boiling nitric acid with some hydrofluoric acid added to it

(5) The residue of this fourth solution was analysed.

The tests show that burnup can effectively enhance dissolubility by the effect 

of Pu diffusion in the U 02 matrix. This effect is partly dependent on burnup but 

mainly on heat rating. It therefore plays a larger role in BWR and 15 x 15 PWR
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Undissolved in
HN0 3 

(95 °C)
HNO 3

(boiling)
HNO 3-HF 

(95 °C)
HNO3 -HF

(boiling)

U fuel specimen 
(29 GW-d/t) 

U ( % ) 0 . 2 2 0.18 0.08 0.051

Pu ( % ) 0.08 0.041 0 . 0 2 0.009

MOX fuel specimen 
(30 GW-d/t)

U (%) 8 4.1 3.8 0.05

Pu (% ) 3.7 1.4 3.8 0.034

MOX fuel specimen 
(19 GW-d/t)

U (%) 3.7 1.7 1 . 1 0 . 2 1

Pu (%) 38 28 1 1 0.009

fuel than in 17 x 17 PWR fuel. This dilution effect and its irradiation temperature 

dependence are confirmed by analysis of the ceramographies of irradiated MOX 

fuel.

The effect of accumulation of fission products in Pu rich zones should be 

beneficial, but more data need to be quantified.

3.7. Tritium

Generation of tritium by ternary fissions is 30 to 2 5 %  more abundant in a 

MOX fuel rod than in a U fuel rod. A PIE programme, conducted in conjunction 

with analysis of two BR3 operation cycles (one with few MOX assemblies, the other 

with a massive proportion of MOX assemblies), has indicated that tritium deposition 

in the cladding can be up to 100 times more important in front of the hot portion 

of the fuel column than in colder portions of the fuel column for fuel operating at 

140 to 310 W/cm. Such data contribute to the development of an industrial reprocess

ing capacity for M OX fuel.

4. CURRENT R&D

The close association between Belgium and France provides easy access of all 

the interested parties to the information available on fabrication techniques and/or
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MOX technology that each needs to fulfil its own purposes. These exchange agree

ments involve CEA, Cogéma and Fragéma in France and BN and CEN/SCK in 

Belgium.

In Belgium, the MOX programme is being pursued with BWR and PWR (and 

HW R, if appropriate) MOX fuels within both national and bilateral (or even 

multilateral) frames. It focuses on implementing progressively more mechanization 

and automatization in the fabrication plant, defining equipment adaptations for the 

future DEMOX plant, complementing the database with data on MIMAS fuel, 

extending it to high burnups, quantifying the ramping advantage of MOX fuel and 

assisting the reprocessor in assessment of the dissolubility of spent MOX fuel. It is 

mainly based on fuel irradiated in BR3 (PWR) and Dodewaard (BWR).

In France, the MOX programme concentrates on PWR MOX fuel and focuses

on:

(1) Erecting a PWR MOX fabrication facility at Cadarache (by the standard 

diluted Pu fuel process applied for FBR fuel)

(2) Acquiring a comparative database on this fuel and MIMAS fuel

(3) Defining the processes and equipment for the MELOX plant

(4) Building a surveillance and PIE programme on industrial lead MOX fuels to

be introduced in EDF power plants

(5) Demonstrating the load follow capability of MOX fuel (e.g. through irradiation 

of two M OX assemblies in the CAP PWR)

(6) Studying phenomena, such as FGR, cladding local deformation, 

thermal-mechanical behaviour under ramping and cycling and FPR from leak

ing rods, through instrumented analytical irradiation of experimental rods in 

test reactors

(7) Contributing to the assessment of dissolubility of spent MOX fuel.

This French programme is funded partly by CEA-Fragéma and partly by

CE A-EDF -Fragéma.

Besides the proprietary R&D programmes, it was considered appropriate to 

constitute an internationally recognized database for the benefit of ensuring the 

smooth implementation of Pu recycle in those countries whose policy it is to utilize 

Pu. Regarding U and Gd fuels [20—22], it was decided to launch an international 

programme to provide reference for interested organizations. The programme, 

named PRIMO (PWR Reference Irradiation of Mixed Oxide Fuels), is open to all 

fuel manufacturers, utilities and research organizations and will include most (hope

fully all) M OX fuel types fabricated industrially or considered for commercial appli

cation. Based on the experience gained in managing international programmes, it 

was decided that BN and CEN/SCK should operate PRIMO jointly.

The PRIMO programme is primarily a high burnup irradiation programme for 

MOX fuel rods with the following major objectives:
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(a) Irradiation of MOX fuel rods at different burnup stages to determine their 

behaviour as far as their mechanical, thermal and neutronic properties are con

cerned. The data obtained will be used for two major purposes:

i) in the design stage, to benchmark the codes

ii) for licensing, to demonstrate the ability of M OX fuel rods to sustain irradia

tion conditions comparable to U fuel.

The phenomena to be examined will be:

— mechanical behaviour under steady state operaton: pellet-clad interaction, 

ridging effects, fuel swelling, creep, etc.

— thermal behaviour: fission gas release, grain size, fuel diffusion effects, etc.

— nuclear behaviour: radial profiles of bumup and of U and Pu isotopic com

positions versus bumup.

The fuel rods will be from different specifications and vendors.

(b) Execution of a ramp test programme to ascertain the failure threshold of MOX 

fuel rods and to obtain mechanical and thermal fuel behaviour data under ramp 

conditions. The ramp tests will be carried out on selected fuel types, at various 

burnup levels, under such conditions (ramp rate, ramp terminal power, hold 

time) that the results can be directly compared with existing results on U rods.

(c) Fast power transient tests on a limited number of M OX rods to simulate class

II incidents in a large PWR. The results are to be compared, as far as FGR 

and cladding deformations are concerned, with similar test results on U fuel.

(d) These objectives will be met through extensive PIEs in the hot cells 

(CEN/SCK). In addition, within the framework of this programme it is 

intended to perform an interpretation of the data, with the main objective of 

analysing and comparing the results with those of U fuel.

5. CONCLUSIONS

To date, the irradiated MOX fuel rods have behaved satisfactorily and are at 

least as good as U fuel rods. The existing data base justifies immediate and massive 

MOX fuel utilization by the utilities possessing adequate Pu resources and having 

access to the required technology; this is the case for Belgium, the Federal Republic 

of Germany, France, Japan and Switzerland. MOX fuel utilization in large LWRs 

is at present restricted to routine discharge bumups and base load service [7, 8].

To expand the MOX fuel utilization range, additional data should be obtained 

to better predict and understand the FGR behaviour of current industrial MOX fuel 

pellets. This is true for both steady state and ramp or transient behaviour. The data

base accumulated should be sufficient for the fuel vendors to design MOX fuel rods 

with the same level of confidence as that of U fuel and the same reactor operation 

duty. This means that two of the current major R&D activities on U fuel (load follow 

operation and high bumup behaviour) must be extended to MOX fuel as well.
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Abstract

BEHAVIOUR OF STRUCTURAL MATERIALS FOR FUEL AND CONTROL 

ELEMENTS IN LIGHT WATER COOLED POWER REACTORS.

The coolant chemistry in pressurized and boiling systems is significantly different with 

respect to the concentration of free oxygen and the electrochemical corrosion potential. The 

input of impurities is often higher in BWRs; however, no additives are used. Fast neutron flux 

in light water high converting reactors may be higher by a factor of about 3. New data from 

oxide layer measurements of PWR and BWR fuel rods confirm our previous results and ana

lytical approaches. The axial oxide profile of PWR fuel rods turned upside down after medium 

bumup reveals the expected flattening and underlines the importance of the ‘thermal barrier’ 

effect of the oxide. Local instabilities in the oxide formation have been observed under heat 

flows of 70 W/cm2 at local layer thicknesses >  160 ц т  only. Hydrogen redistribution to 

cold spots takes place without deleterious effects. The BWR nodular corrosion rate is saturat

ing; no maximum layer thickness limit is yet known. Reactor-to-reactor variations are 

attributed to the coolant impurity levels; the influence of the feedwater clean-up system is 

emphasized. The corrosion behaviour of Zircaloys is strongly influenced, both in BWRs and 

PWRs, by the intermetallic precipitates. Their average size should be less than 0.2 /xm to 

minimize nodular corrosion and above 0.1 ц т  in order not to degrade uniform corrosion 

behaviour under PWR conditions. Under adverse loading conditions austenitic stainless steel 

may suffer from irradiation assisted stress corrosion cracking. This type of damage can be 

avoided, either by limiting the strain rate or by specifying low P and Si contents in the metal.

1. INTRODUCTION

Structural materials for fuel and control elements of water cooled power reac

tors are affected by: (1) mechanical and thermal loads, (2) fast neutron irradiation, 

and (3) chemical attack from the coolant or, in the case of the cladding inner surface, 

by the fission products formed within the fuel rods. In many cases, only the combina

tion of two or even all of these environmental loads may lead to an ‘environmental 

degradation’ of a fuel assembly component or a structural part. A typical example 

is the ‘irradiation assisted stress corrosion cracking’ (IASCC) of austenitic stainless

3 8 7
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steels of the 18/9 type, which (probably) needs all three ‘ingredients’ . This adds to 

the complexity of the problem, already high enough in conventional technology 

without irradiation effects. It also explains the everlasting trials for out-of-pile simu

lation tests which have regained a great deal of attention nowadays, for instance, for 

predicting the nodular corrosion resistance of Zircaloys.

Mechanical and thermal stresses, irradiation field and fission product attack 

are essentially identical in the three LW R systems (PWR, BWR and LWHCR1) 

considered in this paper. There are differences with respect to the coolant chemistry 

insofar as the BWR systems do not (usually) use hydrogen addition for the suppres

sion of radiolytic oxygen in the coolant, nor boron or lithium compounds for reac

tivity and pH control. In LWHCRs, the fast neutron flux is higher than that in LWRs, 

the extent depending on the U/H ratio in the core. Because of the hard neutron 

spectrum, use of stainless steel for cladding and structural parts seems to be accepta

ble from an economic point of view.

Extensive experimental programmes had already been performed when the 

first water cooled power reactors were designed and constructed. Thus, it is not sur

prising that experience with in-core components and materials has in general been 

good. Nevertheless, occasional defects, the incentive to raise plant efficiency, opera

tion flexibility, fuel discharge burnup, etc., and the consideration of advanced LWR 

concepts (such as the LWHCR) have initiated additional experimental work to define 

more accurately the criteria which may lead to a defect, to improve performance 

model predictions, and to improve the materials by optimization of their chemical 

composition and/or their thermal-mechanical treatment. In the following, more 

recent Kraftwerk Union (KWU) results on these topics are presented and discussed, 

covering the materials of greatest interest for fuel and control rods, i.e. zirconium 

alloys and austenitic stainless steel of the 18/9 type.

2. ENVIRONMENTAL CONDITIONS

Concentration of free oxygen in the coolant as a consequence of radiolytic 

decomposition of the water and oxygen recombination with hydrogen differs strongly 

between pressurized and boiling systems, as shown in Table I. In pressurized 

systems hydrogen addition at a concentration of 2 to 4 ppm suppresses the free 

oxygen to >  1 pplO9; in boiling systems the oxygen concentration is around 

200 pplO9. In several BWRs in the United States of America and Sweden, hydro

genation is also being planned and investigated in order to reduce the propensity to 

stress corrosion cracking (SCC) of piping. The real effect on the free oxygen concen

tration in the core, however, is unknown. To mitigate SCC in piping, KWU had no

1 LWHCR =  light water high converting reactor.
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Type pHa
Conductivity

(/LiS/cm)

Li

(ppm)

В

(ppm)

H2

(ppm)
o 2

(ppio9)

Cu

(ppio9)

Solids

(pplO9)

PWR 6.9-7.3 b 1-2 0-1200 2-4 <1 1-10

BWR 5.5 0.1-0.3 — — 0.025 200 <0.5C l-10c

a At operating temperature. 

b Depending on concentration of additives. 

c In feed water.

incentive to investigate the hydrogenation of BWR coolant; pipe cracking has never 

occurred because different materials are used.

The typical concentrations of additives and impurities in KWU supplied plants 

are listed in Table I. Boric acid is used for reactivity control and LiOH for pH control 

in PWRs. Reactivity control through boron is still open in high converting reactors. 

No artificial additions are employed in the boiling systems; their pH numbers stabi

lize around 5.5. Very important is the copper input through the feedwater, being 

typically <0.5 pplO9 in KWU supplied BWRs.

The electrochemical corrosion potential in the reactor coolant is established 

quite similarly for all materials because they all passivate rapidly and are thus 

influenced only by the impurities in the coolant. According to electrochemical meas

urements performed in autoclaves (Fig. 1 [1, 2]), the corrosion potential in PWRs 

at 0 2 concentrations below 10 ppm should be at -0.5 to -0.7 volt versus standard 

hydrogen electrode (VSHE). The additives (boric acid, LiOH) affect the corrosion 

potential only slightly. In BWRs the corrosion potential is controlled by the oxygen 

concentration; measurements in autoclaves showed a value of -0.4 to zero VSHE at 

an oxygen content of 200 pplO9. Chromâtes and nitrates have been found to 

increase the corrosion potential in the same way as oxygen [3] and could increase 

the influence of the oxygen. A further increase is to be expected in the core of a BWR 

due to the radiolytic generation of radicals. Clarke et al. [4] found an increase of 

about 500 mV due to a gamma irradiation of 2.6 x 105 rad/h in an oxidative 

environment (but not in a hydrogenated environment).2

The impurity level in the primary coolant of KWU supplied PWRs is rather 

low and only minor amounts of deposits (crud) are found, i.e. practically zero.

2 1 rad =  1.00 x  10-2 Gy.
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Corrosion Potential

FIG. 1. Effect of dissolved oxygen content on the electrochemical corrosion potential, out-of- 
core, versus standard hydrogen electrode [1, 2].

Greater deposits are seen in BWRs (Table II). The rate of crud formation is cor

related with the concentration of impurities in the feedwater. The concentration of 

Fe in the feedwater of BWRs (being the leading species) is typically between 1 and 

10 pplO9. Almost no crud was found on the fuel when the concentration was essen

tially below 4 pplO9 during operation. At 10 pplO9 Fe, quite thick deposit layers 

(at the maximum some tenths of a millimetre) have been found on fuel rods. 

However, these deposits were rather loose with a very low bulk density ( á  10% of 

theoretical density of Fe20 3), and did not result in a noticeable temperature increase 

at the cladding surface. If  strong and dense crud is present on PWR fuel rods, its 

effect on the actual cladding temperature must be considered in analytical corrosion 

predictions and also in reduction of data from measurements.

In a BWR, the coolant temperature and the cladding surface temperature are 

controlled by the system pressure of 72 bar; the latter is close to 297 °C along most 

of the rod length. In PWRs the coolant enters at 280 to 295 °C and is heated up to 

310 to 340°С in the core. The maximum surface temperature may reach about 349°С 

(saturation temperature plus a few degrees Celsius) in modem PWRs with a system 

pressure of 158 bar and nucleate boiling. In such high efficiency PWRs nucleate 

boiling occurs on the upper half of a fraction of the fuel assemblies during about 2/3 

of their lifetime (e.g. during the second or third cycle). The uniform corrosion rate 

of Zircaloy is strongly temperature sensitive, with an increase in the linear post

transition corrosion rate of about 3.7%/°C (at 350°C).

The fast neutron flux is quite similar in BWRs and PWRs, at about 

7.5 x 1013 cm^'s-1 (E >  0.8 MeV). The neutron spectra of a PWR, a fast breeder 

and the FDWR (a version of the LWHCR type with a rather narrow lattice) are com-
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Type Rate of 
deposition2 

(mg-cm'2-a~l) Fe

Composition o f 
deposits (%)

Ni Cu

Nature of 
deposits

PWR <0.1 -8 0 -1 0 Loose, M30 4

BWR 0.1-5 70-99 0.5-20 0.1-4 Loose, M2Oj or M 30 4

a Average across core.

pared in Fig. 2 (according to Ref. [5]). The fast neutron flux of the FDWR is about 

half-way between those of the conventional PWR and the fast (sodium cooled) 

breeder; it is effectively about a factor of 3 higher than the PWR flux.

3. ZIRCALOY WATER-SIDE CORROSION

Water-side corrosion of zirconium alloys means the growth of an adherent 

oxide layer without the solution of metal ions in the water. Part of the reaction hydro

gen is absorbed by the metal and part is lost to the environment. Only at high layer 

thicknesses are spalling effects of the oxide occasionally observed. Under PWR con

ditions corrosion is uniform, whereas under BWR conditions a nodular type of oxide 

is often formed, leading to an average layer thickness much in excess of that expected 

under ‘uniform corrosion kinetics’ (because of the relatively low temperature in the 

BWR system). In PWRs zirconium corrosion is currently considered the most impor

tant potential limitation on the fuel residence time and the design burnup.

KW U’s experimental experience today is based on more than 1000 fuel rods 

investigated with eddy current proximity probes in the fuel pool of several reactors. 

More than 100 rods have been destructively examined in the hot cells (verification 

of the layer thickness by metallography, hydride concentration and distribution, 

oxide structure). Measurements of the oxide layer thickness with the proximity probe 

have reached a high degree of perfection [6]. Records of the linear or spiral traces 

are easily interpreted for dimensioning of the uniform layers; in the case of nodular 

oxide, interpretation is more difficult and visual inspection is commonly used as a 

backup measure.

The thermal conductivity and, to a minor extent, the bulk density of the oxide 

are rather important parameters, both for understanding and for modelling corrosion
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Neutron Flux, normalized

Energy

FIG. 2. Energy spectrum of neutrons in different reactor systems [5].

under PWR conditions. Although experimental determinations are available, we plan 

to measure thermal conductivity in more detail in the hot laboratory.

3.1. PW R environment

A review of PWR fuel rod corrosion results and the analytical approach taken 

for their interpretation was presented at the ANS Orlando meeting held in 1985 [7]. 

The main conclusions were as follows:

(1) In-pile corrosion is characterized (like out-of-pile corrosion) by a pre- and a 

post-transition regime with cubic and linear kinetics, respectively.

(2) The post-transition corrosion rate is ‘irradiation enhanced’ at layer thick

nesses >5 /шi. Compared with the applied ‘basic corrosion law’ (out-of-pile), the 

enhancement amounts to a factor close to 4 (stress-relief annealed Zircaloy-4).

(3) The effect of the oxide layer on the actual ‘corrosion temperature’ is of high 

importance; a thermal conductivity of 1 .5W ,m '1-K_l is taken into account. 

Nucleate boiling has no extra effect on the corrosion behaviour.

(4) The in-pile corrosion results of a quantity of identical material can be charac

terized by an average value and a Gaussian distribution.

Many more oxide thickness measurements have since been performed in plants 

supplied by KWU and by third parties which confirm the previous results and our 

analytical approach. They underline the overwhelming influence of the plant 

thermal-hydraulic lay-out and the fuel rod linear heat rating.

The effects of irradiation enhancement and the temperature step through the 

oxide are ‘additive’ in nature. Other combinations of parameters (for instance,
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Core Height Core Height

Oxide Layer Thickness Oxide Layer Thickness

a) Rod in normal position b) Rod turned upside down
after 2 cycles

FIG. 3. Axial oxide thickness profile of PWR fuel rods.

X = 1.2 W-nr'-K-1 and an enhancement factor of 2.8 to 3.0 in the post-transition 

regime) can equally well be used for good interpretation of the data.

3 . 1 . 1 .  B e h a v i o u r  o f  u p - e n d e d  P W R  f u e l  r o d s

The axial temperature and power profile of a PWR fuel rod lead to a cor

responding overall axial oxide thickness profile with a maximum in the upper half. 

Turning fuel rods upside down after two or three cycles can yield further confirma

tion of the analytical approach. The axial thickness profile flattens during the subse

quent cycles, leading to a reduction in the expected maximum thickness (of major 

importance to high burnup design).

Figure 3 compares the oxide thickness profiles of two fuel rods after four 

cycles of irradiation in a modern PWR (‘hot plant’). One of these rods was up-ended 

after two cycles. After four cycles, the maximum oxide thickness of the up-ended 

rod is still found at the same location on the rod where it was after two cycles, but 

its magnitude is lower. Continuous flattening of the profile can be expected in the 

subsequent cycle.

The corrosion behaviour of the up-ended fuel rods could well be described by 

the analytical approach as deriving from the non-up-ended fuel rods. The oxide 

profiles shown in Fig. 3 give clear evidence of the strong influence of the ‘thermal 

barrier’ effect of the oxide layer.
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Oxide Thickness

FIG. 4. Diagram of experience with thick oxide layers in PWRs.

3 . 1 . 2 .  M a x i m u m  a l l o w a b l e  ( u n i f o r m )  l a y e r  t h i c k n e s s

High power experiments, as reported in Ref. [7], showed a loss in integrity 

of the oxide layer at a certain thickness, resulting in local degradation of its thermal 

conductivity and local perforation of the cladding wall. Experience with thick oxide 

layers has been summarized in a diagram showing oxide thickness and heat flow for 

each data point. A locus curve of constant corrosion rate (approximately a hyperbole) 

was drawn tentatively as a threshold for ‘go-no-go’ with respect to the stability of 

the corrosion process. In the range of current standard heat flows, however, only 

data points below the ‘threshold’ curve were available (non-defective rods). Mean

while, the continuation of experience from two PWRs resulted in supplementation 

of the previous diagram, as shown in Fig. 4. The closed symbols of the new data 

points indicate, in a few cases, perforations which are confirmed by visual inspection 

or, in most cases, strong local eddy current signals pointing to a disturbance at the 

cladding wall. At a heat flow of 70 W/cm2, these signals were detected at fuel rod
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H  c o n t e n t ) .

positions with an oxide layer thickness of >  140 p m  on average around the circum

ference. Perforations and strong eddy current signals occurred only at positions with 

>  140 f i m  oxide thickness on circumferential average, which corresponds to 

>160 ftm at the local maximum.

Spalling of the oxide, which has nothing in common with the above phenome

non, has occasionally been observed at layer thicknesses S70 ц п i. There is still 

oxide left on the surface and the oxidation continues quite undisturbed (with a 

reduced thermal barrier effect). Extended exposure of fuel rods after oxide spalling 

confirmed that this effect is in fact harmless.

3 . 1 . 3 .  H y d r o g e n  u p t a k e

As also reported earlier [7], the amount of hydrogen absorbed increases super- 

proportionally at oxide layer thicknesses beyond about 20 ц т ,  i.e. the ‘pick-up frac

tion’ increases slowly. Precipitation of zirconium hydrides occurs at a concentration 

above about 200 ppm, starting at the coldest positions. Such positions are the outer 

rim of the cladding wall, that section of the circumference with the lowest oxide 

thickness, axial gaps in the fuel column, and combinations of these.

Figure 5 summarizes the KWU data on hydrogen pick-up (plotted versus the 

oxide layer thickness) and compares them with published data from two US plants



396 G A R Z A R O L L I  and S T E H L E

FIG. 6. Typical hydrogen distribution across the cladding wall of a high exposure fuel rod 
with thick oxide (>110 pm).

(Saxton and Oconee). An average hydrogen concentration of 500 ppm is reached at 

around an average oxide layer thickness of 100 p m  (at the typical wall thickness of 

current PWR fuel rods).

The typical hydrogen distribution across the cladding wall is shown in the 

metallographic cross-sections of Fig. 6. The oxide layer thickness at these spots was 

about 110 p m. The population of hydride lamellas increases from the inner to the 

outer surface. The cross-section on the left side of the figure shows a rather high 

hydride concentration at the outermost rim. Hydrogen up-take of the cladding, 

including its redistribution, seems not to be a real limiting phenomenon for extended 

fuel burnups.

3.2. BW R environment

The growth rate of u n i f o r m  oxide layers in a BWR environment is rather low 

due to the low system temperatures and can be neglected altogether. Discussions and 

experimental programmes focus on the issue of nodular corrosion. However, it 

should be mentioned that KWU supplied BWRs have never run into problems with
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Oxide Thickness (average lift-off) at peak position

FIG. 7. Corrosion of BWR fuel rods (produced 1965-1980).

crud induced localized corrosion, as occasionally reported in literature from plants 

with high copper input through the feedwater.

As reported at the ASTM Zirconium Conference, Strasbourg, 1985 [8], nodu

lar corrosion increases with burnup according to a power law ~ (BU)°7. The axial 

profile mainly follows the burnup (flux) profile and is therefore quite different from 

that of a PWR fuel rod. Sensitivity to nodular corrosion depends on the material con

ditions and varies from reactor to reactor even under identical thermal-hydraulic 

parameters.

A large number of proximity probe measurements on fuel rods produced in the 

years 1965-1980, including more recent results, are summarized in Fig. 7. Oxide 

thickness in this instance means the average lift-off of the proximity probe. In reactor 

B, no nodules were present, so that the lower curve represents ‘uniform corrosion 

under BWR conditions’; the majority of reactors can be classified by a tendency 

towards moderate nodular corrosion, and two reactors showed a tendency to higher 

nodular corrosion. A ll materials involved came from former fabrication processes 

which were not optimized with respect to nodular corrosion behaviour (see 

Section 3.3).

The reasons for the reactor-to-reactor variations are still not well known. A 

possible influence by the nitrogen content in the coolant was discussed as early as 

1977 [9]. Measurements of the N2 concentration in the reactor water of plants D 

and G with moderate and high tendencies to nodular corrosion revealed values of 

40 to 70 and 120 to 800 pplO9, respectively, which seem to confirm this 

hypothesis. However, other impurities may be important as well. For instance, the 

effect of the condensate clean-up system can be seen clearly in Table Ш . The varia

tion in corrosion behaviour is linked not only to the material condition (i.e. to the
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900 20-35 60-70

200 27
60-80

300 28-35

< 100c 9 c

>90
1300 9-17

300 (8)d
800 (15) >90

1500 (35)

Weight gain3 Oxide thickness Effect of feedwater
Reactor/cycle (out-of-pile) after 1 cycleb clean-up system

(mg/dm2) (/urn) (%)

G/2

E/3

E/4

D/2-7

a Average of the particular lot, test conditions 500°C at 125 bar for 16 h. 
b Average lift-off of eddy current probe. 
c Low temperature process tubings. 
d Interpolated from second and third cycle measurements.

results of the autoclave tests), but also to the effectiveness of this system. Leaks in 

the condenser may be another reason for a higher tendency to nodular corrosion. A 

strange axial oxide thickness profile was detected on several flow channels (peak at 

the top of the active zone), as shown in Fig. 8. This profile reflects the flux profile 

during the first 10 days of the first cycle with control rods inserted more than 

3000 mm. During this period the reactor was operated with a leaking condenser, 

resulting in an increased impurity level indicated by a high water conductivity. Thus, 

high power, i.e. high neutron flux, and the unusual water chemistry, obviously 

initiated nodular corrosion at the upper end of the channels early in life.

Altogether it can be concluded that nitrogen and other impurities slipping 

through the condensate clean-up system (especially in the case of a condenser leak) 

may be responsible for a higher tendency to nodular corrosion in the system.

In-reactor nodular corrosion does not depend on temperature, or may even 

decrease with increasing temperature [10]. Therefore, there is no effect from the heat 

flow and the oxide layer itself on the corrosion process. Defects caused by nodular 

corrosion (disregarding interaction with crud, as already mentioned) have never been 

found. There is still no limit known for the allowable degree of nodular corrosion.
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a) Normal profile
Oxide Thickness 

b) Unusual profile

FIG . 8. Nodular oxide thickness o f  BW R flo w  channels (average lift-off o f  eddy current 

probe; channels fabricated  in 1974).

The hydrogen pick-up fraction is less in BWR (nodular) corrosion than in PWR 

(uniform) corrosion, and there is no indication of an increase at higher layer thick

nesses. For instance, a H2 concentration of only 50 ppm was found in a BWR fuel 

rod at a burnup of 45 GW-d/t U and an average oxide layer thickness of about 

60 ppm. However, the limited database needs further extension.

3.3. Effects of material conditions

The corrosion behaviour of the Zircaloys, both uniform and nodular, in PWRs 

and BWRs shows a certain band width also due to variations in material properties 

(chemical composition, distribution of intermetallic particles, etc.). This is also true 

of the behaviour in autoclave tests where large differences are often found, especially 

in nodular oxide formation at high temperature (>500°C) and high pressure 

(> 100 bar)3. However, the many trials performed to define a ‘standard simulation 

test’ were only partly successful (see, for instance, the ASTM contribution to the 

ASTM Zirconium Conference, Strasbourg, 1985 [11]). Out-of-pile simulation of 

PWR corrosion behaviour can be performed up to 360°C in pressurized water, 

which of course requires long times. Such experiments also revealed significant

3 This test is known as the high pressure steam test.
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Relative Corrosion Rate

Average Diameter of Precipitates

F IG . 9. Corrosion o f  Zircaloy versus size o f  interm etallic precipitates.

differences due to variations in heat treatment and other metallurgical para

meters [12].

Work is still ongoing to clarify the dependency of corrosion on the metallurgi

cal variables. Many results, however, point to the size and distribution of the inter- 

metallics as being the controlling parameters for nodular corrosion. For instance, a 

correlation was given in Ref. [8] between in-pile results and the mean size of the 

precipitates measured on archive samples, showing that the finer the precipitates the 

lower the nodular corrosion.

A similar analysis was performed to correlate in-PWR uniform corrosion and 

long time autoclave results (at 350°C) with precipitate size. Figure 9 shows a plot 

of the relative corrosion rate versus the average size of the intermetallic particles. 

Also included in the diagram are corresponding in-BWR and high pressure steam test 

results. As is obvious, both BWR and PWR corrosion results may be correlated with



IAEA-SM-288/24 401

the size of the precipitates, but with opposite effects: nodular corrosion is low if the 

average precipitate diameter is less than 0.2 /¿m; uniform corrosion is normal as long 

as it is not below 0.1 /xm. The precipitates have been investigated by transmission 

electron microscopy (ТЕМ) and scanning electron microscopy (SEM) over a 

diameter range of 0.01 to 2 /¿m and were corrected for the well known SEM-TEM 

bias. In Figure 9, average diameter means the average length of the linear intercept.

The ‘mean size of precipitates’ in such considerations must be regarded as a 

certain scale reflecting, for instance, the number density of particles, their average 

spacing, the uniformity of the precipitate distribution, etc., which could equally well 

be used for correlation of the results.

For practical purposes it is important to know how to achieve (or to avoid) the 

fine distribution of the intermetallic particles. After the material has been beta 

annealed and quenched for homogenization it should be kept below about 700° С dur

ing further processing if intended for BWR application; if for PWR application, it 

should be heated to temperatures S700°C during at least one annealing step.4 This 
statement must be seen as a ‘rule of thumb’ only. An extra quenching treatment close 

to the end of the fabrication process is another optional way to solve the problem 

of nodular corrosion.

There are many experimental programmes under way to further clarify the 

separate influence of the alloying elements and the impurities in the metal, the state 

and the behaviour of the intermetallics (which become partly dissolved during irradi

ation [13]), the influence of the final surface treatment, etc. Some effort is being put 

into the investigation of alternative zirconium alloys.

4. AUSTENITIC STEEL, IRRADIATION ASSISTED STRESS CORROSION

CRACKING

It is well known that during fabrication austenitic stainless steel may be sensi

tized to intercrystalline stress corrosion in an oxygenated aqueous environment such 

as that of a BWR. Heat treatments at temperatures of 600 to 750°C lead to the 

precipitation of Cr carbides at the grain boundaries, resulting in a Cr depletion at 

the grain surfaces. In general, core components in the high flux region are relatively 

thin walled (in order to avoid excessive neutron absorption) and can thus be safely 

kept unsensitized.

Defects occurred in the core region of operating power reactors and some 

experimental results indicate that even insensitized stainless steel can suffer inter

crystalline cracking in the course of distinct loading histories and under distinct load

ing conditions. For one type of intercrystalline cracking there seems to be no

4 More precisely, the ‘cumulative normalized annealing time’ (EA¡) [8] should be 
taken as a basis.
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BWR Sample 

Inc. X-750 

£t=1 .27%

BWR Sample 

Inc. 625 

ct=0 .8 8%

PWR Sample R Sample

Inc. X-750 1.4541

et=0.62% 1.5%

FIG . 10. Typical appearance o f  IA S C C  defects in strained tubular samples.

difference between BWR and PWR environments. This type is characterized 
IASCC.

4.1. Experimental results

An important contribution to a better understanding of IASCC comes from an 

Electric Power Research Institute sponsored KWU irradiation programme performed 

in several BWRs and PWRs in the Federal Republic of Germany [14] and additional 

KWU programmes. These involve tubular specimens of different austenitic steels 

and Inconels which were strained by means of swelling mandrels of A1203 and 
mixtures of A1203 and B4C. The stringers of short rodlets are inspected during shut

downs for their integrity and their diameter increase. Samples are also taken to the 

hot cells for destructive examinations.

The typical visual appearance of broken specimens is shown in Fig. 10; often 

a circumferential crack component is seen. Metallographic cross-sections (a typical
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FIG . 1 1 .  Cross-section o f  a cracked D IN  1 .4 5 4 1 specim en (unetched and etched) tested in 

a PWR.

one is shown in Fig. 11) clearly confirm the intercrystalline nature of the cracking 

(in this case stainless steel DIN 1.4541 tested in a PWR environment).

Figure 12 summarizes results for commercial grade stainless steel DIN 1.4541 

in a PWR environment. In a map of tangential strain and fast neutron fluence, the 

failed/non-failed information is collected from several experiments. Some of the 

samples did not start elongation until some neutron dose was accumulated (because 

of a gap between tube and mandrel).

Tentatively, the following conclusions can be drawn: at high neutron doses the 

critical strain for fracture becomes rather small (SO. 1 %). On the other hand, ‘strain 

rates’ below about 0.4%/1021 cm-2 are obviously safe with respect to crack initia

tion.5 A failure/non-failure threshold curve (lower boundary) in such a plot, valid 

for strain rates âO.4%/1021 cm-2, should show a strongly hyperbolic function.

Already in the early 1960s, Duncan [15] attributed this type of in-pile cracking 

to a segregation of P and Si at the grain boundaries and proposed specification of 

P and Si to below 0.01 and 0.1 %, respectively. The influence of these elements was 

confirmed by the above mentioned programme, which revealed that type AISI 348 

stainless steel with reduced P and Si contents did not fail under any of the conditions 
examined.

-----------  f
5 This figure is equivalent to e  S 8x 10~7 h; the fast neutron flux was about

6 x 1013 cm'2-s_l.
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Tangential Strain

FIG . 12. Diagram o f  experience with austenitic stainless steel D IN  1 .4 5 4 1 strained in the 

core o f  PW Rs.

Simulation testing in boiling nitric acid with the addition of Cr+6 ions (for 

details see Ref. [14]) has been successful for screening the IASCC behaviour.

Altogether, it can be concluded that under high flux conditions IASCC can be 

avoided either by design, i.e. limiting the strain rate (essentially the loading history), 

and/or by using a high purity material with low P and Si contents.

4.2. Power ramping of steel clad rodlets

There are many reasons for choosing stainless steel instead of Zircaloy for the 

cladding material of LWHCR fuel rods, for instance, its workability into tubes with 

integral fins (as called for by the current FDWR design) and its dimensional stability 

under irradiation. The penalty for a higher neutron absorption is rather small due to 

the hard neutron spectrum and also to the fact that the wall thickness of steel cladding 

can be less than that of Zircaloy cladding.

Zircaloy fuel rods suffer from fission product (probably iodine) assisted stress 

corrosion cracking during power ramping. Cracking is initiated on the inner surface 

of the cladding tubes, in most cases opposite to pellet-pellet interfaces (peaking of 

stress-strain and availability of volatile fission products). The performance limits of 

unprotected Zircaloy have been worked out through many in-pile ramping experi

ments over the past years. Furthermore, a very effective remedy, the barrier tube
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concept, has been developed by General Electric. Out-of-pile simulation of the effect 

is possible using free iodine as an ingredient. Such tests underline the superior 

behaviour of the barrier tubes [16].

Steel cladding tubes will certainly reach somewhat different stress levels under 

ramping loads than Zircaloy tubes. It is to be expected that the inner cladding surface 

will not be affected by localized corrosive interaction with the fission products. 

However, stainless steel cladding may be affected by water-side stress corrosion 

initiated on the cladding outer surface. Failures of this type were observed, for 

instance, in a batch of fuel assemblies in the Connecticut Yankee reactor (type 

304 steel clad) several years ago [17]. The reasons were pellet chips wedged in the 

fuel-clad gap, non-densifying fuel pellets, and power changes near the end of an 

operational cycle.

It is evident from the results of the preceding section that any realistic strain 

rate during a severe power ramp will exceed the given strain rate limit for IASCC. 

Therefore, limits must be worked out for the allowable ramp heights and/or the 

materials which are applied (fuel and cladding) must be specified adequately.

Ramping experiments are being initiated and will start with the pre-irradiation 

of fuel rod segments in a PWR core, as done in the past with Zircaloy rod segments. 

The specifications for the material to be tested will take into account the findings 

from the unfuelled specimens mentioned in the preceding section.

5. CONCLUSIONS

(1) Zircaloy corrosion behaviour is distinctly different in BWR and PWR systems, 

whereas IASCC of stainless steel is quite comparable in both systems.

(2) Real reactor-to-reactor variation of Zircaloy corrosion is observed in BWRs, 

seemingly due to various coolant impurity levels. Apparent differences amongst 

PWRs are due to different thermal-hydraulic plant and fuel lay-out parameters. The 

validity of our analytical approach for corrosion prediction was also confirmed by 

fuel rods turned upside down after medium bumup.

(3) In the case of PWR corrosion, a limiting oxide thickness, depending on the local 

heat flow, is suggested. In the case of BWR nodular corrosion, no such limit has yet 
been found.

(4) BWR nodular corrosion is strongly influenced by the size of the intermetallic 

precipitates, which should be not too coarse. On the other hand, in PWRs higher uni

form corrosion was found in connection with extremely fine-scale precipitates. Thus, 

the properties of zirconium alloys for BWR and PWR applications should be 
optimized following different criteria.

(5) IASCC of austenitic stainless steel for fuel and control element structures can 

be avoided either by limiting the strain rate or by using a material with low P and 

Si contents.
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Abstract- Аннотация

IN-REACTOR IODINE STRESS CORROSION STUDIES ON THE Zr-1% Nb FUEL ELEMENT 

CLADDINGS USED IN WWER REACTORS.

An increase in the overall percentage of electricity accounted for by nuclear power in the 

USSR creates the problem of inducing the atomic power stations to operate under load fluctua

tion conditions in the grid. The solution of this problem is largely determined by the efficiency 

of the fuel elements during transient operational regimes. Here, the properties of the fuel and 

cladding are two of the decisive factors ensuring the necessary strength of the fuel elements. It is 

demonstrated that the effect of an aggressive environment (first and foremost iodine) on the 

inside cladding surface may be the main reason for loss of cladding leaktightness during mechanical 

interaction between the fuel and cladding resulting from a power increase in the reactor. 

However, apart from tensile stresses and the corrosion medium, the process of destruction is 

also influenced by the state of the cladding material. As we know, neutron irradiation may 

bring about a reduction in the resistance of Zircaloy to iodine stress corrosion with increased 

burnup. Experimental data are presented of the effect of irradiation on the stress corrosion 

of Zr-1% Nb alloy claddings at temperatures between 350 and 400°C. Experiments have been 

conducted both with previously unirradiated claddings and with claddings which have received 

a predetermined neutron fluence. It is shown that in the case of a fluence of 1018n/cm2, no 

difference in the time-to-failure of samples tested for long-term strength under pressure from 

an inert gas and iodine is observed between the reactor and laboratory tests. However, previous 

irradiation up to a fluence of ~1020n/cm2 enhances resistance to iodine corrosion.

В Н У Т Р И РЕ А К Т О РН Ы Е  И С С Л Е Д О В А Н И Я  К О Р Р О ЗИ И  П О Д  Н А П РЯ Ж Е Н И Е М  В И О Д Е  О Б О Л О Ч Е К  

Т В Э Л О В  Т И П А  В В Э Р  И З  С П Л А В А  Z r -  1% Nb.

Увеличение доли атомной энергетики в С С С Р  в общ ем  производстве электрической энер

гии ставит эадачу о  привлечении А Э С  к  эксплуатации их в реж им е изменения нагрузки  в электро

сети. Решение этой задачи в о  м ногом  определяется работ осп особн остью  твэлов в переходны х 

реж им ах их эксплуатации. П ри этом  свойства топлива и обол очки  являю тся одними из оп ре 

деляющ их ф ак т ор ов , обеспечивающ их необходим ую  стойкость твэлов. П ок азан о , что воздейс-
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твие агрессивной среды (прежде всего, иода) на внутреннюю поверхность  обол очки  может 

явиться основной  причиной разгерметизации твэлов при м еханическом  взаимодействии топлива 

с  оболочкой  в результате подъема м ощ ности  реакт ора . О д нак о  на процесс разруш ения наряду 

с растягивающ ими напряжениям и и коррозионной  средой влияет и состояние  материала обол очки . 

И звестно, что нейтронное облучение м ожет вызвать снижение сопротивления циркалоя йодной 

к ор р о зи и  под напряжением  с повыш ением вы горания. В настоящей работе представлены экспе

риментальные результаты по влиянию облучения на к о р р о зи ю  под напряжением  обол очек  из 

сплава Z r  -  1% Nb при температуре 3 50 -400 °С . Были проведены эксперименты к ак  с необлу- 

ченными предварительно обол очкам и , так и с обол очкам и , получившими предварительно 

определенный флюенс нейтронов. П ок азан о , что для флюенса 10“  нейтр/см1 различие по времени 

д о  разруш ения об разц ов , испытанных на длительную прочность под воздействием давления инертного 

газа и иода, не наблюдается между реакторны ми и лабораторны ми испытаниями. О д нак о 

предварительное облучение д о флюенса ~ 10“  нейтр/см3 повыш ает сопротивление йодной 

к ор рози и .

1. ВВЕДЕНИЕ

Для оценки работоспособности твэлов типа ВВЭР при переходных режимах 
нами было проведено изучение коррозионного разрушения оболочек твэлов 
данного типа реактора.

Эти исследования включали комплекс работ по оценке влияния на коррозион
ное растрескивание концентрации иода, напряжения, температуры и облучения при 
испытаниях на длительную прочность трубчатых образцов.

2. МЕТОДИКА ВНЕРЕАКТОРНЫХ И РЕАКТОРНЫХ ИСПЫТАНИЙ НА ДЛИТЕЛЬ
НУЮ ПРОЧНОСТЬ ТРУБЧАТЫХ ОБРАЗЦОВ, НАХОДЯЩИХСЯ ПОД ВНУТРЕН

НИМ ДАВЛЕНИЕМ ИНЕРТНОГО ГАЗА

Характеристика исследуемых трубчатых образцов и методика внереакторных 
испытаний представлены в работах [1,2]. Схема ампульного устройства, в котором 

происходило облучение образцов, приведены на рис. 1. Трубчатые образцы помеща
ли в нержавеющие ампулы (чехлы) с наружным диаметром 15 X 2 мм. Из каждой 
ампулы выводили капиллярную трубку, которую присоединяли к манометру на из
мерительном стенде. Кроме того на этих трубках установили датчик непрерывного 
контроля 7-активности. Манометр и датчик служили для определения момента 
разгерметизации образца. При появлении сквозной трещины газ из образца выхо
дил в ампулу, вызывая повышение давления в капиллярной трубке и увеличение 
фона т-излучения из-за наведенной активности аргона-40. Для предотвращения 

окисления наружной поверхности образцов ампулы заполняли гелием под давле

нием 0,1 МПа. Семь таких ампул с образцами размещали в алюминиевом блоке 

с электрическим нагревателем, обеспечивающим необходимую температуру испытания 

образцов. Температуру измеряли посредством ТЭПов, введенных внутрь ампулы
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РИС. I . Схема ампульного устройства для проведения испытаний трубчатых образцов на дли

тельную прочность в присутствии коррозионно-активных веществ: I - трубчатый образец;

2 - нержавеющая ампула (чехол) ; 3 — ТЭПы; 4 — капиллярная трубка; 5 — алюминиевый блок; 

6 - мектрический нагреватель.

через герметичный ввод и прикрепленных к средней части образцов. Ампульные 

устройства облучали в каналах реактора РБТ-6, в которых плотность нейтронных 
потоков менялась от 3,4 до 3,7 ■ 1013и в реакторе канала реактора СМ-2, в кото

ром плотность нейтронного потока составила 6,8 • 1012 нейтр/см1.

В тех случаях, когда требовалось проводить испытания предварительно облу
ченных образцов, применяли следующую методику. В начале облучения в ампулу 

по капиллярной трубке подавали давление 10—14 МПа, равное или близкое дав
лению в образце при рабочих температурах. После набора необходимого флюенса 
производили нагружение образца путем снижения наружного давления до 0,1 МПа 

и с этого момента начинали отсчет времени до разрушения.
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3. ВЛИЯНИЕ КОНЦЕНТРАЦИИ ИОДА И ТЕМПЕРАТУРЫ

При оценке минимальной для КРН критической концентрации необходимо 
учитывать условия проведения эксперимента: в потоке с постоянно поддерживаемым 
давлением иода или иодидов и в закрытой ампуле, в которой исходная концентра

ция иода уменьшается в процессе испытания в результате взаимодействия иода с 
цирконием.

В данной работе определение критической концентрации проводили по харак
теру изменения пластичности при испытаниях на длительную прочность образцов, 

находящихся под внутренним давлением инертного газа. Экспериментальные резуль
таты показывают, что практически при концентрации 0,01 мг/см1 пластичность 

оболочек начинает уменьшаться и при концентрациях выше 0,1 мг/см2 достигает 
минимальных значений (рис.2). Следует отметить, что увеличение напряжений, 

приводящее к росту скорости окружной деформации оболочки, вызывало повы

шение пластической деформации. Было показано, что максимальное йодное охруп

чивание проявляется при скоростях деформации, меньших 10"4 сек-1 (рис.З).

К он ц ен трац и я  и од а  (м г / с м 3 )

К он ц ен т рац и я  и од а  (м г / с м 3 )

РИС. 2. Зависимость окружной деформации до разрушения от концентрации йода при темпера

турах 69ЗК {*, ■) и Л23К (*, л) и напряжениях 170 МПа ( • , • )  и 150 МПа А} ■
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С к о р о с т ь  д е ф о р м а ц и и  (с- 1)

РИС.З. Зависимость окружной деформации до разрушения от скорости деформации при 

температурах 623К (ь) и 69ЗК ( о ) .

РИС.4 Поверхность разрушения оболочки при йодной коррозии под напряжением.
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Время до разрушения tp зависит и от температуры испытания. Влияние темпера

туры обычно оценивается через экспоненциальную зависимость типа tp ~ exp (H/RT), 

где Н-энергия активации процесса. Вычисленная по экспериментальным данным 

энергия активации оказалась равной 32 ккал/моль. Это значение хорошо согла

суется с энергией активации для циркалоя Н = 30 ккал/моль [3]. Следует отме

тить, что определение этого активационного параметра проводилось по экспери

ментальным результатам, полученным на загерметизированных трубчатых образ

цах. Коррозионное разрушение таких образцов скорее всего определялось действием 

газообразного иодида циркония [4]. Опыты, в которых испытание образцов прово

дили при действии на них постоянно поддерживаемого давления газообразного 

иода, показали, что время до разрушения контролируется энергией активации, 

равной 7 ккал/моль [3J. Такие результаты свидетельствуют о том, что изменение 

состава коррозионной среды может существенным образом повлиять на процесс КРН.

Металлографический анализ и исследование на сканирующем электронном 

микроскопе показали, что на внутренней поверхности оболочки находится множество 

несквозных трещин. В результате развития одной из таких трещин происходит 

разгерметизация оболочки. Выход трещины на внешней поверхности оболочки 

имеет вид либо ’’булавочного отверстия” , либо узкой щели (рис.4). При высоких 

напряжениях, близких к пределу текучести, наблюдали значительное раскрытие 

трещин. Проведенные лабораторные исследования позволили приступить к подго

товке реакторного эксперимента.

4. РЕЗУЛЬТАТЫ РЕАКТОРНЫХ ИСПЫТАНИЙ ОБОЛОЧЕЧНЫХ ТРУБ ИЗ 

СПЛАВА 7л -  1% Nb

Результаты реакторных испытаний на длительную прочность трубчатых образцов 

с иодом под оболочкой (начальная концентрация 0,2 мг/см2) представлены на 

рис. 4—6.

Линиями на рисунках отмечены результаты лабораторных (внереакторных) 

испытаний. Было проведено две серии реакторных экспериментов. В первой 

серии нагружение образцов происходило одновременно с началом облучения.

Как видно из рис. 5—7, время до разрушения облученных образцов не изменяется по 

сравнению с лабораторными испытаниями, если флюенс, набранный во время испы

тания, не превышает Ю18 нейтр/см2.

Очевидно, это связано с тем, что при таких флюенсах не происходит заметных 

изменений структуры и механических свойств испытываемых оболочечных труб. 

Однако, если в процессе испытания достигался флюенс более 1018н/см2 (например, 

один из образцов получил флюенс 2,39 • 10|9нейтр/см2) , то время до разрушения 

увеличивалось по сравнению с необлученным.

Во второй серии экспериментов нагружение образцов производили после того, 

как они набирали определенный флюенс нейтронов порядка (5-8)- 1019 нейтр/см2.
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В р е м я  (час)

РИС.5. Длительная прочность оболочек из сплава Zr - 1% Nb в иоде при Т = 350°С  (концентра

ция 0.2 мг/см1) : I  - без облучения; - облучение в реакторах РБТ-6 и СМ-2 соответственно; 

д - предварительное облучение в СМ-2 до флюенса 7,4 x IО '9нейтр/см'1.

В р е м я  (час)

РИС. 6. Длительная прочность оболочек из сплава Zr - I% N b  в йоде при Т = 380°С (концентрация 

0,2 мг/смг) : I  - без облучения; », * - облучение в реакторах РБТ-6 и СМ-2 соответственно; 

о - предварительное облучение в РБТ-6 до флюенса 7,7. ¡ 0 " нейтр/см2; л - предварительное 

облучение в СМ-2 до 5,9■ 1 0 " нейтр/см1.
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Время (час)
РИС. 7. Длительная прочность оболочек Zr — 1% Nb в иоде при 400° С  (концентрация 0,2 мг/см1) : 

I  - без облучения; », * - облучение в реакторах в РБТ-би СМ-2 до 7 х Ю '9нейтр/ем2 ; 

о - предварительное облучение в РБТ-6 до флюенса 7,8 х 10'*нейтр/см*.

Ф л ю е н с  н ей тронов  ( Е >  0 ,1 М э е  (ней тр/см 2 ) )

РИС.8. Зависимость сопротивления йодной коррозии оболочек из сплава Zr - 1% Nb от флюенса 

(Т = 20 час, Т = 380°С ).
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Во всех случаях наблюдали увеличение времени до разрушения по сравнению с 

внереакторными испытаниями и с испытаниями, в которых флюенс не достигал 

Ю19 нейтр/см2 (рис. 5-7). Наглядно влияние нейтронного облучения продемонстри

ровано на рис. 8. Если сравнить пороговые напряжения, которые вызывают разрушение 

примерно за 20 часов облученных до флюенса 7,7- 1019нейтр/см2и необлученных 

образцов, то оказывается, что у облученных оно на 30% выше. Это явление обус

ловлено радиационным упрочнением материала оболочки и не противоречит данным, 

полученным на циркалое в работах [5] и [6] при облучении до флюенсов Ю20н/см2. 

Известно, что при флюенсах, больших Ю20 н/см2, наблюдали уменьшение порогового 

напряжения. При объяснении этого эффекта рассматривают следующие факторы:

(1) неоднородность пластической деформации, вызванной канальным механизмом 

скольжения дислокации, обусловленным изменением дислокационной структуры 

материала в результате облучения; (2) накопление повреждаемости внутренней 

поверхности оболочки за счет воздействия нейтронов и осколков деления; (3) изме

нение состояния поверхности в результате взаимодействия с топливом и продуктами 

деления.

Для получения предварительных результатов о влиянии больших флюенсов 

нейтронов на КРН нами были проведены испытания в БОР-бО. Облучение в реакто

ре БОР-бО проводили без противодавления. Поэтому основная част образцов раз

рушилась. После проверки на герметичность ампул с самым низким давлением 

было выявлено, что среди четырех ампул, достигших флюенса 5- 1021н/см2 при 

t = 320° С (один образец - без иода, содержал 5 мг иода, два образца содержали 

25 мг иода) только один образец с 25 мг иода оказался негерметичным. Полученный 

результат позволяет предположить, что при t = 320°С напряжение, не превышающее 

140 МПа, не вызывает разрушение оболочек, облученных в процессе испытания до 

флюенса 5 • Ю21 н/см2.

5. ЗАКЛЮЧЕНИЕ

Был проведен комплекс исследований по влиянию температуры, напряжения 

и облучения на длительную прочность оболочек твэлов типа ВВЭР в иоде. На осно

вании результатов испытаний было показано, что в температурном интервале 350— 

400° С флюенс нейтронов до 1018 н/см2 не изменял время до разрушения облучен

ных образцов. Однако предварительное облучение до 0,77-1020н/см2привело к 

повышению сопротивления йодной коррозии. Такое увеличение порогового напря

жения вызвано радиационным упрочнением сплава Z r — 1% Nb, поскольку известно, 

что уровень пороговых напряжений пропорционален пределу текучести материала 

оболочки.

Несомненный интерес представляет зависимость пороговых напряжений при 

высоких флюенсах, больших Ю20н/см2.
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Известно, для циркалоевых оболочек твэлов имеет место понижение сопротив

ления йодной коррозии после Ю20н/см2. Возможность такого эффекта оболочек 

из сплава Zr — 1% Nb нами исследуется в настоящее время.

Для этого проводятся работы по предварительному облучению оболочек в 

реакторе БОР-60.

Кроме этого, запланировано исследование облученных до высоких флюенсов 

дефектных образцов. Необходимо также изучить прочность в иоде образцов, 

вырезанных из оболочек твэлов, простоявших до высоких выгораний. Такой 

комплекс работ позволит, как мы надеемся, достаточно полно оценить влияние 

флюенса, агрессивной среды и состояния поверхности на прочность оболочек твэлов.
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Abstract

RESEARCH CARRIED OUT ON LWR FUEL AND CLADDING ALLOYS UNDER 
OPERATIONAL AND ACCIDENT CONDITIONS.

With the aim of improving fuel utilization and ensuring safety margins some problems 
connected with the behaviour of fuel elements and cladding material were investigated. The 
influence of corrosion of fuel element cladding and deposition of corrosion products on the 
hydrodynamics of an assembly and thus on the critical heat flux ratio was established. For con
tinual monitoring of corrosion a remote electrochemical method was developed. The dynamics 
of corrosion product deposition on the surface of fuel element models was investigated. In con
nection with the task of establishing linear power ramp values critical for the dehermetization 
of fuel elements under operational conditions, constitutive equations for irradiated and non
irradiated material were developed. The relationship between the constitutive properties and 
the process of failure was studied both experimentally and theoretically. The results obtained 
were applied for WWER fuel evaluations. For modelling fuel element behaviour under acci
dent conditions, constitutive equations for high temperature regions were proposed.

1. INTRODUCTION

With the growth in nuclear power supplied by PWRs in Czechoslovakia, the 

economic aspects of fuel utilization, together with maintaining and eventually 

enhancing the safety standards of power plant performance, have become of increas

ing importance. As the CSSR does not manufacture its own nuclear fuel, our atten

tion has concentrated on some of the problems connected with fuel performance and 
reliability rather than on production technology.

The complex methods used for operational reliability and safety analysis have 

already been presented at IAEA meetings [1,2]. Consequently, this paper only deals 
with some recent results obtained in different projects.

Measurements made on an instrumented test assembly placed in a power plant 

core demonstrated that corrosion of fuel element cladding and corrosion product 

deposition have a significant effect on coolant flow in the assembly and thus on the 

eventual DNB safety margin. Efforts to minimize primary circuit radioactivity led 

to recognition of the importance of cladding corrosion investigations as well as the 
necessity of studying the impact of water chemistry on corrosion deposit.

419
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To minimize the number of failed fuel elements, especially under operational 

conditions such as increased burnups and load following, more elaborate studies 

were carried out on the ZrlNb mechanical properties used in operational reliability 

analysis and in estimates of critical power ramp values. For safety assessments, 

ZrlNb behaviour in the temperature range of 600 to 1100° С is currently being evalu

ated and a model simulating the water vapour environment is being developed.

2. MEASUREMENTS MADE ON THE INSTRUMENTED TEST ASSEMBLY

In accordance with a programme of experiments being carried out on the 

WWER-70 reactor in Rheinsberg (German Democratic Republic) with integrated in- 

core instrumentation, all the thermo-technical parameters were measured. The 

results enabled determination of the overall pattern of hydrodynamic, physical and 

noise characteristics of the test assembly. A description of the instrumented test 
assembly and the experimental results obtained are given in Refs [1, 3].

Measurements of the pressure differences found in the instrumented assembly 

led to evaluation of the drag coefficient, £s. The calculation applies to the free flow 

area of the fuel rod bundles and the equivalent diameter. The dependence of |s on 

the Reynold’s number (Re) is shown in Fig. 1. The results obtained at full power 

and at a flow throttling of 50 to 36% (beginning of first cycle) are identical to those 

obtained at zero power. Throttling of the coolant flow to 31 % of the maximum value 

results in nucleate.boiling and increased hydraulic resistance of the assembly. This 

phenomenon is linked to two-phase flow, which increases £s by about 15%.

FIG. 1. Dependence of the hydraulic drag coefficient on the Re.
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The next experiment with nucleate boiling included throttling to 28%. The £s 

values obtained were higher in the whole range of Re, as well as in the successive 

experiment with throttling to 25.8%. At Re = 2 x 105 the increase of £s was about 

12%; at Re = 6 x 104 it rose to about 100%. After long term reactor operation at 

higher power, a higher £s value was found. This suggests that a change in rough

ness of the fuel element cladding occurred and confirms that nucleate boiling 

influences the cladding surface. Experiments carried out in the test assembly estab

lished that nucleate boiling not only intensifies heat transfer, but also causes more 

intensive deposition of corrosion products on the heat transfer surface of the fuel 

elements.

As coolant chemistry and corrosion product deposition seriously affect the 

thermal resistance of fuel cladding as well as the critical heat flux ratio, it is neces

sary to pursue this issue. One of the solutions may be to use the electromagnetic filter 

which was designed at our institute and which has proved to be successful at the 

Rheinsberg Nuclear Power Plant. This filter is being further tested on the reactor 

water loop RVS-3 at the Nuclear Research Institute (NRI).

Hydraulic experiments carried out on the instrumented test assembly proved 

the stability of the drag coefficient for fuel rod bundles at nominal reactor perfor

mance. Nucleate boiling causes changes in the surface of the fuel rods and thus 

increases the hydraulic resistance of the assembly. This should be noted especially 

towards the end of the operating cycle, to avoid fuel element overheating.

3. CLADDING CORROSION

At the NRI corrosion tests were carried out in autoclaves which had a water 

environment with a pH similar to that found in WWERs at temperatures of 300 to 

350° С [4]. The remote electrochemical technique was applied to measure the instan

taneous corrosion rate of cladding tube material [5]. This method was verified by 

measurements of the corrosion rate of ZrlNb alloy in a water environment simulating 

that of the primary circuit of a WWER (pH = 6.5), but with an enhanced oxygen 

concentration (0.1 mg 02/L). Each isothermal step of the 550-hour experiment 

lasted about 50 hours. A cylindrical electrode with an outer diameter of 9.2 mm, 

length of 104 mm, surface area of 29.8 cm2 and weight of 41.8 g was used. The 

experimental corrosion rates, expressed as relative to (corrosion rate at 

20°C), are presented in Fig. 2.

Long term corrosion measurements were then carried out at a temperature of 

300°C, a pressure of 12.5 MPa and unchanged chemical conditions (Fig. 3). The 

electrode weight gain after 1480 hours’ exposure was 109.06 mg/dm2. The plot 

gives detailed information about the time dependence of the corrosion rate. For com-
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FIG. 2. Corrosion rate ofZrlNb alloy in a solution o f 15 g H¡B03/kg, 12 mg KOH/kg and 
NH4OH with a pH of —6.5 as a Junction o f temperature.

FIG. 3. Corrosion rate ofZrlNb alloy in a solution o f 15 g H^BO^/kg, 12 mg KOH/kg and 
NH4OH with a pH of ~6.5 (temperature = 300°С, pressure = 12.5 MPa) as a Junction o j 
time.
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parison, the figure also includes the approximate corrosion rates from the expres

sions used for Zircaloy

x = k,-3T for x < X T R A N

x = kj-t for x > xTRAN

where x is the thickness of corrosion layer 

t is the time

к,, Ц and xTRAN are constants.

Direct measurement of the corrosion process also enables observation of the 

instant fluctuations in corrosion rate during long term exposure. These fluctuations 

are presumably caused by inhomogeneities in the corrosion layer that has formed on 

the surface of the tested material.

4. CLADDING-COOLANT INTERACTION

The cladding-coolant interacton was studied on fuel rod models placed in the 

inlet and outlet sections of the reactor water loop (Fig. 4). The experimental 

parameters are summarized in Table I. Mass transport on the surface was evaluated 

by determination of the amount of radioactivity deposited. As the electromagnetic 

filter eliminated corrosion product particles larger than ~ 1 /¿m, the water in the out

let section contained corrosion products only in a soluble or colloidal form.

J

Ш
— [ _©J  ̂ —

6 7

—^ —I I— —

1 ACTIVE CHANNEL OF THE LOOP

2 COOLER

3 MAIN CIRCULATION PUMP
4 HEATER
5 ELECTROMAGNETIC FILTER

6,7 INLET AND OUTLET SECTIONS

FIG. 4. Layout o f the water loop.
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TABLE I. EXPERIMENTAL PARAMETERS

Thermal-hydraulic conditions

Flow rate 2.5 m3/h
Temperature 290°C
Re 1.47 x 105
Laminar sublayer 12.06 цт

Surface parameters Stainless steel Zirconium

Ra (minimum roughness) 0.56 цт 0.86 ¡xm
Rt (maximum roughness) 5.6 (im 6.7 цт

The experimental results listed in Fig. 5 enable the following conclusions to 

be drawn:

(1) Surface radioactivity in the inlet and outlet sections is similar, i.e. removal of 

larger particles ( — 1 цт) was not significant. Ionic or colloidal corrosion 

products are first to appear on the surface corrosion layer. Radioactivity is 

mostly incorporated into the inner topotactic corrosion layer; the outer epitac- 

tic layer is composed of larger particles which are subject to erosion.

(2) Surface radioactivity on stainless steel is more than an order of magnitude 

higher than that found on zirconium. Since the laminar sublayer has a greater 

surface roughness, it is permissible to consider the surface of the model rods 

under the given experimental conditions as being hydraulically smooth. Thus, 

the differences in radioactivity on stainless steel and zirconium can be 
explained by the interaction between the corrosion products in the water and 

those on the surface corrosion layer.

5. MECHANICAL PROPERTIES OF ZrlNb ALLOY AND CRITICAL 

VALUES OF POWER RAMP FOR WWER FUEL ELEMENTS

The relationship between the plastic properties of irradiated cladding material 

and the critical values of the power ramp have already been stressed [6—8]. To exa

mine this relationship we carried out experimental and theoretical studies on the 

mechanical properties of cladding tubes as well as their inert and corrosive 

atmosphere failures at temperatures of 300 to 500°C.
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FIG. 5. Longitudinal distribution of surface radioactivity on the isothermal model.
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To assess the mechanical properties of ZrlNb alloy, constitutive equations with 

internal variables were proposed. These have been described in Ref. [9] (non- 

irradiated) and Ref. [10] (irradiated at.300°C). In Ref. [1] the reasons for choosing 

these equations are given. The constitutive equations for ZrlNb irradiated at 300°С 

(the material parameters are listed in Table II) are applicable at temperatures of 300 
to 350°C in the following form:

Pdef. = He + KfF^-e'

Fф1 = (Hф -  K2-Fф)-ф - К3 £ 

where

é = В -в ' • } sinh
а/Е 1.5

в' = exp {[ — Qx/RTq] • [In TQ/T + 1]}

Fsol. = Fsol. a + Fsol. b‘log,o(6/0') + X-exp j  -

Г , è/6' “I
logio

2Л

►

С Z J

The physical meanings of the symbols are:

6 is the strain rate

a is the stress

E is the Young modulus

ф is the fast neutron flux

ô ' is the temperature dependent factor

Qx is the activation energy for a temperature range above the characteris

tic temperature TQ

Fsol is the target function which represents the solid solution influence

Fdef is the internal variable which represents the influence of the disloca

tion substructure generated during operation 

F0t is the internal variable which represents the influence of prismatic dis

location loops in irradiated material; this variable is proportional to 

the number of point defects from which the prismatic dislocation 

loops originated.
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TABLE II. VALUES OF MATERIAL PARAMETERS IN CONSTITUTIVE 

EQUATIONS FOR ZrlNb IRRADIATED AT 300°C

Qx 251.2 kJ/mol

TQ 750 К

n 5.19

В 8.71 x 1012 s' 1

p
solution a -4.52 x 10-8

p
solution b 1.614 x 10~8

X 2.018 x 10-6

Y 1.3338 x 1012

Z 3.261

H 2.28 x 10~6

H* 1.064 X 10-30 m2/n (E > 0.1 MeV)

K2 4.84 x 10-25 m2/n (E > 0.1 MeV)

K1 41.4

K3 3.27 x 10-5

The equations sum up the following partial characteristics of irradiated 

material:

(1) Yield stress dependence on fast neutron fluence

(2) Superposition of strain and radiation induced hardening

(3) Influence of strain on stress rate

(4) Strain curves for different fluences (above 1024 n/m2 (E > 1 MeV)).

The material parameters are valid at the temperatures and strain rates which

are predominant at PWR transients. The equations do not cover radiation enhanced 

recovery of the dislocation substructure (which is harmless from a practical point of 

view as ZrlNb cladding is used in a recrystallized condition), or static, thermally 
induced softening. Irradiation induced or enhanced creep (radiation creep) is also not 
included.

The important issue of the constitutive equations, i.e. their validity at high neu

tron fluences, is the increase in uniform deformation with the increase in neutron 

fluence (until saturation). The calculated curve is shown in Fig. 6. The trend 

observed for Zircaloy [6—8, 11] has indirectly been proved for ZrlNb on the 

grounds of the relationship between the characteristic dimensions of the process zone 

during crack propagation in the thin foil and the neutron fluence value [12].
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FIG. 6. Uniform axial strain as a function of neutron fluence r)>t for ZrlNb alloy irradiated 
to 4>t = 1025 n/m2 (E >  0.1 MeV) at 311°C.
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FIG. 7. Dependence of deformation to rupture on the minimum creep rate at 300°C.

FIG. 8. Rupture strain and theoretical values o f critical strain from bifurcation analysis of 
localized necking for cold-worked stress-relieved Zircaloy in an iodine vapour environment.
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Correlation of the ramp values critical for fuel cladding failures, ANC 

(kW/m), with the mechanical properties of cladding tubes enables evaluation of 

ZrlNb alloys as a cladding material. The conclusions are based on experimental facts 

and are consistent with the relationship that exists between localization of the plastic 
deformation in shear bands and shear fracture [13].

The following experimental facts have been considered:

(a) The dependence of deformation to fracture on the strain rate in axial tests [14] 

is practically negligible, as is shown in Fig. 7; shear fracture occurs.

(b) The geometry of relief effects produced during tube failure in the internal gas 

pressurization tests (‘X-marks’) corresponds to the theory of localized necking 

of the thin sheets.

(c) The dependence of hoop deformation to rupture in the corrosive atmosphere 

(iodine) on the ratio of axial and hoop stress corroborates the theory. For 

orthotropic material, whose properties are represented by the deformation the

ory (with the classic Hill’s yield surface and power law hardening), bifurcation 

analysis was performed of localized necking of the thin sheets [15]. Figure 8 

shows that strain to rupture in the presence of iodine is identical to the critical 

deformation of localized necking from bifurcation analysis; a simple constitu

tive equation is valid for the range £¡/e2 ^  0.

(d) The influence of mechanical deformation and heat treatment on the hoop strain 

to rupture values with iodine present is reflected in the constitutive equations 

by the strain hardening exponent. This fact has been proved for Zircaloy [16] 

and also corroborated for ZrlNb alloy.

(e) Localized necking or localized deformation in shear bands controls both crack 

initiation and crack propagation. It has been established for crack propagation 

in thin foils as-received and irradiated ZrlNb [17].

Taking into consideration localization of plastic deformation in shear bands (or 

bands of localized necking) and propagation of a rupture failure, it is possible to 

select the most suitable mechanical characteristics related to ANC. If the deforma

tion function (a = a(e)) is simple, the strain-rate sensitivity of flow stress is indepen

dent of the microstructure (valid in accordance with the constitutive equation given 

in Ref. [10]) and the texture is constant (valid), it is permissible to use conventional 

characteristics such as uniform deformation or strain to rupture values from the inter
nal gas pressurization tests.

By combining the hoop strain to rupture values from pressurization tests 
carried out in an inert environment [11, 18] with the values of ANC [19, 20] we get 

the relation shown in Fig. 9. ANC values can, in principle, correspond to lower 

fluences than those for which hoop strain to rupture values were established (i.e. 
lower hoop strain to rupture values).

ANC values are implicitly considered to be non-dependent on the power ramp 

rate. According to statistical evaluation [21], the differences in ramp rates between
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FIG. 9. Correlation between the hoop strain to rupture value AD/D0 and the critical value 
of the power ramp.

0.002 and 1 kW-nr'-s"1 have no effect. This fact corresponds to the properties of 

the constitutive equations [10], and the deformation function a =  o(e) in the decisive 

deformation rate interval is practically independent of the deformation rate.

Considering the generally valid relations of deformation localization, damage 

and rupture, we believe that the plot shown in Fig. 9 characterizes cladding material 

with a typical texture, independent of previous treatment which may have influenced 

mechanical properties (deformation, heat treatment, irradiation) or the solid solution 
composition.

On the basis of the mechanical properties of ZrlNb [22], it is possible to con

clude that for fiiel elements with ZrlNb cladding irradiated up to fluences of 

1025 n/m2 (E > 0.1 MeV), the ANC value is > 12 kW/m. This was corroborated by 

a detailed comparison made of the mechanical properties of irradiated ZrlNb and 
Zircaloy. As a stationary state of mechanical properties is reached at irradiation up 

to a fluence level of 1025 n/m2 at 300°C, it is possible to apply ANC > 12 kW/m 

for higher fluences at 300°C. The influence of irradiation temperatures above 300°С 

could be estimated only qualitatively; ANC values should increase as they do for 
Zircaloy.

The difference in chemical composition (ZrlNb versus Zircaloy) has an 

interesting consequence on radiation hardening kinetics. It is possible to consider that 

parameter of the constitutive equations [10], which describes radiation hardening 

kinetics, is higher for ZrlNb. At the same time, radiation hardening of ZrlNb, which 

leads to saturation, occurs earlier (we assume Нф/К2 = constant). This difference, 

which is responsible for the non-identical mechanical properties of irradiated ZrlNb 

and Zircaloy, is beneficial in the case of fuel elements with ZrlNb cladding. After 

the same initial mechanical and thermal treatments, ZrlNb reaches the same plastic
ity parameters at lower neutron fluences, i.e. minimum ductility and saturation 

values are arrived at earlier. In the case of pellet-cladding (Zircaloy, ZrlNb), the 

gap is closed simultaneously for both types of fuel elements. After passage through 

the state with minimum ductility, fuel elements with ZrlNb cladding have a higher 

ANC.
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Taking into consideration the processes which control fuel element cladding 
failure we conclude:

(i) For WWER extended burnups, cladding failure is not expected to be a limiting 
phenomenon

(ii) The main degrading effect of power cycling on fuel element properties is an 

increase in cladding and pellet deformation, which leads to a rapid decrease 

in the gap. With comparable kinetics, the ZrlNb properties should be more 
favourable than those of Zircaloy.

FIG. 10. Comparison of experimental and calculated creep tests for ZrlNb at 650°C.
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FIG. 11. Comparison of experimental and calculated tensile tests for ZrlNb at 700°C.

6. MECHANICAL PROPERTIES OF CLADDING MATERIAL AT HIGH 

TEMPERATURES

The first part of the experimental programme aimed at supporting computer 

modelling of fuel accident behaviour has been completed [2]. The mechanical 

properties of ZrlNb alloy in inert atmosphere have also been tested.

At the Institute of Physical Metallurgy, Brno, creep tests were performed on 

clad tubing in the temperature range of 600 to 1100°C, with creep rates of 10' 6 to 
10"1 per second [23]. Under the same conditions tensile tests were carried out at 

NRI [24]. The following mechanical equation of state, based on creep results for 

ZrlNb, was proposed:

è = A(T)-sinh[B(T)-0 - <r0)]

CTo = ê-K -СГ) -  o0)lê (è, T)
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where e is the rate of plastic strain
a is the stress applied
Oq is the back stress
T is the temperature.

Dependence A(T), B(T) and a0 x on temperature as well as dependence e on e and 
T were established. The mechanical equation of state was compared with the creep 
and tensile test results. Fig. 10 shows the comparison made at a temperature of 
650°C for creep tests; Fig. 11 corresponds to 700°C and a strain rate of 10-5 to 
10'2 per second for tensile tests.

An experimental programme is currently under way which includes:

(1) Creep tests on pre-oxidized specimens
(2) Creep tests on specimens with dissolved oxygen
(3) Deformation of pressurized sealed specimens in inert and vapour atmospheres.
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Abstract

INFLUENCE OF THERMAL PROCESSING AND MICROSTRUCTURE ON THE 
CORROSION BEHAVIOUR OF ZIRCALOY-4 TUBING.

To minimize the corrosion, and hence the fuel cycle costs, of Zr-4 cladding, optimiza
tion of thermal processing and microstructure of the tubing is a necessity. This investigation 
was carried out in order to correlate the effect of thermal processing and microstructure of 
Zr-4 tubing with the 400°C steam corrosion behaviour in a refreshed autoclave. To achieve 
this a number of different intermediate annealing treatments were performed on various 
specimens. It was found that shorter-lower temperature heat treatments at the intermediate 
annealing stage resulted in poor corrosion resistance when compared with longer-higher 
temperature treatments. A critical heat treatment existed which had to be exceeded to obtain 
good corrosion behaviour. For the given composition there was a saturation value of the corro
sion behaviour, i.e. a minimum weight gain which was always obtained. The corrosion 
behaviour was modelled to the annealing parameter A = t exp (—Q/RT), which can be inter
preted as a normalized annealing time. The factor governing the corrosion appeared to be the 
matrix solute content rather than the intermetallic particle size. The activation energy deter
mined from the model, Q = 63 000 cal/mol, did not correspond to any simple self-solute 
diffusion process.

1. INTRODUCTION

Reduction of fuel cycle costs provides a good incentive to increase the bumup 

level of fuel rods. One of the most limiting factors in modern PWRs, particularly 

in reactors with high coolant temperatures, has been found to be the corrosion of the 

Zr-4 cladding. The prime factors influencing the external surface corrosion rate, in 

a well controlled PWR coolant environment, appear to be the coolant temperature 

and the exposure time. Thus, in order to reduce the in-reactor oxide growth, optimi

zation of thermal processing and microstructure of the tubing is a necessity.

435
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It has been concluded that one of the key thermal processing parameters 

governing the corrosion of Zircaloy is the time and temperature combination of the 

intermediate anneal [1-3]. The effect of such heat treatments can be assessed to some 

extent by correlations between microstructures-microchemistry and the corrosion 

weight gain, AW. However, in order to obtain a more fundamental understanding 

we must be able to assess different time and temperature combinations. This correla

tion between the weight gain and the heat treatment history can be achieved by the 

adaption of a thermodynamic model to produce an activation energy, from which an 

annealing parameter can be produced which can be interpreted as a normalized time. 

Such a model is not straightforward, since it is based on a secondary effect of the 

rate of reaction, i.e. the corrosion weight gain; however, it can still provide informa

tion about the parameters that influence the corrosion rate.

1.1. Thermodynamic background

It is often assumed that the temperature dependence of the rate of a process 

can be represented by an expression

Rate <x exp (-Q/RT) (1)

where R is the gas constant and T the temperature in kelvin. When this is possible, 

Q is regarded as the activation energy of the process. The rate must be expressed

in such a way that it contains the dimension time to the power - 1, for instance, the

number of atoms diffusing through a cross-section per unit time.

One way of expressing the rate is by 1/t, where t is the time taken to reach 

a certain stage, for example, the stage which gives a certain weight gain at specific 

test conditions. Hence, in the general case, the time to obtain a weight gain AW 

under the given test conditions may be denoted by t(AW). This time will also depend 

upon the temperature and may be denoted as t(AW,T). Thus, inserting 1/t as the rate

1/t (AW,T) oc exp (-Q/RT) ' (2)

or

t = A exp (Q/RT) (3)

where A is the constant of proportionality. It must then be assumed that both A and 

Q are independent of T. However, they may very well depend upon the stage, i.e. 

AW, thus giving

t(AW,T) = A(AW) exp (Q(AW)/RT) (4)
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Thus, if there is experimental information on t at a certain AW for two different T, 

Q can be evaluated by eliminating A(AW) through a division

tÇAW.T,) = exp (Q(AW)/RTt) 

t(AW,T2) exp (Q(AW)/RT2)

= R in (t(AW,T2)/t(AW,Tl))

1/T2 - 1/T,

Inserting Q into Eq. (4) then enables evaluation of an annealing parameter, A, 

characteristic of the thermal process.

To investigate the variation of A with AW, Eq. (4) can be rearranged to give

A(AW) = t(AW,T) exp (-Q/RT) (7)

If Q is known, A can be evaluated for each experimental point by multiplying its t 

value by exp (-Q/RT). The resulting A values can then be plotted versus AW and 

the resulting curve would give AW as a function of A.

Having established the curve for AW as a function of A, the effect of several 

consecutive heat treatments can be predicted by the equation

A(AW) = £  ti(AW,Ti) exp (-Q/RT¡) (8)
i

Thus, A can be evaluated from the summation and AW then read from the curve.

2. EXPERIMENTAL PROCEDURE

2.1. Processing and corrosion testing

An extruded Zr-4 tube from an ingot containing 1.52% Sn, 0.23% Fe, 

0.10% Cr and 1200 ppm О (see Table I) was used for the experiment.

TABLE I. INGOT ANALYSIS

Sn Fe Cr О Al H Ni N Si С

1.52 0.23 0.10 1200 < 20 3 8 30 < 20 125

Tin, iron and chromium are given in wt%, the remainder are in ppm.
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Extrusion
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pilgering
I

annealing 
I

pilgering
I

beta quenching at 1323 К 
I

pilgering
I

annealing experiment, see TABLE II 
I

pilgering
I

f inal annealing 
I

blasting ID

etching 10 
I

grinding 0D
I

testing

FIG. 1. Experimental processing sequence.

TABLE II. ANNEALING COMBINATIONS

838 К А 1 h B 5 h C 16 h

873 К D 1 h E 5 h F 16 h

948 К G 1 h H 16 h

1003 К I 1 h J 16 h

The tube was processed via the sequence given in Fig. 1. After the tube had 

been pilgered twice it was beta-quenched, instead of the standard intermediate 

anneal, in order to ‘nullify’ the material prior to the subsequent annealing stages. The 

tube was then pilgered and cut into 10 pieces, which were vacuum annealed at 

10 different time-temperature combinations in accordance with Table П. The final 
pilgering step was performed on a cylindrical mandrel to produce final tubes with 

an outer diameter of 10.8 mm and a wall thickness of 0.8 mm. All 10 tubes were 

annealed at 500°C for 3.5 hours to obtain partial recrystallization before the outer 

surface was ground and the inner surface etched.

Sections 50-mm long were taken from the final treated tubes and tested in a 

refreshable autoclave at 400°C, which had an internal vapour pressure of 10.3 MPa. 

Weight gain measurements were obtained after 72 hours.
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2.2. Metallographic investigation

To correlate the microstructure and microchemistry with the corrosion results, 

scanning electron microscopy (SEM) and analytical transmission electron 

microscopy (ТЕМ) were carried out. The electron microscopy was primarily to 

characterize the intermetallics of the various intermediate annealing treatments, i.e. 

size distribution and chemical composition.

The samples for SEM were cut from the tube immediately after the annealing 

experiments, since the intermetallics were easier to analyse at this stage than when 

compared with finished tubes; the final heat treatment at 500°С had only a minimal 

effect on the particles. These specimens were prepared by immersion swab etching 

mechanically polished samples [4]. The duration of the etching was approximately 

20 seconds at room temperature in a solution containing 60% glycerine, 10% nitric 

acid and 30% hydrofluoric acid. Immediately after etching, the specimens were 

rinsed in hot (50°C) concentrated nitric acid in order to minimize artefacts such as 

tin back-plating, hydride formation, etc. [5].

Intermetallic particle characterizations were made using a Jeol JSEM 840 

scanning electron microscope equipped with a Link Systems AN 10 000 analysis 

system. Image analysis was performed on-line using a magnification of 10 000 x,

TABLE Ш. CORROSION RESULTS OBTAINED 

AFTER AUTOCLAVE TESTING IN STEAM 

(400°C FOR 72 HOURS AT 10.3 MPa)

Sample Intermediate annealing 
Temp. (K) time (h)

Weight gain 
(mg/dm2)

A 838 1 138.1

В 838 5 117.5

С 838 16 55.0

D 873 1 107.8

E 873 5 33.4

F 873 16 22.8

G 948 1 23.8

H 948 16 20.9

I 1003 1 21.6

J 1003 16 19.7
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and the results from 15 fields of view, corresponding to an area of 2100 /mi2, were 

collected. The particles were measured in terms of mean diameter and classified in 

groups of 0.1 fj.m. The detection limit at the given conditions was 0.05 /xm.

To assess the particles below this limit а ТЕМ investigation was performed. 

The ТЕМ samples were from finished tubes, which had been subsequently recrystal

lization annealed at 565 °C for 1.5 hours to obtain full recrystallization, in order to 

enable easier detection of the intermetallics while having a negligible effect on their 

size and distribution. Thin foils were prepared from the tube by immersion in a 

solution of 45.5% distilled water, 45.5% nitric acid and 9% hydrofluoric acid. 

Discs 3 mm in diameter were then stamped out and jet polished to perforation in a 

Tenupol containing an electrolytic solution of 15% perchloric acid in methanol; the 

approximate polishing conditions were -25°C, 12 to 15 V and 0.20 A.

The intermetallics were then characterized in a Jeol 2000 FX transmission 

electron microscope. The assessment involved a simple observation analysis direct 

from micrographs and identification by electron diffraction.

Particle compositions were measured in a VG HB501 dedicated STEM at the 

Institute of Metals Research, Stockholm. Since the compositions were measured in 

thin foils, only the Cr/Fe ratios are given.

3. RESULTS

3.1. Corrosion

The corrosion results of the various intermediate annealing time-temperature 

combinations are summarized in Table 1П and Fig. 2 in the form of corrosion weight 

gain, AW, versus intermediate annealing time, t. This shows that increasing the heat 

treatment decreases the weight gain. (Note the sharp transition to some sort of satura

tion for the longest treatment combinations.)

3.2. Metallographic observations

Typical SEM micrographs showing the intermetallic particles of five of the 

samples immediately after the annealings are given in Fig. 3. From these micro

graphs it can also be seen that the grain size has increased slightly for the highest 

heat treatment temperature. Increasing the ntermediate annealing time-temperature 

had the effect of increasing the size of the intermetallic particles and decreasing their 

number density. The particle size distribution of these samples is summarized in 

histograms (Fig. 4).
The ТЕМ micrographs from the same five intermediate annealings, but which 

had been heat treated after being processed as finished tube, are shown in Fig. 5.
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FIG . 2. Weight gain, AW , as obtained after autoclave testing in steam (400° С  fo r  72 hours 

at 10 .3  M Pa) versus intermediate annealing time.
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F IG . 3. SE M  m icrographs showing the interm etallic particles directly after the intermediate 

anneal. (For explanation o f  А , В , C , F , J  see Table II.)
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FIG. 4. Number of particles in each size class as measured by SEM at 10 ООО X. Lower limit 
0.05 цт, class width size 0.10 цт. Note that the histograms are not normalized. (For 
explanation o f А, В, C, F, J see Table 11.)

5 0 0 n m

FIG. 5. ТЕМ micrographs showing the intermetallic particles in recrystallized finished 
tubing. (For explanation of А, В, C, F, J see Table II.)
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(a) (b)

FIG. 6. Intermetallic Zr(Cr,Fe)2 particles in specimen J: (a) particle showing typical striped 
contrast; (b) convergent beam electron diffraction pattern; beam direction close to [0110].

TABLE IV. Cr/Fe RATIO OF Zr(Cr,Fe)2 

AS MEASURED BY STEM/EDX

Specimen No. of 
particles

Cr/Fe
(mean)

Cr/Fe
(SD)

A 9 0.44 0.08

D 13 0.53 0.10

J 12 0.50 0.04

These show the size and distribution of the particles below the detection limit of the 

SEM. The number density of the small intermetallics, as indicated by the SEM 
results, decreased with increasing heat treatment.

The intermetallic particles were identified by electron diffraction as being 

Zr(Cr,Fe)2. The convergent beam diffraction pattern in Fig. 6 was identified as 

being the hexagonal pole [0110], which was used to evaluate the lattice parameters 

с = 0.8 nm and a = 0.5 nm. This is in accordance with the structure and 

parameters for Zr(Cr,Fe)2 given in the literature [6]. In this figure an intermetallic 

having the characteristic line contrast is also shown. STEM microanalysis shows that 

all the intermetallic particles investigated were found to contain Cr and Fe. The inter

metallic Cr/Fe ratios of the different samples were found to be in the range 0.44 to

0.53; the results are summarized in Table IV.
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1 0 0 0 / T  ( T  i n  К)

FIG . 7. Intermediate annealing time at constant weight gains (mg/dm2) as a function o f  

reciprocal annealing temperature.

L o g  A ( A i n  h o u r s  )

FIG . 8. Weight gain, AW , as obtained after autoclave testing in steam (4 0 0 °C fo r  72 hours 

at 10 .3  M Pa) as a Junction o f  the determined annealing parameter, A.
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3.3. Thermodynamic data

The corrosion weight gain data after 3 days were plotted in the form of log t 

versus 1/T (Fig. 7). From this plot the average activation energy, Q, was determined 

from the gradients to be 63 000 cal/mol.1 The activation energy was then used to 

evaluate annealing parameters, A, using Eq. (7). The weight gain is plotted as a 

function of A in Fig. 8. This figure shows that all of the experimental evaluations 

can be plotted on a single line and that an abrupt transition in corrosion sensitivity 

occurs.

4. DISCUSSION

4.1. Corrosion

The results showed that with increasing time-temperature combinations of the 

intermediate anneal better corrosion resistances were produced, i.e. reduced corro

sion weight gains. This effect of improvement via increasing heat treatment indicates 

the influence of particle size, solute content, volume fraction, grain size, or a 

combination of these factors.

4.2. Metallography

The electron microscopical investigation detected only Cr, Fe, Zr particles 

which, using electron diffraction, were confirmed as being the hexagonal phase of 

Zr(Cr,Fe)2 of approximate lattice parameters с = 0.8 nm and a = 0.5 nm in 

accordance with other investigations [3, 7-9].

It was observed that higher temperature-longer times of the annealing experi

ment produced coarser particles and slightly coarser grains. No grain size quantifica

tion was performed during this work, and absolute measurements would be difficult 

to obtain and assess since the final tube specimens were in a partially recrystallized 
state.

The SEM and ТЕМ micrographs showed that with increasing heat treatment 

there was an increase in particle size and an apparent decrease in the number of inter

metallic particles. Thus, the indication was that at the longer heat treatments the 

particle growth stage has been completed and that coarsening has taken place. This 

means that nucléation and precipitation has stopped and an equilibrium solute content 

in the matrix has been obtained. This is shown schematically in Fig. 9. The satura

tion effect that occurs in the corrosion behaviour implies that the matrix solute 

content is the key parameter rather than the intermetallic particle size. This indicates

1 1 cal =  4.184 x 10° I.
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ANNEALING (A PARAMETER)

FIG. 9. Schematic o f matrix solute content and corresponding precipitation stage as a 
function o f annealing.

that, even though the equilibrium solute contents of Fe and Cr in Zr are very 

low [10], the kinetics of the precipitation reaction is slow enough to allow super

saturation for low temperature-short time annealing treatments.

The Cr/Fe ratios of the intermetallics were approximately constant for the 

different heat treatments. Thus, it seems that, given the same ingot composition, the 

same particle composition will be obtained, irrespective of the annealing treatment, 

within this heat treatment range.

4.3. Thermodynamic model

After determining an activation energy for the annealing heat treatment, the 

corrosion weight gain results can be modelled, on a single line, to a normalized 

annealing time. This plot (Fig. 8) showed that there was an abrupt transition in the 

sensitivity of corrosion as a function of the heat treatment, which is represented by 

the annealing parameter, A, thus indicating that a certain minimum heat treatment 
is necessary to obtain good corrosion properties. This critical value can be 

represented by log A = -15 or A = 10 ~15 hours. Hence, using Eq. (7) a number 

of possible lower limit treatments can be determined.

It should be noted that the assumptions made for this approach are that the 

temperature dependence can be represented by an activation energy and that the 

activation energy remains constant throughout the experimental range.
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Accepting that the determined activation energy is indicative of the rate 

controlling step of the corrosion of Zr-4, it might be expected that there is a simple 

diffusion process involved. In this event the diffusion distance, y, can be defined as

y = CVDt (9)

where С is a constant and D the diffusion coefficient given by

D = D0 exp (-Q/RT) (10)

where D0 is a constant, Q, R, T and t are as defined earlier. From Eqs (9) and (10) 

a more general form for the diffusion distance is

y = f [t exp (-Q/RT)] (11)

that is, in a form containing an A parameter dependence.

However, the activation energies for diffusion of the dominant elements in 
alpha-Zr are:

Cr = 30 100 cal/mol [11]

Fe = 48 000 cal/mol [11]

Sn - 22 000 cal/mol [11]

Zr = 22 000 cal/mol [12]

None of these is comparable with the observed activation energy of 63 000 cal/mol. 

Therefore, the annealing process cannot be governed by the simple diffusion of any 

of these elements. It must be stressed that experimentally determined activation 
energies always result in a fairly large scatter. However, assuming we have a simple 

mechanism it must be dependent on the diffusion of another element or a more 

complex diffusion process.

In summation, the results of this investigation indicate that an activation energy 

can be assigned to the effect of the intermediate anneal on the corrosion, the rate of 

which is controlled by an as yet undefined diffusion mechanism but which appears 

to be associated with the matrix solute content and not the intermetallic particle sizes.

5. CONCLUSIONS

(1) Short heat treatments-low temperatures at the intermediate anneal stage result 

in poor corrosion resistance, whereas longer-higher temperature treatments result in 

good corrosion resistance, as measured by autoclave testing in 400°C steam.
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(2) A critical heat treatment exists which must be exceeded to obtain good corro

sion results.

(3) For a given composition there is a saturation value of corrosion behaviour, i.e. 

there is a minimum weight gain which will always be obtained.

(4) Corrosion behaviour can be modelled with an annealing parameter 

A = t exp (-Q/RT).

(5) It is concluded that the factor governing the corrosion is the matrix solute 

content rather than the intermetallic particle size.

(6) The activation energy, Q = 63 000 cal/mol, of the model does not correspond 

to a simple self-solute diffusion process.
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Abstract

ADVANCED MATERIAL AND FABRICATION TECHNOLOGY FOR LW R FUEL.

To meet the general targets of Kraftwerk Union (KWU) fuel development, i.e. 

increased bumup, improved neutron utilization and increased operational flexibility, techno

logical improvements have to accompany and ensure the development of advanced fuel 

designs. The fabrication technology of material and components plays a key role in realizing 

these targets for BWR and PWR fuel rods and assemblies. Development of Zircaloy material 

technology resulted in improved nodular corrosion resistance for BWR application by a new 

low temperature process, which also ensured improved behaviour in a 500°C/24 h autoclave 

test. A prime candidate alloy specification for chemical composition and some pre-material 

fabrication procedures summarizes the empirical experience gained with Zircaloy-4 as PWR 

cladding material to ensure optimal uniform corrosion behaviour. The technology for 

manufacturing Zircaloy cladding tubes with a Zr-barrier against iodine stress corrosion 

cracking as a consequence of pellet-cladding interaction has been adapted by KWU. To illus

trate the development of structural components, a description is given of a sequence of 

improved methods of embossing dimples into Zircaloy spacer strips (for BWR, PWR and 

PHWR application), and the application of laser welding to manufacture a new type of water 

channel for 9 x 9 BWR fuel assemblies. The development of laser cutting techniques is also 

discussed. New ways of applying and evaluating high frequency ultrasonic testing and two 

techniques for automizing visual examination of the tubes and fuel rods are discussed as exam

ples of advanced non-destructive testing techniques.

1. INTRODUCTION

The general progress of nuclear fuel technology, with the overall targets of 

high reliability of performance and attractive fuel cycle costs, depends on successful 

improvements in several technical areas such as design, reactor physics, fabrication 

technology and, last but not least, materials and components. Success can only be 

achieved if all these areas co-operate closely. Nevertheless, the fabrication techno

logy of material and components plays a key role in the realization of ideas and the 

theoretical and practical findings of other technical areas.

451
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Today, the overall targets for improved fuel operation are: increased burnup, 

improved neutron utilization and improved operational flexibility. To meet these tar

gets it is necessary that the technology of material and components finds the right 

material conditions (if necessary even new materials or a combination of new 

materials) as well as new technological solutions for improved designs. Such solu
tions require either new or modified manufacturing methods or new or improved 

testing techniques; very often a combination of both is necessary. It is the task of 

the fuel technology laboratories to find and approve experimentally the new material 

properties and the new parameters for manufacturing or testing procedures.

Typical examples are given of the improved materials and methods developed 

by Kraftwerk Union (KWU) for the advanced fuel rods and fuel assemblies used in 
BWRs, PWRs and HWRs.

2. ZIRCALOY TECHNOLOGY

In the past, zirconium alloys were the most important structural materials used 

for fuel rod cladding tubes and (some) structural components of fuel assemblies. To 

improve neutron utilization more and more Zircaloy was used in structural compo

nents. The target of increasing bumup induced development of improved corrosion 

properties. To achieve better operational flexibility fuel rods with improved proper

ties under power ramping and power cycling conditions had to be developed. This 

can be achieved by improving the resistance of Zircaloy fuel rod claddings to pellet- 
cladding interaction (PCI).

In-pile experience has shown that improved corrosion properties lead to differ

ent technological methods of development under BWR and PWR conditions. Uni

form corrosion under BWR conditions, with envisaged increased burnups up to 

55 MW-d/t U ‘peak pellet’, will not be critical, whereas under PWR conditions uni

form corrosion may become a design limiting factor if a high coolant temperature 

and consequently high cladding tube temperatures are chosen for high thermal effi

ciencies of the whole reactor system.

Since nodular corrosion has become a point of concern in some BWR plants, 

international efforts to improve the nodular corrosion resistance of Zircaloys have 
been observed.

2.1. Improved nodular corrosion resistance of Zircaloy

Since Zircaloy-2 (for cladding tubes) as well as Zircaloy-4 (for spacer sheets 

and for channels) are used in a BWR fuel assembly, both have been taken into con

sideration in order to improve nodular corrosion resistance.

Internationally, several different approaches have been made. In most cases, 

there is a significant change in microstructure when beta- or alpha+beta-quenching
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3000
N o d u le  D e n s i ty

FIG . 1. Correlation o f  nodular corrosion (expressed in mg/dm2 in a 500° С  autoclave test) 

versus the cumulative normalized annealing time, E A ¿, with A. =  i. exp — Q/RTi, 

Q/R =  40 ООО K.

of Zircaloy is carried out. Out-of-pile corrosion tests carried out at about 500°C for 

20 to 24 h have shown an impressive decline in corrosion [1-7]. However, confirma

tion is needed as to whether this type of treatment leads to reliable resistance against 

nodular corrosion under longer in-pile conditions (four or more cycles) if the water 

chemistry is critical. These quenching treatments tend to be applied as late as possi

ble in the sequence of thermal-mechanical treatments of material, otherwise there is 

a danger of losing the improved properties if no precautions are taken for the subse

quent process steps. Furthermore, the pronounced changes in microstructure caused 

by this type of quenching require surveillance of, for example, creep, growth, etc. 
to ensure reliable in-pile operation.

Because of these aspects and considerations, KWU chose a different method 

to improve the nodular corrosion resistance of Zircaloy components, namely, the 
low temperature process (LTP), which comprises:

(1) A specifically defined and controlled beta-annealing and quenching treatment 

before all heat treatments in the alpha range

(2) Specific definition and control of all subsequent heat treatments after this beta- 
quenching.

The basic idea behind this process is to produce a microstructure which is as 

similar as possible to that of previously fabricated Zircaloy components, and which 

also ensures that the large amount of know-how gained from previous excellent 

in-pile behaviour is transferred to the products obtained by the LTP process.
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Within the scope of this paper it is not possible to detail all the theoretical con

siderations and experimental results taken into account in reaching this technological 

solution. As they are listed elsewhere [8,9], only some basic aspects are summarized 

here.

Beta-quenching has, inter alia, to provide a high quenching rate (10 K/s or 

more); subsequent alpha-annealings should ensure that minimum and maximum heat 

are applied to the product. Minimum heat is necessary for reasonable fabrication 

processes as well as for stabilization of the microstructure, for the reasons already 

mentioned. A maximum heat limit must be observed in order to avoid nodular corro

sion. It has been proved that these conditions may be controlled by ‘cumulative nor

malized annealing time EA¡’, which has been described and discussed in detail 

elsewhere [10, 11]. Figure 1 shows how the nodular corrosion weight gain and the 

nodule density after a 500° С steam test depend on the cumulative normalized anneal

ing time, and how extrusion of hollows and production of cladding tubes fit into this 

picture. The aim is not to obtain an optimal visual appearance after an out-of-pile 

autoclave test. It is, however, necessary that the material should be optically changed 

in order to achieve the best probability of remaining resistant to nodular corrosion 
under high burnup in-pile conditions. To date the experience we have gained has 

proved that our concept is correct.

2.2. Improving uniform PWR corrosion

As already mentioned, for PWR power plants with a high thermal efficiency 

it is desirable to improve the uniform corrosion properties of the Zircaloy-4 material 

used for fuel rod claddings. The empirical background has already been discussed 

in earlier publications [12-14]. Another paper in these Proceedings summarizes the 

most recent data with regard to in-pile experience and also discusses new ideas con

cerning the influence of the Zircaloy-4 microstructure on corrosion kinetics [15]. 

This paper summarizes the knowledge acquired by KWU on the influence of techno
logical parameters on uniform corrosion of the Zircaloy-4 tubular material in PWRs. 

In a ‘prime candidate alloy’ (PCA) specification for Zircaloy-4 the requirements that 

should have a beneficial influence on this type of corrosion have been compiled 

(Table I). Probably none of the single changes in this specification will lead to a large 

improvement, but together they should result in a material which at least shows less 

scattering on the side of high corrosion values. Some of the single in-pile observa

tions and out-of-pile investigations have led to the conclusion that compilation of this 
experience should result in improved uniform corrosion behaviour of Zircaloy-4. 

Nevertheless, an in-pile demonstration with a large amount of material is necessary 

to confirm this conclusion. Since the ‘classical’ Zircaloy specification is not violated, 

there is no problem in checking this assumption directly by a larger number of fuel 

assemblies. Recent results from out-of-pile corrosion tests, which confirm the new 

limits for Sn and C, are shown in Fig. 2. They show that a reduction in tin content
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TABLE I. SPECIFICATION OF PRIME CANDIDATE ALLOY (PCA)- 

ZIRCALOY-4 FOR OPTIMIZED PWR UNIFORM CORROSION

C h e m ic a l  c o m p o s i t io n

A llo y  e lem en ts Im purities

Sn Fe  Cr Fe+Cr 0 С Si P N

1.2- U ASTM 1000-
1500 <100 40-100 30 < 5 0

In q o t

S c ra p M elting H ot w ork

<0% 3 x to  be  a g re e d  upon

0  -  Q u e n c h
B ille t H ea tin g H ea ting  time П -  Temp.

d r ille d in d u c tiv e <  10 min ЮОО-ИОО'С

E x t r u s io n
H ollow  fu l ly  re c ry s ta ll iz e d

T u b e  f a b r i c a t io n
C on tro lle d  I  A¡

W e ig h t G a in

FIG . 2. Influence o f  tin and carbon contents on corrosion o fZ ry -4  at 400°С  (out-of-pile).

as well as the carbon level should reduce the uniform corrosion of Zircaloy-4. 

Consequently, the content of these elements was reduced in the PC A specification. 

Of course, stricter limits for the chemical constituents or impurities lead to stricter 

controls on some of the process steps for producing Zircaloy tubular material. There

fore, multiple vacuum melting and tighter control on scrapped recycling may be two 

consequences for the Zircaloy manufacturing technology.
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TABLE II. QUALIFICATION OF Zr-BARRIER CLADDING TUBES FOR BWR 

FUEL ROD APPLICATION. COMPARISON OF REQUIREMENT AND 

MEASURED PROPERTIES

Requirement A c tu a l va lues

Externat diameter 
Internat diameter 
Wall thickness (mirO 
Barrier thickness

1230*0.05
10.66*0.04

*0.74
0.095*0.04

12.26 -  12.34 
10.63 -  10.69 
0.76 -  0.82 
0.08 -  0.12

Yield strength 350*C 
Ultimate tens. str. 350*C 
Elongation

> 110 Warn2 
» 220 N/mmJ
> 30%

145 -  180 N W  
240 -  275 N W  

37 -  42 X

Roughness"? y  inside 
(Ra) j  ¿outside 

Grain size matrix 
(ASTM No.) barrier

14 p i  
7 p i  

6 5  or finer 
7.0 or finer

0.20 -  110 p i  
0.20 -  0.70 p i
11.5 -  125
9.5 -  10.5

Impurities (barrier) Sn 
Fe

( ppm ) cr
Ni
0

max. 100 
max. 550 
max. 200 
max. 70 
max. 700

<  30 
240 -  435

30 -  50
<  50 

350  -  460

C u m m u la t iv e  f re q u e n c y

F iss u re  depth or l in e r  thickness

FIG. 3. Statistical distribution o f  barrier thickness and fissure depth in Zr-barrier tubing.

2.3. Improved pellet-cladding interaction

As has been demonstrated elsewhere [16-19], a barrier of pure zirconium on 

the inner side of Zircaloy cladding tubes provides very effective resistance against 

PCI by iodine stress corrosion cracking (ISCC). This remedy was adapted to KWU 
technology and QA requirements. It includes thorough investigation and control of
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all pre-material fabrication steps, technological adjustment of cladding fabrication 

processes such as rocking parameters and tooling, heat treatment, and surface condi

tioning inspections. In particular, it includes implementation of the LTP criteria on 

pre-material and cladding tube fabrication parameters. Thus, a KWU Zr-barrier 

cladding tube is safe against nodular corrosion on the outside surface; on the inner 

surface it is protected against ISCC.
Table II shows a comparison made of the most important requirements and the 

actual values achieved for Zr-barrier tubes at KWU.

For protection against ISCC it is particularly important to postulate that there 

is a statistically safe margin between the liner thickness and the maximum depth of 

microfissures, as they are always present on the inner surface of a rocked tube. 

Figure 3 demonstrates that this margin could be achieved with non-pickled tubes (as 

specified) at a fully satisfactory level of confidence.

This technological adaption of Zr-barrier tube fabrication has successfully 

been performed for BWR dimensions. At present, there is no need to use such 

Zr-barrier claddings for PWRs but, if necessary, the technology for such tubing is 

also available for PWR dimensions.

3. IMPROVED TECHNOLOGY FOR STRUCTURAL COMPONENTS

The general aim of developing fuel assemblies with improved neutron physics 

to increase burnups and to provide better neutron utilization has led to several 

remarkable design changes for PWR and BWR fuel assemblies [20-23]. For PWR

( a )

FIG . 4. Techniques fo r  embossing spacer dim ples by: (a) conventional embossing, and (b) 

improved embossing (Feintool technique).
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FIG . 5. Exam ples o f  different dim ple designs: (a) BW R spacer dimple, and (b) PW R spacer  
dimple.

FIG . 6. Exam ples o f  different PH W R dimple designs: (a) medium deformation, and (b) high 

deformation.
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(a)

heated
area

upper stamp 
* {electrode 2)

IP< — matrix-m atrix 
(electrode 1 )

lower stamp

(b)

FIG. 7. Techniques for embossing spacer dimples by: (a) embossing with a rubber stamp, 
and (b) embossing at an elevated temperature.

fuel assemblies, the structural components made of stainless steel and nickel base 

alloys were supplemented by those made of Zircaloy-4. For BWR fuel assemblies, 

step-wise improvement of the fuel/moderator ratio has led to a new 9 x 9  configura

tion with, initially, five water rods and, finally, a square shaped water channel in 

the fuel bundle. These changes in the nuclear and mechanical design of PWR and 

BWR fuel assemblies were accompanied by substantial technological development. 

Two significant examples are described: (1) development of techniques to emboss 
dimples into Zircaloy-4 spacer sheets, and (2) development of a square water channel 

in advanced boiling water fuel assemblies, for example, to apply laser welding.

3.1. Technological improvements to emboss dimples into Zry-4 spacer sheets

The conventional method for embossing dimples into a Zircaloy sheet is shown 

in Fig. 4(a). This method has been successfully applied to a dimple shape such as 

that shown in Fig. 5(a) (BWR spacer dimple). However, there are several technolog

ical disadvantages. First, a high quality sheet material with specific deep drawing 

properties is necessary to avoid microcracks around the dimples. Second, the range 
of feasible dimple shapes is very restricted.

For the very similar dimple shape shown in Fig. 5(b) (PWR spacer dimple), 

the more sophisticated Feintool technique is necessary (Fig. 4(b)).
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F IG .  8. E x a m p le  o f  o v a l s h a p e d  P W R  d im p le  d e s ign .

Conventional

embossing

A - Techn. potential also depends on formability 
quality of sheet material 

В -  Techn. potential is independent of formability 
quality

F IG .  9. T e c h n o lo g ic a l  p o te n t ia l o f  d ifferent p r o c e s s e s  f o r  e m b o s s in g  d im p le s  in to  a  Z r y - 4  

sheet.

If the dimple shape shown in Fig. 6(a) is required, an even more sophisticated 
cold punching technique is necessary. A conventional press can be used, but a two- 
step procedure has to be applied. For the first step, a rubber stamp is necessary 
(Fig. 7(a)). A second calibration step with a conventional steel stamp is required to 
achieve the final shape of the dimple.

For dimples which need an even higher deformation (see Fig. 6(b)) (PHWR 
spacer dimple) or for more sophisticated dimple shapes (e.g. oval shape shown in 
Fig. 8) none of the three previously discussed cold deformation methods are applica
ble. For such purposes a hot deformation technique was developed which leads to 
a high and uniform deformability by resistance heating of the strip area to be 
deformed. The principle of this method is shown in Fig. 7(b). The dimple forms into 
a special die after resistance heating of the zone to be deformed. The upper and the 
lower stamps act as electrodes. After the heating phase the upper stamp initiates 
deformation, whereas the lower stamp is withdrawn downwards, giving way to a free 
flowing of the material into the die.
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TABLE III. TYPICAL LASER BEAM PROPERTIES AND ADVANTAGES OF 
USING POWER LASERS FOR WELDING

LASER beam Drooerties Technoloaical advantaaes

• High power density - narrow welding zone j small heat effected zone t 
fast cooling ■ small shrinkage

• Contact free heoting - no wear of tools = constant welding quality, 
welding In well defined (protective) atmosphere, 
welding In hardly accessible zones

• Pulsed beam - single small welding spots . useable for
'pin welding' or overlapping for'welding seam' ¡ 
very precise and well reproducible doses of heat

• Heat source Is a - high flexibility In regard to positioning of work
light beam piece and direction of beam ¡

easy to combine with automatic machining
facilities

With this method there is not only a new degree of freedom obtained for the 
designer, but it is also possible to lower the extreme requirements for the cold 
drawing properties of a Zry-4 sheet. This degree of freedom for the sheet specifi
cation can be used to optimize other important properties of the material, for exam
ple, corrosion resistance. The designer can now decide whether he can accept the 
conventional embossing technique, or whether he should choose one of the improved 
cold deformation procedures shown in Fig. 9, or if he needs the high flexibility of 
a hot deformation procedure.

3.2. Application of laser techniques for advanced fuel assembly structures

Power lasers today offer a wide variety of attractive applications in the area 
of nuclear fuel rod and assembly technology. The main objectives for applications 
are: welding, cutting and surface treatments.

Table 1П lists the typical laser beam properties required for applying welding. 
From this survey it is obvious that laser welding is of particular interest for Zircaloy 
structures where thin walled strips have to be combined in configurations with small 
gaps or slits and with sophisticated geometries. Thus, laser welding leads to new 
opportunities for improved spacer designs, e.g. with improved thermal-hydraulic 
properties.
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Laser welded

F IG .  10. W a te r  c h a n n e l w ith  s p a c e r  f o r  a n  a d v a n c e d  9  x  9 Q  B W R  f u e l  a s se m b ly  

(c ro ss -se ct io n ).

F IG .  11. W a te r  c h a n n e l w ith  s p a c e r s  f o r  a  9  X  9 Q  B W R  f u e l  structure.

A brief description is given of how laser welding was used to develop a square 
shaped water channel for a new 9 X 9Q BWR fuel assembly. Figure 10 shows how 
this water channel is positioned in the middle of the spacers. In the same figure a 
cross-section of the water channel is also shown. One can see that this channel con
sists of two U profiles which are butt-welded to the square shape. Since the U pro
files are made from very thin walled sheets (about 0.7 mm) and the water channel 
is more than 4 m long, it is clear that by using laser welding there is a very good 
chance of meeting the close geometrical tolerances of this component. In fact, no 
shrinkage and practically no thèrmal distortion were observed after welding. In 
Fig. 11a longitudinal view of a water channel and two spacers is shown in order 
to indicate how this BWR structure is assembled.

For cutting and slitting strips for spacers out of thin walled sheets (Inconel 
and/or Zircaloy) laser cutting offers attractive advantages. In Table IV it is com
pared with nibbling and spark erosion. One can see that it is superior regarding preci
sion, corrosion resistance and cutting small slits (slit width < strip thickness).
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TABLE IV. ASSESSMENT OF NIBBLING, SPARK EROSION AND LASER 
CUTTING AS METHODS OF CUTTING THIN WALLED SHEETS (INCONEL 
and/or ZIRCALOY) TO SPACER STRIPS

Requirement Nibbling Spark erosion LASER cutting

Precision (0.05 mm) - + +

Burr 0 + 0

Corrosion + - +

Flexibility - 0 +

Small slits - 0 +

Small radius + 0 0

However, perhaps the most important advantage is the much higher flexibility of 
laser cutting when new shapes have to be cut for experimental purposes or for proto
type fuel assemblies. It may also be used for stainless steel or Inconel based strips, 
although cutting of Zircaloy strips is more critical than for Inconel strips. For the 
latter, oxygen can be used to increase the efficiency of the cutting beam, whereas 
this is not acceptable for Zircaloy sheets. However, investigations have shown that 
under protective gas (Ar, He) satisfactory results can be obtained when the optimum 
parameters for the gas velocity and the cutting speed have been found.

4. PROGRESS IN NON-DESTRUCTIVE TESTING AND INSPECTION
TECHNIQUES

In parallel with the improvement of material properties and manufacturing 
techniques, continuous further development of non-destructive techniques is being 
performed at KWU to identify defects and to automize visual inspection.

One example is the development of a high frequency ultrasonic test procedure 
with a very high defect resolution. The frequency of the transmitter is in the magni
tude of about 50 MHz. The basic idea which led to the high defect resolution was 
to evaluate the frequency spectrum of the reflected signal. As can be seen in Fig. 12, 
good correlation between artificial and natural defects and the evaluated signals 
could be obtained down to a (artificial) defect depth of about 5 /xm. This technique 
cannot and should not replace the standard ultrasonic tests which are successfully
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D ep th

E f f .  band  w id th  in  MHz--------->

F IG .  12. 5 0  M H z  u lt r a so n ic  (U S )  test. C o r re la t io n  betw een  the defect s ize  a n d  the effective  

b a n d  w id th  o f  the e c h o  p u lse .

F IG .  13. L a s e r  s c a n n in g  d e v ic e  f o r  a u to m ize d  o p t ic a l in sp e c t io n  o f  the ro ta tin g  Z i r c a lo y  tube  

su rfa ce .

used in the nuclear fuel technology field because this test is too slow for commercial 
QC application. The ultrasonic beam of the new technique is point-focused and appli
cation is by point by point measurement. Therefore, this technique should be used 
primarily for development purposes, calibration purposes, etc.

Since further progress towards even better reliability of nuclear fuel compo
nents and assemblies can only be achieved by automization of the fabrication and test 
techniques, special emphasis has been placed on inspection techniques, e.g. for
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infrared emitter focal point infrared receiver

sec, coil ( aux, energy )
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F IG .  14. In f r a r e d  s c a n n in g  d e v ic e  (ro tatin g ) f o r  a u to m ize d  o p t ic a l  in sp e c t io n  o f  n u c le a r  fu e l  

r o d s  (p o l ish e d  su rfa ce ).

inspection of cladding tubes and fuel rods. From investigations it has been proved 
that for rough surfaces such as those that exist after cladding tube grinding a laser 
scanning technique may be applied usefully as an automized optical inspection. The 
principle of this technique is shown in Fig. 13. The laser beam, as reflected from 
the surface of the rotating tube, is being measured by photodiodes, arrayed in a 
cruciform geometry.

For highly polished surfaces, e.g. electropolished surfaces of finished fuel 
rods, an infrared scanning method has been developed. Since a finished fuel rod 
should not be rotated, a rotating device had to be developed that contains both the 
emission and the receiving of the infrared light, as well as the telemetric system to 
transform and transmit the optically received signals into electronic signals. The sig
nals and auxiliary energy are relayed by radio transmission from and to the rotating 
device. A cross-section through this rotating device is shown in Fig. 14.

For both optical inspection systems realistic calibration standards are neces
sary. Besides the potential for rationalization of the final inspection of tubes and fuel 
rods, the main advantage of these systems is their capability of avoiding errors and 
subjective interpretation by visual inspections.

5. CONCLUSIONS

These examples have been used to show how progress in material develop
ment, advanced manufacturing methods and improved and new testing techniques is 
both necessary and helpful in the design of nuclear fuel.
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Improved material properties have resulted in new possibilities for increased 
burnup, greater flexibility and improved reliability of fuel rods under power ramping 
conditions.

Improved and new manufacturing methods have led to much greater flexibility 
and completely new solutions for the design of fuel assembly structures and, conse
quently, new ways of improving the neutron physics and thermal-hydraulic design.

New non-destructive testing techniques have resulted in improved tools for 
detecting and quantifying material defects and increased the chances of minimizing 
the problems of human error in QC.

In all, progress in nuclear fuel technology contributes towards further 
improvement in the reliability, and thus the economics, of nuclear energy.
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Abstract-Résumé

U 0 2 F U E L  F A B R IC A T IO N  E X P E R IE N C E  A C Q U IR E D  B Y  F R A G E M A  A N D  F B F C .

Uranium  oxide pellets for L W R s must meet various requirements, relating in particular 

to neutronics and behaviour under irradiation. Pellet structure plays an important part in this 

behaviour. T he reasons are given for the choice o f  pellet fabrication and conversion processes 

b y  Fragém a (joint operation o f  Fram atom e and Cogém a) and the F ran co -B elge  de Fabrication 

de Com bustibles (F B F C ) and an analysis is made o f  the experience o f  producing 4000 tonnes 

o f  uranium in the form  o f  uranium oxide, experience w hich shows that the main characteristics 

o f  the pellets have been properly mastered so that good perform ance in the reactor is 

guaranteed.

E X P E R IE N C E  D E  F A B R IC A T IO N  D E  C O M B U S T IB L E  U 0 2 A C Q U IS E  P A R  

F R A G E M A  E T  F B F C .

Les pastilles d ’oxyde d ’uranium des réacteurs à eau légère doivent satisfaire à de 

multiples exigences, en particulier en neutronique et en comportement sous irradiation. La  

structure des pastilles jou e  un rôle prépondérant dans ce comportement. A près l ’exposé des 

raisons du choix des procédés de fabrication de conversion et pastillage fait par Fragém a 

(filiale com m une de Fram atom e et Cogém a) et la Franco-belge de fabrication de com bustibles 

(F B F C ), l ’ analyse des résultats portant sur une expérience de production de 4000 tonnes 

d ’uranium sous form e d ’oxyde d ’uranium montre que les caractéristiques essentielles des 

pastilles sont très bien m aîtrisées, garantie d ’un haut niveau de perform ance en réacteur.

INTRODUCTION

L ’expérience acquise par Fragéma dans le domaine du combustible, tant en 
réacteur qu’au cours du programme de développement, a mis en évidence l ’influence 
de certaines caractéristiques de la pastille sur le comportement global du crayon.

4 7 1
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L ’augmentation des performances du combustible passe par l’optimisation de ces 
caractéristiques et, corollairement, des procédés de fabrication qui les régissent.

Les objectifs poursuivis par Fragéma en matière de performance du 
combustible sont au nombre de trois:
— augmenter le taux d’épuisement maximal admissible;
— accroître la souplesse d’utilisation des assemblages de combustible, dont la 

capacité à fonctionner en suivi de charge et en réglage de fréquence a déjà été 
démontrée;

— améliorer la fiabilité du combustible qui a déjà atteint des niveaux élevés.
La réalisation de ces objectifs passe nécessairement par la maîtrise des carac

téristiques des pastilles qui influent sur les phénomènes et qui contribuent au dimen- 
sionnement du crayon combustible, essentiellement sur la cinétique de densification, 
le gonflement de l ’U02 et le relâchement des gaz de fission. Il est maintenant 
prouvé que la microstructure et la pureté chimique sont les paramètres qui 
gouvernent en premier lieu ces différents processus pour des conditions de fonc
tionnement données.

Le relâchement des produits de fission est étroitement fonction de la porosité 
ouverte de la pastille. Diverses investigations ont également montré que la taille de 
grain jouait un rôle [1], et ceci paraît assez compréhensible si on admet que le 
relâchement s’effectue en partie par des migrations de gaz aux joints du grain.

Le gonflement est dépendant du spectre de porosité à un double titre: d’une 
part, il est maintenant bien connu que la densification est directement fonction de la 
fraction volumique des petits pores (diamètre de l ’ordre du micron) [2]; d’autre part,
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les pores de diamètres plus importants constituent des lieux d’accueil pour les gaz 
de fission et limitent la cinétique de gonflement.

Pour ces raisons, Fragéma a retenu pour son combustible un spectre de poro
sité de type bimodal tel que celui présenté en figure 1.

Un programme de développement est mené actuellement sur la recherche 
d’une microstructure optimisée. Ce programme comporte notamment l ’irradiation à 
fort épuisement de pastilles de structures diverses et, parallèlement, la mise au point 
de procédés de fabrication permettant de l ’ajuster. De plus, un effort important a été 
accompli par Fragéma et FBFC pour apporter, en fabrication, toutes les garanties 
assurant de disposer d’un produit pur, stoechiométrique, peu sensible à la reprise 
d’humidité et stable thermiquement.

Ces considérations nous ont fortement incités à employer un procédé de con
version par voie sèche qui présente, en particulier, l ’avantage de fournir des pastilles 
à très faible porosité ouverte.

La qualité d’une fabrication ne se mesure pas, bien évidemment, à la seule 
définition des paramètres nominaux des pastilles; encore faut-il être capable 
d’assurer, en permanence, une fidélité aussi complète que possible des caractéris
tiques des pastilles. La maîtrise acquise en fabrication commande directement la fia
bilité du combustible en service. Fragéma et FBFC ont donc choisi leurs procédés 
de fabrication, non seulement pour atteindre les conditions nominales visées, mais 
aussi pour obtenir une constance des propriétés aussi parfaite que possible sur de 
grandes productions.

1. PROCEDE DE CONVERSION ET DE FABRICATION DES PASTILLES

Le procédé de conversion retenu par Fragéma et FBFC est le procédé par voie
sèche.

Ce procédé est caractérisé par les réactions mises en jeu qui ne font intervenir 
que des gaz et des solides.

Il peut se résumer en deux phases: la première phase qui conduit au fluorure 
d’uranyle par hydrolyse de l’hexafluorure d’uranium par la vapeur d’eau; la seconde 
phase, au cours de laquelle le fluorure d’uranyle est réduit en présence d’hydrogène 
et de vapeur d’eau en bioxyde d’uranium.

Ce procédé présente certains avantages qui méritent d’être mentionnés. C’est 
un procédé sans effluents liquides contaminés. En dehors de la poudre d’U02, le 
produit des réactions est l ’acide fluorhydrique qui présente la particularité d’être très 
pur. Par condensation avec l’excès de vapeur d’eau utilisé, il peut être ainsi récupéré 
et valorisé.

Les gaz (hydrogène et azote) sont lavés avant rejet dans l’atmosphère. L ’en
vironnement de cette unité de fabrication fait l ’objet d’un plan de surveillance et les
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analyses faites depuis l ’origine révèlent une pollution nulle tant en fluor qu’en 
uranium.

Le dimensionnement des appareils industriels basés sur ce procédé n’est pas 
limité, comme pour les procédés à base de solution aqueuse, par les contraintes de 
sûreté (criticité).

Dans ce procédé, le nombre de paramètres (température, pression, débit) est 
limité et le domaine de variation est tel qu’il assure une grande stabilité de fonc
tionnement et, par conséquent, une constance des caractéristiques de la poudre.

Après conversion, la poudre d’U02 est homogénéisée en lots d’environ 2,5 t. 
C’est à ce stade qu’elle est contrôlée.

Le pastillage débute par une opération de mélange de la poudre d’U02 avec 
de la poudre U30 8 provenant de l’oxydation des rebuts de fabrication. La finesse 
des poudres assure une très bonne homogénéité du mélange.

Une des caractéristiques de la poudre d’U02 est sa grande frittabilité. 
L ’ajustement de la porosité et de la densité des pastilles résulte de. l ’addition d’un 
agent porogène. Cette addition est faite au niveau du mélange en tenant compte des 
proportions et des caractéristiques des poudres d’U02 et d’U3Og.

Les opérations suivantes sont classiques. Ce sont: la mise en forme des 
pastilles, suivi du frittage en four continu sous atmosphère d’hydrogène, puis la rec
tification des pastilles au diamètre requis et le contrôle.

Depuis la mise en service des usines de fabrication de combustible de FBFC, 
plus de 4000 tonnes d’uranium sous forme de poudre d’U02 ont été traitées. Les 
résultats présentés correspondent à 35 campagnes de fabrication représentant une 
production de plus de 1000 tonnes d’uranium.

EFFECTIF 103

F IG .  2. S u r f a c e  sp é c if iq u e : h isto g ram m e .
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E F FE C T IF  10J

F IG .  3. F r itta b il ité  d e  la  p o u d r e  d ’U 0 2: h is t o g ra m m e  et ch ro n o lo g ie .

2. CARACTERISTIQUES DE LA POUDRE D’U02

Nous ne citerons que les caractéristiques essentielles de la poudre d’U02, 
c’est-à-dire celles qui, d’après l ’expérience acquise, conditionnent les qualités 
recherchées des pastilles.

La surface spécifique est une de ces caractéristiques: d’elle dépend en partie 
la frittabilité de la poudre.

Elle est fonction des paramètres de conversion choisis. La figure 2 représente 
la dispersion des mesures effectuées sur près de 12 000 échantillons. On voit que la 
moyenne est de 2,25 m2/g.
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La teneur en fluor est une caractéristique dont il faut tenir compte au niveau 
de la poudre, car elle conditionne la qualité des pastilles. Or, dans le procédé de con
version par voie sèche, c’est au cours de la réaction de pyrohydrolyse que la poudre 
est défluorée. La teneur résiduelle en fluor de la poudre d’U02 dépend des 
paramètres de conversion (profil de température, débit et pression des gaz de réac
tion). Nous avons recherché les conditions optimales correspondant à la surface 
spécifique conduisant à une bonne frittabilité de la poudre et à une teneur en fluor 
la plus basse possible. Ainsi, sur la production analysée, 96% de la poudre ont une 
teneur inférieure à 20 ppm, 3,2% une teneur comprise entre 20 et 30 ppm et 0,8% 
une teneur comprise entre 30 et 50 ppm.

EFFECTIF 10*

F 1 G . 4. D e n s it é  d e s  p a st il le s :  h is t o g ra m m e  et ch ro n o lo g ie .
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F IG .  5. S tru c tu re  d e s  p a st il le s :  A )  M a t r ic e  U 0 2 s a n s  a d d it io n ;  В ) P a s t i l le  d 'U 0 2 a v e c  

add ition .

Comme le montre l’histogramme de la figure 3, représentant les mesures de 
frittabilité de la poudre d’U02 effectuées sur 540 échantillons, la moyenne des den
sités obtenues est de 98,3% de la densité théorique (DT). Sur la même figure, nous 
avons représenté la variation de la frittabilité moyenne de 35 campagnes de fabrica
tion. Il ressort de ce diagramme que la dispersion des moyennes est de 0,5% de DT.

Parmi les autres .caractéristiques, nous avons observé que les densités non 
tassées et tassées de même que le rapport О/U jouaient un rôle sur les caractéristiques 
des pastilles, mais à un degré moindre.



TABLEAU I. IMPURETES CHIMIQUES DES PASTILLES
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Elém ent Tolérance

(ppm)

A nalyse

(ppm)

Elém ent Tolérance 

(ppm)

A nalyse

(ppm)

A l 300 <12 T i 80 <10

B 1,5 <  0,1 Th 10 <  2

Bi 1 <  1 V 2 <  1

C a 300 < 1 6 W 100 <10

Cd 2 <  0,3 Zn 20 <20

Со 12 <  1 C 100 <  9

C r 1000 <12 C l 25 <  5

C u 100 <  1 F 25 <  3

Fe 500 <12 N 75 <  7

In 6 <  1 D y ' <  0,05

M g 50 <  4 Eu
> 0,6

<  0,05

M n 20 <  3 Gd <  0,1

M o 300 <  2,5 Sn <  0,1

Ni 300 <  5

Pb 40 <  5

Si 500 <20

Sn 10 <  4

3. CARACTERISTIQUES DES PASTILLES

Les caractéristiques que nous présenterons ici sont:
— la densité,
— la stabilité thermique,
— la structure, porosité et taille de grains,
— les impuretés chimiques,
— la teneur en humidité et en hydrogène.

3.1. Densité

C’est à partir de 1 070 486 mesures que l’histogramme de la figure 4 donnant 
la répartition des densités des pastilles a été élaboré. De cet histogramme, il découle
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que l ’étendue des mesures est de 0,9% de DT. Cette étendue est à comparer à l ’inter
valle de 2,5% de DT spécifié.

Le second diagramme de la figure 4 représente les variations de densités 
moyennes de 35 campagnes. L ’étendue des moyennes est de 0,33% de DT. En com
parant ce diagramme à celui de la frittabilité de la poudre d’U02, on remarque une 
très nette amélioration de la dispersion des moyennes, ce qui montre que le procédé 
d’ajustement de la densité par addition d’un agent porogène permet d’obtenir une dis
persion très faible des densités individuelles des pastilles, ainsi qu’un très bon 
contrôle autour d’une valeur moyenne.

3.2. Stabilité thermique

La stabilité thermique des pastilles mesurées dans les conditions standard est 
très bonne (0,3% de DT). Elle découle de la très bonne frittabilité de la poudre 
d’U02 et de la stabilité des pores produits par le porogène.

3.3. Structure

Comme montré sur la figure 1, le spectre de porosité est de type bimodal avec 
deux populations de pores, l ’une fine due à la matrice et à l ’U3Og et l’autre plus 
grosse dont l’origine est le porogène.

La taille moyenne des grains donnée par les mesures effectuées sur 540 échan
tillons est de 12 fim. La structure de la matrice d’U02 sans addition, comme celle

F IG .  6. T e n e u r  e n  h u m id ité  d e s  p a s t i l le s  (p p m  H 2).



4 8 0 C O U T U R IE R  e t L E L I È V R E

de pastilles avec addition d’U3Og et de porogène, sont très homogènes comme on 
le voit sur les micrographies de la figure 5.

3.4. Impuretés

Le tableau I donne les impuretés analysées avec les valeurs limites ainsi que 
les valeurs moyennes mesurées. De ces résultats, il ressort que les pastilles sont très 
pures.

3.5. Humidité et teneur en hydrogène

Avant la mise en gaine des pastilles, celles-ci sont contrôlées par mesure de 
la teneur totale en hydrogène. Les résultats de ces mesures sont résumés sur le 
diagramme de la figure 6 qui représente les valeurs moyennes pour chaque campagne 
de fabrication.

La limite maximale admissible est de 1,7 ppm équivalent hydrogène. La valeur 
la plus élevée correspond au 1/6 de cette limite.

CONCLUSION

Nous avons montré que les procédés de fabrication employés par FBFC per
mettaient de garder constantes les caractéristiques du produit fini sur de longues 
périodes de production. Cette qualité des fabrications, associée à la conception 
Fragéma du crayon combustible, a permis de garantir un haut niveau de performance 
en réacteur.

Dans les années à venir, pour répondre à des objectifs d’augmentation des taux 
de combustion, dans des conditions de fonctionnement des réacteurs encore plus 
sévères, Fragéma se met en mesure de répondre à un besoin d’optimisation du com
bustible. En particulier, un programme est en cours pour tester le comportement à 
fort taux d’épuisement de diverses structures de pastilles d’U02 obtenues par ajuste
ment de procédés actuels de fabrication.
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Abstract

P R O G R E S S  IN  O X ID A T IV E  S IN T E R IN G  O F  U 0 2 F U E L  P E L L E T S  (N IK U SI 

PR O C E S S).

T he oxidative sintering process (N IK U SI) allow s simultaneous low ering o f  the m axi

mum sintering temperature from  ~  1700 to 175 0 °C  down to 1100 to 1250 °C  and shortening 

the sintering cycle  tim e by 50 % . Process qualification and pathfinder irradiations w ere per

form ed betw een 1975 and 1981. The N IK U S I process has been in com m ercial use since 1981 

on a pilot scale. Perform ance with a 40 t/а furnace has been very  good. Based on the 

experience gained, a decision w as made in 1985 to apply the N IK U SI process in order to 

increase the sintering capacity at the fuel factory by  200 t/а. The irradiation perform ance o f  

over 100 pathfinder rods and 75 fuel assem blies has been very  satisfactory. N IK U SI fuel is 

regarded as a potential high bum up fuel for L W R s.

1. INTRODUCTION

Nuclear ceramic fuel can be regarded as an early precursor of today’s ‘high 
tech ceramics’ . Modern ceramic technology has to comply with highly specialized 
performance requirements, provide high quality and good operational performance 
reliability and follow economic production procedures.

These criteria, among others, have been the key objectives in the development 
of ceramic nuclear fuel [1,2]. In 1975, the oxidative sintering process (NIKUSI) was 
identified as being a very promising solution for the sintering step in direct pelletiz
ing of U02 ex AUC powder [3]. At a recent conference held in Milan [4], use of 
this unconventional approach was confirmed because of the general trend towards 
development of sintering processes under controlled atmospheres and at low 
temperatures.

48 1
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TABLE I. U02 PELLET CHARACTERISTICS THAT CAN BE ACHIEVED 
WITH THE POWDER EX AUC PROCESS AND NIKUSI SINTERING

A chievable properties

P ellet characteristics Reducing sintering 

in H2 atmosphere

O xidative sintering 

(N IK U SI process)

D ensity, nominal (g/cm 3) 10.0 -10 .6 10.0 -10 .6

O pen porosity

(at 10.40 g/cm 3) (vol. %)

1 .5 -3 .0 0 -3 .0

Grain size (pm) 6-9 3-20

M ean pore size  ( д т ) 1 .5 -2 .5 1 .5 -3 .5

Scattering factor o f 

pore size distribution

0 .25-0 .30 0 .25-0 .30

Pore roundness factor 0.5 0 .7

For commercial nuclear fuel production, U02 sintering has to be exercised 
under mass scale manufacturing conditions. Therefore, product quality, process sta
bility and economy are decisive aspects. Sintering of U02 in a reducing atmosphere 
is the conventional process used worldwide. The NIKUSI process developed at the 
Kraftwerk Union (KWU) [1,5] satisfies the above requirements as well as conven
tional H2 sintering does and also shows a greater flexibility regarding further adap
tations of fuel properties, e.g. for high burnup.

The NIKUSI process enables sintering of U02 to its final density at 1100 to 
1250°C. Surprisingly, it is also possible to halve the sintering cycle period [5]. Basic 
investigation of the NIKUSI process, completed in 1980, showed that it has one free 
process parameter more than the conventional H2 sintering process [6]: control of 
the О/U ratio throughout the complete sintering cycle. This additional parameter 
enables easy adjustment of the performance related parameters described in Table I. 
Also, process relevant impurities such as H2 and F are constantly low (< 5  ppm).

2. PRINCIPLES OF THE NIKUSI PROCESS

As the principles of the NIKUSI process have already been reported in detail 
elsewhere [1, 7, 8], they are only briefly summarized here.
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F IG .  1. C o m p a r is o n  o f  o x id a t iv e  a n d  re d u c in g  U 0 2 s in te ring .

TIT) j t(min)

F IG .  2. S in te r in g  c u r v e s  o f  U 0 2 in  r e d u c in g  a n d  o x id a t iv e  a tm o sp h e re s  (kea t-up  rate  

1 0  K /m in ).
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kg

F IG .  3. M a x im u m  d a i ly  p r o d u c t io n  rate  w ith  the N I K U S I  p r o c e s s  d u r in g  p i lo t  f a b r ic a t io n  

( K W O  =  K e m k ra f tw e rk  O b r ig h e im ;  K K G g  =  K e m k ra f tw e rk  G ô sg e n ;

K K U  =  K e m k ra f tw e r k  U nterw eser).

01 82 83 8t 85

year of producHon

F IG .  4. A m o u n t  o f  N I K U S I  f u e l  p r o d u c e d  betw een  1 9 8 1  a n d  1 9 8 4  ( G K N  =  G e m e in -  

s ch a f t sk e m k ra jtw e rk  N e c k a r ;  K B R  =  K e m k ra f tw e r k  B r o k d o r f ;  I F  A  =  H a ld e n  re se a rc h  s e r ia l  

n u m b e r ;  f o r  e x p la n a t io n  o f  o th e r  a b b re v ia t io n s  u se d  se e  F ig .  3).
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As shown schematically in Fig. 1, the H2 sintering process primarily reduces 
the hyperstoichiometric green pellet (e.g. from X = 0.15 to X = 0.01) and then 
densities it. The NIKUSI process interchanges the densification and the reducing 
step.

Because of the enhancement of U diffusion in U02+x, oxidative sintering 
allows simultaneous lowering of the sintering temperature and shortening of the sin
tering cycle period. Pellet reduction after densification causes no problems, since 
oxygen diffusion is sufficiently fast at 1100 to 1250°C. Figure 2 describes the sinter
ing process as density versus temperature and/or holding time.

3. PROCESS PERFORMANCE AND FUEL QUALITY

After test rod production and lead test assembly manufacturing, commercial 
use of the NIKUSI process was initiated in 1981 by pilot fabrication.

Figure 3 shows the development of the daily production rate. It was increased 
by more than a factor of 3 because of the increasing experience gained with the 
process and the realization of process improvements. Figure 4 gives the amounts of 
NIKUSI fuel produced and the place of insertion. A total of 45 tonnes of NIKUSI 
fuel were fabricated between 1981 and 1985, nearly half of which was manufactured 
in the last year.

Table II summarizes the NIKUSI fuel property data from KWO-16 reload fuel 
production. This fabrication campaign was run continuously for a long period of time 
with a production rate of around 300 kg/d. It can be regarded as typical for all 
aspects of commercial use. The density and the grain size show small scatter bands. 
The low hydrogen and fluorine contents are remarkable. The resintering characteris
tics of NIKUSI fuel are equal to or better than those of H2 sintered fuel. This is an 
indication that the microstructure of NIKUSI fuel is adaptable to high burnup. This 
aspect is reviewed in the following section.

4. IN-SERVICE PERFORMANCE

Introduction of NIKUSI was accompanied by three phases of irradiation 
testing:

(1) Lead rod assembly irradiation between 1976 and 1978
(2) Lead test assembly irradiation, which started in 1979
(3) Demonstration of in-service performance on a commercial basis since 1982.

From the start, all irradiation testing was performed in power reactors. 
Table in presents a summary of the experience gathered so far. In general, burnup
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TABLE III. SLIMMARY OF IN-SERVICE PERFORMANCE OF THE TEST 
PROGRAMME FOR NIKUSI FUEL IN COMMERCIAL POWER REACTORS

Y e ar Fuel

rod

Fuel

assem bly

Burnup 

(G W -d/t U)

Status Reactor

1976 4 _ 24-33 a, b2 K W O

1977 4 — 1 1 - 3 1 a, с K W O

1978 88 — 11-3 3 a, b l ,  b2 K W O

1979 — 4 11-3 3 a, b l ,  Ь2, с K W O

1982 — 4 38 a, b l ,  Ь2, с K K U

1983 — 4 26 b l ,  d K K U

1984 — 17 12 b l ,  d K W O , K K U , K K G g

1985 4 46 6 d K W O , K K U , K K G , G K N

a: unloaded; b l:  intermediate pool inspection; b2: final pool inspection; c: post-irradiation 

com pleted; d: still in service (for explanation o f  abbreviations used see F igs 3 and 4).

Burnup

F IG .  5. D e n s it y  b e h a v io u r  o f  N I K U S I  f u e l  d u r in g  b u m u p .
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TABLE IV. TYPICAL PIE RESULTS FROM NIKUSI FUEL

Burnup 

(G W -d/t U)

Length change

Fuel rod 

diameter change 

(% )

Fission gas 

release rate 

(% )

U 0 2 column 

(% )

Fuel rod

(% )

11 .4 - 0 .2 1 0.10 -0 .3 0 2 .8 5 a

21.6 - 0 .3 8 0.25 - 0 .5 0 0.28

30.9 - 0 . 1 2 0.36 - 0 .6 7 0.20
32.9 — 0.52 - 0 .6 7 1.58

A typical microstructure: high open porosity and lo w  density.

performance has been highly satisfactory. This assessment is not only based on in- 
service performance data but also on detailed post-irradiation examinations (PIEs)
[9]. To date, no fuel rod failure has occurred.

PIEs have been performed on fuel rods with burnups ranging from 11 to 
33 GW-d/t U. Fuel with a higher burnup is expected to be available in the hot cells 
in the near future. The dimensional behaviour of NIKUSI fuel shows typical high 
burnup characteristics [9]. This is in accordance with the predictions derived from 
the microstructure investigations and the resintering experiments.

Figure 5 shows that the fission induced fuel shrinkage is small and that the 
swelling is compensated for partially by ongoing densification even at a higher 
burnup. The predicted dimensional behaviour found by the model of Assmann and 
Stehle [10] fits satisfactorily to the measured data. Additional numerical values for 
the fuel column length changes and fuel rod length changes are given in Table IV.

The fission gas release of NIKUSI fuel is as low as that of standard fuel if the 
structural data are comparable, i.e. it shows some pronounced dependence on the 
amount of open porosity:

(1) High open porosity results in a higher fission gas release at comparable linear 
power

(2) Low open porosity results in a lower fission gas release at comparable linear 
power.

The unique feature of the NIKUSI process to control open porosity and density 
independently of each other offers the possibility of producing a fuel with a low fis
sion gas release. Low open porosity, in combination with densities around 
10.40 g/cm3, is expected to be highly suitable for a PCI resistant fuel.
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F IG .  6. C h a n g e  o f  b im o d a l g r a in  s ize  d ist r ib u t io n  a fte r  f i r s t  to th ird  c y c le  b u m u p  in  N I K U S I  

pellets.

Ceramographic examinations during PIE show that a bimodal grain structure 
is still existent after in-service operation. However, the grain size of the small frac
tion increased during the first reactor cycle. This grain growth is completed in the 
first cycle and further burnup will not cause significant changes in grain sizes 
(see Fig. 6).

On the whole, the in-service performance of NIKUSI fuel has proved to be 
excellent. The basis of the exprience amounts to nearly 50 tonnes or 101 fuel rods 
and 75 fuel assemblies (status June 1986).

5. PROSPECTS OF OXIDATIVE SINTERING

Based on the positive experience gained, KWU and the Reaktor Brennelement 
Union (RBU) decided that NIKUSI was the best process for increasing the sintering 
capacity by 200 t/a.

A walking beam furnace was designed and manufactured in 1985 and 
early 1986. Because of the process requirements, the furnace (shown in Fig. 7) is 
divided into an oxidation sintering zone and a reduction zone, separated by a gas 
lock. Acceptance testing of the furnace has been successfully completed and final 
installation at the fuel fabrication site, together with the licensing, is under way (sta
tus June 1986). Commissioning of the new 200 t/а NIKUSI furnace is expected to 
be completed in 1986.

More advanced sintering features such as boatless single (Fig. 8) layer sinter
ing are yet another aspect of NIKUSI technology. This concept allows on-line deter
mination of furnace in situ densification and touchless quality assurance



4 9 0 P E E H S  e t a l.

F IG .  7. V ie w  o f  the 2 0 0  t/а w a lk in g  b e a m  N I K U S I  fu rn a ce .



IA E A -S M -2 8 8 / 2 3 491

measurements. A 30 t/а prototype furnace has been developed and tested and is
being installed at the RBU site. Use of the boatless sintering principle on a pilot scale
will be initiated after commissioning of the walking beam furnace.

6. CONCLUSIONS

The results of 10 years of work on the development and validation of the
NIKUSI process can be summarized as follows:

(1) It allows the sintering temperature to be lowered from 1700 to 1750° С down 
to 1100 to 1250°C.

(2) The sintering cycle period is only half that of standard sintering.
(3) The additional process parameter ‘oxygen activity of the sintering atmosphere’ 

is easily adjustable in the range of interest and allows control of performance 
related fuel properties, e.g. independent adjustment of density and open 
porosity.

(4) During the pilot manufacturing campaign the stability of the process proved to 
be satisfactory and the equivalent manufacturing throughput is comparable to 
standard sintering technologies.

(5) In-service performance is highly satisfactory, and it is expected that NIKUSI 
fuel will prove to be a high burnup fuel.

(6) It was chosen as the sintering technology for the future increase in sintering 
capacity by 200 t/a.

(7) The NIKUSI principle offers more advanced sintering features, e.g. boatless 
sintering with on-line quality control.
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Abstract

PH W R /BW R  F U E L  M A N U F A C T U R IN G  E X P E R IE N C E  IN  IN D IA .

Self-sufficiency in nuclear fuel fabrication is im perative for a sustained nuclear pow er 

program m e in any country. The Department o f  A tom ic Energy (D A E ) thus established the 

N uclear Fuel Com plex (N F C ) at Hyderabad to meet the requirements o f  fuel and other 

Z irca loy  components for nuclear pow er reactors. Established in 1972, N F C  produces Z ircaloy  

clad uranium dioxide fuels for PH W R s at K ota (Rajasthan), Kalpakkam  (Tam il Nadu), Narora 

(Utter Pradesh), e tc ., and B W R s at Tarapur (Maharashtra). Natural uranium dioxide fuel 

pellets are produced, starting with indigenous magnesium  diuranate concentrate from  the 

Uranium  Corporation o f  India Lim ited, Jaduguda, another unit o f  the D A E , and enriched 

uranium dioxide pellets from  imported uranium hexafluoride, w hich are then fabricated into 

fuel elem ents and assem blies using N F C  produced Z ircaloy  fuel tubes andhardware. F or 

P H W R  fuels, m agnesium  diuranate (yellow  cake) is processed through the A D U  route to 

produce ceram ic grade uranium oxide pow der which is pelletized; the pellets are then loaded 

into Z irca loy  tubes and resistance welded with end-caps to form  elem ents. Nineteen elements 

with w ire appendages are assem bled into bundles with Z ircaloy  end-plates and the fuel bundles 

are dispatched to the reactor sites. F or B W R  fuels, the imported uranium hexafluoride is 

processed through the A D U  route to produce ceram ic grade uranium oxide pow der which is 

pelletized; the pellets are then loaded into autoclaved Z irca loy  tubes and T IG  w elded with end- 

plugs to form  elem ents. Som e fuel elements are loaded with U 0 2-G d 20 3 pellets for use as 

burnable poison. Extensive w ork has been carried out to produce hom ogeneous mixtures o f  

U 0 2 and G d20 3 pow ders, and for the production o f  U 0 2-G d 20 3 pellets with the requisite 

m icrostructure. T hirty-six elem ents are assem bled into a 6 x  6 array, with stainless steel tie 

plates at the ends; intermediate spacing is maintained by Z irca loy  spacer grids. O ver the years, 

several design changes and process improvem ents in the fuel fabrication line have been 

introduced in an effort to produce better fuel, e .g . subdivided fuel such as 7  X 7 for B W R s 

and 22-elem ent clusters and replacement o f  w ire appendages with strip appendages for PH W R  

reactors, and introduction o f  short cham fered pellets and prepressurization o f  cover gas in the 

B W R  fuel elem ents. D etails are given o f  the manufacturing experience gained and the inspec

tion and quality control procedures adopted in the manufacturing line o f  PH W R /BW R  fuels.

4 9 3
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The basic philosophy of the nuclear power programme in India has been to 
place great emphasis on self-reliance and self-sufficiency in all areas of nuclear 
technology. For a sustained nuclear power programme self-sufficiency in nuclear 
fuel fabrication is imperative. As early as 1959 the Department of Atomic Energy 
(DAE) decided to set up a nuclear power station of the BWR type at Tarapur, near 
Bombay. This was closely followed by the decision to introduce natural uranium 
oxide fuelled reactors (PHWRs) for power generation in other parts of the country. 
Simultaneous decisions were also taken to initiate work on power reactor fuel 
fabrication based on uranium dioxide. With the experience that had been gained in 
setting up the natural uranium metal fuel fabrication facility at Trombay to supply 
fuel elements for research reactors, it seemed logical at the time to develop flow 
sheets for the production of ceramic grade uranium oxide powder, pelletizing and 
fuel assembly facilities at the same location at Trombay.

By 1961 when, in principle, the decision was taken to introduce PHWRs based 
on natural uranium oxide fuel, pilot plant’ scale production technologies were 
developed for uranium powder production and subsequent fabrication of U02 
pellets. With the fabrication of aluminium clad uranium oxide fuel element clusters 
for the Zerlina research reactor at Trombay, enough expertise had been accumulated 
to start production of half of the initial core fuel for the first PHWR then under con
struction at Kota, Rajasthan (RAPP-I). Consequent to the decision to import only 
half the initial core fuel for RAPP-I, a time-bound programme was initiated to 
produce the other half of the fuel (about 2000 bundles). The fuel was Zircaloy clad 
natural uranium dioxide fuel elements in 19-element clusters. By 1969 the fuel had 
been fabricated and dispatched to the reactor site. The Zircaloy tubes and 
components required for this fuel had to be imported, since the necessary facilities 
for their production had not yet been set up.

The experience gained in the fabrication of half the initial core for RAPP-I 
enabled us to embark on planning activities for the production of fuel on a 
commercial scale. Detailed plans had been prepared for the setting up of facilities 
for the production of 100 t of finished fuel for PHWRs and 24 t of finished fuel for 
BWRs. On the basis of R&D work carried out at Trombay, the Nuclear Fuel Com
plex (NFC), a division conceived at the time of planning for large scale fuel produc
tion, came into operation in 1972 at Hyderabad with the following production units:

(1) PHWR fuel: natural uranium oxide plant; ceramic fuel fabrication plant

(2) BWR fuel: enriched uranium oxide plant; enriched fuel fabrication plant

(3) Zirconium plants: zirconium oxide plant; zirconium sponge plant; Zircaloy
fabrication plant.

1. I N T R O D U C T I O N
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To cater to the requirements of analysis, testing, inspection and quality control, 
a control laboratory was also set up.

With the above units in operation facilities had thus been established at NFC 
to produce PHWR fuel, BWR fuel and Zircaloy structural components such as 
coolant tubes, calandria tubes, Zircaloy fuel tubes, Zircaloy wires, Zircaloy rods and 
sheet material.

2. PHWR FUEL PRODUCTION EXPERIENCE

The uranium concentrates from the Uranium Corporation of India Limited, 
(DAE undertaking) received at the uranium oxide plant are dissolved in nitric acid, 
the uranyl nitrate solution is purified by solvent extraction and the uranium precipi
tated as ADU. The ADU cake is dried and calcined, and then reduced and stabilized 
to ceramic grade uranium oxide powder. Tunnel/rotary furnaces are used for calcina
tion and rotary furnaces for reduction and stabilization. The powders produced are 
hammer milled and blended to homogeneous batches of size 500 kg.

The tunnel furnace used for calcination, with its inherent disadvantage of 
non-uniform charge temperatures, resulted in a less homogeneous U30 8 product. A 
resistance heated tubular rotary furnace was installed to produce U30 8 powders 
with better homogeneity. The heat input and temperature are controlled in such a 
way that the U02 powder obtained after reduction is fairly soft, with a particle size 
in the range of 0.8 to 1 pcm. The surface area of the U02 powders falls in the range 
of 2.4 to 2.8 m2/g. Investigations made on the sintering behaviour of powders with 
surface areas that fall below 2.2 m2/g and rise above 3.0 m2/g have revealed that 
the sintered pellets deviate from specifications with reference to density for low 
surface area powders and pressing and microstructural defects for high surface area 
powders. For ADU derived U02 powders, our experience indicates that for 
producing acceptable sintered pellets the surface area may be around 2.6 m2/g.

Pilot plant scale experiments were conducted to produce powders through the 
AUC route by precipitation of the uranium from uranyl nitrate solutions with C02 
and ammonia, followed by tunnel furnace drying and rotary furnace reduction. The 
resulting powders were found to have coarser particles that were relatively soft in 
nature. Our experience in the powder production technology through the ADU or 
AUC route indicates that ADU derived powders exhibited more sensitivity for minor 
variations in production parameters, often resulting in variation in sintered density 
and microstructural defects in sintered pellets, whereas AUC derived powders are 
not that sensitive to minor variations in production parameters. Plans are on hand 
to initiate studies on fluidized bed calcination and reduction processes to produce 
U02 powders on a large scale through the AUC route in the future. Our limited 
experience indicates that these powders hold promise for the production of U02
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pellets, with the definite advantage of a possible reduction in some of the process 
steps such as hammer milling, precompaction and granulation of powders.

While achieving sintered densities and a homogeneous microstructure in 
sintered U02 pellets posed no problem, minor defects such as edge defects and 
multiple surface cracks keep recurring in sintered pellets. While the total elimination 
of such defects may be practically impossible to achieve in as brittle and refractory 
a material as U02, the specifications with regard to such defects are under constant 
review, keeping in view the collapsible nature of the cladding used in PHWR fuels. 
In our fuel pellet production, we do not add any binder or lubricant to the powder. 
Perhaps the strength of the green pellets might be better with binder additions. 
Efforts are being made to increase the strength of green pellets to avoid rejects at 
the sintering stage by adding a low amount of lubricant to the powder itself, which 
incidentally also aids in die-wall lubrication at the time of powder compaction. These 
pellet production processes are under continuous evaluation, especially with 
reference to the introduction of automatic conveying systems while planning for 
additional capacities to the fuel fabrication line.

The sintered pellets are ground to the required size and loaded into 
indigenously produced Zircaloy-4 tubes. Resistance welding techniques are 
employed to seal the ends of the loaded Zircaloy tubes in helium atmosphere. The 
presence of helium enables leak testing to be carried out by mass spectrometry 
techniques to ensure welds of high integrity. The elements spot-welded with Zircaloy 
wires in different helical patterns along the length on the clad surface are arranged 
in a 19-element circular configuration and fabricated into bundles using Zircaloy 
end-plates on either side which are spot-welded to the elements. These 19-element 
bundles are sample autoclaved to ensure clean Zircaloy surfaces and inspected, duly 
packed and then shipped to the reactor sites. The fabrication flow sheet for PHWR 
bundles is given in Fig. 1.

3. SECOND GENERATION PHWR FUEL

PHWR fuel currently under manufacture uses a Zircaloy strip spacer and 
bearing pads in place of a Zircaloy wire spacer and bearing pads. Specially coined 
spacer pads (0.8 mm thick) are spot-welded at two places to ensure good weld 
strength. Bearing pads (1.3 mm and 1.6 mm thick) are spot-welded at three places. 
The welding equipment required for resistance welding of these spacer-bearing pads 
is indigenously designed, qualified and put into production. Development work is in 
progress to change the mode of welding from individual spots to all the spots at a 
time, and also to develop a suitable profile on the bearing pads to permit full surface 
welding. To enable in situ evaluation of the weld quality for these indigenously 
developed machines, monitoring equipment such as weld quality monitor, current 
monitor, pressure monitor are being designed and will be put into use shortly.
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Meanwhile, a new fuel design with 22 elements has been developed with two 
different sizes of elements. After standardizing the design and production 
parameters, about 500 bundles have been produced to evaluate their performance in 
the Narora reactors. However, at present regular production consists of 19-element 
split spacer type bundles for use in the reactors for the initial core, as well as for 
replacement fuel requirements for all 235 MW(e) reactors.

The PHWR fuel fabrication activities are carefully and periodically reviewed 
with respect to the specification requirements and the methods of manufacture, 
for example:

(1) The specification for uranium oxide pellets with reference to grain size has 
been slightly modified over the years. However, homogeneous microstructure 
requirements exist.

(2) The wire spacers and wire bearing pads are replaced by strip spacer pads and 
bearing pads, which are resistance-welded to the clad. Brazing, an alternative 
to resistance-welding of spacer-bearing pads, has not been pursued because of 
the additional safety and health hazards associated with beryllium handling.

(3) Use of a mixture of argon (75%) and helium (25%) as cover gas was studied 
and 75 bundles were made with this cover gas and loaded into the reactors. 
The performance of the bundles is reported to be good and use of this cover 
gas mixture can be introduced according to the needs

(4) Zircaloy tubes, with minor deviations in chemistry with respect to the limits 
on aluminium, were studied to ascertain the corrosion rates and the results indi
cated that up to 175 ppm aluminium can be permitted without any deleterious 
effect on the corrosion rates (the specification for aluminium was originally 
75 ppm). Zircaloy tubes with minor deviations in mechanical strength, 
especially on the lower side of the specified values for yield strength, have 
been used in PHWR fuel for loading into the reactors in specified low power 
zones.

(5) Provision of a thin layer of graphite coating on the inner surface of the Zircaloy 
clad is being studied to derive the benefits of easy loading of U02 pellets and 
to minimize the pellet-clad interaction. Pilot plant scale development work is 
in progress to produce fuel elements that will use tubes with a graphite layer 
in the future.

About 42 000 PHWR fuel bundles of 19-element wire wrap, 19-element split 
spacer and 22-element split spacer types have so far been fabricated for reactor use.

4. BWR FUEL PRODUCTION EXPERIENCE

The BWRs at Tarapur are fuelled with 36-element clusters of Zircaloy-2 clad 
enriched uranium oxide fuel pellets. The elements with uranium oxide pellets (235U
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enrichments of 2.66, 2.1 and 1.6%, and 2.66% gadolinium oxide (Gd20 3)) are 
assembled in a 6 x 6 array to form the 36-element clusters.

The starting material, enriched uranium hexafluoride, is imported from abroad 
in the designated 235U enrichments mentioned above. At the enriched uranium 
oxide plant, the uranium hexafluoride is dissolved in demineralized water and the 
resulting U02F2 solution is precipitated with ammonia to obtain an ammonium 
diuranate precipitate; this is dried, calcined in the presence of steam and reduced to 
U02 powder in a cracked ammonia atmosphere. The U02 powders are stabilized, 
hammer milled and blended to form homogeneous batches of powder. At the 
enriched uranium fuel fabrication plant, the U02 powders are precompacted and 
granulated. They are then compacted and sintered, resulting in a sintered density in 
the range of 93 to 96% TD. The pellets are ground to the required size and loaded 
into the Zircaloy-2 tubes. Before the pellets are loaded, the tubes are autoclaved and 
welded at one end. The loaded tubes are degassed under vacuum for removal of 
traces of moisture and other gaseous contaminants, pressurized with helium up to 
about 2.5 atm and welded at the other end with an end-plug.1 The welding opera
tions at the ends are carried out by TIG welding. Thirty-four elements containing 
U02 pellets of the three enrichments and two elements containing U02-Gd20 3 
pellets are assembled in a 6 x 6 array using Zircaloy spacers and stainless steel tie 
plates. Of the 36 elements, one is made in eight segments, with interconnecting Zir
caloy plugs having a specific profile, and is used to lock the Zircaloy spacers into 
position. All the components used in the fuel assembly are indigenously made except 
for the Inconel spring components. The fabrication flow sheet of the BWR fuel bun
dle is given in Fig. 2.

While the initial core and the first two reloads for the TAPS reactors were 
imported, fuel requirements from the third reload onwards have been met by the 
NFC.

Extensive studies were carried out to develop the flow sheet for the production 
of U02 pellets containing up to 1.5 wt% Gd20 3. In view of the difference in 
densities of U02 and Gd20 3 powders as well as the difference in sintering rates of 
these powders, extensive development work was carried out to produce 
U02-Gd20 3 pellets of homogeneous microstructure and to obtain sintered densities 
in the specified range. Our experience indicates that the blending efficiency of U03 
and Gd20 3 powders is strongly dependent on the agglomerate nature of the 
powders. The sintered pellets made with U02 and Gd20 3 powders mechanically 
mixed and with U02 and Gd20 3 powders mechanically mixed and milled have 
produced different results, with a positive benefit arising from milling, especially to 
achieve acceptable homogeneous microstructure and specified densities.

1 atm  =  1.013 25 x  105 Pa.
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U02-Gd20 3 powders are also produced by co-precipitating the uranyl nitrate 
and gadolinium nitrate solutions following the ADU and AUC routes. Our 
experience indicates that the AUC precipitate is more homogeneous regarding the 
gadolinium content than the ADU precipitate, probably because in ADU most of the 
uranium precipitates earlier than 7.0 pH, whereas most of the gadolinium precipi
tates around 8.5 pH. The X-ray diffraction patterns of the powder samples from 
these co-precipitated U02-Gd20 3 powders show no gadolinium peaks, indicating 
that the gadolinium is incorporated into the U02 lattice in the early stages of 
processing. This is advantageous in sintering, since single phase material behaviour 
gives better results on sintering. No free Gd20 3 could be traced in the ceramo- 
graphs of the sintered pellets. The sintered densities and the gadolinium contents 
have a narrower band in values than mechanically mixed and milled powders, which 
represents a closer control on the process. According to our observations, this is 
unique to the AUC route. In view of this, U02-Gd20 3 powders are produced by the 
co-precipitation technique following the AUC route. In the case of powders which 
do not yield the specified sintered density, additions of titanium oxide have also been 
tried on a limited scale to make these powders acceptable for sintering.

Over the years several improvements and modifications have been introduced 
in the fuel specifications and the fuel fabrication technology has been under a 
continuous improvement programme, for example:

(1) Introduction of hot drying operations for Zircaloy tubes and pellets 
under vacuum

(2) Use of short chamfered pellets
(3) Use of prepressurization up to 2.5 atm before second end-welding of 

loaded tubes
(4) Use of tubes with an increased wall thickness
(5) Use of tubes in an annealed condition.

Fuels fabricated with the above improvements are performing satisfactorily in 
the reactors.

About 1200 BWR fuel assemblies have been fabricated and supplied for 
reactor use.

5. SECOND GENERATION BWR FUELS

To remain in tune with the requirements of operating the fuel elements at lower 
surface temperatures, the fuel element diameter has been reduced to provide 
49 elements in the envelope space of 36 elements, in the form of a 7 x 7 array. After 
carrying out modifications in the tooling and processes and after standardizing the 
production conditions, a few 49-element fuel cluster assemblies have been fabricated



5 0 2 S O M A Y A J U L U  e t a l.

and loaded into TAPS reactors. The current programme includes fabrication of 
reload fuel for the 7 x 7 array.

The Zircaloy tubes and hardware required for the manufacture of PHWR and 
BWR fuels are totally fabricated at the zirconium plants of the NFC, starting with 
zircon sand.

Until the mid-1970s, Zircaloy spacers for BWR fuel were imported from 
abroad. Since 1979, however, the technology for the production of Zircaloy spacers 
has been developed at the NFC and after prototype testing and evaluation, the spacers 
have been introduced into the regular production line.

6. QUALITY CONTROL

The control laboratory and the inspection and testing laboratory established at 
the NFC cater to the requirements of component inspection, in-process control and 
inspection and testing of final products.

The PHWR and BWR fuel elements are subjected to 100% helium leak testing 
and the BWR fuel elements are subjected to 100% X-radiography tests. The BWR 
fuel elements are also subjected to 100% gamma scanning to ensure assembly of 
elements with the right enrichment in the right place in the square array.

The equipment and inspection staff involved in various production testing and 
inspection operations are periodically requalified according to well defined and 
documented manufacturing, inspection and quality surveillance procedures.

The fuel approved for dispatch by quality control is subjected to an external 
quality surveillance check, which sets the seal of final approval for dispatch to 
various reactor sites.

Performance of the indigenously fabricated PHWR and BWR fuels in the 
reactors has been satisfactory, judging by the reactor output and performance.

With the recent announcement by the DAE of a 15-year programme for nuclear 
power in India, detailed plans are being drawn up to install a total nuclear power 
generating capacity of about 10 000 MW(e) by the year 2000. Installation of PHWRs 
with a 500 MW(e) capacity forms part of the programme. Prototype fuel bundles of 
28-element and 37-element design, for use in 500 MW(e) reactors, have been 
fabricated and these are undergoing out-of-pile tests. Plans are also on hand to set 
up fabrication facilities to produce this type of fuel and also to increase the produc
tion capacities of 19-element split spacer fuel for the reactors planned under 
this programme.
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FLEX IB IL ITY  IN  FUEL MANUFACTURING

A. REPARAZ, W.E. STAVIG, R.B. McLEES 
Exxon Nuclear Company, Inc.,
Richland, Washington,
United States of America

Abstract

F L E X IB IL IT Y  IN  F U E L  M A N U F A C T U R IN G .

Exxon N uclear Com pany, Inc. is the third largest manufacturer o f  L W R  fuel in the 

United States o f  A m erica, with a rated plant capacity o f  7 0 0 1 o f  uranium per year. In addition, 

it has an expanding assem bly and fission facility, located in Lingen, Federal Republic o f  

G erm any, rated at 300 t uranium per year. From  its inception E xxon  N uclear has produced 

both B W R  and P W R  fuels. This is reflected in a product line that, to date, includes over 20 

fuel designs. These range from  6 x 6  design at one end o f  the spectrum to the recently 

introduced 17  x  17  design. T he benefits offered include close tailoring o f  the fuel design to 

match the custom er’s requirements, and the ability to rapidly introduce product changes, such 

as the axial blanket design, with a minimal impact on manufacturing. This flexibility places 

a number o f  demands on the manufacturing organization. C lose  interfaces must be established, 

and maintained, between the m arketing, product design, m anufacturing, purchasing and qual

ity organizations, and the inform ation flow s must be immediate and accurate. Production 

schedules must be w ell planned and must be maintained or revised to reflect changing 

circum stances. F inally, the manufacturing facilities must be designed to allow  rapid sw itch

over betw een product designs with minor tooling changes and/or rerouting o f  product flow s 

to alternate w o rk  stations. A m ong the tools used to m anage the flow  o f  information and to 

maintain the tight integration necessary betw een the various m anufacturing, engineering and 

quality organizations is a com m ercially available, com puterized planning and tracking system , 

A M  A P S . A  real-tim e production data collection system has been designed which gathers data 

from  each production w ork station for use by  the shop floor control module o f  A M  A P S . 

A ccu racy  o f  input to the system is im proved through extensive use o f  bar codes to gather 

information on the product as it m oves through and between w ork stations. This com puterized 

preparation o f  material tracing has an impact on direct manufacturing records, quality control 

records, nuclear material records and accounting and inventory records. This is o f  benefit to 

both E xxon  N uclear and its custom ers.

1. INTRODUCTION

Exxon Nuclear Company, Inc., an independent nuclear fuel supplier, is a 
wholly owned affiliate of Exxon Corporation. The company has now completed 
16 years of services to utilities with nuclear power plants in the United States of 
America, Europe and Asia. Exxon Nuclear adopted a ‘grass roots’ staffing approach
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and built up an organization with about 1000 employees to supply fabricated fuel for 
BWRs and PWRs. The company places great emphasis on quality and technical 
innovations, which offer substantial value to utilities. This has led to its fuel being 
utilized in 37 reactors, including 20 PWRs and 17 BWRs. The number of reactors 
which will have been operated with Exxon Nuclear fuel is expected to rise to over 
45 within the next few years.

2. NUCLEAR FUEL FABRICATION

Exxon Nuclear operates a fully integrated fuel fabrication plant in Richland, 
Washington, and a fuel rod fabrication and assembly facility at the Lingen plant in 
the Federal Republic of Germany.

From its inception the Richland plant has produced both BWR and PWR fuels. 
This has resulted in a variety of over 20 distinct fuel designs, ranging from the earlier 
6 x 6  assemblies to the latest 17 x 17 optimized high water fraction designs 
(Table I).

3. OPERATIONS IN THE USA

At the US plant the production process starts with conversion of enriched UF6 
to U02 powder and includes pelletizing, rod loading and assembly. An exhaustive 
inspection and quality control programme exists which ensures conformance with 
extremely tight Exxon Nuclear tolerances as well as a highly demanding United 
States Nuclear Regulatory Commission monitored quality assurance programme.

TABLE I. PRODUCT MIX

B W R  designs P W R  designs

6 x 6

7 x 7

8 x  8 (6 types) 14 x  14 (2 types)

9 x  9 (2 types) 15 x  15 (2 types)

10 x  10 16 X 16

11 x  11 17  x  17  (2 types)

Separate enrichments: 80 per year. 

D ifferent parts: 4500.
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F IG .  1. C a p a c it y  m ilestones.

The fabrication facility in Richland has been expanded several times since 1969 and 
is currently capable of producing over 700 t/а (Fig. 1). The fabrication plant is 
sufficiently flexible to allow fabrication of BWR and PWR assemblies in a wide 
range of configurations in any sequence desired, and includes burnable poison 
manufacturing facilities, supporting analytical laboratories and computer assisted 
manufacturing control activities. Engineering offices and R&D facilities are located 
at the same site, allowing close communication and integration with manufacturing 
activities. The Richland plant has fabricated 1 500 000 fuel rods and over 11 500 fuel 
assemblies.

4. OPERATIONS IN EUROPE

Exxon Nuclear’s activities in Europe are co-ordinated through Exxon Nuclear 
International, Inc., Brussels, Belgium, and Exxon Nuclear GmbH, a wholly owned 
subsidiary of Exxon Nuclear, operates a nuclear fuel fabrication plant in Lingen, 
FRG. Since startup in 1979, this facility has produced about 375 000 fuel rods which 
were fabricated into about 2000 fuel assemblies that have been utilized in
12 European nuclear power plants. This facility, with a current capacity of
approximately 300 t/а, uses the latest fabrication and quality control techniques 
developed and utilized in the US facility.

5. FLEXIBILITY IN MANUFACTURING

The advantages of fuel production in a multiproduct, flexible facility include 
the cross-transfer of technologies and ideas resulting from the rotation of BWR and
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PWR designs and production personnel. Examples are: adaptation of the axial 
blanket design from BWR to PWR fuel, introduction of burnable poison in PWRs, 
designs for removable upper tie plates, and use of bimetallic spacers in PWRs. In 
reverse, the transfer of pressurization technology to BWR fuel rod fabrication and 
the implementation of improved safety analysis methodology for BWRs were 
facilitated by the close proximity of PWR experience.

Another advantage of the multiproduct plant is the flexibility which allows 
design and fabrication of fuel which is closely matched to the operating requirements 
of the individual customer. In addition, the broad range of production experience and 
the design of fabrication equipment combine to allow rapid introduction of new fuel 
configurations with a minimal negative impact on production.

In addition to the competitive benefits of a broad product line, there are a 
number of challenges which accompany product flexibility. These include:

(1) Timely and accurate transfer of information between organizations during the 
planning phases of fabrication projects

(2) Control of inventory
(3) Accurate scheduling with rapid feedback of production status
(4) Control of quality
(5) Innovative design of work stations and tooling to allow rapid change-over 

between product lines
(6) Efficient machining of small lots with a tight tolerance
(7) Effective personnel utilization.

6. TRANSFER OF INFORMATION

The initial planning of a project involves a number of organizations, including 
marketing, fuel design, purchasing, quality control, production control, engineering 
and manufacturing. The flow of information between organizations is assured 
through use of a tightly controlled, formal routing and sign-off system for the various 
design documents such as product specifications, parts lists and design drawings (up 
to 42 documents for a typical reload). This routing system is manual and is under 
the control of full time project co-ordinators with the responsibility for maintaining 
review and sign-off schedules in relation to the fabrication schedule. A 
computerized, on-line project management program is used to schedule and track the 
overall project.

7. CONTROL OF INVENTORY

Approval of the final parts list for a project (generally 12 months prior to start 
of fabrication) establishes a common database consisting of the 75 to 100 parts and
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su b a sse m b lie s  (item s) u se d  in  th e  fa b r ica tio n  o f  a  ty p ic a l E x x o n  N u c le a r  fu e l b u n d le . 

A  c o m p u te r iz e d  m a n u fa c tu rin g  re s o u rc e  p la n n in g  sy s te m  in tro d u ce d  in  R ic h la n d  in 

19 8 3  h a s p ro v e d  to  b e  an in v a lu a b le  to o l fo r  a  m u ltip ro d u c t p lan t. P r o g ra m  m o d u les  

fr o m  th is sy s te m  a re  u se d  to  p la n  an d  tra c k  th e p ro cu re m e n t o r  fa b r ic a tio n  o f  4 50 0  

d if fe re n t  ite m s; c o m p o n en ts  fro m  E u ro p e  as w e ll  as th e  U S A  a re  r e c e iv e d .

T h e  d e ta ile d  m a te ria ls  p la n n in g  an d  c o n tro l m o d u le s , as w e ll  as th e  p u rch a s in g  

an d  b ill  o f  m a te ria ls  m o d u le s , o f  th e c o m p u te r iz e d  re s o u rc e  p la n n in g  sy s te m  h a v e  

b e e n  c o m b in e d  to  im p r o v e  h a rd w a re  a v a ila b ility  s ig n ific a n tly  a n d  to  in c re a se  

in v e n to r y  tu rn o v e r  ra te s, R a te s  o f  s ix  tu rn s p e r  y e a r ,  as c o m p a re d  w ith  a  U S  

in d u stry w id e  a v e r a g e  o f  a p p ro x im a te ly  th ree  tu rn s, a re  b e in g  a c h ie v e d .

8 . S C H E D U L I N G  A N D  P R O D U C T I O N  F E E D B A C K

C o m p u te r iz e d  c o n tro l in  o th e r a re a s  su ch  as p ro c e s s  an d  ro u tin g  a n d  sh o p  f lo o r  

c o n tro l h a v e  re su lte d  in  s ig n ific a n t im p ro v e m e n t in  sc h e d u lin g  o f  th e  fu e l fa b r ica tio n  

an d  in -h o u se  co m p o n e n t m a ch in in g  an d  a ss e m b ly  o p e ra tio n s. C o m p u te r  g e n era ted  

m a n u fa c tu rin g  o r d e r/ fo llo w e r s  a re  issu ed  to  th e sh op  to in itia te  th e  fa b r ic a tio n  

se q u e n c e . In  a d d itio n  to  id e n tify in g  th e m a te ria l b e in g  p ro c e s s e d , a  fo l lo w e r  

id e n tif ie s  th e se q u e n c e  o f  p ro c e s s  an d  in sp e ctio n  steps to  b e  fo llo w e d , as w e ll  a s  th e 

e q u ip m e n t to  b e  u se d , an d  a c k n o w le d g e m e n ts  th at th e  step s h a v e  b e e n  c o m p le te d .

W o r k  c o m p le te d  o n  a  p ro je c t  h a s , u n til re c e n tly , b e e n  u p d ated  in  th e sh o p  f lo o r  

c o n tro l c o m p u te r  p ro g ra m  b y  m a n u a l b a tch  d ata  en try  at th e e n d  o f  e a c h  sh ift  o p e ra 

tio n  th ro u g h  c e n tr a lly  lo c a te d  c o m p u te r  te rm in a ls . T h e  k e y  to  f le x ib le  m a n u fa ctu rin g  

is  ra p id  d isse m in a tio n  o f  a cc u ra te  d ata  an d  e a s e  o f  d ata  c o lle c t io n . T h e  ro d  se r ia liz a 

tio n  sy s te m , o n e  o f  th re e  d ata  c o lle c t io n  a n d  p ro c e s s in g  sy s te m s d e v e lo p e d , is 

c u rr e n tly  in  th e f in a l p h a se  o f  im p le m e n ta tio n . A  fea tu re  o f  ro d  s e r ia liza tio n  is  the 

re c e n t a d d itio n  o f  b a r  c o d e  re a d e r te rm in a ls  at e a c h  w o r k  station  in  th e  R ic h la n d  fu e l 

ro d  fa b r ic a tio n  and b u n d le  a ss e m b ly  a re a s . T h e s e  te rm in a ls  a llo w  re a l-tim e  u p d ate  

o f  sh o p  f lo o r  c o n tro l b y  th e  station  te c h n ic ia n . T h is  sy s te m  to g e th e r  w ith  th e  re c e n tly  

c o m p le te d  b u n d le  a ss e m b ly  d ata  lo g g e r  sy s te m  a re  d e s ig n e d  to  re c o rd  th e p ro g re s s  

o f  in d iv id u a l fu e l ro d s  th ro u g h  th e sh op .

A  th ird  p ro je c t, c o n ta in e r  se r ia liz a tio n , w h ic h  is  c u rre n tly  in  th e p ro g ra m m in g  

p h a s e , w il l  p ro v id e  c o m p u te r iz e d , re a l-tim e  tra c k in g  o f  u ra n iu m  c o n ta in e rs , i .e .  

fr o m  th e  re c e ip t  o f  U F 6 c y lin d e r s  e n ter in g  th e p la n t u n til th e u ran iu m  is lo a d e d  in to  

th e  fu e l ro d s . T h is  sy s te m , w h ic h  re lie s  o n  re a d in g  o f  b a r  c o d e s  a tta ch ed  to  the 

m a te ria ls  as th e y  e n ter an d  le a v e  a  w o r k  station  o r  s to ra g e  lo c a tio n , is  c a p a b le  o f  

p ro v id in g  d ata  o n  m a te ria l lo ca tio n  an d  ty p e , p ro c e s s in g  h is to ry  an d  re le a s e  status. 

T h e  la tte r  th re e  sy s te m s a lso  h a v e  p ro v is io n s  fo r  c o n tro l o f  d e v ia n t m a te ria l an d  can  

d e te rm in e  w h e th e r se r ia liz e d  co m p o n en ts  m a tch  th e p arts lis t  c a ll-o u t fo r  an 

a ss e m b ly  o r  su b a sse m b ly  b e in g  fa b r ica te d  at a n y  w o r k  station . F a ilu re  o f
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components to match properly causes a station alarm which notifies the operator and 
shuts down processing until the mismatch is corrected.

The bundle assembly data logger system, working from a computerized bundle 
loading program, prompts the machine operator on the correct order of selection for 
each fuel rod type used in an assembly. Upon an initial read of each rod’s bar coded 
serial number, the status of the rod is checked to determine that it has been released 
by quality control for assembly, that the number is not a duplication, that it is the 
correct part number, and that it has been selected in the order called for in the assem
bly sequence. A second check is performed immediately before insertion of the rod 
into the bundle to verify the initial reading and also to check that the rod order has 
not been altered. X -Y  position transducers provide feedback to the computer of the 
inserted position and a real-time printed record is made of the rod serial number and 
bundle location. On completion of a bundle, a complete map is printed for quality 
control records and the nuclear materials accountability system is automatically 
updated through the computer link. The flexibility of the bundle assembly data logger 
system allows rods to be assembled in any pattern or order selected at the start of 
a project. Both PWR and BWR designs are easily accommodated.

Each of these three systems is designed to minimize shop labour for collecting 
the three to four million pieces of data formerly recorded manually each year. Highly 
accurate bar code label readers are used wherever possible to speed data entry.

9. QUALITY CONTROL

The quality control programme requires extensive inspection of numerous 
components produced in-house or procured off-site. Some components, for example 
tie plates, spacers and pellets, require 100% inspection on key attributes. To meet 
the inspection requirements of the plant, an inventory of approximately 5000 gauges 
is maintained. Nearly one-fifth of these gauges is functional gauging, an inspection 
technique which efficiently determines the dimensional acceptability of a feature or 
set of features without direct measurements.

The basic types of functional gauging used are as follows: go-no-go points; 
computer generated templates; ring gauges; gauging for a compatible reactor 
interface; gauging for specific features on items such as tie plates, spacer grids, leaf 
springs, end-caps.

A computerized gauge inventory system has been developed to identify func
tional gauging for each job. This system also has a time-in-use feature which tracks 
each gauge and provides notification of recall/reinspection dates.
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10. WORK STATION DESIGN

In addition to the challenges of maintaining effective communication between 
organizations, establishing accurate schedules, managing inventory and streamlining 
the transfer of data, the multiproduct plant demands careful consideration of work 
station design, station layout, material flow and tooling design.

A flexible manufacturing operation generally requires greater capital invest
ment for equipment per unit of product than operations of a more limited variety. 
The choice is between multiple, single-product lines or fewer, more complex work 
stations capable of handling the full range of products. The latter course was chosen 
mainly because of the extreme costs involved in building and operating additional 
shop floor space to nuclear industry standards. Multiple use for floor space, i.e. 
operating personnel access, material handling and queuing room, and maintenance 
access, is the standard.

Aside from processing some 80 separate uranium enrichments annually, a 
requirement common to the entire fabrication plant, the impact of a mixed 
BWR-PWR product line is minimal in the chemical conversion end of the U02 
plant. Variations in pellet size and rod dimensions exercise a major influence on 
operation of the pellet fabrication, rod fabrication and bundle assembly areas. For 
example, an inventory of press tooling valued at over US $1 million to accommodate 
135 variations in pellet configuration is maintained. Management of this pellet tool
ing inventory, as well as tooling required for the rod loading and welding, spacer 
fabrication, and bundle assembly work stations, require a systematized approach: 
tooling requirements are first identified by the methods engineering organization 
during the formal design document review discussed in Section 6. Control numbers 
assigned to the tooling are identified in the computerized resource planning system. 
These data are used to generate a tooling pick list, through a separate equipment 
resource management computer system, and the list is issued to manufacturing prior 
to the start of each fabrication project.

11. MACHINING CAPABILITIES

Exxon Nuclear maintains its own in-house machine shop to fabricate or 
complete fabrication of critical components. Extensive use of numerical control 
equipment provides manufacturing flexibility, rapid switch-over between various 
part designs, efficient machining of complex designs and a high degree of precision.

An example of complex designs with tight tolerance requirements is that the 
various tie plate configurations have numerous features which must be maintained 
within 0.002 inch.1 Computer assisted machining is combined with the use of func
tion quality control gauging to efficiently manufacture these parts.

1 1 in =  2 .54  x l O 1 m m .



5 1 2 R E P A R A Z  e t  a l.

Support of multiproduct manufacturing requires a high degree of operator 
cross-training on multiple work stations. Over 70% of Exxon Nuclear’s production 
personnel are trained on five or more work stations. The flexibility afforded by 
highly trained, multiskilled operating technicians allows movement and concentra
tion of manpower to compensate for variations in work station throughputs and 
alternative product flows. For example, the process for fabrication of BWR fuel rods 
calls for chemical etching and autoclaving of rods before inspection and assembly 
into bundles; PWR production does not include these process steps. Thus, during a 
predominantly PWR product schedule personnel normally used for etching and 
autoclaving BWR rods can be utilized in other operations such as rod loading and 
tube cleaning.

Flexibility in work assignments has the added benefits of work force economy, 
providing stable employment and decreasing personnel turnover. Job content and 
interest are also higher with multiple station assignments.

Both opportunities and challenges are presented by a multiproduct BWR-PWR 
manufacturing operation. The benefits are technology transfer, closely tailored fuel 
designs and rapid response to product changes. The challenges are innovative equip
ment designs, cost control, staff training and maintaining a responsive 
communication system.

12 . P E R S O N N E L  U T I L I Z A T I O N
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Abstract-Résumé

O P T IM IZ A T IO N  O F  P R O D U C T IV IT Y  A N D  R E L IA B IL IT Y  T H R O U G H  A U T O M A T IO N  

O F  T H E  F U E L  F A B R IC A T IO N  P R O C E S S.

T he main characteristics o f  the A dvanced Fuel A ssem bly (A F A ) currently being 

designed by the Fragém a com pany and fabricated by F ran co -B elge  de Fabrication de C om 

bustibles (F B F C ) are the use o f  grids with a Z ircaloy  4 structure and springs o f  type 718  (R) 

Inconel, with easily  rem ovable connections betw een guide tubes and nozzles. In parallel with 

the design w ork, F B F C  has been carrying out a study on optim ization o f  fabrication, handling 

and testing system s with a v iew  to reducing fabrication costs, avoiding non-automated 

handling and im proving testing techniques by  extensive process automation. The principal fea

tures o f  the technical innovations are presented and their impact on the quality o f  the products 

is illustrated.

A U T O M A T IS A T IO N  D E  L A  F A B R IC A T IO N  D U  C O M B U S T IB L E  P O U R  

L ’O P T IM IS A T IO N  D E  L A  P R O D U C T IV IT E  E T  D E  L A  F IA B IL IT E .

L ’assem blage de com bustible avancé (A F A ) actuellem ent conçu et réalisé par la société 

Fragém a et fabriqué par F B F C  a pour principales caractéristiques l ’utilisation de grilles 

à structure en Z irca loy  4 avec ressorts en Inconel type 718  (R) et des liaisons tubes- 

guides-em bouts aisément démontables. Parallèlem ent aux activités de conception, F B F C  a 

m ené une étude de l ’optimisation des m oyens de fabrication, de manutention et de contrôle 

avec pour objectifs de réduire les coûts de fabrication, d ’éviter les manutentions non 

automatisées et d ’am éliorer les techniques de contrôle par l ’automatisation poussée des pro

cédés correspondants. Les principales caractéristiques des innovations techniques sont présen

tées et leur im pact sur la qualité des produits est illustré.
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L ’assemblage de combustible avancé (AFA) actuellement conçu par Fragéma 
pour les réacteurs à eau sous pression et fabriqué par FBFC a pour principales carac
téristiques l ’utilisation de grilles à structure en Zircaloy 4 avec ressorts en Inconel 
type 718 (R) et des liaisons tubes-guides-embouts aisément démontables.

Parallèlement aux activités de conception, Fragéma et FBFC ont mené une 
étude de l ’optimisation des moyens de fabrication, de manutention et de contrôle 
avec pour objectifs:

— de réduire les coûts de fabrication tout en assurant, par un choix judicieux des 
procédés de soudage, la productivité recherchée avec un très haut niveau de fiabilité;

— d’éviter les manutentions non automatisées pour minimiser les déformations et 
chocs susceptibles d’engendrer des défauts permanents;

— d’améliorer la caractérisation des produits fabriqués et la probabilité de détec
tion d’éventuels défauts par l ’automatisation poussée des techniques de contrôle 
(dimensionnel en particulier).

L ’effort d’innovation a porté principalement sur les composants spécifiques du 
combustible AFA: les grilles et l ’assemblage.

1. FABRICATION DES GRILLES EN ZIRCALOY

Un assemblage 17 x 17 pour un réacteur de 900 MWe comporte 8 grilles. 
Chaque grille est assemblée à partir de 32 plaquettes intérieures dont 28 sont équi
pées de ressorts simples ou doubles qui maintiennent les crayons combustibles.

1.1. Soudage des ressorts sur les plaquettes

Les plaquettes en Zircaloy 4 sont équipées d’épingles en Inconel 718 formant 
ressort. Le nombre et la position de ces épingles varient en fonction du modèle de 
plaquette. Ainsi, dans un cœur de 157 assemblages, les crayons sont tenus par 
356 704 épingles-ressorts, elles-mêmes positionnées sur les plaquettes par plus de 
700 000 soudures qui assurent l’imperdabilité.

Dans la conception de l ’équipement d’assemblage et de soudage le fabricant 
a eu pour objectifs, d’une part, la réalisation d’un grand nombre de liaisons avec une 
excellente fiabilité, et, d’autre part, la mise en place de ressorts en nombre et position 
variables selon le modèle de plaquette.

Pour réaliser le premier objectif, on a choisi le soudage par résistance et par 
points à cause de sa répétabilité et de sa rapidité. Il est parfaitement adapté à la liaison 
de tôles fines. On constate que la moyenne et la dispersion des valeurs de résistance 
mécanique obtenues sur les éprouvettes de suivi de fabrication permettent de garantir 
avec une large marge la limite spécifiée par le concepteur pour cette liaison.

I N T R O D U C T I O N
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L a  m a ch in e  e st a lim e n tée  en  p la q u e ttes  e t re sso rts . D e s  m a n ip u la te u rs, 

co m m a n d é s  p a r  un  a u to m a te  p ro g ra m m a b le , p o sitio n n e n t le s  re sso rts  su iv a n t l ’ a r

ra n g e m e n t p ré v u  a va n t so u d a g e  a u to m a tiq u e . L e s  p o s s ib ilité s  d ’ e rre u r  o u  d ’ o u b li 

so n t p ra tiq u e m e n t ré d u ite s  à  z é ro .

L e s  fa b r ica tio n s  ré a lisé e s  à  c e  jo u r  o n t d é m o n tré  la  v a lid ité  d e s  p r in c ip e s  

re ten u s en  m a tiè re  d ’ a u to m a tisa tio n , d e  v ite s s e  d ’ e x é c u tio n  et d e  so u p le s se  d ’ e m p lo i 

d e  l ’ éq u ip em en t. F B F C  a  la n c é  l ’a ch a t d ’un  n o u v e l é q u ip em en t c o n stru it se lo n  le s  

m ê m e s p r in c ip e s . Il se ra  to u te fo is  c o m p lé té  p a r  l ’ a d jo n c tio n  d ’u n  p o ste  d e  c o n trô le  

sy s té m a tiq u e  d e  la  g é o m é tr ie  d e s  re sso rts  m o n té s. O n  su p p rim e ra  a in s i u n e  o p é ra tio n  

fa s tid ie u se  d e  c o n trô le  e ffe c tu é e  a ctu e lle m e n t p a r u n  o p é ra te u r.

1.2. Soudage des grilles en Zircaloy

L e  so u d a g e  d ’u n e  g r i l le  c o m p o rte :

—  5 1 2  p o in ts d e  so u d u re  lia n t le s  p la q u e ttes  in té rie u res  en tre  e lle s ;

—  12 8  p o in ts d e  so u d u re  lia n t le s  p la q u e ttes  in té rie u res  a u x  e x té r ie u re s;

—  12 8  c o rd o n s  lia n t le s  p la q u e ttes  in té rie u res  a u x  e x té r ie u re s ;

—  4  c o rd o n s  lia n t le s  p la q u e ttes  e x té r ie u re s  en tre  e lle s .

L e  so u d a g e  p a r fa is c e a u  d ’é le c tro n s  a  été  p ré fé r é  à  d ’ a u tres  p ro c é d é s  ( T I G , 

L a s e r)  en  ra iso n , n otam m en t:

—  du  v id e , q u i o f f r e  u n e  b o n n e  g a ra n tie  d an s la  p ro te ctio n  d u  Z ir c a lo y  c o n tre  la  

c o rro s io n ;

—  d e  la  p u iss a n ce  sp é c ifiq u e  é le v é e , q u i p e rm e t d ’o b te n ir  d e s p é n é tratio n s im p o r

ta n tes, e t p a r  co n sé q u e n t d e  b o n n e s p ro p rié té s  m é c a n iq u e s , en  m in im isa n t l ’ é ten d u e  

d e  la  z o n e  a ffe c té e  th erm iq u e m e n t e t le s  d é fo rm a tio n s;

—  d e  la  p o s s ib ilité  d e  c a d e n c e s  é le v é e s ,  a v e c  u n e  te c h n iq u e  do n t le  c a ra c tè re  

in d u strie l é ta it é ta b li au  m o m e n t d u  c h o ix .

L ’ é q u ip em en t a  é té  c o n ç u  p o u r  ê tre  e n tièrem en t a u to m a tiq u e , a d ap tab le  

ra p id e m e n t à  d e s c o n ce p tio n s  d iffé re n te s  e t p e rm e ttre  d e s c a d e n ce s  é le v é e s  d e  

p ro d u ctio n .

L a  g r i l le  m o n té e  su r un  g a b a rit  e st in tro d u ite  dan s l ’ e n c e in te  d e  so u d a g e  p a r 

l ’ in te rm é d ia ire  d ’ un  sas. U n  a u to m a te  d e  p o sitio n n e m e n t, q u i se  d é p la c e  su iv a n t les 

a x e s  X  e t Y  e t a ssu re  le s  ro ta tio n s, p re n d  en  c h a rg e  la  g r il le  e t p ré se n te  to u tes le s  

lia iso n s  à  so u d e r  so u s le  fa is c e a u  d ’ é le c tro n s  a v e c  u n e  p ré c is io n  d e  q u e lq u e  0 ,0 1  m m . 

T o u te  la  sé q u e n c e  se  d é ro u le  san s in te rv en tio n  h u m a in e  d ep u is la  m is e  d an s le  sas 

ju s q u ’ à  la  so rtie  d e  la  g r i l le  so u d é e .

L e s  d é p la ce m e n ts  so n t c o n trô lé s  p a r u n e  co m m a n d e  n u m ériq u e  e t le s  

p a ra m ètre s  d e  so u d a g e  a ff ic h é s  e t s u rv e illé s  p a r u n  m ic ro p ro c e ss e u r  sp é c ia lis é . L e  

d ia lo g u e  en tre  c e s  d e u x  c a lc u la te u rs  a in si q u e  l ’ e n se m b le  d e s  sé c u rité s  d e  fo n ctio n n e 

m en t d e  la  m a ch in e  so n t g é ré s  p a r un  a u to m a te  p ro g ra m m a b le .
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L ’utilisation d’un sas pour introduire et évacuer la grille permet le maintien 
permanent d’un vide poussé (mieux que 10-4 Torr) dans l’enceinte de soudage et la 
neutralisation des temps d’attente dus aux séquences de pompage.

Les fabrications réalisées à ce jour ont prouvé qu’il n’y avait aucun problème 
de corrosion sur les liaisons soudées. De même, la surveillance des caractéristiques 
mécaniques des divers types de joints à l’aide d’éprouvettes de traction permet de 
conclure, après analyse des valeurs moyennes et des écarts-types obtenus, que les 
critères de conception sont largement garantis. La précision du positionnement et la 
reproductibilité des paramètres de soudage ont permis par ailleurs de minimiser le 
nombre de joints défectueux.

Malgré le grand nombre de liaisons à réaliser sur chaque grille les taux de répa
ration et de rebut sont maintenus à un niveau très bas pour un équipement de 
production.

2. FABRICATION DES ASSEMBLAGES

2.1. Fabrication des squelettes

Chaque squelette comporte 8 grilles qui sont fixées aux 24 tubes-guides et au 
tube d’instrumentation. En comptant les points doubles, il faut faire 1000 points de 
soudage par assemblage, soit 157 000 pour le combustible d’un cœur de réacteur de 
900 MWe.

Le soudage par résistance et par points a été retenu comme procédé de liaison 
car il est rapide et facile à contrôler.

De plus, il assure la protection du Zircaloy en évitant le recours à une 
atmosphère protectrice, vide ou gaz inerte, technique qui aurait été difficile à mettre 
en œuvre à cause des dimensions du squelette.

La difficulté d’accès aux zones d’implantation des points à souder a nécessité 
l ’étude et la mise au point de pinces de soudage spéciales animées de mouvements 
de translations et rotations combinés. Là encore, pour obtenir un bon positionnement 
des points et des cadences élevées tout en garantissant les caractéristiques méca
niques par le respect des paramètres de soudage, le pilotage de l ’ensemble de la 
machine par une commande numérique a été retenu.

2.2. Contrôle final

Au stade final, l’assemblage combustible est soumis à différents contrôles. Les 
contrôles de l’enveloppe et des passages d’eau nécessitent de nombreux points de 
mesure. Pour garantir les cadences et assurer la fiabilité du contrôle, il a été décidé 
d’automatiser la prise des mesures et le dépouillement des résultats.
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Le contrôle d’enveloppe est assuré par un jeu de 12 palpeurs qui mesurent au 
niveau de chaque grille et des pièces d’extrémité.

Le contrôle des passages d’eau est fait à l ’aide d’un laser qui permet de 
mesurer les distances entre crayons et entre crayons et tubes-guides.

Toutes ces mesures se font automatiquement sur l’assemblage maintenu en 
position verticale sur la tour de contrôle. Les valeurs sont transmises à un microor
dinateur qui effectue les calculs et édite le certificat de contrôle après comparaison 
avec les limites spécifiées.

3. CRAYONS COMBUSTIBLES

Pour la production des crayons combustibles, les techniques connues et 
éprouvées depuis de nombreuses années ont été reconduites. L ’effort d’amélioration 
a principalement porté sur la manutention aux postes de fabrication et de contrôle 
et entre ces postes, de façon à minimiser les déformations et chocs susceptibles d’en
gendrer des défauts sur les crayons. En même temps, FBFC souhaite garder une 
grande liberté de modifier les postes de travail en fonction de l ’évolution des produits 
à fabriquer ou des procédés mis en œuvre.

Pour répondre à ces critères, le principe des chaînes flexibles, qui sont de plus 
en plus utilisées dans les ateliers de mécanique, a été retenu:

— chaque poste de travail (fabrication ou contrôle) est indépendant; il reçoit un 
groupe de crayons et les traite automatiquement avant de les remettre à la disposition 
du transfert pour évacuation;

— un système de manutention commandé par un automate transfère les crayons 
entre les postes et vers le stockage; un logiciel sophistiqué gère ses déplacements en 
fonction de l ’avancement des opérations aux différents postes de travail.

Sur cette chaîne, la plupart des postes de travail sont automatisés. Seuls l ’exa
men des films radiographiques et le contrôle dimensionnel et visuel sont effectués 
par des opérateurs. Des études sont en cours pour les rendre automatiques.

CONCLUSION

Pour faire face à l ’accroissement du programme de production de combustible 
AFA, FBFC est amené à investir dans des équipements complémentaires.

Comme les critères retenus pour l ’étude et la réalisation des premiers équipe
ments se sont montrés très satisfaisants à l ’usage, il a été décidé de les reconduire. 
Seules quelques améliorations de détail ont été introduites dans les nouvelles spécifi
cations d’équipement.

Enfin, malgré la sophistication plus grande du produit à fabriquer, l’utilisation 
systématique de l ’automatisation a permis à FBFC de contrôler ses coûts de produc
tion et d’améliorer la fiabilité des opérations de fabrication et de contrôle.
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IM PLEM ENTATION OF REM OTE HANDLING DEVICES 

AND THEIR EFFECTS ON RADIATION EXPOSURE 

IN  M O X  FUEL FABRICATION

J. KRELLMANN, R. GÜLDNER 
ALKEM GmbH,
Hanau, Federal Republic of Germany 

Abstract

IM P L E M E N T A T IO N  O F  R E M O T E  H A N D L IN G  D E V IC E S  A N D  T H E IR  E F F E C T S  O N  

R A D IA T IO N  E X P O S U R E  IN  M O X  F U E L  F A B R IC A T IO N .

Implementation o f  remote handling devices in M O X  fuel fabrication is required for 

econom ic and radiological reasons. Som e radiological aspects, for exam ple, variation o f  the 

isotopic com position o f  plutonium with increasing bum ups in modern L W R s, are discussed. 

M ethods to calculate the anticipated dose rates are shown with respect to the special problem s 

o f  M O X  fuel fabrication. Three exam ples for the implementation o f  rem ote handling devices 

are presented. F irst, a gantry type robot to handle cans filled with plutonium dioxide within 

the glove  box. Second, a hinge arm robot, which is used to facilitate the perform ance o f  

sam plings in the analytical laboratory. Third, a motion unit, w hich is to enable classification 

o f  fuel pellets according to the standards required. U nacceptable pellets are ejected by means 

o f  a remote controlled ejector. The various exam ples are discussed with respect to their 

influence on the radiation exposure o f  personnel as w ell as their advantages and disadvantages 

under g lo ve  box conditions.

1. INTRODUCTION

Production of mixed oxide (MOX) fuel elements at ALKEM started with a 
relatively small throughput of plutonium per year. At the time the material used was 
mostly Magnox-plutonium, which was advantageous regarding the isotopic 
composition. Production was carried out at many locations using the hands-on 
method, i.e. the plutonium was handled in glove boxes. Some automation or 
mechanization was foreseen, as reported in Ref. [1].

Increasing throughput over the past few years, together with a continuous 
shifting of the isotopic composition towards unfavourable values, resulted in the 
necessity of proceeding step by step towards more shielding and automation, thus 
gaining more and more experience. The aim was to develop a hands-off production 
line, for radiological and economic reasons, by using glove boxes with new internal 
techniques. We are of the opinion that radiation exposure of personnel can be drasti
cally lowered with this procedure.

5 1 9
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2. VARIATION OF THE ISOTOPIC COMPOSITION

As the isotopic composition of LWR plutonium varies with increasing burnup, 
the radiation protection requirements increase. Figure 1 shows the relative dose rates 
within and outside a glove box (behind a shielding of 3 mm of stainless steel and 
2 mm of lead) during the handling of LWR fuel with an enrichment of 3 % fissile 
plutonium as a function of burnup. The reference value of 100% refers to 
Magnox-plutonium.

The figure shows that only a variation in the isotopic composition can cause 
an increase in the dose rates (up to a factor of around 1.5 for gamma and neutron 
radiation within the glove box) if the plutonium of today and burnups of about 
45 000 MW-d/t expected in the year 2000 are compared. Outside the glove box the 
increase in the gamma dose rate is only about 20% as it is caused mainly by the radia
tion of 241Pu and its daughter nuclides 241Am and 237U. This radiation can be 
shielded rather easily because it has a relatively low energy. Neutron radiation is not 
influenced by the gamma shieldings.

3. OTHER EFFECTS

Some other effects also increase the radiation protection requirements. An 
increase in the throughput causes growth in the amount of plutonium in the glove 
boxes and working rooms and therefore an increase in dose rates. Duration of the 
exposure within the working areas and during the handling of plutonium is also 
increased if the fabrication technique is not changed.
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Enrichment of the fissile plutonium within the fuel has to be increased to reach 
higher burnups in commercial LWRs. Fabrication of highly enriched fast breeder 
fuel is also of importance, but it is not discussed here.

In addition to these technical aspects, we have to consider that the quality factor 
for neutrons will be increased in the near future according to discussions that are 
taking place on an international level.

4. RADIATION PROTECTION MEASURES

The first step towards accomplishing sufficient radiation protection is to 
establish additional shielding devices. There is no problem regarding gamma 
shielding as, depending on the energy spectrum of the emitted gamma radiation, only 
a few millimetres of lead provide sufficient shielding. Handling within the glove box 
is not greatly restricted by this shielding; however, the problem lies in the gloves 
themselves because they are susceptible to defects.

To provide effective shielding against neutron radiation it is necessary to 
moderate the neutrons in materials with a high hydrogen content such as water or 
polyethylene. The attenuation factor for neutrons is only about 2 for a 50 mm 
polyethylene shield, and therefore shieldings of about 150 to 200 mm, or even more 
in some cases, are required. Because of the spatial circumstances and the ergonomic 
requirements, realization of shieldings within and outside the glove box is limited.

5. CALCULATION OF DOSE RATES

The working areas of existing plants, in which radiation exposure of the 
personnel must be efficiently reduced by implementing new techniques, can be deter
mined by measuring the dose rates and the radiation exposure.

However, in designing new plants it is necessary to plan the implementation 
of shielding, automation or remote handling devices on the basis of the dose rate cal
culations. Various computer programs are available to achieve this aim. Our 
experience has shown that the module SN-ID of the RSYST program [2], which is 
connected with the cross-section libraries EURLIB-IV [3] and VITAMIN-C [4] for 
neutron and gamma radiation, respectively, is suitable for calculations in the field 
of MOX fuel fabrication.

However, it is not necessary to use these expensive programs for all the 
detailed calculations during the planning of a new plant. For these purposes ALKEM 
h?.s developed a very simple program which is suitable for simple geometries such 
as spheres, cylinders or slabs which occur in MOX fuel fabricating plants. Some 
comparisons showed good correlation between the calculated and measured values.
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The program is divided into three parts. First, the gamma and neutron source 
strengths of the isotopic composition under consideration are calculated from the 
nuclide specific data which are recorded in a small database. The total gamma source 
strength is divided into the energy groups of the VITAMIN-C cross-section library. 
Concerning neutrons, only the total source strength (without any energy distribution) 
is calculated. The nuclide specific data are taken from the literature [5—7].

Second, regarding self-absorption, the surface dose rate of a specific 
component can be calculated by using the formulas for different geometries that are 
given in Ref. [8] and the shielding effects of the container walls by the well known 
exponential function. The required energy dependent absorption factors for uranium, 
plutonium and some container and shielding materials are taken from the literature, 
for example, Ref. [9], and recorded in a small database. Finally, the dose rates are 

calculated from the flux densities using the flux-to-dose conversion factors given in 
Ref. [10]. Subcritical neutron multiplication can be calculated by 1/1 k^f, which is 
taken from criticality calculations.

Third, the dose rates at different distances and behind various shielding 
materials are calculated. The shielding effect for gamma radiation is considered as 
above. For the shielding of neutrons by hydrogen containing materials such as water, 
polyethylene, lucite or concrete, some experimental data are available from the 

literature or from our own experiments. The decrease in dose rates with increasing 
distances can be assumed as proportional to 1/r2 for point and spherical sources and 
proportional to 1/r for cylindrical sources as a first approximation. For area sources 
such as large disc mixers, this effect can be neglected at short distances. For all 
geometries some corrections may be necessary at greater distances from the source, 
e.g. for reflection effects. With this method dose rates that are dependent on various 
isotopic compositions, plutonium enrichments, geometries of the containers or 
shielding devices can be calculated with sufficient accuracy within a short time.

Some even simpler formulas for the first assessment of surface dose rates and 
the effects of common shielding devices are given in Ref. [11]. However, they are 
not suitable for all the problems discussed above.

6. DOSE RATE AND EXPOSURE LIMITS

Taking into consideration all the factors which cause an increase in dose rates, 
it is obvious that in some areas in a MOX fuel fabrication plant the dose rates will 
remain relatively high even if all possibilities for direct shielding within and outside 
the glove boxes are realized. In these areas it is necessary to use automation or 
remote handling devices to observe the legal limits and to adhere to international 
recommendations concerning radiation exposure of the personnel, particularly when 
they are exposed for long periods when the plant is running at high capacity.
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FIG. 2. Classification o f  motion units (VDI-2860) [12].

7. APPLICATION OF REMOTE CONTROL TECHNIQUES

Before dealing with the processing of MOX fuels, the integration of industrial 
robots should be explained in terms of regulation VDI-2860 [12]. Figure 2 shows 
how the criteria for classification are arranged in sequence of importance, i.e. from 
motion units with variable main function over program controlled robots to free 
programmable robots, as well as individual robots differing from the others because 
of program intervention.

According to the VDI regulations, industrial robots are defined as follows. 
They are universally usable with several axes whose movements are free 
programmable, i.e. they do not have mechanical intervention and are sensor 
conducted, if required. They may be equipped with grabs, tools and other instru
ments and are able to perform handling and/or manufacturing tasks. In contrast, 
manipulators are manually controlled motion units mainly used for handling tasks, 
and teleoperators are remote controlled manipulators.



FIG. 4. Hinge arm robot used fo r  chemical analysis.



IAEA-SM-288/35 525

Depending on their technical design, the robots can be classified into three 
main groups. First, gantry type robots which, if required, are better able to cope with 

loading than the second type, hinge arm robots. The latter are becoming more and 
more prevalent in the conventional technique but are sometimes too big for the glove 
box because of the high accelerating forces that are required for high load capacities. 
The third group is a motion unit.

7.1. Gantry type robots

To handle cans filled with plutonium dioxide, which cause high radiation 
exposure (if they are handled manually) as well as a high contamination risk, a gantry 
type robot was constructed in co-operation with Siemens (Fig. 3). This robot is 
supposed to transport the cans from one working position to the other in the glove 
box. Examples of the various functions are unpacking, opening, sampling, sealing, 
transporting and weighing.

However, when the system (defined as a free programmable robot without self- 
acting program influence) was tested in our uranium laboratory it was found that, 
in spite of the ádvantage of remote control, other disadvantages existed.

After surrounding the robot with a glove box it was shown that the Z-axis was 
too long; thus a large glove box was required. In the event of interventions, the large 
contaminated area within the glove box represents a substantial source of radiation 
exposure. As a result, the standard Z-axis has to be telescoped, but this deviates from 
the widely tested and applied standard system.

FIG. 5. Motion unit used fo r  classification o f  pellets.
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Intentional contamination of the glove box with uranium caused a failure in the 
system because the dust sensitivity was too high. To prevent this, coverings and 

repeated cleaning operations would have to be provided so that the system meets the 
required standards of high availability. Since early application of such a system could 

not be implemented under plutonium conditions because of problems with the 
licensing of new systems, the gantry type robot was temporarily disassembled.

7.2. Hinge arm robots

The hinge arm robot (defined as a free programmable robot without self-acting 
program influence) is used to facilitate the performance of samplings in our analyti
cal laboratory (Fig. 4). Radiation exposure of the staff and the contamination risk 
are diminished by the reduction in manual interventions and economical advantages 
are achieved by a reduction in staff. Application of such a hinge arm robot in our 
plutonium laboratory is expected in about 1 to 2 years.

7.3. Motion unit

Figure 5 shows a motion unit with a fixed main function, which is to enable 

classification of fuel pellets according to the standards required. A  telecamera 
projects a colour picture on to a screen, which can theoretically be placed any 
distance from the glove box. The operator can eject into a collecting box all the 
unacceptable pellets, which are rotated for better observation. The pellets are ejected 
at a certain position by means of a remote controlled ejector. The operating functions 
of the system and the telecamera are controlled from an observation position, so that 
radiation exposure of the staff member is reduced to zero and the possibility of being 
contaminated is non-existent, except for maintenance and repair work. The device 
has been tested under uranium conditions and can be installed in the glove box.

8. CONCLUSIONS

The various examples of robots show different ways of diminishing radiation 
exposure for personnel during normal operating conditions. However, the handling 
devices must be of such a high standard that the reduction in radiation exposure is 
not offset by substantially increased maintenance, service or repair expenses.
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1. INTRODUCTION

Utilization of natural uranium as the fuel and heavy water as the coolant and 
moderator for the Atucha I Power Station (CNA-I) (in operation since 1974) and the 
Atucha II Power Plant (CNA-II) (under construction) has led to the development and 
use of a unique nuclear fuel concept for such types of power stations. The fuel con
sists of 36 or 37 U 0 2 Zircaloy fuel rods, approximately 5.40 m long, hanging from 
an upper end-plate and spaced by Zircaloy spacers. The fuel assembly is clamped 
to the coolant channel by spring sliding shoes.

Thermal-hydraulic conditions, to obtain adequate flow distribution in the core, 
require the use of different flow restrictions at the coolant channel inlets in different 
reactor zones. To obtain good structural performance of the fuel in service, together 
with adequate neutron economy, a complete understanding of the structural 
behaviour of the fuel assembly is important.

Based on the research and development carried out by the power station sup
plier Kraftwerk Union (KW U) and on advances made in technology during the 
1970s, the CNA-I station uses fuel which has spark-eroded Zry spacers, while the 
Atucha П plant uses fuel which will introduce the use of full Zry spacers made of 
Zry strips similar to the present PWR fuel spacers.

Different tests were made on CNA-I fuels; for CN A -П fuel, a joint programme 
was carried out by KW U and the Comisión Nacional de Energía Atómica. Following 
these tests, a further programme was initiated by CNEA to provide an adequate 
engineering solution for the structural analysis and wear prediction of these fuel 
assemblies.

The aim of the programme is to obtain a combined solution involving a not too 
extensive test programme, together with supporting software to predict the final 
structural behaviour of the fuel assembly at its end-of-life condition in the reactor.

The development is supported by different vibration tests performed in a low 
pressure loop, using 1:1 size instrumented fuel assemblies, followed by endurance
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FIG. 1. Wear calculation starting from  design parameters and flow  induced vibration 

behaviour data (FR =  fue l rod).

tests in a high pressure loop and the development of different vibration and fretting 
prediction models. Wear tests performed in the laboratory are used to check the ana
lytical results. Vibration and wear analyses are based on the general criteria proposed 
in the literature [1-3].
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Prediction of fretting wear produced by the interaction between the fuel rod 
and the spacer is based on:

(1) Knowledge of the vibration behaviour of the fuel rods
(2) Application of an adequate fretting mechanism for the fuel to be studied
(3) An adequate experimental database to adjust the models used to any particular 

type of fuel.

Correct assembly of the above mentioned items allows development of an ade
quate design tool for an understanding and analysis of the expected performance of 
a fuel bundle.

In the case of the PHWR fuel discussed here, the following tests and software 
are used:

(1) The Vilifoal code [4], a theoretical and experimental approach for the predic
tion of fuel rod vibration, gives the expected vibration levels in displacement 
and strain as root mean square (RMS) values in the frequency domain.

(2) Using the vibration results produced by the Vilifoal code, friction wear can be 
estimated using the PPF code. Different dimensions and physical conditions, 
together with materials properties, are considered by these programs.

(3) Experimental test results obtained in low and high pressure loop tests, together 
with laboratory tests, are being used to adjust the analytical results so that the 
emergency values attain a high level of confidence.

Software development, for the experimental data and for the analytical calcula
tion, has been carried out in Hewlett-Packard language for a 25 kbyte desk computer 
that is normally used for data acquisition and processing in the low pressure loop 
and vibration laboratories. A  working diagram of the method is shown in Fig. 1.

2. PR E D IC T IO N  OF FU E L  R O D -SPA C E R  W E A R

3. VIBRATION ESTIMATION WITH VILIFOAL

Using general information from the literature [1 ,2 ] and considering the 
main causes for flow induced vibration of fuel rods, the problem is formulated 
according to the following criteria:

(1) Fuel rod dynamics are characterized by natural frequencies and normal mode 
shapes

(2) Statistics and spectral fuel rod response use a supposed known excitation 
function

(3) The force excitation spectrum approach from the pressure spectrum data is 
measured on the coolant channel wall.
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T r a n s fe r  f u n c t io n  ( д т / п )  M o d a l d a m p in g  =  0 .1 7  ( e x p e r im e n ta l)

FIG. 2. Experimental and theoretical transfer Junction o f  an Atucha type fuel rod cal
culated with the Vilifoal code.

P o w e r  s p e c tra l d e n s i t y  (m S ^ / H z )

FIG. 3. Strain power spectral density Junction in an Atucha type instrumented rod 

measured and calculated with the Vilifoal code.
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The main characteristics of this program are:

(a) Natural frequency fuel rod calculations
(b) Normal mode shapes and the respective strain function calculations
(c) Graphic output of the normal functions
(d) Graphic output of the generalized modal transfer function
(e) Pressure power spectral density input from a signal analyser or point-by-point 

graphic reading
(f) Graphic power spectral density function output of strain and displacement from 

a known pressure spectrum
(g) RMS value calculation of strain and displacement.

Figures 2 and 3 show examples of possible comparisons between theoretical 
and experimental output from tests and Vilifoal calculations using the same computer 
system.

The RMS values predicted by the code, starting from the measured coolant
channel pressure spectrum, show results that are similar to the values obtained using
instrumented rods in a 1:1 size fuel assembly.

4. WEAR PREDICTION WITH PPF

On the basis of the mechanisms and criteria shown in Refs [3, 5-7], a new 
method was proposed for calculation of the fretting at the contact areas between the 
fuel rod and spacer. According to the Vilifoal code, the rod is considered as a multi
supported beam with transversal vibrations. The relative displacements between the 
spacer and rods must be calculated on the basis of the different frequencies and the

H o u rs

FIG. 4. Expected wear calculated fo r  different beginning-of-life spacer ce ll-rod  

clamping forces.
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mode shape. The friction factors and the physical and geometrical conditions are 
considered to fix a ‘sliding threshold’. After this point, the wear mechanisms pro
posed in the Archard theory may be used and the volume of wear estimated. The 
shape and size of the contact area, the conservative criterion that wear occurs only 
on the rods and the stress relaxation properties of the materials under irradiation 
were used for prediction of the wear friction mechanisms. The friction factors and 
the specific volumes of wear must be experimentally measured for any type of fuel.

A  typical output of the model prediction is shown in Fig. 4 for different stipu
lated beginning-of-life conditions of the fuel assembly.

5. CONCLUSIONS AND FURTHER DEVELOPMENT

(1) Using an interactive working procedure it is possible to obtain a useful design
tool for qualitative prediction of wear in a particular fuel assembly

(2) Further development should be directed towards achieving the following 
objectives:

(a) Careful experimental measurement of the specific volumes of wear under 
laboratory conditions

(b) During power station commissioning efforts should be made to covali- 
date by measurement the expected fuel rod in-service vibration 
behaviour.

All these tasks, together with the general working programme, will lead to a 
significant reduction in tests in further nuclear fuel development for the power sta
tion, as well as a higher level of confidence and reliability of the engineering and 
safety margins of the nuclear fuel structural design.
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MOX FUEL CONCEPTS FOR PWRs AND BWRs

P. DERAMAIX, A. CHARLIER 
BELGONUCLEAIRE,
Brussels, Belgium

1. INTRODUCTION

Over the years the increase in enriched uranium costs and the desire to improve 
the balance of payments (in countries possessing no U mines, no enrichment 
facilities, or neither) have emphasized the advantages of a good neutron economy. 
The main objective of Belgian development activities in LW R fuel has therefore been 
to reduce the fissile material requirements, in particular enriched uranium.

This can be achieved by:

(1) Decreasing the absorption of neutron in the sturctural materials
(2) Allowing further utilization of leaking fuel assemblies after repair
(3) Increasing the discharge burnup of the fuel
(4) Recycling the plutonium in excess of the FBR demand.

The performance database accumulated in Belgium is discussed, as well as the 
plutonium recycle concepts which have been developed for various LWRs 
in operation.

2. BELGONUCLEAIRE (BN) EXPERIENCE

2.1. Fuel fabrication experience

BN ’s experience with MOX fuel is described in another paper in these 
Proceedings [1]. A  total of more than 2000 man-years experience has been
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accumulated in developing and qualifying its commercial capability of manufacturing 
MOX fuel.

2.2. Irradiation experience

Assessing the behaviour of LWR MOX fuel irradiated at high burnup is the 
main objective of the BN irradiation programme. MOX fuel behaviour is generally 

compared with the UO2 and U 02-Gd20 3 fuels irradiated under similar conditions in 
order to obtain a direct comparison with current LWR reference U 0 2 fuel. Zircaloy 
and austenitic cladding materials are included in this irradiation programme. BN is 
thereby accumulating a database to check design criteria up to the highest burnup 
anticipated in the future for LWR fuels (U 0 2, U 0 2-Pu02 and U 02-Gd20 3) and, in 
particular, pellet-clad interaction (PCI), fission gas release (FRG) and clad corrosion 
and crud deposits.

A  comparison made of uranium and MOX fuels, described in Refs [1—3], has 
led to the following conclusions:

(1) The behaviour of MOX fuels has been proved superior to that of uranium fuels; 
no rod failures have occurred because of the different kinds of fuel used

(2) A  smaller pellet-clad mechanical interaction (PCMI) after steady state irradia
tion was observed in MOX fuels than in uranium fuels; this explains the lower 
PCI failure propensity

(3) Fission gas release is definitely greater in MOX fuels and is directly related 
to the fuel microstructure; this has been well predicted by modern fuel rod 
modelling codes [4].

2.3. Licensing experience

BN has and is performing safety evaluation of the MOX fuel assemblies sup
plied for the following LWRs:

(1) The Sena plant (PWR, 310 MW(e), France)
(2) The Dodewaard plant (BWR, 55 MW(e), Netherlands)
(3) The BR3 plant (PWR, 11.5 MW(e), Belgium): increasing amounts of MOX

fuel have been progressively loaded (up to 48% of the fuel rods are MOX fuel 
rods) to demonstrate the advantage of plutonium recycle and to qualify our 
design technology package; no significant bias has been found between
experimental data and the predictions of the fuel design and core management
codes.

Licensing by difference was used to justify operating the reactor with the MOX 
fuel: different types of fuel did not result in changes in core response under reference 
accident conditions and studies have indicated that plutonium recycle can be 
implemented within the ground rules of regulatory licensing.
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3. DESIGN OF MOX FUEL RODS FOR USE IN LWRS

The design criteria must be such that, when utilized within the limits taken into 
account in safety analyses, MOX fuel rods will not be of greater risk (for the 
personnel of the power plant and for the public) than that presented by U 0 2 fuel 
rods during irradation, pre-irradiation and post-irradiation operations (i.e. during 
storage at the power plant, long term storage away from the power plant, reprocess
ing, etc.).

3.1. Criteria dealing with clad stress, strain and fretting

The response of MOX fuel to these criteria is dependent on PCMIs, i.e. the 
function of pellet mechanical properties (plasticity, creep) and swelling under irradi
ation due to the fission products.

Thermal creep is more important for MOX fuels than for U 0 2 fuels; this has 
been confirmed [1] by the extent of ridging observed on both types of fuel after 
irradiation and by the results of a load follow experiment in which the power ramp 

test simulated a severe operational transient.

3.2. Maximum fuel temperature

The Freshley experiments carried out in 1970— 1971 showed that fuel contain
ing a pure Pu02 particle (with a 550 /xm diameter at a depth of 100 /xm in the U 0 2 
matrix) may be subjected to clád failure when the energy produced within the fuel 
is 200 to 213 cal/g1 during power peak resulting from a rod ejection accident. 
Consequently, the dimension for any Pu02 particle or agglomerate has been 
specified to be no more than 550 /xm for pure Pu02 or an equivalent (larger) size 
if the agglomerate is diluted by U 0 2. A  maximum allowable dimension for the 
Pu02 particle of more than 550 /¿m is also acceptable, depending on the shape and 
position of the particle with regard to the outer surface of the pellet; at a depth of 
more than 1000 ¡xm, the dimension of the Pu02 particle has practically no 
influence.

BN has developed a control method (neutron radiography) which enables 
characterization of the Pu02 particle (dimensions, shape, position) and an analysis 
methodology which enables acceptance of the Pu02 particle with a dimension of 
more than 550 fxm, depending on the characteristics mentioned. This methodology 
of analysis has been benchmarked to the Freshley experiments and has been used to 
license the loading of some U 0 2-Pu02 fuel rods in BR3. With the homogeneous 
MOX fuel currently fabricated, no problems have arisen with regard to the Pu02 
particle or agglomerate.

1 1 cal =  4.184 x  10° J.



540 POSTER PRESENTATIONS

30

FGR (%)

20

10

100 200 300 400 500
Max. peak pellet LHGR (W/cm)

FIG. 1. BR3 fission gas release data (BN-CEN/SCK Programme [1 ]).

3.3. Internal gas pressure

Many internal gas punctures have been carried out in hot cells, mainly in those 
of the Belgian Nuclear Centre (CEN/SCK), on U 0 2 and U 0 2-Pu02 fuel rods 
supplied by BN, in particular for the BR3 and Dodewaard reactors (Fig. 1 [1]).

In general, fission gas release (FGR) has appeared to be more important for 
MOX fuels than for U 0 2 fuels. However, it should be recognized that:

(1) In many U 02-Pu02 fuel rods, the fuel density was lower and the pellet-clad 
gap larger than those of the U 02 rods.

(2) The MOX fuel results have mainly been compared with the results of U 0 2 
fuel manufactured according to the ADU route (with a higher proportion of 
closed porosities). However, the behaviour of MOX fuel with regard to FGR 
is more similar to that of U02 fuel manufactured according to the AUC route 
(with a larger fraction of open porosities).

(3) The more heterogeneous the distribution of plutonium within the fuel matrix, 
the more important the FGR of MOX fuel. MOX fuel that is currently being 
manufactured is less heterogeneous in order to meet the reprocessing require
ments and is therefore closer to U 02 with regard to FGR and internal gas 
pressure.

(4) The higher creep, zero potential and diffusion characteristics of MOX fuel will 
probably always lead to a higher FGR than U 0 2 fuel operating under identical 
conditions. A  heterogeneous distribution of Pu in the U 02 matrix 
reduces FGR.
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FIG. 2. COM ETHE II I -L  calibration. Comparison o f  predicted and measured fission gas 

release: U 0 2 and M O X  rods.

Appropriate modelling of Pu02 heterogeneity with the COMETHE code has 
enabled FGR in the MOX fuel rods to be predicted with the same degree of accuracy 
as that of the U 0 2 rods (Fig. 2).

3.4. Fuel column stability

Experimental programmes sponsored by the Electric Power Research Institute, 
Palo Alto, on U 0 2 fuel as well as U 0 2-Pu02 fuel and irradiation experiments 
pursued by BN in BR2 (Belgian MTR) showed similar behaviour. Resintering tests
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equivalent to the standard 24 h at 1700° С enable control of the irradiation induced 
densification of as-fabricated MOX fuel; they are routinely specified for U 0 2-Pu02 
and U 0 2 fuels.

3.5. Fuel reprocessing

Most of the MOX fuel manufactured before 1984 by BN is heterogeneous. 
Normalized dissolution tests in nitric acid, representative of the situation of U 0 2 
fuel reprocessing plants, have given the following dissolution results:

(1) Unirradiated MOX fuel: 70 to 90% of the plutonium is dissolved.
(2) Irradiated MOX fuel (such as that used in BR3 and Dodewaard): 93 to 96% 

of the plutonium is dissolved. Moreover, isotopic analyses of dissolved 
plutonium and undissolved plutonium indicate that undissolved plutonium 
stems mainly from the Pu02 grains present in the as-manufactured fuel.

(3) Irradiated U 0 2 fuel (in the same reactors): more than 99% of the plutonium 
is dissolved.

Owing to the constraints encountered in the commercial operation of the 
reprocessing plants, it is required that a least 99% of the as-fabricated MOX fuel 
should dissolve in the nitric acid. The fabrication route adopted in the BN  
manufacturing plant meets this requirement.

4. PLUTONIUM RECYCLE CONCEPTS FOR LWRs

4.1. Design requirements

A MOX fuel rod can be designed to the same quality standard as a U 0 2 rod 
in the same cladding. Except for the fissile material contained in the fuel rods, the 
uranium and MOX fuel assemblies have the same hardware structure and geometry, 
resulting in identical assembly structure mechanical and thermal-hydraulic designs.

The design criteria that a LWR core has to meet are the same whether the core 
is loaded with U 0 2 fuel, or partially with MOX fuel and a balance of U 0 2 fuel. 
These criteria aim at guaranteeing: (a) that the physical characteristic values of the 
core are within the limits taken into account in the safety analyses; and (b) that the 
fuel performance (power, discharge burnup, cycle length, etc.) is good.

These criteria therefore deal with:

(1) The relative power and burnup distribution (axial, radial, local form factors) 
and cycle length

(2) The shutdown márgin of the control system
(3) The reactivity coefficients and delayed neutron characteristics.
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The behaviour of MOX fuel with regard to these criteria is essentially 
dependent on the value of and variation in the neutron energy of the cross-sections 

of plutonium isotopes.
In the case of self-generated plutonium recycling, where less than one-third of 

the fuel rods of the core are mixed oxide (the balance being the reference U 0 2 
fuel), the impact of plutonium recycle on the physical characteristics of the core is 
no more important than the impact of a new core management strategy such as the 
introduction of an 18-month cycle or an increase in discharge burnup from an 
average of 33 000 M W  • d/t to an average of 45 000 M W  • d/t.

4.2. Fuel assembly nuclear design

MOX fuel has the same reactivity lifetime as U 0 2 fuel in a LWR core on the 
basis of 1 g of 235U being equivalent to a little more than 1 g (1.1 to 1.2) of fissile 
plutonium, depending on the type of reactor, the lattice characteristics, the distribu
tion of plutonium in the assembly and the plutonium and uranium composition of the 

fuel.
A  MOX fuel assembly must have the same reactivity lifetime and relative 

power distribution as those of a U 0 2 fuel assembly. This can be achieved by using 
rods with different amounts of plutonium on the same assembly. The varying 
plutonium content, the number of rods and the geometrical distribution of the MOX 
rods in the assembly result mainly from local power sharing and the safety implica
tions taken into consideration in the nuclear design of the assembly.

Figure 3 shows the rod control cluster (RCC) ‘all-plutonium’ assembly 
designed for the Tihange 1 reactor: three different amounts of plutonium were 
selected. This specific design is suitable for adapting the average plutonium content 
of the MOX assemblies to the utility requirements for each successive reload. 
Because of the small number of rods with low and medium amounts of plutonium, 
the performance of the MOX assembly in terms of reactivity lifetime and power 
peaking is mainly dependent on rods with a high plutonium content. Rods with low 
and medium plutonium contents can be manufactured in one campaign for several 
reloads (so reducing the fabrication costs), while a high amount of plutonium and 
the final number of rods with low and medium Pu contents are adjusted from reload 
to reload.

‘Plutonium island’ assemblies, i.e. those that incorporate the MOX fuel rods 
at the centre and are surrounded by U 0 2 rods and U 0 2-Gd020 3 rods (if any), are 
preferred in LWRs with cruciform control rods (i.e. BWRs). Decoupling between 
the control rods and the plutonium zone results in a control rod worth which is practi
cally unchanged. The first BN MOX assembly loaded int the BR3 plant in 1963 was 
of the early Pu island assembly design.

Based on past experience, BN has developed a new MOX fuel assembly 
design, the ‘buffered M OX’ assembly. This proprietary concept is midway between
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FIG. 3. Tihange type plutonium assembly: enrichment distribution (Pu fissile in natural 
uranium).

the all-Pu and the Pu island assemblies. To avoid interface problems in all-Pu 
assemblies, some peripheral MOX rods are replaced by U rods with the same enrich
ment as that of U  assemblies of the same reload. The buffered Pu assembly can be 
designed with a smaller number of MOX fabrication batches and reduced fabrication 
costs.

The past reluctance of commercial reprocessing plants to consider the 
reprocessing of the MOX fuel assemblies, the additional health physics and 
safeguard requirements for handling and storage and the high cost of transportation 
whatever the quantity of plutonium have resulted in the utilities favouring concentra
tion of all the Pu to be recycled into a small number of fuel assemblies. The all-Pu 
and buffered Pu assemblies are therefore in great demand.
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4.3. Example of a PWR with cruciform control rods

Since 1974 four BCR (BN -CEA-RBU) plutonium island assemblies 
(Fig. 4(a)) have been loaded into the Sena reactor for three cycles, and since 1975 
two Framatome all-Pu fuel assemblies have been loaded (Fig. 4(b)) within the frame
work of a Pu recycle demonstration programme. On the basis of the considerations 
outlined in Section 4.2, Sena asked BN to design MOX fuel assemblies incorporating 
large Pu quantities that will be loaded into the CNA reactor in 1987 and 1988. This 

resulted in the buffered Pu assembly shown in Fig. 4(c). For a given quantity of Pu 
to be recycled:

(1) The number of MOX fuel rods must be higher than that for the Pu island 
approach, since the average Pu content of the MOX fuel rods is lower; this 
results in higher fabrication costs

(2) The number of MOX fuel rods must be equivalent to that of the all-Pu 
assembly, but there are only two different MOX fuel rod types instead of four; 
this results in reduced fabrication costs.

Regarding the Tihange 1 type fuel assembly, the performance of the assembly 
(reactivity lifetime, power peaking, etc.) are governed by the large amount of high 
Pu rods located in the central zone of the assembly. The relative power flattening 
has been obtained using only a rather small amount of low Pu rods and seven 
standard uranium rods which are identical to those used in uranium assemblies.

Because of the lower plutonium content of the peripheral rods, the worth of 
the cruciform control rods remains practically unchanged compared with their worth 
in uranium assemblies.

Safety evaluation studies have been performed on successive cores, with either 
reloads of 36 plutonium island assemblies or reloads of 36 assemblies comprising up 
to 12 buffered Pu assemblies and 24 U assemblies. These experiments have shown 
that the reactor can operate within the limits of the technical specifications of the 
plant. However, the buffered Pu design concept has proved to be more flexible in 
meeting the utility requirements with regard to licensing application and interfaces 
with the balance of the fuel cycle.

Sensitivity analyses have shown that the main characteristics and performance 
of the buffered Pu assembly are not altered substantially when the plutonium content 
of the high Pu rods is raised to some extent, either to increase the reactivity lifetime 
of the MOX assemblies or to incorporate more plutonium than is anticipated. The 

experience gained from the BR3 and Dodewaard MOX assembly design has shown 
that such a design can also be used for a in-in-out core management strategy, with 
utilization of some Gd2U 0 2 rods at the location of the U 0 2 buffer rods or the highly 
rated Pu rods.
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FIG . 4. (a) Sena Pu island assembly; (b) Sena all-Pu assembly; (c) Sena buffered assembly.

4.4. Storage and handling of MOX fuel assemblies

Criticality studies for storage of fuel assemblies (fresh or irradiated) are not 
substantially affected by the use of MOX fuel. Unirradiated MOX fuel assemblies 
have, in general, a к infinite which is slightly lower than that of the U 0 2 fuel 
assemblies for reactivity lifetime under any storage conditions.

Owing to the neutrons produced by the plutonium isotopes and the gamma rays 
produced by 24'Am and 247U (decays of 241 Pu and 236Pu), problems of the same 
nature as those encountered in the plutonium manufacturing plant have to be solved 
in order to handle and transport fresh MOX assemblies, i.e. inspection of the assem
blies entering the power plant and their handling up to the time they are placed under 
water.

Transportation of irradiated MOX fuel assemblies has to take into account the 
following:

(1) The neutron dose at the outer surface of the container is about twice as 
important as for U 0 2 fuel (neutrons are produced by spontaneous fission of 
the various plutonium isotopes), while the gamma activity is about the same; 
this may affect the transport capacity of existing spent fuel casks.
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(2) The residual energy of MOX fuel is about 20% higher than that of U 0 2 fuel
with an identical power rating history and cooling period. The spent fuel casks 
are able to meet all the regulations imposed by the authorities, as these 
differences are far smaller than those encountered with fuel assemblies having 
different rating histories and cooling periods.

The problems of handling MOX assemblies depend to a large extent on the type 
of assembly. For a same quantity of recycled Pu (and hence the same total gamma 
and neutron sources) measurements and studies performed by BN have shown that:

(a) The gamma dose of each assembly is reduced by one or more orders of 
magnitude for a Pu island assembly relative to an all-Pu assembly

(b) The total gamma dose to personnel is reduced by an order of magnitude by 
using the Pu island concept instead of the all-Pu concept

(c) The neutron doses are only marginally affected; they are nearly proportional 
to the quantity of Pu in the assembly.

In these respects, the Pu buffer assembly lies between the two other types.

5. CONCLUSIONS

A technical database is available to support commercial plutonium recycling 
in LWRs. Since 1963, with the first loading of a plutonium bearing assembly in a 
power plant, BN has gained a great deal of experience in the design, fabrication, core 
management and licensing of plutonium bearing fuels for PWR and BWR reactors.

Most of the MOX fuel used up to now has consisted of a mixture of plutonium 
dioxide and uranium dioxide, obtained by mechanical blending, which is afterwards 

pelletized, sintered and filled into cladding rods basically in the manner as for U 0 2 
fuel. BN ’s experience covers a large variety of: designs (PWR, BWR, PHWR, 
FRB), plutonium (from the Magnox reactor, from LWRs with long storage periods 
since chemical separation at the reprocessing plant) and uranium (natural uranium, 
depleted uranium from enrichment or uranium arising from reprocessing plants).

So far, fuel has been irradiated up to a burnup of 49 000 MW-d/t and 
70 000 M W  • d/t peak pellet under conditions representative of those expected under 
normal and overpower conditions of large power plants. Some experiments have 
extended the irradiation conditions to the ultimate conditions considered in licensing 
analyses. MOX fuel behaviour has always been as good as, if not better than, that 
of U 0 2 fuel irradiated in the same reactors.

Except for the fissile material contained in the MOX fuel rods, the assembly 
structure hardware is unchanged compared with U 02 fuel assemblies; therefore the 
fuel assembly, mechanical and thermal-hydraulic design analyses are unchanged. A  

reconstitutable assembly design concept is nevertheless preferred to minimize 
personnel radiation exposure during the fuel assembly mounting operation.
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FIG. 5. Tihange type buffered Pu assembly.

Limiting the quantity of plutonium in the core to the ‘self-generated plutonium’ 
does not pose any new problems, at least none that cannot be solved by proper core 
management.

Great efforts have been made to improve the use of Pu and besides the now 
classical all-Pu and Pu island MOX fuel assembly design BN has developed the 
proprietary buffered Pu assembly which is also adaptable to cruciform control rod 
cores (Fig. 4(c)) and RCC cores (Fig. 5).
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Zircaloy replaced stainless steel as the primary PWR cladding material in the 
early 1970s. The principal advantages of using Zircaloy are its lower thermal 
neutron absorption cross-section and its higher melting temperature relative to stain
less steel. In spite of the factors listed above, there are several advantages to using 
stainless steel clad fuel in PWRs. Stainless steel is stronger than Zircaloy and is, 
therefore, more resistant to pellet-cladding mechanical interaction damage and it is 
not susceptible to iodine stress corrosion cracking. In addition, it offers greater 
integrity than Zircaloy during large loss of coolant accidents in which cladding 
temperatures remain below 1200°C [1].

To check the behaviour of Zircaloy and stainless steel as clad for PWR fuel 
rods, the fuel performance computer code FRAPCON-1 [2] was changed to analyse 
PWR stainless steel clad fuel. FRAPCON-1 is a FORTRAN IV computer code 
which predicts the steady state, long term burnup response of Zircaloy clad PWR 
fuel rods.

During FRAPCON-1 stainless steel construction, the Zircaloy material proper
ties and the thermal-mechanical models of FRAPCON-1 were replaced with material 
properties and models developed for stainless steel. Then the FRAPCON-1 stainless 
steel was benchmarked against one rod (WCAP-2923) of the fuels data [3]. Finally, 
an additional check on the stainless steel option was made by running both Zircaloy 
and stainless steel rods over the same power history. The objective was to verify that 
the differences in behaviour between these rods are all consistent with the known 
differences in material properties between the two cladding types.
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A  comparison of the stainless steel and Zircaloy cladding models used in the
code led to the following conclusions:

(1) Stainless steel exhibits thermal expansion strains that are larger and in-reactor 
creep strains that are smaller than those of Zircaloy. The main result of these 
comparisons is that stainless steel clad rods maintain an open gap for a longer 
period than Zircaloy clad rods.

(2) The highest temperatures are observed in stainless steel clad rods due to wider 
gaps.

(3) During the pellet-cladding mechanical interaction, the magnitude of strain is 
smaller and the tensile stress larger in stainless steel rods. These effects result 
from the fact that stainless steel is stiffer than Zircaloy. Owing to its larger 
in-reactor creep strain, Zircaloy cladding strains further outwards than stain
less steel cladding, thereby relieving the stress to a greater extent.
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1. INTRODUCTION

The current generation of CANDU reactors is performing well with solid pellet 
U 0 2 fuel in rodded bundles. The defect rate is less than 0.1% for more than 

400 000 bundles irradiated [1]. For the present power and burnup requirements of 
the once-through natural uranium cycle, this fuel design is both proven and inexpen
sive. To further lower the CANDU capital cost, Atomic Energy of Canada Limited 
is exploring two complementary areas of development: a slightly enriched uranium 
(SEU) cycle and increased bundle power. One probable requirement will be fuel 
which is tolerant to linear powers and burnups greater than those for current 
CANDU.

In experimental reactor irradiations, annular U 0 2 fuel with inter-pellet 
graphite discs has performed well under high power, high burnup conditions [2, 3]. 
This poster extends our disc fuel experience to commercial power reactor operation, 
including normal and power ramp conditions.

2. EXPERIMENTAL

Twenty bundles, with a variety of disc fuel parameters (solid and annular fuel 
with solid and annular inter-pellet discs, disc dimensions, pellet L/d, pellet density) 
have been irradiated in the Douglas Point Nuclear Generating Station (NGS). 
Twenty bundles with conventional solid pellet fuel, some with non-standard 

CANLUB graphite coatings, were irradiated concurrently. The fuel was Zircaloy 
clad U 0 2, enriched 1.1 to 1.5 wt% 235U in U. The maximum burnup achieved was
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215 M W  -h/kg U  (9000 MW-d/t) with a normal linear power range of 15 to 
50 kW/m. Pmax and ДР of 68 kW/m and 50 kW/m, respectively, were achieved 
under power ramp conditions. Some supplementary power ramp testing was carried 

out in the NRU experimental reactor, following the Doublas Point NGS testing.

3. RESULTS AND DISCUSSIONS

All 20 bundles, with a range of disc fuel parameters, survived the test 
programme. Nineteen of twenty comparison bundles also survived; the failed bundle 
had a non-standard thin DAG-154 CANLUB sheath coating. Post-irradiation 

analysis after power ramps showed diametral increases of 0.01 to 0.08 mm in 
conventional fuel; the disc fuel showed small decreases, typically less than 0.02 mm. 
Fission gas release from conventional fuel was 26 to 31 % ; disc fuel showed 3 to 8% 

release.

4. CONCLUSION

Commercial reactor testing has confirmed the tolerance of U 0 2 graphite disc 
fuel to high power ramp operation. The concept is available to take advantage of new 

fuel cycles or bundle designs which require high power operation.
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CARACTERISTIQUES ET TENDANCES 
DES COMBUSTIBLES AU PLUTONIUM 
DES REACTEURS A EAU

J. BERGERON, R. LENAIN, G. MATHONNIÈRE 

CEA, Institut de recherche technologique 
et de développement industriel (IRDI),

Gif-sur-Yvette, France

Les conditions de réutilisation du plutonium dans les réacteurs à eau de concep
tion actuelle ou avancée ont été examinées. Ces travaux font suite à ceux réalisés 

dans le cadre d’Euratom dans les années 1976-1980.1 Ces études se limitaient au 
recyclage du plutonium dans les réacteurs à eau actuels avec un taux d’irradiation 
de 33 000 MW-d/t. La faisabilité du recyclage du plutonium avait été démontrée 
dans le cas où 30% des assemblages neufs rechargés contenaient du plutonium. 
L ’utilisation du plutonium est désormais analysée dans l ’optique des taux d’irradia
tion élevés de 45 000 à 60 000 M W  • d/t.

REACTEURS A  EAU ACTUELS

La multiplicité des compositions isotopiques disponibles nous ont amenés à 
établir une relation entre les taux d’irradiation, la teneur du combustible en pluto
nium et la composition isotopique.

Les facteurs de conversion ont aussi été examinés ainsi que les consommations 
de plutonium. On peut ramener les consommations de plutonium, par la formule 
d’équivalence, à une consommation en plutonium 239 comme cela est fait couram
ment dans le cas des réacteurs rapides. A  titre d’illustration, si l ’on met 
100 kg de 239Pu pour atteindre 33 000 MW-d/t, il en faut 147 kg pour atteindre 
45 000 MW-d/t pour un plutonium de même composition isotopique (fig. 1).

1 BERGERON, J,, BOUCHARD, J., DARROUZET, M., GAMBIER, G., «CEA- 
EDF studies on plutonium recycle in light water reactors», European Nuclear Conference 

FORATOM VII, Hambourg, 1979.
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FIG. 1. Facteur de conversion avec un combustible enrichi pour atteindre 45 000 MW-d/t.

Le zonage des assemblages combustibles a aussi été examiné. Les qualités d’un 
zonage se jugent à sa sensibilité:
— à la composition isotopique de départ,
— aux différences de composition isotopique entre zones,
— à l’environnement de l ’assemblage,
— à la gamme des taux d’irradiation visés.

Cet ensemble nous a conduit à proposer un zonage à trois enrichissements 
stables vis-à-vis des critères énoncés précédemment (fig. 2).

REACTEURS A  EAU AVANCES

Les conditions d’utilisation du plutonium dans les REP (limitation du nombre 
d’assemblages Pu, zonage, faible facteur de conversion) et la dégradation de la qua
lité du plutonium avec le recyclage conduisent tout naturellement à concevoir des 
réacteurs à eau ne présentant pas ces inconvénients, c’est-à-dire:
— tous les assemblages contiennent du plutonium;
— pas de zonage;
— pas de dégradation de la qualité du plutonium avec le recyclage;
— augmentation du facteur de conversion.
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Z o n e N o m b r e  d e  c ra y o n s E n r ic h is s e m e n t f is s ile E n r ic h is s e m e n t  e n  Pu

□ 9 6 3 .6 0 % 5 ,2 0 %

M
9 2 5 ,0 5 % 7 ,3 0 %
7 6 6 ,5 0 % 9 ,4 0 %

T o ta l 2 6 4 4 ,9 4 % 7 ,1 4 %

F A C T E U R S  D 'E Q U IV A L E N C E  P A R  R A P P O R T  A U  2 3 9 Pu

FIG. 2. Recyclage du plutonium dans les REP: zonage d ’enrichissement pour des cycles de
15 000 MW-d/t.

Ces avantages sont obtenus en densifiant le réseau de crayons combustibles et 
en diminuant le rapport de modération. La figure 1 indique un gain sur le facteur 
de conversion de 0,1 avec un rapport de modération de 0,6. Ce gain augmente de
0,05 environ avec l ’utilisation de crayons fertiles.

Mais des problèmes nouveaux spécifiques apparaissent.
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STUDIES ON NEW FABRICATION TECHNIQUES
FOR U02 AND MIXED OXIDE FUEL
FOR IMPROVED PERFORMANCE AND ECONOMICS

H.S. KAMATH, A. KUMAR,
D.S.C. PURUSHOTHAM, P.R. ROY 
Radiometallurgy Division,
Bhabha Atomic Research Centre,
Bombay, India

IAEA-SM-288/61P

The conventional U 0 2 and mixed oxide fuel fabrication route currently used 

is both cost and energy intensive. Recent work carried out at the Bhabha Atomic 
Research Centre has indicated attractive low temperature sintering (LTS) routes for 
U 0 2 and more particularly mixed oxide fuel fabrication. Systematic studies are 
being carried out to arrive at an attractive and economic LTS route that altogether 
eliminates the need to have any costly cover gas during sintering. The U 0 2 and 
MOX fuels fabricated have been found to meet the standard fuel specification of 
water reactor fuel and their irradiation behaviour is currently being studied in the 
test loops of the research reactor CIRUS (40 MW(th)).

In parallel, development work has been initiated to improve the microstructural 
features of U 0 2 and mixed oxide fuels fabricated by the conventional high tempera
ture sintering. Investigations indicate that addition of about 0.05 wt% Ti02 to U 0 2 
and mixed oxide results in controlled porosity and higher grain sized pellets, which 
is expected to improve the thermal and in-reactor performance of the fuel.
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DEVELOPMENTS IN THE TECHNOLOGY OF 
JOINING OF APPENDAGES FOR 
INDIAN PHWR FUEL

P.B. DESAI, V.G. DATE,
R. VUAYARAGHAVAN  
Atomic Fuels Division,
Bhabha Atomic Research Centre,
Bombay, India

Indian pressurized heavy water reactors (PHWRs) are fuelled with fuel bundles 
consisting of Zircaloy elements loaded with U 02 pellets. Zircaloy wires are heli
cally spot-welded to individual elements and the elements are then assembled in the 
form of bundles. Bundles with this fuel design, known as a wire wrap type assembly, 
have been fabricated in India for about two decades. Development of an improved 
alternative to the wire wrap design, namely the split spacer design, has been carried 

out for 19- and 22-element fuel assembly configurations. The split spacer design has 
several advantages such as elimination of fretting of cladding, simplicity, lower Zir
caloy content and lower coolant pressure drop.

Joining of Zircaloy appendages of various geometries to cladding tubes of 
different diameters required the development of suitable fabrication techniques. A  
survey of possible alternative methods of fabrication was carried out and a detailed 
study of various techniques was undertaken to evaluate their suitability. Vacuum 
brazing and resistance projection welding techniques have been pursued for stan
dardization of the several methods available. Development efforts were aimed at 
achieving a metallurgically sound joint with adequate strength and a narrow heat 
affected zone. Multi-faceted problems of large scale production, economics and the 
high quality required in the welding of such critical nuclear fuel components were 
given due consideration. The relative merits of the two methods were examined to 
produce a sound and reliable joint, including in situ weld evaluation for ensuring the 
integrity of the joints. Beryllium coating and brazing processes have been developed 
to a stage of prototype fuel assembly fabrication. Experimental work has been 
carried out to standardize the vacuum deposition of beryllium and the brazing of 
coated appendages. The technique of projection welding has been standardized. 
Development of the spacer pad design and standardization of the welding parameters 
to join appendages of varying thickness to the thin fuel sheaths have also been carried 
out. The resistance welding technique was used for producing test bundles for irradi
ation and it has now been adopted for regular production. Several bundles have been 

irradiated up to the designed bumup without any failure.
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Further improvements in the joining techniques are envisaged through 
development of full surface welding and two promising methods are being pursued 
for full surface welding, namely resistance welding and ultrasonic welding. Develop
ment work is aimed at achieving stronger joints and better reliability. The ultrasonic 

welding technique is considered particularly attractive for reducing the metallurgical 
structural changes in the thin fuel sheaths as well as distortion and for avoiding 

crevice corrosion.

IAEA-SM-288/22P

DEVELOPMENT OF GADOLINIA FUEL FOR PWRs

K. MORI, K. WATARUMI,
H. TAJIRI, S. MATSUMOTO  
Nuclear Fuel Industries, Ltd,
Osaka, Japan

I. INTRODUCTION

There is a wish among Japanese PWR operating utilities to extend reactor cycle 
operations, setting the immediate target at a 13-month cycle, which is the maximum 

length under current regulations. When a PWR is operated in the extended cycle 
mode, a number of burnable poison rods (BPRs) must be loaded into the core to 
depress the excess reactivity. Use of BPRs, however, poses the problems of reduced 
neutron economy due to the effect of the BPR structural materials and of the storage 
and disposal of spent BPRs. To solve these problems, we have developed a new fuel 
which contains gadolinia as burnable absorber. This poster describes the status of the 
gadolinia fuel study made for PWRs.

2. PROGRESS AND DEVELOPMENT WORK

In 1980 we started a feasibility study in collaboration with five PWR operating 

utilities. We then joined the GAIN Programme, which is an international research 
project, and arranged irradiation tests in the Halden reactor. Demonstration irradia
tion is being carried out in Ohi-2 (Kansai Electric Power, 1175 MW(e)). We have 

just started the licensing activities for commercial use of the fuel containing 6 wt% 
gadolinia. After regulatory approval, we expect to be able to use the fuel in full batch 
in 1988.



560 POSTER PRESENTATIONS

FI
G

. 
1. 

D
ev

el
op

m
en

t 
of 

ga
do

lin
ia

 
fu

el
s.



POSTER PRESENTATIONS 561

In 1986 we also started studies on a fuel containing up to 10 wt% gadolinia 
as the next step for high burnup fuel. The time schedules for development of these 

gadolinia fuels are shown in Fig. 1.

3. FABRICATION OF GADOLINIA FUEL

There are three problems in fabrication, namely the uniformity of Gd20 3 in 
pellets, moisture absorption and densification. Uniformities of Gd20 3 and U 0 2 
depend on the powder mixing procedure. They are checked during fabrication by 
ceramography with coloured etching as well as X-ray diffraction during the pre- 
production stage.

We found that the resintering density change tends to be greater as the Gd20 3 
content increases. A  similar tendency was also observed in moisture absorption.

It is important from the quality control point of view that gadolinia fuel rods 
be clearly segregated from the U 02 rods. The distinction we made between the rods 
was in the shape of the end-plug. A  method has also been developed to measure the 
gadolinia content in fuel rods by non-destructive testing.

4. MATERIAL PROPERTIES

Data for the gadolinia bearing fuel were collected from the published litera
ture. Pellets fabricated by our process were also measured.

(1) Thermal conductivity. This was obtained by measuring the thermal diffiisivity 
using the laser flash method.
(2) Thermal expansion. Measurement is under way using the thermal mechanical 
method.
(3) Lattice parameter. This was measured using the X-ray diffraction method, 
and an empirical formula for the theoretical density of the gadolinia pellet was 
obtained as follows [1]:

TD =  10.96 -  0.035 x С (g/cm3)

where С is the gadolinia content in wt%, <  10.

5. VERIFICATION OF NUCLEAR DESIGN CODE

The thermal spectral calculation of the nuclear design code was improved by 

changing over to the THERMOS code; this was verified by testing in the tank 
type critical assembly at the Japan Atomic Energy Research Institute (JAERI), criti
cal tests conducted by Hitachi and test irradiation performed by Babcock &  Wilcox
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in TMI-2. Eight gadolinia fuels are being irradiated in Ohi-2 and we are tracing the 
core characteristics to improve the reliability of the code.

6. VERIFICATION OF THE FUEL ROD PERFORMANCE CODE

To evaluate gadolinia fuel rod behaviour during irradiation, the following 

models in the U 0 2 fuel rod performance code were changed.

(1) Thermal conductivity of the pellet. The model was based on JAERI data [2], 
which give the lowest values in the literature. We confirmed that pellets from our 
process have a higher value than that of the design.
(2) Densification behaviour. Based on the results of the resintering tests, it was 

found that the densification rate was slightly lower than that of U 02.
(3) Theoretical density. The formula shown in Section 4 was used as the theoreti
cal density for the burnup calculation.

For the radial power profile in the pellet, the U 02 profile was used as a con
servative evaluation, since the temperature calculation tends to give relatively high 
values. Also, as is generally known, the melting point of gadolinia pellets is reduced. 
We set the design value of the melting point for 6 wt% gadolinia pellets at 70° С 
below that of U 02 by evaluating the data published by B&W [3].

7. IRRADIATION IN TEST REACTORS

We have taken part in two different irradiation programmes. The first was the 
test carried out in the Halden reactor with the aim of verifying the fuel performance 
code. It included measurements of the fuel centre temperature, rod pressure and fuel 
stack length. Non-destructive and destructive tests are now under way for test rods. 
The second is the GAIN Programme. The aim of this test was to investigate fuel 
behaviour during power ramp, which is difficult to carry out in a power reactor. The 
ramp test has been completed and changes in the outer diameter of the fuel cladding, 
the ceramography and the fission product release have been investigated.

8. DEMONSTRATION IRRADIATION IN THE POWER REACTOR

Four fuels in eight were fabricated by Nuclear Fuel Industries (NFI) and are 
now under irradiation in Ohi-2. The design features of these fuels are shown in 
Table I and Fig. 2. They were well characterized during fabrication and are cur
rently in the second cycle. After the first cycle, they were inspected by underwater 
TV. A  sample of the data obtained from this inspection is shown in Fig. 3.
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T A B L E  I. G A D O L IN IA  FU E L  DESIGN

UO,

Pellet 

Density (%TD)

Outer diameter (mm) 

Length/diameter ratio 

Shape

Gd20 3 content (wt%)

Cladding

Material

Outer diameter (mm)

Wall thickness (mm)

Fuel rod 

Total length (mm)

Inner pressure (kg/cm2)

Grid

Material

Fabrication

Fuel assembly 

Fuel rod pitch (mm) 

Envelope (mm)

No. o f grids

No. o f guide thimbles

No. o f fuel rods: U 02

Gd20 3/U02

95

8.05

1.1

Sphere type dish, 
chamfer

Zry-4, SR 

9.50 

0.64

3852

-3 0  
with pure He

Inconel-718

Welding

12.6 

214 x  214 

9

24

248

16

Gd20 3/UQ2

6
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FIG. 2. Gadolinia bearing fuel rod in assembly.

FIG. 3. Fuel assembly elongation.
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Cycle burnup (MW-d/t)

FIG. 5. Critical boron concentration.

After completion of the second cycle, the fuels will attain approximately 
33 000 MW-d/t burnup and will again be inspected by underwater TV. Also, hot 
cell post-irradiation experiments are scheduled and the test plan is being discussed 
in detail.

The coolant activity of Ohi-2 is of the order of 10 ~4 /*Ci/g 131I during the first 
and second cycle.1 This clearly indicates that there are no leaks in the core, includ
ing gadolinia fuels.

In first cycle irradiation of gadolinia fuels, the power distribution was 
thoroughly measured at startup and twice a month during operation. The measured 
data were used for verification of the nuclear design method. Figure 4 shows the fuel 
loading pattern and Fig. 5 gives a sample of measurements.

1 1 Ci =  3.70 x 1010 Bq.
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Efforts will be made to implement the 6 wt% gadolinia fuel for commercial 
use in all plants and, in parallel, R&D will be carried out for fuels with a higher 
gadolinia content (exceeding 6 wt%), which will be necessary for future extension 

of reactor operations to 13 months.
Irradiation of test fuel rods containing 10 wt% gadolinia has been initiated in 

BR-3. We will also collect more material properties by measuring samples that we 

have prepared.

ACKNOWLEDGEMENTS

The authors express their thanks to the engineers of Kansai Electric and other 
PWR operating utilities for their support in the joint study programme.

9. PLA N S  FO R  TH E  FU TU R E

REFERENCES

[1] MASHIKO, M., et al., “Evaluation of solid solution state in U 0 2-Gd20 3”, in Proc. 

Conf. Japanese Atomic Energy Society, Tokyo, Oct. 1985 (in Japanese).

[2] F U K U S H I M A ,  S., et al., J. Nucl. Mater. 105 (1982) 201.

[3] T H O R N T O N ,  T.A., et al., Trans. Am. Nucl. Soc. 43 (1982) 348.

IAEA-SM-288/42P

MOISTURE MEASUREMENT IN U02 POWDER 
BY NEUTRON MODERATION

L. HÁLLDAHL  
ASEA-ATOM  Fuel,
Vâsterâs, Sweden

1. INTRODUCTION

In the conversion process in ASEA-ATOM ’s Fuel Factory, U 0 2 powder is 
taken from geometrically safe vessels to blenders which are not. For this procedure 
the moisture content of the powder must be less than 1 % if these blenders are to be 
used.
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FIG . 1. Moisture measuring equipment (A -D  =  detectors).

A feasibility study was carried out by Science Application Inc. (SAI) (USA) 
[1]. In the first phase of the work, the count rates of the epithermal and total neutrons 
were correlated with the moisture content in the U02 powder samples (about 5 kg 
of material). (Epithermal neutrons can be measured by covering the detector with 
a cadmium metal foil.)

A great deal of work has been done to find the optimal shielding around the 
detectors, the optimal geometry, etc. By placing the source in the centre of the U02 
material, a significant improvement in sensitivity was achieved.

A full scale instrument was designed and built around a pipe which can easily 
be fitted into the process equipment.

This poster presents the results of the tests that have been carried out with 
uranium powder at the ASEA-ATOM’s Fuel Factory to demonstrate that the 
measuring principle and the instruments are well suited as integrated in-line equip
ment for measurement of U02 powder [2].

2. EQUIPMENT

The equipment is built around a modified 250 mm pipe (see No. 1 in Fig. 1). 
During the tests reported on here, the equipment was mounted into a special device 
which permits blending of the powder inside the pipe. The cylindrical part of the pipe 
is surrounded by detector housing (see No. 2 in Fig. 1) which is clamped to the pipe 
in two sections.

Four 3He detectors are placed around the surface of the pipe, equally spaced 
at 90° (see No. 3 in Fig. 1). The housing is designed to ensure optimal performance 
of the measuring system using boron carbide and boric acid as absorbers and shield
ing material, respectively. Each detector has a diameter of 2.5 cm and a length of
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25.4 cm, and can be covered with cadmium metal (if measurement of epithermal 
neutrons is desired).

The neutron source used is a 2 ng 252Cf source which is connected to a stain
less steel source handling rod (see No. 4 in Fig. 1). This rod is inserted into a source 
guidance tube which runs through the shielding into the pipe carrying the powder. 
When locked into position, the source is placed in the centre of the UO2 powder 
bulk in the measuring system.

Signals from the detectors can be grouped together (two by two) into two 
independent groups which operate completely separately. Each group has its own 

scaler.

3. LABORATORY TESTS AND RESULTS

3.1. Differences between detectors

Deviation between the detectors was slightly larger than was expected from the 
statistics. This showed that detector D was more efficient for measuring epithermal 
neutrons at low and high moisture levels; for total neutrons, detector A  was the most 
effective.

The maximum difference in counts between the two detectors is 2.8%. (A  
deviation from the statistics of only about 0.5% is expected at the lowest count rate.)

When two detectors are connected to one scaler, the count rate is slightly less 
than the sum of the counts measured from each detector separately. The difference 
is about 8% at 1 000 000 counts/min, and about 1% at 65 000 counts/min. This 
shows that at high rates some pulses overlap in time and are counted as only a single 
event.

3.2. Differences between detector positions

Two detectors, A  and B, were permutated between the four positions. The 
most striking result found was that position С measures up to 11 % more counts than 
position A  (both bare), and that D measures up to 2.5% more counts than В (both 
covered). These differences in detector sites are caused by slight differences in 
geometry.

3.3. Sensitivity due to position in the vessel

A  piece of plastic (100 mm long, 25 mm in diameter) was placed beneath one 

of the detectors (C, bare) and then pulled up step by step through the bulk of the 
U 0 2 powder (1.98% enriched, 0.20% moisture) just in front of the detector. In a 
second test, the piece of plastic was pulled up the centre of the vessel, very close
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Moisture %

FIG. 2. Counts versus moisture fo r  0.22 and 3.32 % enriched U 0 2‘

to the source. These two tests clearly showed that the most sensitive part of the vessel 
is at the source level, just in front of the detectors.

3.4. Additions of H20 to the U02 powder

To establish the counts versus moisture functions for moist U 02 powder, a 
number of tests were made. U 0 2 powder from three different enrichment levels was 
used: 0.22, 1.98 and 3.32% 235U. The cylindrical part of the pipe was filled with 
U 0 2 powder (approximately 70 kg) and then either premixed moist powder or 
water was added through the conical part. The whole vessel was then blended for 
3 to 5 minutes, sampled and counted.

In all these measurements detectors A  and С were grouped together, giving 
counts of total neutrons (detectors bare, channel 1). Detectors В and D were grouped 
together, giving counts of epithermal neutrons (detectors covered by Cd, channel 2). 
For the 3.32% enriched powder, the moisture was raised from 0.117 to 5.44% in 
17 increments. The depleted powder was raised from 0.175 to 5.26% moisture in 
10 increments.

The general tendency is that for low moisture contents the counts for total and 
epithermal neutrons are very similar (see Fig. 2). At about 1% moisture, deviation 
starts to increase. It seems strange that the epithermal counts are higher than the total 
counts at very low moisture contents. However, the neutron energy spectrum is not 
altered very much by moderation, and cutting off the thermal energy does not lower 
the count rate very much. More important is the fact that, according to Sections 3.1 
and 3.2, for low moisture contents detector D is the most efficient detector and 
position D is the most efficient position. This combines to give higher count rates 
for channel 2.



POSTER PRESENTATIONS 571

As the moisture content increases, the neutron energy spectrum is softened 
and, with a cut-off of thermal energy by the cadmium, the differences become more 
and more pronounced. This effect overrides the small differences that arise because 
of the various detectors and positions used.

All curves are fairly linear up to about 1.5%; they then level out and give a 
better sensitivity in the range of 2 to 5 %. This bend in the curves is due to the fact 
that the more thermalized the spectrum, the better the detector efficiency. The cross- 
section taken for the detection process, 3He(n,p), is about 1000 times larger at a 
neutron energy of 1 eV than at 1 MeV. Thus, in addition to the count rate increasing 
with the increase in water, the increased count rate observed is also due to softening 
(i.e. thermalization) of the neutron spectrum, bringing more neutrons into an energy 

range where the detectors are most efficient.

3.5. Effect of enrichment

There is no significant difference between the results for 0.22 and 3.32% 
enriched material until the moisture level 1 % is reached. The depleted powder shows 
a larger deviation between epithermal and total counts than 3.32% enrichment at a 

certain moisture level.
The amount of 235U  is 15 times larger in 3.32% enrichment than for depleted 

material. This isotope absorbs thermal neutrons efficiently and thus reduces the total 
count.

When measuring epithermal neutrons, the thermal energy of the spectrum is 
absorbed in the cadmium metal, and the number of neutrons in the remaining epither
mal spectra do not differ very much for the two enrichments.

3.6. Effect of U308 and ammonium uranyl carbonate (AUC)

The 3.32% enriched material blended with water up to 5.44% moisture 
was used as a starting material in order to check the influence of U30 8. About 
5 kg U30 8, with a moisture content of 540 ppm, was added to the vessel, which 
was then blended and counted. Ten increments raised the amount of U30 8 from 0 
to 57.4%, and lowered the moisture content from 5.44 to 2.22%. In Fig. 3 these 
points are plotted, together with data points from the corresponding moist U 0 2. The 
two curves are very similar, indicating that it is the moisture content that determines 
the count rate, not the percentage of U30 8.

A  similar test was carried out with AUC which is an example of a hydrogen 
containing compound other than water. Both epithermal and total counts were very 
similar to the curves for moist U 0 2 (see Fig. 3). It can be concluded that the 
amount of hydrogen in the AUC corresponds to the equivalent amount of hydrogen 
expressed as water.
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Moisture %

FIG. 3. Counts versus moisture fo r  U 0 2, U 0 2+A U C , and U 0 2 +  U30 s. 

Moisture %

FIG. 4. Counts versus moisture equivalent.

3.7. Neutron signals at a very high moisture content

To obtain a very high hydrogen content, water was substituted by polyethylene 
(PE). The material was in the form of granules, about 3 mm in diameter, and was 
therefore very easy to blend into the powder.

In Fig. 4 the equivalent moisture content was calculated after addition of PE 
to the 3.32% enriched material. One exception is the 100% H20  point, which is 
from a real measurement, where the vessel was completely filled with water. This 
figure then covers the count rate/moisture function for the entire range of dry 
powder/100% water.
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FIG . 5. Neutron spectra fo r  various levels o f  moderation in U 0 2.

In an attempt to qualitatively explain the shape of the curves in Fig. 4, the 
graph was divided into different regions (denoted 1-4). Figure 5 provides the tenta
tive neutron spectra for the corresponding regions.

For a low moisture content (region 1), most of the neutrons are fast and very 
few will be moderated sufficiently to be brought into the energy range of the detec
tors (see spectrum 1 in Fig. 5). The response is therefore initially poor.

For intermediate moisture values (region 2), neutron moderation is the 
dominant effect, bringing neutrons into the thermal and the epithermal range. The 
result is that both sets of detectors show an increase in counts with moisture. (Note 
from Fig. 5 that the average neutron energy is still above the detector cut-off 
energy.) This region corresponds to the behaviour previously described in Fig. 1.

In region 3 the average energy of the neutrons has decreased to below the 
cadmium cut-off point. The epithermal neutron count drops as more epithermal 
neutrons are being moderated to thermal energies than are being formed by modera
tion of the relatively few fast neutrons remaining. The total neutron counts still 
increase in this region, since the average neutron energy is greater than that of the 
thermal neutrons and the effect of thermal neutron absorption in 235U is smaller 
than the moderation of the epithermal neutrons.

In region 4 most of the neutrons have been moderated to thermal energies. The 
change in count rate with moisture content now becomes a balance between thermal 
neutron absorption in the various elements (notably from uranium (both isotopes) and 
hydrogen) and moderation of the neutrons produced by fission in 235U.

4. CONCLUSIONS

The general conclusion reached from these tests is that the instrument and the 
principle of measuring are well suited for measuring low levels of moisture (hydro
gen) in U 0 2 materials.
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From the count rate versus moisture data from the 1.98% enriched powder in 
a moisture range of less than 1 % and by estimating the standard deviation in moisture 
content to be 0.016%, calculation of error propagation reveals that the standard 
deviation in determining moisture by counting neutrons five times in five minutes 
is 0.037% for total and 0.043% for epithermal neutrons (1 a). This shows that the 
sensitivity is good enough for an in-line surveillance instrument.

By using signals from both epithermal and total neutrons, the potential risk is 
avoided of misinterpreting an attenuated epithermal signal from very high moisture 
levels as low moisture. In the low moisture range, variations due to enrichment are 
insignificant for this application. It has also been shown that the О/U ratio in 
the material is of no importance. Only the amount of hydrogen, regardless of 
whether it is present as water, PE or AUC, is of importance for the detector 
response. Hence, the measuring principle itself is the most satisfactory way of 
measuring the moderating capacity.
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BWR FUEL CHANNEL EXPERIENCE

K. LUNDBLAD VANNESJÔ, G. VESTERLUND  
ASEA-ATOM  AB,
Vâsterâs, Sweden

IAEA-SM-288/43P

Use of fuel channels for periods exceeding one fuel bundle lifetime requires 
that the dimensions of the channels must not change excessively during service and 
that corrosion of the channel material must not lead to heavy spalling of oxides and 

significant thinning of the channel walls.
To manufacture channels with good dimensional stability, residual stresses 

imposed by bending and welding operations must be eliminated. This is done by 
ASEA-ATOM  in a sizing operation where the channels are uniformly and plastically 
deformed at high temperature ( >  600°C). Processing of the Zircaloy channel 
material is important. Introduction of a high temperature anneal and quenching oper
ation at either final or intermediate size in the channel strip fabrication route has 
proved beneficial for the material corrosion resistance.

The main in-pile dimensional changes are channel bowing and channel 
bulging.

Channel bulging is the process by which the square cross-section of the channel 
is gradually transformed into a more circular shape. The mechanism by which this 
deformation takes place is by irradiation induced creep of the Zircaloy. The channel 
bulging contributes only insignificantly to the total deformation of channels operating 
in low pressure drop ASEA-ATOM  cores. The contribution of channel bulging can 
be significant for the total deformation in reactors with a high pressure drop.

Channel bowing is the major deformation mechanism for thick walled channels 
(such as 2.3 mm) operating in low pressure drop cores. This fact is illustrated in 
Fig. 1. The upper bound of the total deformation is subdivided into the three defor
mation mechanisms that give bow, twist and bulge for 157 channels operated in the 
TVO-1 reactor.

The main reason for channel bowing is that the irradiation induced growth is 
not symmetrical on the two opposite sides of a channel. There are global as well as 
local reasons for these asymmetries. The major contributing factor is shown to be 
operation in core peripheral positions.

The strong correlation between relatively large channel bow and exposure in 
core peripheral positions is shown in Fig. 2. At the bottom of the figure the distribu
tion of channel bow for a set of channels is shown. In the top part of the figure two 
curves representing the fraction of channel cycle exposure to peripheral or next to
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FIG. 1. Total deformation o fTV O -1  channels.
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FIG. 2. Correlation between channel bow and exposure in peripheral positions.
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. STANDARD DEVIATION: 0.36 mm  (1.4 m il)

FIG. 3. Comparison between 2 X 45 channels operated in core symmetry positions.

peripheral core positions are given. As can be seen, there is a strong correlation 

between core peripheral exposure and large channel bow.
In Fig. 3 the channel bow of 45 sets of channels is compared. Each channel 

set is made up of two channels that have been operating in a core symmetrical posi
tion and for which the channel bow is predicted to be the same, should only calcu
lated neutron flux asymmetries be responsible for channel bow. There is a small 
scatter of the data in the figure (with a standard deviation of 0.36 mm). There are 
several reasons for this scatter such as deviation from true symmetry of the core and 
tolerances in manufacturing. Only a small fraction of channel bow is thus explainable 

by as-manufactured properties as proved by thermal stability test ( ~  0.1 mm).



578 POSTER PRESENTATIONS

IAEA-SM-288/36P
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**Department of Metallurgy,
Faculty of Natural Sciences and Technology

E. Kardelj University,
Ljubljana, Yugoslavia

1. INTRODUCTION

Incorporation of gadolinium as a burnable absorber to extend the in-core fuel 
lifetime is currently attracting increased attention for application in PWRs [1]. Fuel 
in the form of (U ,Gd)02 solid solution is produced by sintering a mixture of 
mechanically blended powders of U 0 2 and Gd20 3. Recent results have indicated 
difficulties in manufacturing good pellets, which should be characterized by a 
high level of Gd and U homogeneity [2, 3]. Several measurements of the influence 
of different processes on the formation of (U ,Gd)02 solid solution have been 
reported [1-7]. However, to the best of our knowledge, diffusion in this system has 
not been systematically studied. In the present work the interdiffusion coefficient in 
the U 0 2-Gd20 3 system was measured. The measurements were carried out in the 
temperature range of 1600 to 1900°C by autoradiographic techniques [8].

2. EXPERIMENTS

The diffusion couples were obtained from pure U 0 2 and Gd20 3 (supplied by 
Merck, Federal Republic of Germany) powders. Green cylindrical pellets of Gd20 3 
(diameter =  8 mm, height =  3 mm) were prepared by cold pressing at 166 MPa. 
The Gd20 3 pellets were then placed into U 0 2 powder and compacted again in a 
cylindrical mould (diameter =  12 mm, height =1 1  mm) at the same pressure 
(166 MPa). Care was taken in each experiment that the Gd20 3 pellets were placed 
in the middle of the U 0 2 powder. The specimens were sintered in a hydrogen 
atmosphere in the temperature range of 1600 to 1900°C for 4, 16 and 64 hours. The 
specimens were axially cut and polished according to a standard ceramographic 

procedure.
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FIG . 1. (a) Alpha autoradiograph, and (b) optical micrograph o f  difusión couple sintered at 

1700° С  fo r  64 hours.

Measurements of the interdiffusion coefficient were done by alpha autoradio
graphy with a M A-ND/a track detector, by neutron induced fissiography with a 
Makrofol KG detector, and by neutron induced autoradiography based on relief and 
dyed image formation in gelatine; the relevant techniques have been described 
elsewhere [8]. In Fig. 1(a) an autoradiograph of the diffusion couple sintered 

for 64 hours at 1700°C is presented. The alpha particle track density of 
8.5 X 106 tracks/cm2 was obtained by exposing the detector for 48 hours. The 
optical micrograph, obtained by etching the same specimen in a 4% solution of nitric 
acid in alcohol, is given in Fig. 1(b). Neutron irradiations (fissiography, relief and
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FIG. 2. Neutron induced flssiograph o f  diffusion couple sintered at 1700° С  fo r  4 hours.

FIG. 3. Track density o f  alpha particles versus distance fo r  diffusion couple sintered at 

1700° С  fo r  64 hours.

dyed image autoradiography) were performed in the radiographic facilities of our 
TRIGA Mark II reactor; these have been described elsewhere [8]. A  neutron 

induced fissiograph of the diffusion couple sintered for 4 hours at 1700°C is 
presented in Fig. 2. The track density of fission fragments of 7.5 X 106 tracks/cm2 
was obtained at a neutron fluence of 1.65 X 1011 neutrons/cm2. Track density 
measurements on autoradiographs were made with an optical microscope, while 
dyed image autoradiographs were evaluated by a microdensitometer. Details are 

given in Refs [7, 8]. An example of the measured track density distribution across 
the diffusion zone is given in Fig. 3.
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F/G. 4. (a) Alpha autoradiograph, and (b) optical micrograph o f  diffusion couple sintered at 

1900°C fo r  64 hours.

In the micrographs of the specimens sintered at elevated temperatures and 
longer sintering times four different regions were observed, indicating a two-phase 
diffusion zone. In Fig. 4 the autoradiograph and optical micrograph of a specimen 
sintered at 1900°C for 64 hours are presented. This explains the deviation of the 
fitted curve from experimental data outside the error bars, as illustrated in Fig. 5. 
Nevertheless, the presence of the two-phase diffusion zone was not treated explicitly.
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FIG. 5. Track density o f  alpha particles versus distance fo r  diffusion couple sintered at 

1900°С fo r  64 hours.

3. RESULTS

Since the track density is proportional to uranium concentration, the following 
equation

p (x) =  PGd + 1 -  erf
x — xr

2 Vüt
(1)

was fitted to the experimentally measured track density distribution to obtain the 
interdiffusion coefficient, D, for a given sintering time, t. Here pGd and ри are the 
track densities in the image of pure Gd20 3 and U 0 2 and xr is the distance of the 
diffusion edge from a reference point. The sum of squares x was defined as

^  p ( x ¡ )  -  Р ; ( Х ; )  \ 2

*  =  E  i - ^ r r r )  (2>

Parameter e was chosen as 0.1 to avoid numerical overflow in the region where the 
measured track density pj(Xi) was zero.

The dependence of the interdiffusion coefficient on the temperature is 
presented in Fig. 6. To the experimentally measured data, the Arhennius equation

D =  D0 exp (-Q /R T ) (3)

was fitted. The effective activation energy, Q, calculated from the slope of 
this curve was found to be 2 x 10s J/mol and the frequency factor D0 was 
3.3 X 10~6 cm2/s.
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FIG. 6. Temperature dependence o f  cation interdiffusion coefficient.

4. CONCLUSIONS

The kinetics of cation interdiffusion of (U ,Gd)02 fuel can be studied with the 
help of alpha and neutron induced autoradiography with various image detection
materials (track etch, relief and dyed image detectors). The cation diffusivity in the 
temperature range of 1600 to 1900°C is given by

D =  3.3 X 10-6 exp (-2 0 0  000/RT) cm2/s (4)

Development of an experimental procedure to analyse the contribution of 
surface, grain boundary and bulk diffusion processes to the overall diffusion 
coefficient is in progress.
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FABRICATION OF PROTOTYPE FUEL PINS 

FOR THE MZFR REACTOR

C.A. NOCETTI
Instituto Nacional de Investigaciones 

Nucleares,
Mexico City, Mexico

1. INTRODUCTION

In accordance with a technical assistance agreement between the Kernfor
schungszentrum Karlsruhe (KfK) and the Instituto Nacional de Investigaciones 
Nucleares (ININ), a project was initiated for fabricating fuel pins for the MZFR 
(57 MW) power and research reactor located in Karlsruhe, Federal Republic of 
Germany. Specifications for the fuel pins were purchased from the reactor supplier. 
The fabrication technology, quality control procedures and quality assurance system
were developed at ININ. KfK assisted by sending experts to ININ and by performing
analyses that could not be done in Mexico because the equipment was not available.

In 1980, 5000 fuel pellets were fabricated for one fuel assembly of the MZFR 
reactor. They were accepted for irradiation in the FRG by the Technischer 
Überwachungs-Verein (TÜV). Irradiation was carried out from May 1981 to August 
1983. A burnup of 9640 MW - d/t was reached. Post-irradiation examination is to be 
performed this year.

2. PELLET FABRICATION

After fabrication of the pellets, a new project for production of a set of rods 
for one fuel assembly was initiated at ININ. The starting materials were free flowing 
natural uranium oxide powder and Zircaloy-4 tubes and end-plugs supplied and certi
fied by the Reaktor Brennelement Union and donated by KfK.



PO ST ER  PR ESEN TA T IO N S 585

The following tests for U02 powder were performed on reception at ININ: 
impurity content, total uranium content, oxygen to metal ratio, average particle size, 
flowability, specific surface area, bulk and tap density and moisture content [1].

Since the uranium powder used was of the free flowing type, powder prepara
tion consisted of adding only 0.3 to 0.4 wt% zinc stearate. Homogeneization was 
carried out for 1 hour in a V blender, followed by determination of flowability and 
visual examination to detect the non-homogeneous parts.

For pressing [2], AISI D-2 steel dyes were initially used, but abrasion very 
quickly made them useless. The problem was eliminated by using tungsten carbide 
dyes. The dye was designed in such a form that most of the pressing was performed 
in the straight zone. The cone was selected so that 40 to 50% of the expansion 
occurred in the dye. For the punches, AISI D-2 steel was used without any problems 
arising. The pressing was performed in a Dorst TpAn 40 press with a floating 
dye. The pressing cycle [2] included short initial pressing with the top punch, long 
pressing to perform most of the compression in a double effect and short top pressing 
to compensate for the density decrease caused by the conical shape of the top of the 
dye. The pressing cycle was adjusted to obtain a sintered pellet that was as cylindrical 
as possible. It was convenient to use a pneumatic top load during pellet expulsion. 
The lot size was 10 kg, the pressing speed was six pellets per minute and the average 
green density was between 5.8 and 6.0 g/cm3, depending on the zinc stearate 
content. Control consisted of visual examination and measurement of the diameter, 
height, weight and geometric density in one out of 20 pellets [1].

The sintering was carried out in batch furnaces (Degussa GSmo 2/22.5/50) in 
a pure hydrogen atmosphere. The sintering cycle [3] comprised initial slow heating 
up to 300°С for protection of the molybdenum resistance, ramping at 300°С per 
hour up to 850°C, and a pre-sintering plateau of 1.5 hours at 850°C to ensure elimi
nation of all the zinc stearate. Finally, a ramp increase of 300°C per hour up to a 
sintering temperature of 1720°C was made and maintained for 2.5 hours. The 
cooling rate was controlled at 300° С per hour until the temperature had decreased 
to 1200°C, followed by natural cooling. The initial batch size for sintering was 
10 kg, but some plugging of the H2 exit occurred because of zinc stearate condensa
tion. The problem was solved with a smaller batch size of 5 kg and cleaning after 
each operation. After sintering [1], visual examination and statistical control of 
the diameter height and geometric density were performed. Samples for the 
oxygen/uranium ratio and ceramography were also taken at this point.

Wet centreless grinding was performed in a Herminghausen Sr-40 machine 
using silicon carbide wheels. Production control of grinding consisted of measuring 
one out of every 50 pellets ground. Pellets were kept under water until the washing 
was completed. Washing entailed ultrasonic cleaning for 10 minutes, rinsing with 
tap water and distilled water, and air blowing and drying in a vacuum furnace at 
130°C and 10_2mbar. Final verification [1] of the finished pellets comprised 
100% control of the diameter, height, geometric density and visual examination, as
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Welding tim e (s)

FIG. 1. Diagram o f  first weld.

well as statistical control of the shoulder, dishing, perpendicularity, immersion 
density, ceramography, roughness, impurity content, oxygen to metal ratio and 
uranium content. The isotopic content, residual gas and hydrogen content were 
measured at KfK since the equipment was not available at ININ.

3. ROD FABRICATION

The tests carried out on the Zircaloy-4 tubes included 100% control of the 
dimensions, straightness and visual appearance, as well as statistical control of sur
face roughness. For the end-plugs, 100% visual examination and dimensional con
trol were performed. The fuel rods for the MZFR reactor do not have springs or 
insulating pellets, thus it is only necessary to control the pellets, tubes, end-plugs and 
the helium for filling.
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Preparation of the tube for welding was made on a precision lathe. Only one 
end was machined initially. The cutting process was controlled with a short specimen 
every five machined tubes. If the short tubes preceding and following the series were 
within the required specifications, the series was accepted. Washing of the tube 
consisted of ultrasonic cleaning of the machined end, followed by immersion in 
acetone and isopropyl alcohol and blowing with hot air. The end-plugs were ultra- 
sonically cleaned in isopropyl alcohol and dried with hot air. The tubes and end-plugs 
were visually examined after cleaning.

Welding was carried out with a TIG programmable welder at pulsed current 
(Merrick TRX-100) [4]. A frequency of 44 Hz (between the maximum and minimum 
currents) was used. The maximum current was 33 and 40% for the first and second 
weld, respectively. The arc length was 0.25 mm and the speed 12 rev/min. Figure 1 
shows a diagram of the first weld. The welding chamber [5] was designed and fabri
cated at ININ. During purging it functioned at 10 ~4 mbar. Moisture in the chamber 
was monitored with a Panametrics 2100 analyser and the oxygen content was moni
tored with a Teledyne 316 analyser. Welding was performed in helium 99.999 and 
the moisture and oxygen contents in the chamber were always well below the 
pre-established limits of 20 and 8 ppm, respectively. Qualification of the welding 
process was done with 15 samples. After the first weld, quality control consisted of 
a visual comparison of the weld with the colour standards, diameter of the weld, 
eccentricity of the end-plug and radiography. The metallographic control and corro
sion tests were made at the beginning of the day’s production and after welding 
10 samples. After the first weld, tube cutting to the final length, welding preparation 
for the second weld, ultrasonic cleaning of the tube end and washing and drying of 
the tube were performed.

The pellet stack length was prepared in a V block. The short pellets (to 
complete the stack length) were cut with a metallographic cutter. Loading was also 
performed in a V block. Quality control personnel checked the stack length before 
loading as well as the plenum after loading the pellets. Drying of the loaded rods 
was carried out in a T-M vacuum furnace at 200°C for 1.5 hours at a vacuum better 
than 10_3 mbar. Forced cooling to 30°C was done in the furnace. The dried rods 
were sealed with polyethylene plugs, inspected and welded within 24 hours. Quality 
control after drying consisted of visual examination for tube colour and moisture 
determination at 400° С on five pellets taken from one of the dried rods using the 
carrier gas technique in a DuPont 902-H analyser.

The welding programme for the second weld was similar to that of the first, 
but with a slightly higher current (see Fig. 2). The rods were filled with 
helium 99.999 at 1 atm.1 Process qualification and quality control were similar to 
those of the first weld. MZFR fuel has a very small plenum and some problems arose

1 1  a t m  =  1 . 0 1 3  2 5  x  1 0 5  P a .
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FIG. 2. Diagram o f  second weld.

with cracks in the first pellet caused by excessive heating during the weld. Final 
inspection of the fuel rod included radiography, leak testing with a helium mass 
spectrometer, and control of weight, dimensions, straightness, visual appearance and 
surface contamination. Each rod was marked on the bottom end-plug and was always 
accompanied by a travelling card indicating the type of rod, identification of the 
pellets in the stack length and the control steps performed. Also, the sheets with 
the records and sign-off for every fabrication and control operation performed 
accompanied the rod lot.

4. QUALITY ASSURANCE

Fabrication and quality control form two separate groups under the same 
project manager. Quality assurance belongs to a different group which reports 
directly to the management of the institution. Quality assurance personnel directly
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supervised the qualification of the process and the personnel, and were present 
during many of the fabrication and control operations.

5. RESULTS

The experiment was inspected by the Baden Office of TÜV, which supervised 
acceptance of the pellets and qualification of the welding process performed at the 
ININ installations. The fuel rods could not be irradiated because the MZFR reactor 
was unexpectedly decommissioned just before the rods were finished. However, the 
experience gained in the fabrication of fuel rods for the MZFR reactor has already 
been used to fabricate segmented fuel rods that will be irradiated in a BWR reactor 
in the FRG.
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The Symposium covered a wide range of topics related to water reactor fuels. 
Rather than cataloguing what was said, an attempt has been made to identify trends, 
areas of agreement between authors, uncertainties that divide opinions and areas 
where more work needs to be done. Such a summary cannot make reference to every 
paper and idea, no matter how worthy, and the author apologizes to those who may 
have selected different examples to emphasize a point.

Although the topics of the papers are quite diverse and their sources represent 
the extensive number of IAEA Member States, they fit into a well defined 
framework. The discussion presented in the opening paper from Sweden 
(IAEA-SM-288/32), which described the incentives and drives to improve water 
reactor fuel technology and utilization, was most helpful in defining such a frame
work. The papers can be divided into four categories, as shown in Fig. 1: improved 
reliability and safety, improved fuel utilization, improved plant operations and 
improved fabrication. Each is discussed in turn.

(1) Improved reliability and safety are achieved by obtaining ever improved design
data and experience on current fuel. Improved knowledge of current fuel is fed back 
into the design, and by continued iteration the design is made more optimal and more 
reliable. Modelling the performance of the fuel goes hand in hand with the iterative 
process of improving the models and our predictive capability for conditions that are 
different from or perhaps just beyond the realm of experience. Excellent papers were 
presented in this area for both steady state as well as accident and transient perfor
mance of current fuels.

In general, the steady state performance of 8 x 8 array BWR fuels is progress
ing as expected and is described in Japanese (IAEA-SM-288/2 and 58) and Finnish- 
Swedish (IAEA-SM-288/45) papers. The fuels perform reliably and most of the data 
needed for current bumups are available. Extrapolation to extended burnup levels 
(IAEA-SM-288/45), such as 40 GW-d/t assembly burnup or 55 GW-d/t pellet 
burnup, does not appear to be a cause for concern. Some BWR channels have per
formed well to 61 GW-d/t.

Similarly encouraging data were provided for PWRs in Japan 
(IAEA-SM-288/66) and the United States of America (IAEA-SM-288/28). These 
papers provided an extensive database to assembly average burnups of 55 GW • d/t 
and described the operation of two rods in contact without failure. A Soviet-Finnish
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FIG. 1. Improvements in water reactor fuel technology and utilization.

paper (IAEA-SM-288/64) discussed the experimental verification of design models 
with instrumented assemblies and likewise indicated good fuel integrity. The highest 
burnups of 80 GW-d/t peak pellet were achieved by MOX fuel (IAEA-SM-288/38), 
and should provide some interesting precursor information for U02 irradiations to 
similar levels. The long time required to gather such data was exemplified by the 
papers for both BWRs and PWRs.

The correlation of in- and ex-reactor stress corrosion cracking (SCC) for 
Zr-l%Nb cladding described in a Soviet paper (IAEA-SM-288/63), showed that 
SCC resistance increases early in life in the reactor. Work is continuing to provide 
information at extended exposures and under load following conditions.

In the area of transient and accident analyses, a Danish paper 
(IAEA-SM-288/12) presented data and models that help explain the fission gas diffu
sion mechanism during such events. Experiments and models to describe the 
mechanical behaviour of Zr-1 %Nb cladding under transient and accident conditions 
were discussed in a Czech paper (IAEA-SM-288/21).
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A new split spacer design for pressurized heavy water reactor fuel bundles, 
instead of the wire wrap design (as shown in an Indian poster (IAEA-SM-288/62P)), 
should enhance the reliablity of fuel assemblies and, thus, core safety. Safe core per
formance is also the aim of the Argentinian programme (IAEA-SM-288/49P) being 
carried out to predict accurately fuel rod-spacer wear of a new fuel assembly for a 
natural uranium heavy water reactor.

Significantly improved SCC resistance was reported for stainless steel struc
tural materials in a paper from the Federal Republic of Germany (IAEA-SM-288/24) 
by keeping selected impurities at a low level. In addition to its use as a structural 
material, stainless steel as a cladding material is of some renewed interest for water 
reactor fuel, principally because of interest in the light water high conversion reactor 
concept as a means of burning plutonium.

Finally, in the area of reliability, some reports were presented on the state of 
the art of various modelling codes. The thermal-mechanical codes discussed in the 
UK paper IAEA-SM-288/11 are perhaps the most difficult way of simulating nature 
because of the complex interaction of the many variables involved. The state of 
development will improve but perfection, I believe, will continue to elude us for 
many years; nevertheless, continued efforts to improve the codes for steady state and 
transient analyses are a necessity. The neutronic methods discussed in the US paper 
IAEA-SM-288/60 appear to be better as they provide means that are satisfactory for 
most of the current designs. Some specialized designs, for example gadolinia con
taining fuels, could be improved upon. The process of feedback of experimental 
information into current designs is an ongoing one, and appears to be progressing 
satisfactorily.

(2) Improved utilization of nuclear fuel has been the subject of intense develop
ment worldwide; most of the methods used to achieve this objective were discussed 
during the Symposium (see Fig. 1). One of the most effective and universally 
pursued methods is to extend burnup. The batch average burnup goals are generally 
similar for all countries, i.e. 40 to 50 GW-d/t for PWRs and 30 to 40 GW-d/t for 
BWRs. The goals of the European countries and Japan are somewhat higher than 
those of the USA, since the decreased amount of spent fuel generated by extended 
burnup reduces the higher backend costs in Europe and Japan to a greater extent than 
in the USA. Current administrative restrictions in Japan keep the burnups below 
those actually desired for the best economics.

Reliable performance has been demonstrated in BWRs to 32 GW • d/t batch and 
46 GW-d/t assembly average burnups, and in PWRs to 40 GW-d/t batch and 
55 GW • d/t assembly average bumups. Details are discussed in papers from Belgium 
(IAEA-SM-288/40), France (IAEA-SM-288/48), the FRG (IAEA-SM-288/26), 
Japan (IAEA-SM-288/58 and 66), Sweden (IAEA-SM-288/45) and the USA (IAEA- 
SM-288/28 and 29).
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Most of the high bumup lead test assemblies were irradiated under relatively 
benign conditions, and while the data accumulated indicate feasibility, they do not 
provide the statistical reliability which data from tens of thousands of assemblies will 
supply in the future.

Some limits to burnup were identified; these are related to clad corrosion and 
irradiation growth. The Zircaloy 4 corrosion limits in high coolant temperature 
PWRs were presented by the FRG (IAEA-SM-288/26) as an oxide film above about 
140 nm and a heat flux of greater than about 70 W/cm2. Improved heat treatment 
schedules decrease uniform oxidation in the PWR environment according to work 
carried out in Sweden (IAEA-SM-288/59). Nodular corrosion of Zircaloy 2 in 
BWRs can be reduced significantly by heat treatment (different to PWRs) and com
position control, as discussed in papers from the FRG (IAEA-SM-288/27) and 
Sweden (IAEA-SM-288/41 and 45).

Significant progress is being made in the area of correlating fabrication 
parameters, zirconium alloy structure and corrosion resistance by the co-operative 
work done by tubing suppliers, fuel vendors and the utilities. This should result in 
better clad for extended burnup in the near future.

Differential growth of zirconium alloys is a second burnup limit that has 
been reached in some designs. The margin to this limit can be extended by design 
modifications that provide more space for differential growth and by closer control 
of fabrication methods to reduce the scatter in growth rate among various compo
nents. Changes to accomplish this have been made by designers in the 
FRG (IAEA-SM-288/26), the USA (IAEA-SM-288/28) and the USSR 
(IAEA-SM-288/63). It is of interest to note that the Soviet plan to use reduced 
growth rate, annealed clad for their large PWRs is the first time that this type of clad 
will be employed in a PWR.

The margin to the fuel rod internal pressure limit is controlled to a large degree 
by the fission gas release from the fuel. Improved lower fission gas release fuels 
include BWR fuel with lower fuel temperature 9 x 9  and 10 x 10 arrays used by 
the FRG (IAEA-SM-288/26) and Sweden (IAEA-SM-288/41), respectively, and 
PWR fuels with an 18 x 18 array from the FRG. Higher pressurization levels in 
BWR fuels also reduce fuel temperatures and gas release, as proposed by papers 
IAEA-SM-288/41 (Sweden) and IAEA-SM-288/29 (USA).

Annular pellets reduce fuel temperatures and also provide additional gas 
volume for reduced fuel rod pressure. They are used as standard fuel in Soviet PWRs 
(IAEA-SM-288/63) and as developmental PWR fuel in China (IAEA-SM-288/20), 
the USA (IAEA-SM-288/29) and in the Halden Project (IAEA-SM-288/34). While 
annular pellets promise significant advantages based on theoretical analyses, 
experimental confirmation has not produced consistently positive results. Some tests 
do indeed show lower fission gas release (IAEA-SM-288/34) and better pellet-clad 
interaction (PCI) performance; however, others, not reported at this Symposium, 
show that at higher powers and rapid ramp rates these advantages may not always
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be obtained. This is an area of uncertainty that requires, and deserves, additional 
investigation.

Fission gas release mechanisms have always been an area of intensive work. 
Reports from international projects being carried out in Belgium and Norway indi
cate that at very high power and high burnups (greater than 50 GW • d/t) the release 
rates are higher than expected. Efforts are being made to identify the mechanism and 
then build it into the models for improved prediction of high burnup performance.

Development of improved burnable absorber (BA) designs improves fuel utili
zation for extended burnup and longer fuel cycles. BWRs have used (UGd)02 BAs 
almost since their inception. Of prime importance in PWRs are more efficient BAs 
that are integral with the fuel rods, rather than separate, unfuelled components.

Most vendors have followed the BWR lead for (UGd)02, as reported in 
papers from France (IAEA-SM-288/6), the FRG (IAEA-SM-288/26) and Japan 
(IAEA-SM-288/22P), and development work from Yugoslavia (IAEA- 
SM-288/36P). An exception is the use of a thin ZrB2 coating on U02 pellets in a US 
design (IAEA-SM-288/28). A number of programmes are evaluating the extended 
burnup performance of (UGd)02, and one from Belgium (IAEA-SM-288/40) 
presented some particularly interesting results. The relationship of fuel temperature, 
fission gas release and fuel swelling under these test conditions needs some clarifica
tion, perhaps by an additional review of the data and further experiments.

Higher reactivity assemblies improve fuel utilization by either improving 
neutron moderation, or providing lower cross-section components. Non-boiling, or 
unvoided, water is added to BWR fuel designs in the form of water rods or an 
internal box in the FRG 9 x 9  design (IAEA-SM-288/26) and a water-cross in 
Swedish (IAEA-SM-288/41 ) and US (IAEA-SM-288/29) fuel designs. In a US 
design (IAEA-SM-288/28), use of smaller diameter fuel rods in PWRs has increased 
the hydrogen to uranium ratio.

Use of low neutron absorption Zircaloy 4 grids is not a novelty; however, in 
WOCA countries the remaining fuel vendors that still used Inconel grids have 
reported a change to Zircaloy grids.

Application of low leakage fuel management techniques was mentioned by 
several speakers, specifically in a paper from the USA (IAEA-SM-288/60). These 
might be thought of as a form of radial blanket for improved neutronic efficiency. 
Improved efficiency fuel management techniques were also reported for the CANDU 
type PHWR in Korea (IAEA-SM-288/10).

For many years axial blankets consisting of natural U02 pellets have been 
standard for improved fuel utilization in BWRs. Their use for PWRs is more recent 
and is reported by the FRG (IAEA-SM-288/26) and the USA (IAEA-SM-288/28).

Utilization of the plutonium cycle is quite active in Europe, as reported 
in papers/posters from Belgium (IAEA-SM-288/38 and 65P), France 
(IAEA-SM-288/53P) and the FRG (IAEA-SM-288/27); it is clearly an efficient 
method of fuel utilization.



598 S U M M A R Y

Fuel reconstitution has been a standard capability of BWR fuels and is also not 
a novelty for PWRs, but improved designs to facilitate the process for PWR fuel 
assemblies from both top and bottom were reported by French (IAEA-SM-288/8), 
Federal German (IAEA-SM-288/26) and US (IAEA-SM-288/28) designs. This is an 
indication of a desire to make full utilization of good fuel in assemblies which contain 
other fuel rods that are no longer usable for one reason or another.

(3) Improved plant operation, specifically improved plant capacity factor, is the 
most effective method for improving fuel cycle economics, as pointed out in paper 
IAEA-SM-288/32 (Sweden). PCI resistant fuels have received the greatest attention 
worldwide as a means of relieving current operating restrictions. The 9 x 9  and 
10 X  10 array BWR fuels and the 18 X  18 array PWR fuels avoid PCIs by reducing 
the linear heat generation rate. Another type of fuel resists PCI by using a zirconium 
barrier on the clad inner diameter. Most of the BWR fuel manufactured in the USA 
uses this concept, the Swedish designs have adopted it (IAEA-SM-288/41) and 
similar plans exist for its use in Japan (IAEA-SM-288/58). A BWR core essentially 
full of barrier fuel was reported as operating successfully in the USA with little or 
no operating restrictions (IAEA-SM-288/30); this is a significant demonstration of 
the statistical reliability of the design. It is hoped that similar demonstrations with 
9 x 9  fuel will be reported as soon as full cores are achieved.

Combinations of PCI fixes such as zirconium barrier with annular pellets 
have been implemented and planned in countries as diverse as the USA 
(IAEA-SM-288/29) and China (IAEA-SM-288/20).

An interesting concept was provided by a Swedish paper (IAEA-SM-288/15) 
for internally rifled clad, i.e. to mix fission gases and helium uniformly for reliably 
uniform thermal conductivity. Incomplete gas mixing that could cause hot areas have 
been hypothesized, but not traced back to commercial fuel performance. The 
question of whether this is of real concern to power plants should be resolved with 
an appropriate programme. If it is, the effectiveness of the concept should be 
evaluated.

Improved thermal margin fuels that provide greater operating flexibility and 
a larger power-flow window, and reduce the need for use of control rods in BWRs, 
can also increase plant capacity factors. The previously mentioned water-cross 
designs are classed in this category because of their high thermal margin spacer 
designs.

Analysis of improved LWR fuels (IAEA-SM-288/29) in the USA predicts that 
fuels such as the 9 X  9, zirconium barrier, annular pellet and water-cross designs 
may all be capable of recovering 95% of the fuel related capacity factor losses.

While the improvements described above are consistent for most countries, 
improvement of the capacity factor by extended fuel cycles is unique to the USA. 
The trend to longer cycles is made possible by the energy utilization pattern that
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causes a summer as well as a winter peak, making 18-month cycles convenient, 
whereas a single peak tends to restrict operations to 1- or 2-year cycles.

Efficient load following operations and their effect on fuel performance were 
discussed for PWRs in a French paper (IAEA-SM-288/48) and for BWRs in a 
Swedish one (IAEA-SM-288/45). They report very successful experience without 
adverse effects on the fuel. Cycling experiments conducted at Halden 
(IAEA-SM-288/34) and in Belgium (IAEA-SM-288/38) also indicate generally good 
performance. Since load following is becoming an increasingly frequent method of 
operation, a thorough investigation is warranted for the potentially harmful effects.

(4) Improved fabrication methods are developed to provide better quality and/or 
lower costs and, in rare instances, both. Conventional and novel fabrication methods 
were discussed; of these, the automated methods, such as these discussed in a French 
paper (IAEA-SM-288/7), were impressive. Automation can save labour costs, but 
of greater importance is that they can improve quality by eliminating operator sensi
tive operations such as handwork, which is rarely recorded and can become a source 
of difficulty in tracing quality problems. Automation for MOX fuel fabrication in the 
FRG (IAEA-SM-288/35) carries the added advantage of a reduction in exposure of 
personnel, a feature that will be increasingly important with increased burnup pluto
nium. Sphere-pac is an interesting MOX fuel fabrication concept developed by the 
Swiss (IAEA-SM-288/25); it is a process that could be automated.

Standardized large volume production can give a highly reproducible product, 
as shown in a French paper (IAEA-SM-288/9).

The overall impression given by the fabrication papers was that, based on 
extensive experience, the fuel fabrication industry will continue to develop its capa
bility of meeting specifications for new challenges such as extended burnup and 
improved plant operation capability.

The Paper Selection Committee should be congratulated on assembling a very 
stimulating set of papers, and the authors and speakers in meeting the Committee’s 
high expectations. The Symposium focused on the important and timely topics of 
water reactor fuels technology, and it is hoped that a follow-up meeting will be held 
at an appropriate time in the future.
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