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Foreword

The world-wide growth in naclear power capacity will result in
large quantities of plutonium being available in the near future.
There is a general agreement that plutonium is too valuable a
fuel not to use it, especially at a time when most fuel resources
of all kinds are becoming scarce.

Thus, research and development on the use of plutonium as a fuel
in thermal power reactors is being carried out intensively in
many countries.

Because of the importance of this subject, the IAEA has convened
an international symposium in 1967 and three Panels (1964, 1968
and 1971) on it. It seems appropriate to again review the status
and developments in this technology. Accordingly, a Panel on
"Plutonium Utilisation in Thermal Power Reactors" was held at
the Kernforschungszentrum in Karlsruhe, Federal Republic of
Germany. Emphasis was placed on three areas:

1. Status Reports on national programmes, including demonstration
programmes and plutonium availability;

Z. Technology of low enriched plutonium fuel, including fuel
fabrication, fuel and core design and performance;

3. Economics of plutonium recycle, including fuel cycle cost
analysis and plutonium utilization strategy.

The number of participants and papers submitted attests to the
interest in this topic and the importance attached to it. The 46
participants from 11 countries and 2 international agencies sub-
mitted 31 papers.

The papers presented at this Panel and the subsequent discussions
have shown that much work has been done with considerable success.
However, there continues to exist two different approaches to
plutonium utilization, namely, recycle plutonium in thermal reactors
and stockpile plutonium for use in the emerging fast breeder reactor.
These two approaches have been even further intensified by the current
lack of fuel reprocessing capacity and advances in fast breeder
technology.

The proceedings of this Panel should provide the Member States with
the current status of plutonium recycle technology and its economics
from different viewpoints. This will, hopefully, provide the countries
more information on which to base their decisions on these issues.
Hhe major points and corrects arising fron the presenTaticms and the
subsequent discussions, as well aà fron direct exchange of views "by the
members of the Working Groups, are set out in the following pages*
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I. Technology of Low Enriched Pu Fuel

Fabrication

From the experience gained in the operation of different facilities
it appears that in general the problems relating to the fabrication
of mixed oxide fuel are, or can be solved*

Two types of UOg - PuOg fuels could be used in thermal reactors,
vipac and pelletized* Most of the installed facilities have been
designed for pelletized fuel, resulting in a much greater experience
for this type of fuel. In view of this, and of the current lack of
vipac fabrication facilities, only pelleted fuel «ill be available
in quantity for recycling in the short term*

From this experience it appears that Pu fuel fabrication cost will
be higher than previously expected* Much of the ô ost increase
is due to the small sizes of the fabrication campaigns and to the
additional subdivisions into different Pu enrichments.

These additional costs could be reduced if:

(X) The product specification could be standardi-
zed to avoid time consuming qualifications runs.»

(XX) Plutonium users would accept and regulatory bodies
favour "swap" transactions, so that any plutonium
isotopic composition coming from any power plant
could be used to fabricate Pu fuel. This flexibili-
ty will present problems to the core designers and
utilities, but it is considered to be of sufficient
importance to justify joint efforts by the designers,
utilities, national and international organisations.

(XXX) Nondestructive techniques to control product and
processes need to be developed to replace destruc-
tive analyses which not only time consuming but
create additional waste*

(X\0> Large PuOp powder lots were available.
1



The blending process used to mix PuOg-UOp would appear
to provide adequate product homogeneity in most cases,
but there is a lack of information concerning the speci-
fication of allowed PuOp particle sizes. Reseach in this
field is necessary to define PuOp particle acceptance
criteria.

The presence of PuÔ  particles present problems of disso-
lution in the reprocessing of mechanical blended oxide
fuel. It is recommended that new reprocessing plants
should be designed to accommodate this product. A tempo-
rary solution could be to store spent recycle elements
for subsequent reprocessing m FBR plants which may be on
hand a few years later and will be designed to cope with
this problem.

One of the main problems relating to Pu facilities is the
disposal of Pu wastes (liquid and solid). Current research
should lead to the induction of the volume of waste, but the pro-
blem of the residue remains. Means of storage of residues,
or for alternate solutions to the problem, are required.
The panel recoupments urgent activities in this field.

Taking into account the problem ox' transporting Pu and Pu
bearing fuels, guidelines from an international authority
are required. The problems could be reduced if fabrication
and reprocessing plants were sited together.

The current experience is with first recycle fuel, and
it is expected that multiple recycle of.. Pu fuel will in-
crease the problems associated with Pu recycle (fabrica-
tion, handling and transport).

Irradiation Behavior
»• *

About 10,000 experimental and prototypical mixed oxide
fuel pins have been irradiated or are under irradition
in various experimental and power reactors. Information
was provided on a number of continuing irradiations.- The
test results provide a base technology that indicates
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the current type of mixed-oxide pellet fuel would per-
form adequately under normal operating conditions. Some
post irration examination data was presented to the panel.
There is a need to correlate existing post-irradiation
data and to provide new information to answer the safety-
related questions that have been posed for uranium oxide
fuels since the last panel meeting.

Ho special problems were noted during the irradiation of
vipac fuels. More experience is needed to provide the
same confidence that exists for pellet-type fuel.

Pore design and operational experience.

Generally speaking, the present status of knowledge for
cores employing substantial amount of plutonium seems to
be comparable with that for uranium cores. This means
that any problem so far envisaged can be solved with rea-
sonable effort, keeping in mind the amount of information
gained from operating experience.

The island concept is favoured for LWR%s with cruciform
control rods and the allplutonium concept for PUR with
HOC. Both concepts are being tested for LWRxs with cruci-
form control rods. Plutonium cores have been designed for
light water cooled, heavy water, moderated reactors.

The plutonium fueled core has to meet the some design
criteria for power distribution, shutdown margin, plant
maneuverability and safety analysis notwithstanding dif-
ferences in control rod worth, kinetic parameters and
reactivity coefficients. Safetv analyses have shown no
significant effect on core performance as a result of
these differences. In some instances plutonium may make
it easier to meet these criteria. Host reactors can re-
cycle the plutonium they produce. For LWR reactors from
one quarter to one third of the rods would be plutonium
fuelled at equilibrium*



An. alternative is to partially or completely load the
first core with plutonium» For complete core loading (all
plutonium burner) substantial modifications to the plant
are required. The concept is being studied in FRG, JAPAN
and USA but further studies in the fields of neutron
physics and safety are felt to ue necessary.

For design purposes, computation methods that already exist
for uranium have been used with appropriate modification
for plutonium with acceptible results. The design methods
were checked for power reactors by extensive gamma scan-
ning measurements between core cycles and by burnup ana-
lyses during post-irradiation examination. However, their
range of applicability needs to be extended and then
checked by operating experience supplemented by post ir-
radiation examination, critical experiments and computa-
tions by means of sophisticated codes.

So far as the cross-section data are concerned we do not
see additional problems particular to plutonium assembly
design except for the data for transplutonium elements.
These are important in second and subsequent cycles. It
is therefore recommended that IAEA Nuclear Data Group assist
in the measurement and evaluation of this data.



II. Economics of Pu Recycle

PLUTONIUM SUPPLY POSITION

The 03CD estimate of 200 GWCe) nuclear generating capacity in the western world
in 1980 is equivalent to an annual arising of about 25 te Pu fissile (f) c.c vhat
tiae as discharged fuel*

~ae total quantity of fuel discharged by 1980 would represent about o*.,
tons of Pu (f) of which only about half would actually have been recovered b'-
19cO because of limitations on reprocessing capacity. Of this recover*
plutonium, it seems likely that about 10 to 20 te Pu (f) would be required fo.
fast reactor application leaving about 30 te (f) available for recycle.

Projections to 1985 «̂  1990 suggest that some hundreds of te (f) should be
available for recycle subject to possible limits on reprocessing capacity»

; AàKICATION CAPACITY

lf& current fabrication capacity in the western world for the fabrication o
v vernal mixed oxide fuel is about 75 te (U + Pu) per year and is likely to *
;?o at least until 1980. Because of limitations on plutonium availability during
». is period, it is unlikely that more than about 10 te Pu (f ) could have betn.
converted to thermal fuel by 1980,

For plant commissioned after 1980, it is likely that capacity will respond to
demand subject to licencing restrictions imposed through considerations of
safeguards and environmental control.

ECONOMICS OF KBCYCLE

"he following factors are important in considering the recycle value of i-u to
a utility operating enriched uranium reactors*

1. Uranium ore cost
The present price level for delivery next year is about ̂ 15/lbU-jOo . The
projection to the early 1980s is #20 to #25/lbU,Og, with prices-'sabsequently

substantially

?» -'C.-vxratiye work
Current prices including escalation and downpayment contribution— indicate
~t»t for the early 1980s, separative work is unlikely to coct le^ than

to #75/Kg sw.

Costs of low enriched plutonium^thgrmal fuel
Estimates derived from operation of modular fabrication units of commercial
si7.c indicate cost penalties of about 2007» to ̂ OQw associated with pin
ia.....ufacture. This corresponds to about 10O#* in total fabrication cost for
L. .. plutonium bearing assemblies if starting from respectively FuOp and
U C?, for the plutonium fuel and UFg for the uranium fuel.

This corresponds to a penalty of about 25$ for a typical reload batch basod on
self-generated recycle.



It is possible that some reduction in these penalties would be brought
by phasing of manufacturing compaigns and associated enrichments and by
relaxation, if possible in tolerance specifications.

.̂ Storage Costr of Plutonium

Storage costs depend both on the form eg as nitrate solution or oxide powder
in which Pu is stored and on associated security/safeguards requirements.
It is likely that storage costs will be of the order of #l/g& yr to which
it may be necessary to add the cost of Americiura removal on withdrawal â *
which is currently estimated at #2 to $k per gm Pu (total)*

5» transport of Plutonium

The direct cost of Transport of Plutonium though significantly larger than
for uranium remains relatively small in terms of overall fuel cycle costs.
However, there may be significant consequential costs arising from futvre
(even present) restrictions on the physical form and on the vehicle in which
plutonium may be transported. This aspect is the subject of a panel
recommendation*

6. Reprocessing the _ .costs of low enriched̂  •plutonium thermal fuel.

There may also be a penalty associated with the reprocessing of thermal-recycle
fuel but at the moment it is not possible to provide a quantitative. estimation.
of incremental costs»

7» Seactor capital Costs

Provided that recycle of plutonium is restricted to the self-generation mode,
it is unlikely that penalties on capital costs would arise through technical
considerations. Safeguards aspects have still to be clarified and any
penalties may be independent of the quantity of plutonium recycled»

Indicative calculations show that on the , Jove costing assup̂ ions and takinj penalties
under items 6 and 7 as aero, i«uw»i^ a*. ̂  .«ooivtu leads to significant savings
in iuel cycle costs even ignoring the credit arising from avoiding or reduced
storage requirements.

JIDE8 CONSIDERATIONS IN PLUTONIUM RECYCLE IN ENRICHED URANIUM REACTORS

adoption of a programme of thermal recycle in addition to providing direct
savings to a utility measic-ed in stillionc of dollars per annum for 1000 Mlf/(e>
reactor, would provide valuable information on plutonium technology relevant tc
vhe exploitation of fast breeder reactors.

The time between construction decision and the commissioning of fast reactor is
such that it is feasible to- terminate a recycle programme without prejudicing t.
subséquent rate of introduction of fast reactors»

The economic advantage of utilising plutonium in reactors operating on a rhcr^
cjclô could be enhanced provided that reprocessing costs did not attract hi ...

-• o may be other, often specific factors that could influence a particular
. ;ty including considerations of th« internal cash flow position, morew .>r

- recognised that 9. utility can only operate within the constraints of its
policy*



CC.̂ -USLOKS

ôiuuies show that there are economic advantages to be gained t.u*c
.-.iutonium recycle in enriched uranium reactors over the foresable futur.

in the case where the subsequent fast reactor programmes were limitée» ï
plutonium availability would recycle strategies incur penalties in uraniun u~» . <*
ti.̂ n only in the long term.

The IAEA should, by holding discussion meetings and otherwise as appropriate,
attempt to establish meaningful and uniform standards for transporting and
safeguarding plutonium both at national and international levels*



Ill* Status of National Programmes

Introduction

National programmes have generally concentrated on fuel
irradiations, demonstration and large reload programmes, design studies,
critical experiments and economic environmental assessments» The
programmes strongly reflect overall national nuclear policies, the
plutonium requirements of the fast breeder reactors and regulatory
implications appear to present the greatest uncertainties to the
use of plutonium in thermal reactors. It is also felt that much of
technology being developed will have direct application to the use
of plutonium in fast reactors*



B E L G I U M

As a continuation of the development programme which was described at
earlier Plutonium Utilization Panels, Belgium has focused its efforts during

«the last three-years on :
the gradual up-rating of capacities in the field of fuel 'manufacture.
Since 1973, an industrial facility of the order of 900 to 1000 lcg/v.-ue!c
of reference type fuel has been in operation. Belgium has purposely
followed a policy of scaling-up its manufacturing capacity in order to
fulfil not only its needs but also to allow it to act as a subcontractor
for foreign reload suppliers.
the manufacturing costs, availability and quality. Beside the technic-
al developments themselves and the training of the personnel, an
important effort was devoted to the development of reliable quality
control procedures and to the analysis of each manufacturing step and
of the plant as a whole.
the continuous improvement of design techniques and especially
neutronic codes ; with the code package based on the PANTHER cell
calculations, configurations incorporating plutonium fuel can bo cal-
culated to the. same accuracy as uranium fuel configurations. The
fuel rod thermal-mechanical behaviour code COMETHE has also been
calibrated for plutonium fuels as well as for uranium fuels.
the demonstration of the behaviour of plutonixim fuels in power reac-
tor conditions, both in PWR and in BWR plants. Additional generic
irradiations are being pursued to assess particular details of tlis
specifications or to investigate the fuel behaviour at extreme condi -
tions.
the best utilization of the particular features of the plutonium fuel
for improving the characteristics of the reloads. Since the design
costs are much lower than the manufacturing costs, appropriate de-
signs for plutonium recycle are being developed to minimise or to
compensate the penalty associated with the manufacturing cost.
the utilization of plutonium in HTR's. Feasability has been demons-
trated through fuel cycle calculations, fabrication of adequate fuel
and irradiation assessments on samples.

Compared to what was foreseen at the last meeting, the plutonium availability
has been reduced due to reprocessing plant operational troubles. This was
counter-balanced by a diminishing tendency to stockpile plutonium ; indeed,
most organizations have become aware of the problems linked to plut or.: um
storage, the financial losses encountered, the specific costs and the safe -
guards implications.
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C A N A D A

The plutonium utilization program in Canada is directed towards solving
the technical problems of plutonium recycle in CAflDU reactors and establishing
the conditions for economic viability. To provide a focus for these investigations,
an 18-months design study has just been completed, which used a conceptual design
for a 1200 HW(e) CANDU-BLH reactor as the basis for an examination of all aspects
of the reactor system and fuel cycle* Similar studies are examining plutonium
recycle in the CANDU-PHW and the use of plutonium as the initial feed for a
Thorium~U233 fuel cycle in CANDU reactors.

A limited program has been pursued, specifically aimed at understanding
the physics of plutonium-uranium fuelled lattices for CANDU conditions* A program
of measurements in the ZED-2 reactor is scheduled for the 1973-76 period* This
will use PuOg-depleted IK>2 CANDU fuel bundles supplied under an Italy-Canada
collaborative program.

A 3-ton per year pilot facility for the fabrication of (U,Pu)02 fuel
is in the final stages of commissioning. The plant will be operated for several
years to fabricate 200-300 CANDU fuel bundles or 3*2 to 4*8 tons of fuel (U + Pu).
The intent is to obtain sufficient experience to permit reliable fuel fabrication
cost estimates and to demonstrate the successful operation of mixed oxide fuel
bundles in Canadian power reactors. Fuel for Plutonium recycle in CANDU-PHH or -BUT
reactors will have plutonium contents of about 0.5 wt$ fissile to achieve burnups
in the range 15 to 20 Mtfd/kg (U + Pu). These modest requirements for fuel burnup
mean that the fuel designs will not depart significantly from that used in CANDU
reactors fuelled with natural UOp. Six 19-element fuel bundles of CANLUB design and
fuelled with purchased (U, Pu)09 pellets are currently being irradiated in
NPD, a 22 MW(e) CANDU reactor.

11



P R A N C E

France has decided to develop fast "breeder reactors and thus the interest
in the recycle of plutonium in thermal reactors is secondary and at a low level*
Since the Last panel on plutonium utilization (1971) the following have been
accomplished:

- Experimental fabrications and irradiations including three sets of mixed
oxide rods (PAT, CHOOZ and critical experiments)»

- Installation of fabrication facilities with capacities of 2.5 and 10 tons
per year.

Plutonium recycle poses several problems:

In 1971 a window of about 10 years (1980 to 1990) was foreseen with a great
quantity of available plutonium and only a few fast breeder reactors. Today, it
appears that, because of problems with reprocessing plants, plutonium will not
be widely available during this period.

- The utility has an uncertain economic interest in plutonium recycle today and
one must ask several questions. What is the fabrication penalty of plutonium
fuel? (perhaps 150#?)
What price should be assigned to plutonium?

- In generalt it is possible to ask if the recycle of plutonium in thermal
reactors has a future*

12



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

Although there is no doubt that the maximum nuclear value of
Plutonium is to "be found in the fast breeder reactors, Pu utilization in thermal
power reactors is to be considered a necessity at least in the next decade*
First core loads for commercial FBR»s in larpe quantities are not anticipated
prior to 1990.

An immediate recycling of Plutonium in thermal power reactors will
increase the economy of the nuclear fuel cycle markedly* This is because stored
Pu has a high and unused financial value. Therefore, in the Federal Republic
of Germany Pu storage, be it after chemical separation or in the form of spent
fuel elements, is not to be taken into consideration.

./

The key philosophy in Pu recycling, the development of Pu technology
and the technical and economical aspects of Pu handling, is felt to be necessary
in order to develop and introduce fuel fabrication for fast breeder reactors.

'Up to now, the work in the Federal Republic of Germany has concentrated
on the successful demonstration of recycle fuel behaviour in thermal power
reactors. This comprises fuel fabrication at prototype scale, element testing
under irradiation and thé necessary applied software development. Phase I
ended in 1974 with the design and initiation of testing of full Pu-reload-cores
following the self generation concept in both a PWR (KWO) and a BUR (KRB).

The Phase II of Pu-recycle in the Federal Republic of Germany in the
years 1975-1980 affords a joint venture of utilities, fuel cycle industry and
the Government* The aim of this programme is to enlarge the know-how of today
up to the possibility of commercial Pu-recycling taking into account both soft-
and hardware measures. Additional aims are that the environmental impact of
Plutonium can be held as low as possible and that the technical applications
needed for fast breeder element production can be optimized.

13



I N D I A

The strategy adopted in India is to utilise the plutonium produced in CANDU
type reactors in fast breeders when they become available. A 40 MW(t) Fast
Breeder Test Reactor is presently under construction at the Reactor Research
Centre near Madras to gain experience with sodium cooled fast reactors.

The Tarapur Atomic Power Station (BWR-400 MWe) produce» 120 Kg
plutonium per year. The CANDU type Rajas»then, Madras and Navora power stations
will produce about 150 Kg plutonium per station per year. The fuel discharged
up to this time, from the Tarapur station contains about 200 Kg of plutonium.

To operate the Tarapur Atomic Power Station enriched fuel is imported
from the United States. India is looking into the strategy of utilizing plutonium
produced in the reactors itself to reduce foreign exchange expenditures.
Alternatively, it could burn plutonium produced from the Rajasthan and Madras
stations to cut down fuel import.

Preliminary investigations made show that it is possible to operate the
Tarapur stati on with self-produced plutonium and plutonium produced from 3 units
of 200 MWe CANDU reactors. This has led India to take serious note of the
developments being made in the technology of plutonium recycle.

Development work of a reactor physics nature has been initiated for fuel
element design. The fuel reprocessing technology is already developed and a
fuel reprocessing plant is being set up at Tarapur. In the field of plutonium
fuel fabrication technology a plant is being set up to fabricate the fuel elements for
the Fast Breeder Test Reactor. (The fuel elements for PURNIMA reactor were
first manufacturée in this plant. ) The experience gained from this plant would
be useful in setting up a plant for fuel fabrication of plutonium bearing elements
if required. For uranium fuel fabrication the plant at NFC is in operation and at
the moment 55 fuel bundles manufactured in India have been loaded into Unit -2
of the Tarapur Station.

14



I T A L Y

In Italy the importance of nlutonium recycle in thermal reactors has
long been acknowledged both by ENEL and by CNEN who have complemented each
other's activities in this avea.

In 1966 ENEL initiated an extensive research program on plutonium recycle
in thermal reactors. A demonstration program was started in 1968 and is still under
way in the 160-MWe BHR at the Garigliano station* Under the latter program, sixteen
plutonium prototype assemblies, consisting of about 900 mixed oxide rods totalling
three tons of fuel, have already been loaded in the reactor, and a complete batch
of 46 plutonium-island assemblies (totalling about 1300 Pu rods) will be
introduced next Spring.

The operating experience gained from the irradiation of the above Pu
prototypes was supplemented by an extensive Mad hoc" experimental effort consisting
of gamma scanning campaigns at various bumup levels (up to 14 000 MWD/t) and
hot cell destructive measurements.

ENEL has also decided to introduce 8 all plutonium assemblies into the
Trino PHR in the reload due in the Spring of 1976.

The activities carried on at CNEN are aimed at the verification, in
operating conditions, of the know-how acquired during the past years in the
framework of the CNEN Plutonium Program for design and fabrication of plutonium
fuel assemblies. For this purpose, CNEN has designed and fabricated in the
Casaccia Plutonium Plant one «assembly (4 x 4) for introduction into the Agesta
reactor and two assemblies (6x6) for introduction into the Kahl reactor. Other
irradiation experiments have been performed to assess specific problems.

The amount of plutonium that will be recycled in Italian reactors in the
medium term, is strongly conditioned by the commitments for the Creys-Malville
fast reactor prototype and by the act al production of Fa from reprocessed fuel.

In any case, in order to allow for better exploitation of this fissile
material in the future, the effort to acquire more knowledge of all the phases
of plutonium recycle and to qualify the reactors for potential plutonium recycle
should be continued.
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J A P A N

The Power Reactor and Nuclear Fuel Development Corporation (PNC) is
now planning to initiate plutonium recycling at an early stage» It plans to
irradiate plutonium fuel assemblies in JPDR (BWR - 90 MWt).

Another program is under way to load 4 plutonium fuel assemblies in
HEHAMA - 1 OPWR - 340 KHe) in 1976. A similar program is under consideration
using TSURUGA (BWR - 357 MWe). In the Advanced Thermal Beactor (ATR - 165 MWe),
reactor physics experiments have teen carried out since 1972» ATR is scheduled
to be critical in 1976. The operation of the reprocessing facility (P*N.C. -
200 tons/year) is scheduled to start in 1975* In addition, a conversion facility
at PNC is scheduled to operate in Î9?7 for the conversion of plutonium nitrate
produced from PNCs reprocessing facility to PuO^which is used for fabrication
of FBR, ATR and Pu-thermal fuels» The present fabrication capacity is insufficient
for Pu fuel assembly loading programs* and therefore enlargement is under
consideration. With an increase of the amount of Pu being used, concrete plans
are being made for the urgent problems of decrease of MUP, safeguards and waste
treatment. The total amount of Pu produced from thermal reactors in Japan will
increase to about 14 tons by 1980.
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THE N E T H E R L A N D S

At this moment there are two operational thermal power reactors
in the Netherlands. One is at Dodewaard (BWR-50 MWe) and the
second is situated at Borssele (PWR-450 MWe).

At the start of the second cycle of the BWR plant at Dodewaard two
prototype Pu-island elements were loaded. They remained in the
core during cycles 2,3, 4 and 5. The average burnup up on removal
was about 20000 MWd/t. At the start of cycle 5, 4 Pu-island ele-
ments were loaded (two with gadolinium as burnable poison).
At the start of cycle 6 one fresh Pu-island element was loaded
with gadolinium.

In the near future Dodewaard will most probably sell its plutonium.
The production rate is about 12 kg fissile Pu/year, at equilibrium.
The Borssele plant will most probably recycle its own plutonium
with the exception of the plutonium of the first discharge. The
production rate is about 78 kg fissile Pu/year at equilibrium
(assuming no Pu-recycling).

At this moment a report is being developed concerning the safety
and environmental impact of nuclear power plants for Dutch
conditions.
Before this study is ready, no new nuclear power plants will be
built in the Netherlands.

For the fabrication of mixed oxide fuel rods, the existing experience
in the Netherlands on sol-gel processes is being explored for
application in producing spherical fuel particles as feed material
for vibratory compaction. This complete process has been named
the vibrasol process. It has successfully been applied to the production
of about a hundred U0_ fuel rods for irradiation purposes and has
now been further developed for mixed oxide rods. Mixed oxide
vibrasol rods are at present under irradiation in the HER at Petten.
It is felt that the vibrasol process has distinct advantages as a
fabrication method, especially for mixed oxide. Furthermore, as
experiences during irradiation of instrumented fuel assemblies in
the Halden Reactor, vibrasol fuel rods may have a better operating
behaviour, due to less fuel-clad interaction.
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S W E D E N

The accumulated amounts of plutonium from Swedish nuclear power plants
is estimated to be 1.4 tons by 1980 and 15 - 18 tons by 1990. Since it appears
improbable that breeders will be introduced commercially before the 90*s, it is
likely that the plutonium will be recycled. This is not expected to start
before 1979»

Development work is in progress along several different lines* The
critical facility KRZTZ at Studsvik is large enough to accomodate full length
assemblies and measurements can be performed ar different temperatures up
to 250°C. Pin to pin power distribution (including distributions between mixed
oxide fuel pins and neighbouring UO. pins) have been determined as a function
of temperature for a variety of core geometries and compositions. Measurements
were performed both for Swedish and foreign programs. The results obtained have
been used for testing cell and macroscopic codes including the BUXY code in
Sweden.

At the plutonium laboratory at Studsvik mixed oxide pellets have been
produced for ten years both for internal experiments and recently also for AECL.
Experimental fuel pins have been irradiated with the aim of studying fabrication
parameters.

Demonstration irradiations of plutonium fuel started in the Agesta PHtfR
in 1966 in cooperation with the UKAEA. The first plutonium fuel to be used in
a UWH is represented by three assemblies which will be loaded into Oskarshamn I
this year. ASEA-ATOM is responsible for the design and manufacture of these
island-type assemblies, but since there is currently no fabrication of such
elements on a commercial scale in Sweden, the mixed oxide pins were delivered
by Belgonucléaire.
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U N I T E D K I N G D O M

The major research and development effort in the UKAEA is directed towards
the exploitation of the sodium cooled fast reactor, (CPR). However, adequate
expertise and manufacturing capacity is being maintained by both the United Kingdom
Atomic Energy Authority (UKAEA; and British Nuclear Fuels Ltd (BNFL) for producing
plutonium bearing fuels for experimental purposes for either gas or water cooled
thermal reactors. This could form the basis of a development programme for
plutonium recycling should the UK Electricity Generating Board require that option»

If the UK decides to develop the recylce option the earliest date at which
large-scale recycle could commence is 1986* This timescale is set primarily by
the steam generating heavy water reactor (SGHWR) commissioning programme and the
desirability of a few years successful operation with uranium fuel before
introducing plutonium recycle on a large scale»

The associated development programme would be dominated by work involved
in finding a process route that would permit an economic and operable fabrication
plant to be established. In the early year the programme would lean heavily on
the corresponding programme in support of the fast reactor* Work already identified
is likely to need all the time available up to 1981/82 when plant orders would have
to be placed to meet 1986 delivery.

The development programme would require the specification of a reference
assembly design and the settingup of a demonstration programme in the SGHWR
prototype at Hinfrith. A demonstration programme would involve the irradiation
of a series of trial assemblies commencing in about a year, initially to check
the validity of possible manufacturing routes arising within the fabrication
plant development programme* and would include a batch load in about 1977 in
which operational and fuel management aspects of recycle can be examined. Fuel
for the initial stages of a demonstration programme would be manufactured in
laboratory and development facilities which have already provided mixed oxide
fuel that have been irradiated in FWR, 3WB, SGHWR and CAGrf type reactors.
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U N I T E D S T A T E S

The Plutonium Utilization Program began in 1956 and was sponsored by
the Atomic Energy Commission until a few years ago. At that time, the
AEC concluded that further development of plutonium recycle technology
for light water reactors could be carried out by industry without further
government support. Therefore, today all plutonium recycle projects
are sponsored by industry.

The Atomic Energy Commission Regulatory staff has now under review
a general rulemaking on plutonium recycle. To make such a decision,
an Environmental Impact Statement must be prepared. A draft Statement
was published in August 1974 and the formal period for receiving comments
ended in October 1974. The Draft Environmental Impact statement con-
cludes that plutonium recycle should be approved. This conclusion is
qualified by the provisions that only 115 % of self-generated plutonium
be recycled in any reactor, that each reactor will have an individual
licensing review on its application to recycle, and that upgraded safety
and safeguards measures are implemented.

After evaluation of the comments, a Final Environmental Impact statement
is planned to be released in early 1975. The Commission decision on
establishing plutonium recycle may be reached about mid-1975. However,
organized coalitions of environmentalists and nuclear critics have warned
that the use of plutonium is an important issue, so that the regulatory
proceedings may be lengthy. Thus the recycle of plutonium^Light water
reactors is not a matter of resolving major technical issues', but rather
a decision to be made in an open Regulatory process.

The Electric Power Research Institute (EPRI), sponsored by the U.S.
electric utilities, has initiated an extensive program in the area of
plutonium recycle. The program includes analytical methods development,
test element irradiations, critical experiments and fuel cycle optimization.
Many of these projects are carried out with the cooperation of U.S. industry.
A series of plutonium utilization workshops have also been held to define
relevant topics for further study. The goal of the EPRI program is to
provide a technical base for the industry to utilize in choosing between
the various available alternatives.
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0 E C D D R A G O N P R O J E C T

High Temperature Reactors are scheduled for commercial operation in
the early 1980*s, and in combination with fertile Thorium these reactors offer
a flexible vehicle to recycle plutonium fuel. The present state of HTR programmes
in various organizations can be summarized as follows:

1* Fuel Management studies have shown the HER to have a high economic
utilization of plutonium due, firstly to the fact that Pu replaces
the expensive 93$ U235 in the Thorium cycle, and secondly to the small
fuel fabrication penalty, as refabrication facilities are being devoted
to recycle the bred U233.

2. Fuel irradiation experiments for different types of coated particles,
both dense and diluted kernels, have been performed with promising
results. Further fuel test programmes are in progress in the Dragon
Reactor Experiment to achieve burnups of 700,000 KWd/t and a fast
fluence of 4 x 1021 nvt/cm2.

3* Reactor physics experiments have provided material to enable comparisons
with calculational methods used in reactor physics analysis of plutonium
fuel in HTRs,

The present state of experience indicates that Pu recycling in HTRs
is feasible and likely to yield a considerable economic benefit.
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PRESENT STATUS OF THE PLUTONIUM PROGRAMME

IN BELGIUM

Presented by : H. Bairiot.
BEI.GONUCLEAIRE - Brussels.

I, INTRODUCTION.

The plutonium utilization is conditional on the availability of industrial
techniques for designing and manufacturing plutonium fuels.
On the basis of the development programme which was de scribed at the
earlier session of this Panel (I ), we have focused all our efforts
during the last three years on :

- the gradual up-rating of our capacities in the field of fuel manufac-
ture ;

- the continuous improvement of our design techniques by cross -
checking with data provided by experience ;

- the demonstration of the behaviour of plutonium fuels in power re -
actor conditions with an additional programme to assess their
behaviour at extreme conditions ;

- the best utilization of the particular features of the plutonium fuel
for improving the characteristics of the reloads by the additional
flexibility obtained from the simultaneous presence of plutonium and
uranium fuel within the reload.

A summary of the evolution of our programme is given in Fig. 1. It
represents a total effort of over 1520 man-years. This effort was
possible and led to good results due to the location within a same
area of the following facilities (Fig. 2) :

a) SCK/CEN (Belgian Research Centre), including :
* the plutonium development facilities,
• the BR 2, materials testing reactor,
- the LMA for postirradiation examinations,
- the VENUS facility for critical experiments.

b) BR 3 : a small PWK power plant, enabling irradiation of fuels
in severe conditions.

c) BCMN (Central Bureau for Nuclear Measurements) : a facility
providing special analyses on unir radiated and irradiated fuel ;

d) EUROCHEMIC a pilot reprocessing plant which constitutes a
source of plutonium ;

e) the plutonium fuel manufacturing plant of BELGONUCJLEAIRE at
Dessel ;

f-) FBFC, an uranium fuel manufacturing plant which has provided
the U manufacturing services for the fuel assemblies introduced
in BR 3 and DODEWAARD.
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2. MANUFACTURE OF PLUTONIUM FUELS.

The different steps of our development of manufacturing techniques
have been reported previously (1).
It was very early that the effort was focused towards the field of
LWR plutonium rods manufacture since this is the aspect in which
the plutonium fuel is the most different from the uranium fuel.
Besides the technical developments themselves and the training of the
personnel» an important effort was devoted to the development of
reliable quality control procedures and the analysis of the specific
throughputs of each manufacturing step and of the manufacturing line
as a whole.
The aim is mainly to enable to guarantee reliable fuel but also to
reduce as much as possible the manufacturing cost. The present stage
of our development is the operation of an industrial facility of the
order of 900 to 1, 000 kg/week.
A detailed paper is devoted to that aspect in the present Panel (2).

3. DESIGN TECHNIQUES FOR LWR FUELS.

It is important not to penalize the plutonium by additional uncertainty
margins in the design. This is the reason why a large effort has been
devoted, over the last ten years, to assess bur design techniques and
especially our neutronic codes. The status in this field has been
described earlier (3) : the code package utilized by BN and based on
the PANTHER cell calculations provides a calculation tool enabling the
representation of plutonium configurations and their evaluation to the
same accuracy as for uranium fuels without requesting sophisticated
calculation techniques. It is therefore well-suited for the design of
reload fuels.

The fuel rod thermo-mechanical behaviour has also been specially look-
ed at and calibrated for plutonium fuels. The COMETKE code which
is the main constituent of our fuel rod design system has been describ-
ed in the literature ; the present status of art will be outlined on the
occasion of a meeting to be held early next year (4).

4. LWR DEMONSTRATION PROGRAMME.

Since 1963 we have progressively loaded plutonium assemblies both
in PWR and in BWR plants to demonstrate the good behaviour of the
fuel and the adequate prediction of the design techniques being utilized
(5). The present status of our programme is being described in two
papers prepared for this Panel :
- one on the fuel configurations tested in power plants ( 6) ;
• one on the behaviour of plutonium fuels under irradiation (7).

In parallel, a few samples are being irradiated in material testing
reactors to assess particular details of the specifications or to
investigate the behaviour of the fuel at extreme conditions not encount-
ered in power reactors but which must be foreseen and adequately
represented in the design. A description is given in a contribution to
a specialized meeting (8) and will be briefly updated at the present
meeting (7).
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5. ECONOMIC CONSTRAINTS.

The design of the plutonium fuel will always be more complicated than
the design of uranium fuel. However, the influence of an increase of
the design cost on the kWh cost is negligible and it is therefore reward-
ing to sophisticate the design in order to ensure the best utilization of
the plutonium.

'The manufacturing costs are basically higher for plutonium fuels than
for uranium fuels. The added value of plutonium rods manufacture,
starting from raw materials, can vary from roughly double to four
times the manufacturing cost of enriched uranium fuels of similar
specifications, depending on the batch size, details of specifications,
etc... Since the design costs are much lower than the manufacturing
costs, this is again a reason why an appropriate design should be
applied to plutonium recycle, in an attempt to minimize the penalty
associated with the manufacturing cost. These considerations are out-
lined with more details in a specific paper prepared for the present
Panel (9).

In an attempt to reduce the manufacturing costs and delays, we have
purposely followed, in Belgium, a policy of scaling-up our plutonium
manufacturing plant not only to fulfill our needs but also to act as
plutonium manufacturing subcontractor for foreign reload suppliers.
An adequate capacity is thereby provided for the benefit of both the
fuel suppliers and the Utilities.

*• PLUTONIUM UTILIZATION IN HTR's.

While HTR's are presently not in operation, we have investigated the
utilization of plutonium in these reactors since it would replace fully
enriched uranium i. e. U 235 of high price. Some aspects of the
programme have been reported at the previous Panel (10) ; an updating
of the main conclusions of our programme has been published recent -

7. PLUTONIUM AVAILABILITY.

The problems encountered in the operation of the reprocessing plants
have reduced the plutonium availability compared to what was fore -
seen earlier. It must however be emphasized that this has only had an
effect on the plutonium price but never induced troubles in any pro -
gramme foreseeing plutonium recycle, due to unavailability of pluto -
nium. The reason is that the shortage of plutonium due to operational
trouble of the reprocessing plants was counter-balanced by another
factor. With experience, the different organizations involved in the •
utilization of plutonium became aware of all the problems linked to the
storage of plutonium, the financial losses encountered and the specific
costs (9). It is therefore felt to-day by a majority of people that since
the plutonium will become available in large quantities when the re »
processing plants will be running, the plutonium price will drop and it
is uneconomical to continue a storage policy.

Another factor which should be considered is related to safeguards.
During its residence in the reactor and the related tie-ups in the pro-
cessing and reprocessing steps, the plutonium is most of the time in
a form which guarantees that it cannot be used in opposition to the
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Treaty of Non-Prolifération. Moreover, the repetitive recycle in
reactors modifies its isotopic composition to a point where it can still
be utilized in. fast reactors and even for recycle fuels but no more for
weapons.

In this field of safeguards however , a too strict application of the
present rules makes it difficult to organize swap exchanges of pluto-
nium to favour its quick \Uilissation and even to blend plutonium of
different origins in order to minimize stoi'agc of manufacturing sur -
plusses ; this tends to favour storage of the plutonium (when delivered
from the reprocessing plant) and of the permanent manufacturing sur-
plus s es up to the next manufacturing campaign for the same customer
which is in fact against the very principle of safeguards .for what concerns
the sabotage aspect*

8. CONCLUSIONS.

Since the last Panel, the plutonium recycle has truly entered its
commercial phase. With most of the technical problems solved, the
main items to be looked at are :
• economic utilizations of the plutonium,
• building up of confidence in the performances of these fuels in the

reactors,
• routine and appropriate applications of the safeguard rules.
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Fig.1 EVOLUTION OF THE BELGIAN ACTIVITIES ON LWR Pu FUELS (oson30oct.'74)
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UN AN D'EXPLOITATION DE L'USINE DE FABRICATION
DE BARREAUX COMBUSTIBLES AU PLUTONIUM

de BELGONUCLEAIRE, DESSEL

J. M. Leblanc

1. INTRODUCTION

Sur la base des travaux entrepris sur le plutonium depuis 1958,
BELGONUCLEAIRE a aménagé" successivement une unité pilote et une
usine de fabrication de combustibles à oxydes mixtes d'uranium et de
plutonium, qui ont respectivement été mises en exploitation en 1968 et
en 1973. Apres avoir décrit succinctement les installations et les étapes
essentielles d'étude, de montage et de mise en exploitation de l'usine de
Dessel, le présent document commente les principaux problèmes rencon-
trés en cours d'exploitation et leur incidence directe sur les capacités de
production et la qualité des combustibles fabriqués.

2. DESCRIPTION DE L'USINE DE DESSEL ET ETAPES IMPORTANTES
D'AMENAGEMENT

Z. !.. Description des installations

L'usine Pu de Dessel ( Fig. 1 ) comprend essentiellement trois bâtiments
reliés entre eux par des sas ou galeries : un bâtiment d'exploitation plutoni-
fere ( Bâtiment A ) , un bâtiment pour les services auxiliaires ( Bâtiment B )
et un bâtiment administratif ( Bâtiment C ) .

Le bâtiment d'exploitation plutonifere comprend les halle de contrôles et
analyses, les ha* 1s de stockage de l'UO, , du PuO- et des barreaux combustibles
finis et les halls de fabrication ( hall ** poudres , hall pastilles, hall bar-
reaux) . L'implantation des ensembles d'équipements de fabrication est
reprise à la figure 2.

2. 2. Description du procédé de fabrication

Le procédé de fabrication adopté ( Fig. 3 ) fait appel à la technique des mélan-
ges physiques des poudres UO- et PuO_ et comporte essentiellement le dosage
des poudres UO, , PuO, et UoL - PuO, provenant du recyclage des rebuts de
fabrication , le mélange de ces poudres , le pas tillage, le préfrittage - frit-
tage, la rectification des pastilles frittées, la préparation des colonnes de
pastilles, le séchage de ces dernièreo, le remplissage des gaines et l'ob-
turation par soudure du second bouchon.

Dans la mesure du possible, les équipements de fabrication installés en
boites à gants, ont été mécanisés, voire automatisés, en vue d'améliorer
la reproductibilité des caractéristiques des produits fabriqués et d'assurer
une meilleure protection du personnel contre leo radiations gamma et neu-
trons émises par le plutonium ou ses produits de filiation.
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2. 3. Etapes importante» en vue de la mise en exploitation.

- Début ETUDE . . . . . . . . . . . : NOVEMBRE 1968
- Début CONSTRUCTION BATIMENTS : JUIN 1970
- Début INSTALLATION EQUIPEMENTS

de FABRICATION et de CONTROLE : SEPTEMBRE 1971
- INTRODUCTION Pu dans lea différents ( de AVRIL à

ensembles . . . . . . . . . . . . ( SEPTEMBRE 1973
- MISE AU POINT et QUALIFICATION ( de MAI à

de la LIGNE DE FABRICATION SOUS Pu ( NOVEMBRE 1973

Des dates mentionnées ci-dessus, il ressort qu'une période de 5 ans s'est
écoulée entre le début de l'étude et la mise en exploitation de l'usine Pu.
Compte tenu d'une part des critères de sécurité actuellement d'application
et de la nécessité de mises au point préalables plus poussées sur UO.,
drautre part, il semble qu'une période de 5 ans entre le début de l'étude et
la mise en exploitation effective d'une usine de fabrication de barreaux
plutoniferes constitue même un délai plus ou moins optimiste.

3. EXPERIENCES D'EXPLOITATION

Depuis la mise en exploitation de l'usine Pu. BELGONUCLEAIRE a entrepris
quatre campagnes de fabrication. Différents problèmes ont été rencontrés
durant cette première phase d'exploitation, problèmes relatifs à la capacité
de production, au contrôle de qualité, aux déchets et rebuts de fabrication,
aux spécifications des combustibles à fabriquer, à l'entretien et à la sécurité.
Ces problèmes sont explicités ci-dessous, de même que les solutions ou
remèdes envisagés.

3. 1. Procédé de fabrication et caractéristiques des combustibles

Le procédé de fabrication décrit à la figure 3 a été utilisé pour la réalisation
de 4 campagnes de fabrication et a conduit à des barreaux combustibles répon-
dant aux spécifications établies. Toutefois, un problème a été mis en évidence :
il s'agit de la difficulté qu'il y a à garantir l'absence totale de grains de PuO,
de dimensions supérieures à 400 - SOOyum. Tout procédé actuellement connu ,
autre que la coprécipitation, ne permet pas de garantir à 100 % une telle spé-
cification, si ce n'est par un contrôle neutronographique à 100 % des barreaux
fabriqués.

Les travaux à entreprendre dans ce domaine devraient consister à définir une
spécification et des critères d'acceptation objectifs, basés sur le comportement
des combustibles dans les réacteurs thermiques.

3. 2. Capacité de production

Lors de l'aménagement de l'usine de Dessel, les équipements ont été conçus
de telle façon que divers types de combustibles puissent y être fabriqués et
qu'en un premier stade, une capacité annuelle de production de 30 tonnes
équivalentes en combustible de référence ( BWR grosses centrales ) puisse être
atteinte. Cette capacité étant basée sur 5 campagnes de 6 tonnes, chaque cam-
pagne comportant deux teneurs en Pu, la capacité devrait être de l'ordre de 900
à 1000 kg par semaine. Une telle capacité n'a pas encore pu être atteinte.
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Si la cause de cette limitation de capacité de production peut être imputée par-
tiellement aux difficultés inhérentes à la mise en exploitation d'une première
unité de production de combustibles au plutonium, il faut néanmoins reconnaître
que d'autres raisons sont également la cause d'une telle limitation : la nature
des campagnes de fabrication et les contrôles de qualité y associés» la sécurité
et l'entretien.

3.2. 1. l̂ tairê d êjijĉ iinpjajyĵ ^^

L'usine de De s sel fabrique des combustibles à oxydes mixtes d'U et de Pu sur
la base de spécifications établies par le client, compte tenu des caractéristiques
du réacteur et des performances escomptées.

Etant donné, d'une part, les faibles disponibilités en plutonium et, d'autre part,
la politique d'entreprise généralement suivie actuellement, qui est de ne recy-
cler que le plutonium produit dans ses propres installations, les productions
de BEI/GONUGLEAIRÉ ont consisté en petites campagnes de fabrication de
combustibles de caractéristiques différentes. Une telle situation a eu pour
conséquence que les temps d'occupation de l'usine pour les mises au point et
qualifications préalables indispensables ont été parfois plus longs que les
temps de production proprement dite , ce qui a eu pour conséquence d'augmenter
les coûts de production en produits finis.

En vue de réduire l'impact d'un tel état de choses sur le volume des fabrications
annuelles et par voie de conséquence, sur les coûts, BELGONUCLEAÏRE tend ac-
tuellement, dans la mesure du possible, d'uniformiser les caractéristiques des/f '
à fabriquer en vue de réduire les mises au point et qualifications préalables.
Les quantités limitées de combustibles par campagne de fabrication resteront
toutefois un facteur déterminant du coût de production.

3. 2. 2. Contjrôl£s_de_2ualité>

II est impératif pour tout fabricant de combustibles nucléaires de garantir la
conformité avec les spécifications et d'assurer la qualité parfaite des
combustibles livrés. Ceci implique un contrôle poussé, soit statistique, soit
à 100%, des caractéristiques des matières premières, des produits intermé-
diaires et des produits finis.

Lors de la fabrication de combustibles à oxydes mixtes d'U et de Pu, le nombre de
lots (poudres, pastilles, etc)à contrôler a été plus important que prévu, du fait de la
faible quantité de poudre PuO- oar lot et de la limitation des quantités de matiè-
res plutonifères pouvant être traitées en une seule opération ( critic ité). Etant
donné que le nombre d'analyses et He contrôles à réaliser en vue d'assurer
statistiquement la qualité d'une quantité finie d'un produit, est d'autant plus
grand que le nombre de lots est grand, il rf'est avéré, lors de toutes les cam-
pagnes de fabrication entreprises, que le contrôle de qia lité des produits ne
pouvait plus Suivre le rythme de leur fabrication, ce qui a eu pour effet de
réduire la capacité de production . Les remèdes à apporter à ce problème,
tout en assurant la même qualité des produits fabriqués sont :

- des campagnes de fabrication les plus grandes possibles ;
- un nombre limité de lots de matières premières ;
- un contrôle plus serré des paramètres ae fabrication ( process

monitoring )
- la réduction du temps de réponse entre la mise à, 'disposition des

échantillons et l'obtention des résultats par la modification des
procédures et la mise au point de nouvelles techniques rapides de
contrôles et d'analyses.
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3.3. Rebut» et déchet» de fabrication

BELGONUCLEAIRE a classé les rebuta et déchets de fabrication en deux
catégories :

1*) JLÇJL£5l!?Bt£Jclui consistent essentiellement en poudres et pastille» ne
répondant pas aux spécifications, mais pouvant être recyclées sans
pour autant devoir passer par un traitement chimique de dissolution ,
séparation et purification ( recyclage solide ) ;

2*) l£Sjté£hetf_qui consistent en produits plutonifères liquides ou solides
irrécupérables par recyclage solide. Ces déchets sont classés en
déchets irrécupérables ou récupérables par voie chimique ( dissolution»
etc. ) suivant le coût de récupération. Les déchets irrécupérables
constituent une partie des pertes de production.

Durant les premières campagnes de fabrication entreprises, la proportion de
rebuts et déchets de production a été importante en raison principalement de la
connaissance imparfaite de la ligne de fabrication. D'autres raisons sont
toutefois également la cause des proportions élevées de déc'hets et rebuts :

1*) La qualification préalable à chaque campagne, la petite quantité de
combustibles par campagne et par lot de fabrication ont conduit à un
nombre élevé de contrôles destructifs sur matière première , produits
intermédiaires et produits finis .

2e) BELGONUCLEAIRE s1 est vue dans l'obligation de rejeter, en cours de
fabrication, des produits douteux , comme suite à l'absence de critères
de rejet objectifs ou à l'absence de techniques de contrôle précises.

S'il est important, lors de toute fabrication industrielle, de limiter les rebuts
et déchets, cette limitation doit être primordiale lors de la production de
barreaux combustibles au plutonium. En effet, les frais élevés inhérents au
recyclage des déchets récupérables et à l'élimination des déchets irrécupérables
ont une incidence directe importante sur les coûts de production. Il est donc
important qu'en plus des recommandations énoncées au paragraphe 3.2.
les actions reprises ci-dessous soient ou puissent être entreprises :

1") la mise au point de nouvelles techniques'de contrôle non destructives en
remplacement des techniques destructives utilisées actuellement ;

2*) un contrôle très poussé des matières premières requises en vue d'assurer
la parfaite conformité des produits avec les spécifications établies. Ceci
implique la livraison des matières premières dans des délais tels que le
rejet d'une de ces dernières n'ait pas ou peu d'incidence sur les dates de
livraison du produit fini ;

3*) l'élaboration de spécifications de combustibles et l'énoncé de critères
d'acceptation sur la base de la connaissance objective de l'incidence directe
des caractéristiques sur le comportement du combustible et compte tenu
des dépenses secondaires qu'elles engendrent en cours de fabrication. Si la
résolution d'un tel problème est un travail de longue baleine, il mérite
toutefois une attention particulière dans le cas spécifique des combustibles
au plutonium.

Quelles que soient les actions prises en vue de limiter les rebuts de fabrication,
une fraction même minime de ces derniers devra être recyclée pi r voie sèche
en vue de réduire le prix des combustibles plutoniferes. Jusqu'à présent, les
rebuts frittes produits lors d'une campagne, n'ont pu être recyclés au sein de
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cette même campagne, en raison de la limitation des quantités de combustibles
à fabriquer par campagne, des délais requis en vue de la caractérisation des
lots de rebuts et des requalification» préalables indispensables.

Il apparaît des à présent que le recyclage des rebuts d'une campagne de fabrica-
tion donnée ne puisse être envisagé lors de cette campagne, mais seulement
lors des campagnes postérieures. Ceci implique l'acceptation d'une politique
différente de celle énoncée précédemment { par. 3. 2. 1. ) et une gestion précise
des rebuts de fabrication par le fabricant.

3. 4. Entretien

En début d'exploitation, plusieurs défectuosités ont été à déplorer. Elles étaient
inhérentes, soit à une mauvaise conception, soit à une usure prématurée de cer-
tains équipements; elles ont eu une répercussion directe sur les capacités
de production, en raison de la non duplication actuelle de certains équipements
de base. Toutefois, malgré la complexité des équipements et leur accessibi-
litée limitée, les réparations , soit temporaires, soit définitives, ont pu
dans tous les cas être réalisées dans des temps réduits en raison de la
connaissance détaillée de tous les équipements par le personnel d'exploitation.
Il faut signaler, en effet, que le personnel d'exploitation avait participé d'une
manière active à la conception, la construction et le montage de la plupart des
équipements et que l'entretien préventif des équipements est effectué par le
personnel utilisant ceux-ci.

3.5. Sécurité

3.5.1.

Lors de la conception de l'usine et de l'établissement des procédures de travail,
un effort particulier a été fait en vue d'éviter les causes de contamination et
l'extention de ces dernières ( mécanisation,, entraînement du personnel , dé-
tection rapide et localisation des contarr 'nations). Malgré les précautions
prises, certa ine s c o n t a m i n a t i o n s ont été à déplorer; toutefois étant
donné les procédures de détection et d'exploitation adoptées, ces contamina-
tions n'ont eu aucune conséquence néfaste, ni pour le personnel, ni pour les
installations . Il s'est avéré que le nombre de contaminations observées est
lié directement à la nature des produits traités ( poudres, pastilles «barreaux)
et à la qualification du personnel d'exploitation. Les procédures sévères de
travail, en vue d'assurer la sécurité du personnel et des insallations ont une
incidence directe sur les capacités de prod uction; toutefois, les conséquences
étant trop graves, aucun relâchement dans ce domaine ne peut être envisagé.

3. 5. 2. Doses gamma et neutrons

Les doses reçues par le personnel d'exploitation sont liées directement au
type d'équipement ujliaé ( mécanisation ou manutention ) , à la nature des
matériaux traités ( poudres PuO^ ; poudres, pastilles et barreaux UO- - PuO2 ) ,
à la teneur en plutonium et à la composition chimique et isotopique de ce
dernier ( Tableau I). Jusq'à présent, durant les fabrications entreprises par
BELGONUCLEAIRE ( teneur max. en Pu : 12 w/o PuOj , le problème des
doses gamma et neutrons s'est posé essentiellement au stade du conditionnement
des poudres PuO. et à la préparation des mélanges de poudres mixtes UO.-PuO.»
Si ce problème a pu être résolu , d'une part par un blindage biologique et,
d'autre part, par une rotation du personnel affecté à ces étapes de fabrication ,
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TABLEAU I

Composition des lots de Pu utilisés dans l'Usine Pu de Dessel ( w/o)

Àm 241 '

min
0,17

max
0,57

Pu 23 8

min
0,07

max
0.9

Pu 239

min
70,3

max
79,3

Pu 240

min
17.5

max
20,1

Pu 2*1

min
2,5

max
9.3

Pu 242

min
0,4

max
1.9

il est certain qu'à l'avenir d'autres solutions devront être envisagées, en vue de
permettre le traitement de plutonium de recyclage. Si des solutions telles que
purification du Pu, limitation des délais entre le retraitement des combustibles
irradiés et la fabrication des combustibles au plutonium ( limitation teneur
Am 241 ) peuvent être envisagées au niveau de l'usine de retraitement des com-
bustibles irradiés, il apparaît que les actions principales devront être prises
dans les usines de fabrication des barreaux et assemblages.

A ce stade, il semble que le blindage biologique , d'une part, et une mécanisation
encore plus poussée, d'autre part, soient les seules solutions qui puissent être
appliquées.

3. 5. 3. Cr_iticité_

L/a sécurité relative à la criticité est assurée à l'usine de Dessel, soit
par le caractère " Eversafe " d'un certain nombre d'équipements conçus spé-
cialement à cet effet, soit par la limitation des quantités de matériaux pluto-
niferes traités dans certaines unités opérationnelles ( un équipement spécifique
ou un ensemble d'équipements). Les critères sont revus avant chaque campagne
de fabrication compte tenu de la teneur en plutonium du combustible à fabriquer.
Une telle philosophie a été adoptée lors de la conception de la ligne de fabrication,
en raison de la diversité des combustibles devant pouvoir être fabriqués et aussi
en raison du caractère limitatif de la capacité de traitement des équipements
11 Eversafe ".

Cette technique a donné jusqu'à présent entière satisfaction du point de vue de
la sécurité. Les procédures de transport sont toutefois un facteur de réduction
de la capacité de production. L'amélioration de ces procédures et une meilleure
connaissance des paramètres critiques doivent permettre à l'avenir d'atténuer
cet effet.

CONCLUSIONS

De l'expérience acquise durant la première année d'exploitation de l'usine Pu
de Dessel, il ressort qu'en ce qui concerne les problèmes d'écologie et de
sécurité, il est possible d'exploiter industriellement une usine de traitement
de matériaux plutoniferes. Les problèmes rencontrés montrent toutefois que
la primauté devant obligatoirement être laissée à la sécurité et à la qualité

des produits fabriqués, les coûts de production seront plus élevés qu'initiale-
ment prévus.

En vue de limiter les coûts unitaires de production, il est indispensable que :

1*) des nouvelles techniques et procédures de contrôle du procédé de fabrication ,
de qualité et de sécurité puissent être mises au point, en vue essentielle-
ment de réduire les temps de réponse ;
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2°) un dialogue quasi permanent puisses'établir entre lea fabricant* de corn»
bustible au plutonium et les responsables du concept des combustibles ,
en vue de l'élaboxation des spécifications e.t de la standardisation de ces
dernières ;

*

3*) le recyclage du plutonium puisse être réalisé à cycle ouvert afin, d'un
part, d'augmenter les quantités par campagne de fabrication, et d'autre
part, de limiter le nombre de lots des matières premières.
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R 0.1. IMPLANTATION GENERALE DE L'USINE Pu A DESSEL

38



FIG. 2. IMPLANTATION GENERALE DES EQUIPEMENTS DE PRODUCTION
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IRRADIATION BEHAVIOUR OF LWR PLUTONIUM FUEL RODS

H.Bairiot - M. Gaube - B. van Outryve d'Ydewalle.
n. v. BEIX3ONUCLEAIRE s. a.

SUMMARY.

As the plut onium content in mix ed oxide fuels for thermal reactors is relative-
ly small, only limited changes are expected in their behaviour as compared to
uranium fuels. This assa-mption is being confirmed by experiments initiated
by BELGONUCLEAIRE ten years ago on mixed oxide fuels, first with stainless
steel cladding and later on with Zircaloy cladding. The confidence is continuous*
ly being built up through the good behaviour of more than 990 rods irradiated in
various power reactors (BR 3, DODEWAARD, GARIGLIANO). About 40 irradia-
tion experiments in the BR 2 reactor were launched to complete our knowledge.

1. INTRODUCTION.

The behaviour of uranium fuels has been studied for many years and still
unaccounted for phenomena have in a recent past caused operational trouble
and contamination in many LWR's : e.g. the densification problem, power
ramp induced failures, hydrogen content troubles, etc...

If much is still learned every day by statistical inadiation of uranium fuels
twenty years after SHIPPINGPORT, it is undoubtful that a statistical ex-
perience of irradiation of plutonium fuels is also of major importance. The
fuels utilized in LWR's contain however a small amount of plutonium in
UO2 and are not basically different from the enriched uranium fuel in
which anyway part of the fissions are produced by the plutonium generated
during the irradiation lifetime.

Therefore, satisfactory knowledge and prediction of the plutonium fuel
behaviour can be obtained by a carefully planned programme in which plu -
tonium fuels of well-known characteristics are irradiated and compared to
uranium fuels. The main focus of our programme has been to assess the
influence of the differences resulting from the manufacturing techniques
and control requirements particular to plutonium fuels.

A recent paper (l) has outlined the main guidelines utilized in our approach
and summarized typical results obtained with our programme.

The present contribution will summarize the most relevant data and indi-
cate the actual status of the work (Fig. 1 and 2).

2* POWER REACTOR IRRADIATIONS.

Irradiations performed in power reactors are the most decisive arguments
to convince a safety committee of the reliability of plutonium fuels.
Table I gives a general view of the irradiation of our fuels in PWR's (BR 3,
SENA), BWR's {DODEWAARD, GARIGLIANO) and HWR's (NPD 2).
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The actual operating conditions in most power reactors are far from the
conditions to be guaranteed for the good behaviour of the fuels.
In our programme, we were fortunate enough to have access to
the BR 3 reactor which, while being a power reactor, has nevertheless
enough flexibility to accept experimental fuel including standard fuels*
irradiated in extreme conditions, e.g. high ratings (Fig* I ), high burnups
and/or high power tilts across the fuel rods.

3.1. Stainless steel clad fuel.

Historically, the first plutonium fuel irradiated in a power reactor was an
island type assembly of Belgian design manufactured in 1962 and loaded in
the reactor in 1963. The quite conservative irradiation conditions achieved
at that time have mainly enabled to gain confidence and to settle rules for
the further irradiation programmes.

The next assembly (IF type) loaded with 18 rods manufactured by the
UKAEA and 19 plutonium rods manufactured by the SCK/CEN-BELGO -
NUCLEAIRE Association has been irradiated successively in the VULCAIN
and in the 2 bis core of the BR 3. The leak tests, dimensional measure -
ments, neutrographies and gamma-scanning s have been performed on both
types of rods and did not reveal any irradiation induced damage. The only
feature to be noticed is the slightly higher average diameter increase and
the absence of ridging on the vibrated rods included in the assembly. This
behaviour is due either to the structure of the fuel (discrete plutonium
particles in the fine fraction only) or to the manufacturing process. The
postirradiation examinations confirm the good behaviour of the rods, both
for the pelletized and vibrated fuel types.

The irradiation of two rods is being continued in the BR 2 in a basket type
device under power cycling conditions, with a stepping up of the rating by
a factor 2 relative to the irradiation in BR 3. No defect has appeared up
to now ; the test is being pursued to gain experience on the EOL capabili -
ties of these fuels.

3.2. Zir calov clad fuel.
3.2.1. ZOr^£ejtnWiejBi,
These assemblies were island type ones and have been irradiated in the
cores 2 bis and 3. A. An intermediate dismantling of one of the assemblies
between cores 2 bis and 3 A was carried out ; the examinations indicated
a superior behaviour of the plutonium fuel compared to the uranium fuel.
Destructive tests are being performed on 7 rods withdrawn from the
assembly.

After core 3 A, the 7 assemblies of that type were subjected to a sipping
test : the two plutonium assemblies and 3 out of 5 identical uranium
assemblies gave a slightly positive signal.
A detailed postirradiation examination will be carried out to determine
whether a plutonium rod failed.

3.2.2. GjîJtsembJlies^
Thirteen plutonium assemblies of the G type have been loaded in the core
3 A and operated at peak ratings of 600 W/cm, Early this year, at the
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reactor shutdown, they had reached a mean burnup ranging from 7,500
MWd/tM to 18,000 MWd/tM, the corresponding peak rod burnup and peak
pellet burnup being respectively 23, 700 MWd/tM and 30, 100 MWd/tM.
The dry- sipping did not reveal any -damage and all the assemblies have
been reshuffled in the core 3 B now under irradiation.

Among these assemblies » one has been sent to the BR 2 hot cells during
the reactor shutdown for dismantling, detailed non -destructive tests and
withdrawal of three rods for destructive examinations. No difference has
been noticed between the enriched uranium and the plutonium rods.

3*2.3. jJLa^jswnbHejL;,
Nine plutonium assemblies of the Z type have been loaded in the core 3 A.
Early this year, at the reactor shutdown, they had reached a mean burn-
up ranging from 8, 000 MWd/t (U + Pu) to 1J , 500 MWd/t (U + Pu), the
corresponding peak rod burnup and peak pellet burnup being respectively
21, 000 MWd/t (U + Pu) and 27,200 MWd/t (U + Pu),

The dry- sipping did not reveal any damage and all the assemblies have
been reshuffled in the cote 3 B.

4. SENA.

Four démonstration assemblies have been manufactured by the BN-CEA-
RBG Association for the reload 7 of the SENA reactor.
Each assembly contains 208 fuel rods clad with stainless steel, among
which 40 are with plutonium enriched up to 4 %. The irradiation is due
to start before the end of 1974.

5. PODEWAARD.

The two assemblies of the reload 1 have been operated at peak ratings
up to 500 W/cm and reached a mean burnup of 20, 000 MWd/t (U 4- Pu) at
the reactor shutdown in April this year. The wet- sipping indicated the
presence of failed fuel rods in both assemblies. They have been unload-
ed definitively and will be &ubmitted to % detailed pos tir radiation examina-
tion to determine whether the failures occurred in uranium or in plutonium
rods and to assess any possible difference between these failures and the
usual failures observed in BWR fuels.

The four assemblies of the reload 3 have reached a mean burnup of
6,500 MWd/t (U + Pu) at the reactor shutdown ; the wet-sipping indicated
that one of th«m was leaking ; it has been kept out of the core for detailed
postirradiation examination and replacement of the defectuous rods. Non-
destructive tests are also being carried out on a second assembly.

The other two assemblies have been reloaded together with a fresh one.

6. GARIGL1ANO.

The irradiation of the 4 plutonium assemblies constituted with the fuel
rods manufactured by BKLGONUCLEAIKE has been continued, The
intermediate examination occurred aller a burnup of about l l ,OOOMWd/
t M and indicated the perfect condition of this fuel irradiated since August
1970.

43



7. COMPLEMENTARY IRRADIATION OF PLUTONIUM PUgL.IN THJKBR 3
KEACTOR.

To assess the behaviour of the fuel manufactured commercially, a few
samples are submitted to extreme irradiation conditions, beyond the
normal operating conditions in a power reactor. The prog* amme also
includes the irradiation of specially manufactured fuel, to investigate
the significance of some specification details* Two types of irradiation
rigs are being utilized : a basket device, which allows an investigation of
the fuel at intermediate intervals, and boiling water capsules,fully ins -
trumentedjin which the cladding temperature can be matched to repre -
sent power conditions (Table II).

The intermediate non-destructive tests carried out on the baskets and the
activity measurements during the irradiation did not reveal any rod
failure or abnormal behaviour.

It is worthy noticing that one boiling water capsule has been irradiated
in the reactor during 1,250 days spread over a residence time of six
years and has reached a burnup of 70,000 MWd/tM.

8. MAIN RESULTS.

8.1. Statistical behaviour.

From the bulk of results available, it is difficult to determine any
influence of plutonium. The programme has however shown that plutonium
fuels manufactured with methods and specifications applicable to pluto-
nium handling behave as well as uranium fuels manufactured according to
specifications and manufacturing techniques utilized commercially.
Table HI compares the irradiation behaviour of our plutonium fuels and of
the uranium fuels manufactured to the same frame specifications by lead-
ing uranium fuel manufacturers. The results are very encouraging ,
taking into account that most of the stainless steel fuel.» in that table r« -
present the state of art in 196Z and most of the Zircaloy fuels the state of
art in 1968.

8.2. Ma»ufacturing techniques.

The vibrocompaction being attractive for plutonium fuels» a comparison
was made between the behaviour of vibrocompacted and pelle tJ zed fuels.
Fig. 3 and 4 indicate that the heat transfert characteristics are such
that the central temperature in vibrocompacted fuels is the a a me as
for pelletized fuels filled with helium and is independent of the n?sture of
the filling gas. This is not tru? for the pelleti«cd fuels where the nature
of the gas is of major importance (Fig. f» and 6) and deteriorates when
the helium is blent with the gas contained in th*> as-fabricated fuel s and
with the fission gases.

8.3. Ridging.

On the basis of the present data, the ridging is less pronounced for our
plutonium fuels than for standard uranium fuels of the same specification ;
the rather reduced amount of data imposes to handle these observations
with care ; they are however in line with the higher plasticity and better
creep characteristics of the plutonium fuels. Fig. 7 gives examples
related to uranium and plutonium fuels from BR 3/Z.Q ana plutonium fuel
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from BR 2/P. This latter case, relative to fuel irradiated under low
coolant pressure (20 bars) and relatively low cladding temperatures (220*C
average) indicates that ridging does not require high differential près sures
(and shrinkage of the cladding against the fuel) nor high cladding tern' pe ra-
tures.

The phenomenon is linked to the dished ends of the pellets being cold
spots : results of BR 2 (Fig. 5 and 6) indicate that localized melting may
be limited to the centre of the pellets while the dishes are covered with
dendrites (with a decrease of plutonium content from roots to tops). We
already observed the effect in uranium fuels ; the effect of neutron flux
streaming at the dished pellet ends should have reduced it for plutonium
fuels. Experience shows that the difference between both fuels is not

8.4. Fuel densification.

Results on fuel densification are continuously gathered through the
BR 3 and DODEWAARD refuelling inspections and through special BR 2/
P irradiations in which non-destructive data are obtained every 20 'day s
through neutrography. Available results indicate that plutonium fuels do
not significantly differ, in that respect, from equivalent uranium fuel.
Typically, our 91 % TD fuel shortens axially by 1. 1 % and our 94 % TD
fuel by 0. 35 %.

8.5. jPlutonium migration,

The plutonium diffusion is marginal not only because it is counter-balanced
by the plutonium production characteristics, but mainly because it is
limited to the columnar grain growth regions. Experiments show that it is
important only for ratings higher than 700 W/cm and hence is negligible
in power reactor conditions.

The effect of an initial heterogeneity of plutonium distribution is well
known through the observations on our earlier heterogeneous Vipac fuel
(where plutonium is present only in the smallest grain size fraction of the
fuel ) : columnar grain growth is accompanied by plutonium migration over
less than 1 mm range (2).

8.6. Fuel/cladding compatibility.

Even at high ratings, the presence of PuOz agglomerates, pressed against
the cladding, does not affect its integrity. This is consistent with
Freshtey's findings (3), namely that only during important transients large
PuC>2 particles can pierce the cladding.

8.7. Power ramps f

Part of our fuel has been irradiated with numerous power changes includ-
ing fast power ramps. Fig. 8 gives a typical power evolution dia-
gram of 3 fuel assemblies irradiated in BR 3,

In BR 2, the conditions are even more severe since the power is raised
at a rate of 1 %/min. and a power increase takes place on the average
every 7.7 day.
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&•&• O vc- r power Jest:g.

Accidental operation with molten m*xed fuel ha» no catastrophic couse ~
quencea. The* P 326 rod irradiated in P 4 was subjected to a power rat •
ing of 920 Vf /cm during 20 days early in life. Both neutrographs end
gammagraphs revealed the intrusion of molten mixed oxide fuel «ooss
the natural DO?, isolation pellet And an eutcctit dissolution oi most cf
the spring without noticeable attack of the cladding inner face. No over-
stressing of the cladding had occxirred either, although the irradiation
continued for 80 power days after the peak power period. The two e«th<*r
specimens in this rig have now 720 power days of faultless operation.

The high ratings at stack euds have usually even milder consequences.
Fig. 9 shows the effects of central melting on P stack end placed near the
maximum flux ; no insulating pellet was present in this case. Only a
bulging on top of the fuel stack and a relaxation of the 6 first spires of
the hold-down spring are the rémanent consequences of the overpower
operation during 20 days.

9. CONCLUSIONS.

Our present results (Fig. 1 and 2) indicate the adequacy of plutonium to
meet the standard LWR fuel requirements. The assessment task is how-
ever being pursued ; it is part of a continuous effort to vpdate the bac); -
grounds of plutonium fuel design and to assess the products manufactured
by our plant.
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TABLE I - PLUTONIUM ENRICHED FUEL FOR THERMAL REACTORS (irradiation status on Oct. 1,1974).

Reactor
Country/Name/

Type

BELGIUM/
3R 3/PWR

FRANCE/SENA/
P\VR

| TN2DERLAND/
DODEWAARD/
BWR

ITALY/GARI-
GLÏANO/BWR

V

CANADA/NPD-2

N"
elements

1 P

1 IF

2 ZO .

9 Z

13G

4

2

4

I

4

Pellets

N* Pu
rods

from BN

12

19

36

212

240

144

30

56

Î2

204

Pellets

Fuel type (pellet,
VIPAC} - Fuel

diameter
(mm)

VIPAC
7,70

VIPAC
7.49

Pellets -f- VIPAC
7.<4

Pellets
7.46

Pellets
9,07

Pellets
8.8?

Pellets + VIPAC
P. 48

Pellets + VIPAC
11.48

Pellets * VIPAC
11.48

Pellets
12. SB

Clad material
and thickness

(mm)

Stainless steel
0.50

Stainless steel
0.50

Zircaloy 4
0.54

Zircaloy 4
0.54

Zircaloy 4
0.65

Stainless steel

Zircaloy 2
0.84

Zircaloy 2
0.84

Zircaloy 2
0.84

Zircaloy 2
$• &\

Pellets
13.66

Zire**»^

o*l

Mean assembly/
peak pellet

burnup
(GWd/tM)

3/6

25/46

34/46

13/23

21/36 i

„

25/34

7/13

1/2

Ï4/24

15/*8

Comments

Unloaded « No
failure.
Unloaded - No
failure.
Unloaded - Both
ass, suspect.
Irradiation
continuing.
Irradiation
continuing.

Irradiation
starting.

Unloaded • Both
ass. suspect.
Irrad. continuing
- 2 temporarily

unloaded
Irradiation
continuing.

Irradiation
cc?vt*r»u5'r,g.

Irradiation
continuing.



TABLE H - AVAILABILITY OF THE LONG DURATION RIGS UTILIZED
FOR THE PLUTONIUM PROGRAMME (as on Sept. 26. 1974).

Nomenclature

CEB 1
2
3
4
5
6
7
9

10

P 1
2
3
4
5

Irradiation

August 1965
April 1966
Sept. 1966
August 1967
Jan. 1968
April 1968
Nov. 1968
April 1972
April 1971

July 1963
August 1969
July 1971
Dec. 1970
July 1973

period

January 1966
April 1966
April 1967
Oct. 1968
January 1968
May 1971
Oct. 1974

July 1963

Days at power

100
8

120
180

4
680

1255
564
708

8
864
602
720
200
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TABLE III - OBSERVED FUEL FAILURES

Type of fuel rod Pu

1. Stainless steel cladding,

« Number of rods irradiated
- Number of observed rods

failed
- % failed rods

3 3)1

3Z
1.0

1Q8

0

0

2. Zircaloy cladding.

» Number of rods irradiated
- Number of observed rods

failed
- % failed rods

1 162

7
0.6

1

o.U
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Figure 9 - Neatrograph of the upper end of
rod P 366 irradiated in P 5.
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EXPERIENCE OF BELGONUCLEAIR?S ON
PLUTONIUM RECYCLE CONFIGURATIONS IN L>WR

P.Deramaix - H.Bairiot - C.Vandenberg
BELGONUCLEAIRE- Brussels.

1. INTRODUCTION.

The plutonium recycle in light water reactors can be realized either by
constituting assemblies in which the majority of the rods contain pluto -
nixutn fuel or by dispersing the plutonixirn rods into most assemblies of
the reload. The first concept is usually referred to as "all-Pu11 assem-
blies and the second one as "Pu-island" assemblies. In the second case
indeed, it is advantageous to place the plutonium rods in the central
part of the reload assemblies.

The choice between these two concepts for plutonium recycle depends
on :
- the fuel cycle policy adopted by the Utility ;
- the inherent flexibility of the core (e. g. the control rod availability) ;
- the know-how accumulated by the fuel supplier.

The experience gained by BELGONUCLEAIRE indicates that :
- the island concept is best suited for the reactors with cruciform

control rods (BWR *s and first generation PWB ' s) ;
- the all-Pu concept has advantages in the frame of a RCC reactor.

There is however no universal solution. The decision is depending on a
choice to be made by the Utility taking into consideration its own cons-
traints and the experience of the fuel manufacturer providing the re -
loads.

2. TECHNICAL CONSIDERATIONS.

2.1. Jt cactivity evolution.

The evolution of an island assembly is similar, if properly designed, to
the evolution of a standard uranium enriched assembly. In this frame,
it has a mtawor influence on the neighbouring assemblies and can be
positioned in the core with a maximum flexibility.

On the contrary, the all-Pu assembly presents an important deviation
compared to the uranium enriched assembly and must be studied care -
fully regarding its influence on the core as a whole and on the neighbour-
ing assemblies.

2.2. Power evolution.

The relative evolution of the highest rated fuel rod in asi assembly is
schematically represented in Fig. 1. The most critical period is usually
at the first reshuffling which occurs at the time indicated by the shaded
areas in Fig. 1.

59



One can see that in an island assembly the hot spots always remain in
an uranium rod of the peripheral zone while for the all- Pu assembly it
shifts from a peripheral plutonium rod to another plutonium rod located ift
a more central zone of the assembly. The uncertainties inherent to the
transfer of a hot spot from one rod to another one must not be under -
estimated.

2.3. Plutonium content,

The local variationsof the plutonium content are practically independent
of the nominal plutonium content of the fuel -the manufacturing routes
adopted industrially. Thereby, the relative variation of plutonium content
and hence the technological form factor are much higher for a nominal
plutonium content which is low than for one which is high.

As a consequence, a plutonium rod corresponding to the hot spot of an
island assembly can have a local variation of fissile plutonium content
of £ 4 % relative while the peak rated plutonium rod of an all-Pu
assembly (namely the lowest enriched one) has a local variation of £10 %
relative in the same manufacturing conditions. This must be taken into
account in the specifications and leads to reduce more the plutonium
content in the highest rated plutonium rods in an all-Pu assembly than in
an island assembly. This precaution has a cumulative effect on the phe-
nomenon described sub 2.2.

2.4. Spare assemblies.

The island assembly is close enough to a standard uranium assembly
so that it does not influence core symmetry in case it were necessary
to replace a fresh assembly by a spare one. With the all-Pu concept,
it is more difficult to maintain the core symmetry and, on the other hand,
it would be too costly to adapt accordingly the number of spare assem-
blies kept on the reactor site.
2.5. Control rods.

Due to the characteristics of the plutonium it is impossible to maintain
the same reactivity worth for the control rod bank if the plutonium is
close to locations of control rods. The consequence of this effect is very
different in cruciform control rod type reactors and RCC reactors.

2. 5. 1 . C.

, The worth of the control rod adjacent to island assemblies is typically
reduced by 2 to 3 % relative compared to what it is in the case of stand-
ard uranium reload assemblies. This difference is 30 % relative in
case of all-Pu assemblies. Those assemblies can therefore only be en-
visaged if they can be situated at locations not adjacent to control rods.
Only few locations of that type exist in a core. It is thus impossible -to
envisage self-generated plutonium recycle, since the large. majority of
reactors have" not an excessive number of control rods.

2.5.2. JRCCls.
»

The idea of positioning the plutonium away from the control rods favours
in this case the all-Pu assemblies and imposes to reshuffle the assem-
blies during life so that the plutonium is never below a control rod.
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Typically indeed for RCC's, the control rod worth is reduced by 5 %
for a control cluster introduced in the uranium element adjacent to an
all-Pu element while it is reduced by 28 % if the control chiater is intro-
duced in the all-Pu assembly.

2.6. Gamma activity.

In handling fresh assemblies, the gamma activity of the plutonium is
shielded by the uranixim rods in an island assembly. The net effect is
that the dose accumulated by the plant personnel is lower for a self-
generated plutonium recycle in island assemblies than in ail-Pu assem-
blies.

2.7. Plutonium ̂ surplus.

The required surplus for fuel manufactur e depends on the quantity to be
handled and on the number of rods of different composition. It is indeed
important to have spare fuel to account for possible handling problems
up to the latest stage of the assembly manufacture. For a typical case
it has been calculated that beside the normal surplus required for
manufacture a surplus of :
1 % is necessary if all the plutonium fuel is of one single specification

as it is usually the case in plutonium island concepts ;
10 % it the plutonium fuel is of four different specifications as it is

usually the case for all-Pu concepts.

This difference of 9 % in plutonium surplus which is not utilized and
which depreciates due to Am build-up might have a non negligible econo-
mic impact.

3. ECONOMIC CONSIDERATIONS.

3.1. Isotopic composition of the plutonium.

Only in the case of all-Pu assemblies, the reprocessing of uranium and
plutonium fuel rods can be easily separated which enables to obtain
separately the second generation plutonium issued from the irradiation
of the plutonium rods and the first generation plutonium issued from the
irradiation of the enriched uranium rods. The isotopic composition of
this first and second generation plutonium and of their blend is given in
Table I. The average physical value of the plutonium if the two generations arc
separated is 0, 1 to 0. 2 % higher than when the two generations are blent.

3.2. Pluto ni urn uti li z a ti on poli c y.

Only the all-Pu assembly enables to store the irradiated assemblies as
a method of storing second generation plutonium without encountering
the penalty due to U 235 storage.

If a speculative attitude (based on a possible decrease of the reprocessing
cost and a valorisation of the second genr'ation plutonium due to the fast
breeder reactor demands) is pursued, this storage possibility is an in -
terestiug feature. It i« however counter-balanced by the likely higher
unit reprocessing cost due to the smaller qu: ntity of ur&uium fuel re •
processed at a time and the necessity to store irradiated plutonium
assemblies until they can constitute a reprocessing batch. Furthermore»
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if the fast breeder reactor demand is delayed as happened in the past,
the second generation plutonium will most probably have to be blent back
•with the first generation in order to avoid :

1) the simultaneous presence in the reactor of two types of plutonium
assemblies and the additional core configuration complexity ;

2) the increased core management cost associated with this complexi-
ty ;

3) the increased manufacturing cost due to the separate handling of
two plutonium batches.

On the basis of the data issued from our experience it proves more ad-
vantageous to blend the two types of plutonium and to have only one plu-
tonium specification. Therefore, to the reprocessing cost penalty must
be added the additional cost of blending the two plutonium generations.

Hence, the 0. 2 $/g fissile plutonium likely to be gained as explained sub
3. 1. is in danger to be largely lost if the separate utilization of the two
generations of plutonium does not materialize. A blending can indeed
amount to a total cost of up to 3 $/g fissile plutonium.

3. 3. Residual uranium enrichment.

The island assembly is penalized by the dilution of the enriched uranium.
The worth case is for the small PV/R's with cruciform control rods e. g.
Table £1 indicates the relative quantities of uranium available after re -
processing and their enrichment.

From the decrease mentioned it appears that the benefit on the value of
recovered uranium is marginal for the separate reprocessing of the'
plutonium rods and the uranium ones.

3. 4. Economic balance.

For typcial cases, the all-Pu assembly has been compared with the
island assembly taking into account :

the increase of manufacturing cost due to the four plutonium batches
required for an all-Pu assembly, i nstead of one single specification
for plutonium rods for an island assembly ;
the influence of the design and fuel management costs difference be-
tween the two solutions ;
the reduction of the transport cost of fresh assemblies with the all-
Pu policy relative to the island approach ;

• the increase of the value of residual enriched uranium as explained
sub 3. 3.

The conclusion is that a separate reprocessing of the plutonium rods and
the uranium ones,and therefore a clear advantage to the plutonium
assembly,is only noticed if the additional reprocessing cost due to the
separation of the two types of assembly in two reprocessing campaigns
costs less than 2. 7 to 3.4 $/kg M.
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4. BELGONUCLEÀIRE's EXPERIENCE.

As we progressively became aware of the various implications summa-
rized bereabove, we decided to gain experience on the two types of
configurations. We have therefore progressively included both all-Pu
and island assemblies in various reactors and are still studying such
configurations for other types of reactors.

The main advantage was to assess all the aspects of both types of
assemblies and be ready to solve the specific problems of each of them.

As a general policy, we have investigated by postirradiation examina -
tions whether the predictions adequately represented the evolution of the
fuel. We shall briefly mention hereafter the various cases studied.

5. ISLAND ASSEMBLY.

5.1. BR3.

Among the plutonium assemblies irradiated in BR 3 (1, 2) one stainless
steel assembly and^Zircaloy ones were of the island type.
The stainless steel assembly was as a matter of fact the first plutonium
assembly which was loaded in a power reactor (1962).

Po stir radiation data available up to now indicated the good prediction of
the behaviour and the evolution of such an assembly.

5.2. SENA.

The four demonstration assemblies loaded in the SENA reactor this
year are of the island type. The design of these assemblies indicated
indeed that this type of element has outstanding advantages for a PWR
with cruciform control rods.

5.3. DODEWAARD.

Seven different demonstration assemblies have been loaded in DODE -
WAARD, in an attempt to optimize the utilization of plutonium in
island assemblies (Fig. 2). The present status of this programme will
be outlined in a contribution to a future conference (3).

This comprehensive programme is providing data on the relative ad -
vantages of different configurations, on nn empty spacer capturing rod,
on the behaviour of gadolinium in the presence of plutonium, etc...

6. ALL-Pu ASSEMBLY.

6.1. BR 3.

One stainless steel assembly and twenty-two Zircaloy assemblies have
been irradiated in the reactor and forwarded useful data on the adequa-
cy of the present design techniques to represent all-Pu assemblies.

The BR 3 has indeed very large power gradients so that any calculation
technique found adequate in BR 3 is certainly representing correctly
all any other power reactor configuration.
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6.2, TIHANGE.

A design ofanall-Pu assembly for the TIHANGE reactor will be pre -
sented at a future meeting (4). It indicates that a satisfactory solution
can be found for RCC reactors with the actual state of art.

7. CONCLUSIONS.

The two concepts (island and all-Pu assemblies) are adequately valued
and will probably continue to be utilized. The choice will depend on
various considerations :

type of reactor,
specific requirements of the Utility,
plutonium market situation, etc...
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Table I

ISOTOPIC COMPOSITION OF THE PLUTONIUM UNLOADED FROM A PWR
(W/o)

Pu 239

Pu 240

Pu 241

Pu 242

1st generation

71.0

16.5

11.0

1.5

2nd1 generation
(all-Pu assemblies)

52.7

26.0

16.1

5.2

1st + 2nd genera-
tions

(island assemblies)

64.8

20,7

11.8

2.7

Table II

RELATIVE QUANTITIES AND ENRICHMENTS OF URANIUM AFTER

Pu reloads
manufactur-
ed from :

1 st genera-
tion Pu

1 st 4 2nd
gen. Pu

Types

island
all-Pu

island
all-Pu

SS clad fuel

Rel. quant.
of U

100
80

100
72

% U235

1.6
1.8

1.4
1.8

Zr clad fuel

Rel. quant,
of U

100

75

100
64

% U235

1.1
1.2

0.9
1.2
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SOME; ECONOMIC CONSIDERATIONS
ON PLUTONIUM RECYCLE IN LWR«s

P. Haubert - H. Bairiot.
BELGONUCLEAIRE - Brussels.

1. INTRODUCTION,

During the past few years the facilities for the manufacture of pluto-
nium fuels for LWR's have boon scaled up from laboratories attached
to nuclear research centres to more or less independent plants.
Simultaneously, the quantity of plutonium fuel inserted at one time in
a reactor is being increased from a few elements to the amount
corresponding to self-generated recycle and even more. Plutonium
fuel is therefore now subject to the same economic constraints as
enriched uranium fuel ; it has to be designed and manufactured
a.ccordit>glvf and is subject to market fluctuations difficult to foresee.

Actually^ the main problem of plutonium recycle in LWR's is not the
competition of fast breeders bxit the fact that the large quantities
which have been or are being produced cannot be utilized due to a lack
of adequate reprocessing capacity.

2. PLUTONIUM VALUE IN LWR's.

2.1. Definition.

It is interesting to define the value of plutonium as the price which
would make the cost of a plutonium containing reload equal to that of
an enriched uranium one, assiirning the material recovered after this
irradiation has no value ; this simplifying assumption is grounded on
the fact that the recovered fissile material has a controversial value
due to the U 236 and the Pu 242 contents.

This definition obviously assumes that the plutomtim containing re -
loads have the same power generation performances as the standard
enriched uranium reloads ; this is roxighly achieved in most designs.
The influence of departures from this principle will be commented
in paragraph 2.6.

The plutonium value is then given by the following formula :

P * gU5 - AF - AR

where :

P is the plutonium value per gram fissile as PuOjj
U 5 is the cost of the U 235 replaced by Pu (per gram U 235 a
g is the quantity (in grams) of U 235 replaced by one gram of

fissile plutonium
A F is the total incremental cost of manufacturing services

associated with plutonium fuel (per gram of fissile plutonium
contained)
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^ R is the total incremental cost of reprocessing services
associated with plutonium fuel (per gram of fissile plutonium
initially contained).

All costs are discounted at the date of the plutonium shipment to the
fuel manufacturer.

2. 2. Uranium cost.

During the past two years, the cost of enriched uranium has increased
considerably : prices of natural uranium up to 15 $/lb UsOg are quoted
for short term delivery and the USAEC separative work price will be
increased to 42. I $/SWU at the end of 1974.

It is certainly very hazardous to predict the future prices of yellow
cake, even in 1974 currency, and it is not our purpose to analyse the
reasons having provoked the present upwards trend and the future
possible fluctuations (upsurge in demand, national policies for the pre-
servation of uranium resources, psychological impact of the general
energy crisis, effect of nuclear power plants delays or deferrals,
etc... ) It seems however that a price of 10 $ per pound is the absolute
minim un» that the Utilities could hope and that 15 $ is not an unrealist-
ic assumption.

In the field of enrichment, it seems that the price of 42,1 $/SWU
(plus the down-payment) does not yet represent an adequate price for
a commercial venture on the basis of available technology during the
next ten years ; prices from 55 to 75 $ are generally quoted as
necessary.

When plutonium is used with natural uranitm replacing enriched urani-
um at 3 % I) 235 enrichment, the cost of the replaced U 235 is 13.6 $
per gram for 10 $/lb and 42.1 $/SWU (tail assay : 0.3 %). Going
only to 15 $/lb U3O8 and keeping the same enrichment price would
increase the cost of the replaced U 235 to 16. 7 $/g (at 0.2 % tail
assay).

Tue cost of the replaced U 235 is decreased by about 10 % if the
original uranium enrichment is only 1.5%.

2.3. Plutonium fuel design.

The main task of the plutonium fuel designer is to adapt :
- the fuel rod specification to the particular physico-chemical proper-

ties of plutonixim fuel in order to ensure that it has the same burnup
capability as enriched uranium fuel ;

- the definition of fuel enrichment patterns of the plxttonium fuel ele -
ment s to achieve an acceptable power distribution and reactivity
control in the core and to obtain the maximum plutonium value.

The designer must not overshoot this goal and impose for instance a
too stringent specification to the fuel manufacturer : any improve -
mcnt in fuel quality which would not be necessitated by an increase in
effective power generation (due to constraints in fuel management for
instance) would only increase the manufacturing cost and reduce final-
ly the plutonium value.
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The two standard designs are :

- the Pu-island element, where plutonium rods are located in the
central part of the element (i. e. away from the high neutron flux
zones) and have usually a uniform plutonium content ;

- the all-Pu element, where plutonium is loaded in all the fuel rodsof
the assembly but with varying concentrations (three or four pluto -
nium enrichments).

Our experience (J ) is that :

- the Pu-island is best suited to BV/R's and to PWR's with cruciform
control rods while all-Pu elements are best suited to RCC PWR'a ;

» in the four first reloads incorporating self-generated plutonium
blent to natxiral uranium, the plutonium rods amount usually to 20 %
of the fuel rods whc-n the Pu-island concept is adopted and 25 % of
the fuel rods when the all-Pu concept is applied.

Each plutonium fuel element concept has its own drawbacks ; before
deciding for a particular power plant, both concepts should be consider-
ed since it is also possible to design all-Pu elements for BWR's and
Pu-ialand elements for PWR's.

As part of the plutonium fuel optimization, it can also be envisaged
to act on the water to fuel ratio. However, for standard fuel reloads
only a small gain can be obtained e. g. by thicker cladding, cored
pellets, etc... With the present fuel designs, the physical equivalence^
value of plutonium is about 0. 83. It can be increased by 6 % through a
9 % increase in water-to-fuel ratio obtained by cored pellets (2)«

2. 4. Incremental manufacturing cost,

Under this heading one has to consider all additional expenses associat-
ed with the supply of plutonium fuel i fxi«i manufacture itself, scrap re -
covery, fuel transport, etc... The additional expenses vary Strongly
according to the options taken for plutonium use.

It has first to be recognized that the plutonium rod manufacturing cost
(added value starting from U^Os and PuO^) is at least three limes that
of the uranium rod manufacture (starting from UFfc) due to :
- the need for glove-box operation ;
- the size of the plutonium fuel manufacturing plants ; at present, the

commercial plutonium manufacturing plants have a capacity of about
10 % of enriched uranium mamifacturing plants in operation ; this
situation will most likely continue for many years.

This notional plutonium manufacturing cost is significantly exceeded for
visual manufacturing campaigns, due to the importance cf the time re-
quired for the equipment adaptation and the pre-production trials,
compared to the time required for the production itself. For the sir
tons campaigns corresponding to self-generated recycle in the reactors

defined as the amount of U 5 replaced by fissile plutonium, in a fuel
assembly compatible and fully interchangeable with a standard enrich-
ed uranium assembly.
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of the 900 MWe range, the increase in manufacturing cost would bo
about 35 %. This situation -could be improved if it were possible to
organize successive campaigns with identical fuel characteristic s and
specifications or to increase the campaign sr-3« by concentrating pluto-
nium from diffe ent reactors in only on specialised reactor (all other
things being equal).

In a similar way, the need to manufacture different fuel enrichments
during one campaign will cause an interr\ip'.ion in production and a
corresponding increase in manufacturing cost. For the typical six
tons campaign, each additional enrichment increases the manufacturing
cost by about 10 %, the importance of this penalty br-ing inversely pro-
portional to the size of the manufacturing campaign. When considering
all-Pxi elements for BV/R's, we therefor»* keep ?t leas,t the corner vods
with enriched uranium ; using pjutomum in these rods would indeed
entail a quite large manufacturing penalty and would furthermore re -
place U 235 at a low enrichment (and of iow cost).

However, another item to be considered is that of rod transport cost.
It is often the case that uranium and plutonium rods are manufactured
in plants which are quite distant from each other. This will even be
more and more «o in the future, since there is an incentive to locate
plutonium manufacturing plant!» close to the reprocessing plants to
avoid PuOz transport. For the a*»b«mbling of Pu-isl&nd elemtntb (or
all-Pu elements incorporating enriched uranium corner rods) pluto -
nium rods will have to be chipped to the ui'anium plante or uranium
rode to the plutonium plants. For standard Pu-island elements, with
20 % plutonium rod-'', whichever solution is rhosen,the additional cost
is significant ; it WAS evaluated at about 10 % of the bisic rod
manufacturing cost m one particular example. This choice should
take into account not only the difference i» cor>t of rod transports but
also the difference in cost of fool assembJlug and in risks during trans-
port and assembling, the latter being ol corn fee the smallest if pluto -
nium fuel is fully assembled at the plutonium, manufacturing plant which
is best equipped to handle this kind of fuel.

For plutonium fuel manufacture, scrap recovery is much more costly
than for uranium fuel. Lf plutonium contained in the scrap material
Isas to be separated in a form statable for it& sale, each. % of scrap
material will add 3 % to the manufacturing cost. It is therefore import-
ant to minimize the amount of scrap (which is to some e»lent a problem
of specifications) and to allow its recycling in a subsequent cam.pti.igti, ,
possibly for another customer, without the separation of the uranium
and plutonium , This means that the customer has to «ucppt rcceiv'ng'
a product containing a plutoniwn slightly different from the one lie has
sxipplied, that the designer h A s to take such possible differences into
account in his calculations and thxt the Authorities implement ing the
safeguard regulations need to accept swap transactions.

Finally, the total plutonium manufacturing coat, amounts easily to 1'60 %
of the notional plutonium rod manufacturing cofct or 480 % of the enrich-
ed uranium rod manufacturing co&t. These added value figures lead to
an increase of the total reload fuel manufacturing cost of respectively :

- 24 % if all the factors as outlined in the present paragraph are teken
into account,
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12 % if only the plutonium handling penalty »rxentioned at the beginning
of the present paragraph is considered. If this penalty is applied,
as it should be, to the value of plutouixim, it amounts respectively to
5 and 2» 5 $/g fissile plutonium. According to the care devoted to
the design of the plutonium utilizations, to the know-how and equip-
ment of the manufacturer and to the particulars of e<*ch reactor, the
penalty could be either somewhat reduced or on the contrary signifi-
cantly increased.

2. 5. jncr em ental r epr oc es « ing c os t.

Since no difference in the cost of spent fuel shipment is noticed^ tbja
item covers the cost of the reprocessing itself (including -associated
waste disposal) plus the cost of fuel re-conversion (uranium nitrate
conversion to UFO and plutonium nitrate conversion into-PwOj>H

Due to the lack of experience of oxide fuel reprocessing and a fortio-
ri for mixed oxide fuels, the influence of pJutrtnium content on the re-
processing itself is difficult to aswess for the.» moment. It should be
minor if th« reprocessing plant is properly designed (e.g. the head -
end, for proper dissolution of PuOz). An appreciable increase of re-
processing cost will only he experienced if a customer wants to re ~
process separately the uranium asfic-rnbiies and the all-Pu assemblies
in order to recover the rc:>idual Ufi<nium to an higher cm-ichxnent and
the plutonium as two separate batches (1 ).

The difference in plutonium, conversion costs i» directly proportional
to the difference in plqtoaMx m cor>ton*s which amounts to about 40 %
of the initial plutonium conlont of the. fuel r<-Jo*ds. Discounted back
to the dateof the plutonium utilisation, this will not represent more
than 0.25 $/g initial fistûîe plutonium.

The difference in uranium rc-convyreion costs* will depend essential-
ly on the possible utilization of recovered ura.iv" urn. In fact, the
uranium recovered from 011-Pu elements will huve a too low U 235
content to make ilsrc-ui»u worthwhile <»nd thrt recovered from enrich-
ed uranium elements v/iJl have a high U 236 content amakirg difficult
to feed it in enrichment plants.

2.6. gomment«?

P^or the assessment of the plutonium value, two additional points
should be reminded :
« the cost assessment must be applied to the complete reload and not

only to the plutonium fraction,

- any difference in power generation characteristics shouM be taken
into account.

The first point arises especially in the assessment of plutonium re-
cycle in RCC PWR'o ; in order to ease the power distribution
problème, some designs propose to simultaneously overemich the
uranium elements and underenrich the plutonium ones. Since t*H>se
elements are in the ratio of 3 to 1, the relative underenriclrnent of
plutonium elements can be roughly 2 limes the over enrichment of
uranium to maintain the sain*' overall reload reactivity lifetime. For
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the same quantity of plutonium, this will however result in a larger
number of plutonium rods being manufactured an thus in a larger
manufacturing penalty per gram of fissile plutonium. On the other
hand, the cost of U 235 in the uranium elements will be about unchanged
since the physical plutonium value is somewhat increased by the soft-
er spectrum (lower Pu f/water ratio in the plutonium elements).

The second point arises from the fact that the optimum burnup is certain»
iy higher for plutonium fuel than for uranium fuel (higher manufacturing
cost and independence of fissile material price from fuel enrichments).
If it is possible to increase (by a proper fuel management) the average
discharge burnup of the plutonium elements by about 10 % this will be
equivalent to a decrease in incremental manufacturing cost of at least
20 %.

2.7. Conclusions.

On the basis of the above-mentioned considerations, the plutonium
value in LWR's could be about 6 $/g fissile plutonium, on the basis of
uranium at 10 $/lb U3O8 and enrichment at 42.1 $/SWU. Depending on
the degree of optimization in plutonium, utilization, along the principles
outlined hereabove, the value could be raised to -9.$/ g fissile pluto -
nium.

It should be noted that the value as defined here is slightly lower than
the standard one, which takes into account the plutonium recovered
after irradiation. Since this material might however have a quite differ-
ent value from the initial plutonium value, it should be considered
separately.

3. PLUTONIUM RECYCLE PROSPECTS.

3.1. Plutonium a vailabili ty^

The potential annual plutonium production of the nuclear power plants
which are now in operation is above 10 tons fissile plutonium at equi-
librium (more than 6 tons from LWR's, about 4 tons from OCR's and
somewhat less than one ton from HWR's). The plutonium production
from the JLWR's which will be in operation by 1980 and which are al -
ready under construction will be of the order of 30 tons fissile per year
at equilibrium.
On the other hand, the reprocessing capacity for oxide fuel built or be-
ing built and which normally should be fully operating by 1977
approaches 4000 tons per year. When fully used for the reprocessing
of LWR fuel, this capacity will produce about 25 tons fissile plutonium
per year.

In order to judge the importance of this production it may be noted that
an annual availability of 25 tons of fissile plutonium would either (if
recycled in LWR's) save the equivalent of 1/3 of the Eurodif enrich-
ment plant at Tricastin (plus nearly 5000 tons of natural uranium) or
allow the installation of more than 5000 MWe of LMFBR's every year
(in-core plus out of core inventory). The presently installed nuclear
capacity would already allow the installation of 2000 MWe of LMFBR's
every year (more than 1000 MWe based on LWR plutonium alone). The
potential LMFBR installation rate appears therefore more than what
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can be apparently acMtved in the short term, leaving a
amount of plutonium for recycling hi L/TVK1» or possibly stockpiling
for LMFJJR's installation after 1VVO.

However, during the next 3 or 4 years, 'the recovery of plutonium f ; om
oxide fuels will still be v«»ry lirmied due to the difficulty of getting t*»«
reprocessing plants already built to work pvopcrly. Tbe effective av li-
ability of plutonium will strongly de. pend on the amounts mode av«tii?l»}e
from OCR plutonium recovery and from tue large military stockpiles.

3 • ?•• Plut on iy m r ec y cl I »•> «•> ye r feuu 1 1 o<

Since a significant f*ac*i<>n of the j/hitonixun which IB *< <-yel.e-d in a
LWR ie in fact recovered rftcr fuel irradiation and reprorrt sir.g, it io
interesting to assess the value of plutonium fur ir»ntunce foi use in
FBK's which would Y/.J riant the etornge of plxUonlurn ifiihtrr thbn itfo
immediate recycle 5n LV/Il's.

If P is the present value and P* ito fxxture value, plutonium storage
will be justifie d if :

P (1 + i)T + abP* + S-x •*• c < P1

where :

T is the total petio;! during which the plutonium is tied-up (fuel
manufacture, irradiation, roprocessing and storage)

c is the cost of usin« plutonivim with a hiph Am 241 content
(chemic.»l p-dri£ication for instance)

S Y is the total cost of storage during the period T , discounted
at the end of this period

a is the fraction of recycled fi&sile plutonium recovered after
irradiation and reprocessing

b is the value of tbii» fissile plutonium relative to that of fir&t
generation piutoniu^n taking into account the different i&otopic
composition

i is the discounting factor (say 8 <&).

The period T is normally of 5 or 6 years (3 or 4 years in pile plus 2
years out of pile). The normal storage charge is at least 0.4 $/ g
fissile plutonium/year, while a figure as high as 1.25 $ has been
quoted. The cost of cleaning PuC>2 from Am would be from 4 to 6 $/
g fissile plutonium.

The fraction of recycled fissile plutonium recovered at the end of
period T is about 0.40 (including manufacture and reprocessing losses);
its value relative to fresh plutonium depends on the reactor in which it
is to be used and on the manufacturing problems associated with high
Pu 238 content and fast Am 241 build-up

Finally, two limit cases may be considered :

a) Plutonium with a high Am 241 content cannot be manufactured ;
then stored plutonium has to be cleaned and second generation
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plutonium has little value. At the limit, if this value is zero,
the breakeven value at the end of period T would be :

P' » 1.59P + 7 $/g fissile
the second item of the plutonium value being the suta of the
cleaning and storage charges.

b) Plutonium with a high Am 241 content can be manufactured
without problem ; then stored plutonium does not have to be
cleaned ant second generation plutonium has the same value as
first generation plutonium (at least for L/MFBR's). The
breakeven value at the end of period T would be :

Pf * 2.64P + 5 $/g fissile

Using 6 $/g fissile for the present value of phitoviium in LWR's, the
breakeven at the end of period T wotild be 16. 5 and 20. 8 $ in the above
two limit cases (which does not mean that it would fall between theae
two values for all cases which could be considered).

The above analysis does not take into account the effect of mixing first
and second generation plutonium at fuel reprocessing. If this mixing
proved to be very disadvantageous, it could be minimized by using ail-
Pu elements instead of Pvi-island elements and reprocessing separate-
ly the plutonium and the uranium elements unloaded.

Needless to say, the breakeven value for plutonium storage increases
strongly with increased cost of money. For a 12 % discount rate, it
would increase to about 19 $/g fissile in the first of the above limit
cases and to 25 $/g fissile in the second one.
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Titre : LE RECYCLAGE DU PLUTONIUM DANS LES REACTEURS
A NEUTRONS THERMIQUES EN FRANCE

par : Henri GUILLET
Commissariat à l'Energie Atomique
DMECN-DDEC-SFER CEN/Cadarache

R E S U M E

Après un bref rappel des recommandations du précèdent "panel"
on expose rapidement l'activité française en matière de recyclage du
plutonium dans les réacteurs à neutrons thermiques :

- Trois fabrications de crayons en Oxyde mixte UOgPuOg (PAT,
CHOOZ et expériences critiques);

- Moyens de fabrication : capacités de 2,5 et 10 tonnes par an

Après cet exposé on présente les questions qui apparaissent
importantes aujourd'hui pour le recyclage du plutonium dans les réac-
teurs à neutrons thermiques :

- Le plutonium est-il disponible ?

- Quel est le surprix de la fabrication du combustible au plu-
tonium par rapport au combustible à l'uranium ?

- D'une façon plus générale, quel prix doit-on donner au plu-
tonium ?

Enfin, la question de l'avenir du recyclage du plutonium dans
les réacteurs à neutrons thermiques est posée.

Lors du dernier "panel" A. I.E. A. tenu à Vienne du 21 au 25
juin 197T sur le sujet qui nous intéresse à nouveau à présent, il avait
été convenu de recommander la convocation d'une autre réunion lorsqu'une
quantité suffisante d'informations serait disponible sur, en particulier

- les différents programmes de démonstration,
- la perspective d'introduction des réacteurs rapides,
- la technologie des combustibles.
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Il ne semble pas que depuis 1971 nombre d'informations tris
nouvelles soient apparues dans le champ du recyclage du plutonium dans
les réacteurs à neutrons thermiques, susceptibles de modifier sensible-
ment dans un sens positif les conclusions de la précédente réunion.
Aussi nous aurait-il semblé quant à nous plus sage de reporter de quel-
ques années la tenue de cette présente rencontre. Néanmoins» la déléga-
tion française est très intéressée par la confrontation de son point
de vue relativement général et synthétique avec celui des autres délé-
gations et elle souhaite pour sa part, malgré cette prise de position
quelque peu négative, que les débats de cette rencontre puissent con-
tribuer à clarifier et éclaircir la situation du recyclage du pluto-
nium dans les réacteurs à neutrons thermiques. Pour y coopérer on
décrira tout d'abord la situation du recyclage du plutonium dans les
réacteurs à neutrons thermiques en France telle qu'elle se présente
aujourd'hui puis, élargissant le débat, on essaiera d'énoncer les
questions que semble poser actuellement le recyclage du plutonium.

I - SITUATION DU RECYCLAGE DU PLUTONIUM DANS LES REACTEURS A NEUTRONS

THERMIQUES EN FRANCE

Compte tenu du choix délibéré de la France de développer la
filière des réacteurs à neutrons rapides au plutonium, le problème du
recyclage de cet élément dans les réacteurs à neutrons thermiques n'a
jamais été au centre de ses préoccupations. Néanmoins, comme on l'indi-
quait lors du précédent "panel", la France ne s'est pas désintéressée
du recyclage du plutonium dans les réacteurs à neutrons thermiques, qui
pourrait présenter une alternative avantageuse d'usage du plutonium dans
le cas d'échec technique de la filière à neutrons rapides, ou qui pour-
rait être demandé prioritairement par les producteurs d'électricité.
Aussi, depuis notre dernière réunion, peut-on relever quelques actions
de support du recyclage du plutonium dans les réacteurs à neutrons
thermiques qui, bien que modestes, n'en présentent pas moins l'intérêt
de mettre les équipes et les installations concernées à même de répon-
dre quantitativement si une demande se manifeste dans ce domaine.

lél Expériences de fabrication et d'irradiation

II faut signaler tout d'abord trois expériences de fabri-
cation et d'irradiation :
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1/ L'Atelier de Technologie du Plutonium de Cadarache a fabri-
qué 101 crayons d'oxyde mixte UOpPuO«, gainés zircaloy, dont 8U desti-
nés à être irradiés dans le réacteur à eau ordinaire sous pression
appelé "Prototype à Terre" ou "PAT1, réacteur situé sur le Centre de
Cadarache. Ces crayons ont subi un taux de combustion d'environ
10 000 MWj/t et viennent d'être déchargés du réacteur. Ils n'ont posé
aucun problème durant leur séjour dans le réacteur. Les résultats
d'examen de ces crayons devraient intervenir dan's l'année qui vient.
Les 1? autres crayons ont été utilisés pour des mesures neutroniques
dans le cadre d'expériences critiques.

2/ Trois crayons expérimentaux ont été fabriqués dans les
mêmes conditions et irradiés dans la pile EL3. Un paramètre intéres-
sant à signaler est la présence de pastilles brutes de frittage et
non rectifiées avec une tolérance diamétrale de + 0,1 mm. Ces expé-
riences ont confirmé, malgré quelques incidents de fonctionnement, la
bonne fiabilité d'un tel type de combustible.

3/ Dans le cadre d'une réponse commune avec BELGONUCLERAIRE
et R.B.G. à un appel d'offre concernant la septième recharge de la
Centrale de CHOOZ qui devait comporter des crayons à oxyde mixte
UOgPuOg, gainés en acier inoxydable, l'Atelier de Technologie du Plu-,
tonium de Cadarache a fabriqué 18 ie ces crayons. La mise en pile est
intervenue ou doit intervenir prochainement.

L'ensemble de ces expérimentations a apporté les confir-
mations suivantes :

1/ II n'existe pratiquement pas de problème technologique non
résolu, qu'il s'agisse de la fabrication des crayons combustibles à
oxyde mixte ou qu'il s'agisse de leur irradiation et de leur tenue en
pile. On peut remarquer d'ailleurs que cette bonne maîtrise technique
ressortait déjà de l'ensemble des documents présentés au précédent
"panel".

2/ La connaissance des paramètres économiques, et en particu-
lier du coût de fabrication des éléments combustibles destinés au recy-
clage du plutonium dans les réacteurs à neutrons thermiques et conte-
nant du plutonium, est extrêmement imprécise'pour ne pas dire inexis-
tante. Il est certain, par exemple, que les prix pratiqués dans le
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cadre de l'appel d'offre de la Centrale nucléaire de CHOOZ, en ce qui
concerne les crayons combustibles à oxyde mixte» n'ont qu'un lointain
rapport avec la réalité des prix de revient des usines de fabrication.

1.2 Mise en place de capacités de fabrication

Depuis la réunion du "panel11 précédent, et afin de réali-
ser les fabrications indiquées dans le paragraphe ci-avant et d'être à
même de pouvoir répondre à d'éventuels appels d'offres portant sur des
quantités plus importantes, on a aménagé à l'Atelier de Technologie du
Plutonium de Cadarache deux installations de fabrication, l'une d'une
capacité de 2,5 tonnes d'oxyde mixte par an et l'autre d'une capacité
de 10 tonnes d'oxyde mixte par an gainé soit en acier inoxydable soit
en zircaloy. Ces capacités sont disposées parallèlement aux ensembles
de fabrication d'éléments combustibles pour neutrons rapides et sont
susceptibles de répondre à une éventuelle demande.

II - PROBLEMES QUE POSE ACTUELLEMENT LE RECYCLAGE DU PLUTONIUM

Avant d'aborder les problèmes généraux que pose le recyclage
du plutonium il faut rappeler le contexte dans lequel ce recyclage se
situait auparavant. Il était pratiquement admis par tout le monde
qu'après un développement rapide et important des réacteurs à eau or-
dinaire, on verrait concurremment se développer la filière des réac-
teurs rapides surrêgênérateurs. L'époque de transition se situait vers
les années 1990. Le recyclage du plutonium était donc commandé par une
abondance de cet élément dans les années 1980 à 1990, abondance qui
trouvait tout naturellement son utilisation dans le recyclage dans les
réacteurs à eau ordinaire. En effet, d'une part ce recyclage diminuait
les besoins en uranium enrichi pour ces réacteurs et, d'autre part
valorisait le stock de plutonium qui ne trouvait pas normalement à
s'employer dans les réacteurs à neutrons rapides avant l'année 1990.
Le recyclage du plutonium dans les réacteurs à neutrons thermiques
avait donc sa place toute trouvée dans les années 1980 à 1990 et per-
mettait d'utiliser rationnellement le plutonium avant que les réacteurs
à* neutrons rapides ne soient à même de l'utiliser à un prix plus élevé.

Il semble que durant ces dernières années un phénomène extrê-
mement important pour le recyclage du plutonium dans les réacteurs à
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rentrons thermiques soit apparu avec le mauvais fonctionnement des
usines de retraitement. En effet le plutonium disponible n'est pas le
plutonium contenu dans les assemblages combustibles irradiés sortant
des réacteurs à eau ordinaire. En fait, le plutonium qu'il faut prendre
en compte est celui qui sort des usines de retraitement. Or, à ce jour,
on constate une très grande pénurie de ces usines et très peu d'entre
elles sont capables de fournir le plutonium nécessaire. Cette situation
risque de se perpétuer au moins jusque vers les années 1980 à 1985 car,
entre la décision de construire une usine de retraitement et son fonc-
tionnement à pleine capacité, il s'écoule entre 7 à 10 ans. On peut
clone penser que quel que soit le désir des producteurs d'électricité
fle recycler le plutonium, ce recyclage tel qu'on l'envisageait il y a
encore peu de temps risque d'être considérablement entravé par le man-
que physique de plutonium.

Un autre aspect du problème du recyclage du plutonium dans
les réacteurs à neutrons thermiques est l'intérêt économique qu'un
producteur d'électricité a de recycler du plutonium. Cette question
est parfaitement résumée par la notion de prix d'équivalence ou de
prix d'indifférence du plutonium dans un marché libre. C'est une notion
actuellement tout II fait classique. En première approximation ce prix
d'indifférence est tel que l'écart entre le prix de l'uranium et le
prix du plutonium correspondant doit couvrir le surcoût de fabrication
d'éléments combustibles contenant du plutonium. Pour un prix de l'ura-
nium donné le prix d'indifférence du plutonium est donc d'autant plus
bas que le surcoût de fabrication des éléments combustibles au pluto-
nium est élevé. Il est extrêmement difficile d'avoir actuellement une
notion exacte de ce que peut être ce surcoût de fabrication. On peut
en effet rappeler que lors de notre dernière rencontre ce surcoût de
fabrication avait été évalué entre 5 à 110 £ selon un certain nombre
de critères dont en. particulier la taille des usines. A notre avis,
pour la période des prochaines années, le surcoût de fabrication
d'assemblages combustibles au plutonium devrait plutôt avoisiner 150 %
au moins. Quoi qu'il en soit il s'agit là d'une donnée essentielle
pour prendre une décision économique motivée de recyclage, et cette
donnée essentielle est encore très sujette à caution. Si cette présente
réunion arrivait malgré tout à préciser cette question elle aurait fait
oeuvre très utile.
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D'une façon plus générale la question : quel prix donner au
plutonium ? demeure entière. Les réflexions antérieures supposaient
un marché fluide du plutonium. Or il y a relativement peu de plutonium
disponible sur le marché mondial actuellement. Dans ces conditions le
prix du plutonium ne peut être défini qu'assez arbitrairement, au gré
des tractations particulières, et il paraît difficile dans ces condi-
tions d'établir une politique raisonnable à long terme de recyclage du
plutonium dans les réacteurs à neutrons thermiques.

Ce sont là, pour notre part, les questions fondamentales que
pose le recyclage du plutonium.

III - CONCLUSION

En conclusion on peut se demander quel est l'avenir du recy-
clage du plutonium dans les réacteurs à neutrons thermiques, compte
tenu du retard de production de plutonium et sans parler des problèmes
de sécurité que certainement d'autres délégations soulèveront. En
effet, il semble difficile qu'un programme réellement quantitatif de
recyclage puisse intervenir au mieux avant 1985* II n'est pas impossi'-
ble qu'à cette époque là les réacteurs à neutrons rapides, gros con-
sommateurs de plutonium, ne commencent à apparaître sur le marché,
valorisant beaucoup mieux le plutonium alors produit et donnant au
recyclage un intérêt très relatif.

Il ne nous semble donc pas que le recyclage du plutonium dans
les réacteurs à neutrons thermiques soit un jour vraiment généralisé à
l'ensemble du parc de réacteurs, tout au moins dans la situation éco-
nomique et technique qui est celle d'aujourd'hui et des prochaines
années. Néanmoins le passé récent a prouvé que de subites modifications
pouvaient intervenir dans les structures économiques et techniques. De
tels changements seraient alors susceptibles de modifier radicalement
le point de vue exprimé. Aussi bien l'attitude française vis à vis du
recyclage du plutonium dans les réacteurs à neutrons thermiques est-
elle d'être prêts le cas échéant à mettre en oeuvre cette technique,
sans toutefois penser qu'elle présente aujourd'hui un intérêt capital.
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REî/IARQUES SUR L'EVOLUTION DU PRIX DU PLUTONIUM

P. Bendell, CBN,Paris,Prance

I - INTRODUCTION :

II n'existe pas actuellement de marché du plutonium civil
permettant d'en déterminer le prix par équilibre d'une offre et d'un© demande.
II est difficile de prévoir quand et même si un tel marché existera. Deux
approches sont alors possibles pour tenter de cerner la valeur future du prix dj
plutonium ;

- estimer sa valeur d'usage par comparaison avec 1* !!.„,_ dans
4?«^9

les réacteurs à neutrons thermiques et rapides. On obtient ainsi une valeur
plancher comprise , selon la taille des usines de refabrication, entre 4O ot
6O F/g (valeur d'équivalence dans les réacteurs à neutrons thermiques ) selon
le surcoût de fabrication considéré, et une valeur plafond de 130 F/g
(valeur d'équivalence dans les réacteurs à neutrons rapides).

- simuler son marché futur dans un*éventuel cadre mondial ou plus
habituellement dans le contexte autarcique d^un pays donné. Dans ce dernier
cas, on admet que le «arche du Pu résulte d'une anticipation de son utilisa-
tion dans les réacteurs surrégénérateurs. On doit alors utiliser une valeur
d'équivalence qui doit rendre égaux les coûts de production marginaux et les
valeurs d'usage marginales du plutonium. Un tel modèle conduit,
sous dos hypothèses de coûts raisonnables, à une valeur du Pu de l'ordre de
70 à 85 F/g. (1)

Kais peut-on avoir une idée sur l'existence à terne d'un véritable
marché du plutonium ss rapprochant d'un œarchS idéal que l'on considère, par
hypothèse, comme réalisé dans toutes les étud«s économiques . Examinons
pour cela qu'elles pourront être les productions et utilisation du plutonium
en Europe ?

Coiîl rie l'UTS : S>8O F/UTS (5* Ç/UTS) ; tcsnowr de rejet : O,25 '; ,
12 $/3-b (l&O F/k« d 'U).

U
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2 - PRODUCTION ET UTILISATION PU PLUTONIUM :

Les programmes électronucléaires des vingt ou trente années à
venir commencent à être mieux connus. Ces programmes
tout très importants dans les pays développés et ils ne cessent de
croître depuis le début de la crise des approvisionnement en pétrole,
la plus grande partie de ces programmes repose sur des réacteurs nucléaires
c'e type à uranium enrichi, refroidi et modéré à l'eau ordinaire soit

y

pressurisée, soit bouillante. II est donc aisé de calculer les quantités
de plutonium qui vont se former pendant le fonctionnement de tous ces
réacteurs. Le calcul a été fait pour de nombreuses stratégies de filières
de réacteurs et pour différents pays ou groupes de pays ; citons en particu-
lier pour l'Europe des neuf les résultats présentés dans le rapport de
l'UNIPEDE (2), les estimations faite par la Commission des Communautés
Européennes à Bruxelles (3), et pour la France les calculs effectués dans
le cadre de la Commission Gouvernementale pour la Production d'Electricité
d'Origine Nucléaire (P.E.OJH.) (4) Q5>.

On peut ainsi évaluer les quantités de plutonium qui seront
produites jusqu'en 1990, avant que le développement des réacteurs a iwirtrons
rapides ne commence à avoir un impact sensible. On trouvera les résultats
de ces prévisions dans le tableau 1.

Il faut de plus souligner que la production de
ce plutonium n*est en quelque sorte qu'un sous produit du fonctionnement des
centrales électronucléaires projetées. Que la réalisation des programmes
ait quelques années de retard ou que le facteur de charge des centrales soit
moindre que prévu, la production du plutonium sera retardée. Or toutes les
prévisions ne considèrent que le cas idéal où tout se passe bien !

A ce propos il est significatif que les estimations précédentes
faites par la CEE (en 1972 pour 6 pays) aient été supérieures de 10 % enviroi
à celles faites plus récemment.

A supposer que les programmes de construction de réacteurs soient
réalisés sans retard et que les centrales fonctionnent comme prévu et sans
maladies de jeunesse excessives, on obtiendra bien la production de plutonium
prévue au sein des éléments combustibles. L'ensemble du coeur des réacteurs
sera devenu un "gisement" de plutonium qu'il faudra exploiter par le
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retraitement des combustibles irradiés. Or qu'en est-il actuel-
lement du fonctionnement de ces usines ? La situation n'est guère brillante :
aucun pays ne possède encore une véritable expérience industrielle du retrai-
tement des combustibles des filières à eau ordinaire. Aux U.S.A. aucune usine
ne fonctionne actuellement et même si les dates de démarrage annoncées des
usines :

- A.G.S.N. («.Hied Gulf Nuclear Services à Barn well) (1976),

- N.F.S. (Kuclear Fuel .Services à West Valley) (1979),

- G.E. (General Electric à Morris) (1980 si tant est qu'elle puisre
être transformée),

- Exxon (1982),

sont respectées, leur c»pac té globale ne pourra pas même assurer les deux
tiers dos besoins de retraitement des centrales américaines en 1985.
En Europe, l'usine britannique de Winscalc est arrêtée pour 18 iwois encore

et de Marcoxile
et il n*y a que lesusines françaises de La Uague/qui fonctionnent act'.iollcj.ie>st
avec des combustibles à uranium natureljLa Hague devrait nor ma lojp.cn t fonct.i.o/r < • «
avec des combustibles oxydes à uranium enrichi en 1976. Sa capacité n'est
cependant pas telle qu'elle puisse faire face aux besoins de l'EvropP» La
réalisation d'uno autre usine de grande (.aille est en projet en H.F.A. ot
une saie en service est envisagée pour Je début dos années 1980.

Globalement les moyens de retraitement seront cionc très limités
dans les années qui viennent. A moyen terme (décennie 198O) le situation
semble meilleure, du moins en Europe, mais cela suppose que n'intervienne
aucun retard dans la construction de la nouvelle usine européenne et que les
usines françaises et britanniques fonctionnent parfaitement. Par contre lo
retard pris outre-atlantique semble difficile à combler.

On peut donc penser que le manque de capacité suffisante de
retraitement actuellement et à moyen terme entraînera des difficultés
d'approvisionnement en plutonium pour de nombreuses années.

L'offre en plutonium est donc très incertaine quant à sa disponi-
bilité réelle. Or, il existe une demande privilégiée et même prioritaire
en plutonium pour l'alimentation des réacteurs surrégénérateurs à neutrons
rapides.

En effet, on suppose dans tous les cas que le plutonium produit
est réservé en priorité aux besoins de 3a recherche et du développement et assures
le démarrage et l'alimentation des réacteurs surrégénérateurs à neutrons

85



rapides au fur et à mesure de leur réalisation industrielle. Ce n'est que
l'excédent éventuel de plutonium, une fois ces besoins privilégiés satisfaits,
que l'on peut éventuellement utiliser à d'autres usages, en particulier 1©
recyclage dans les réacteurs à neutrons thermiques.

On a donc regroupé également dans le tableau I les programmes
de réacteurs à neutrons rapides envisagés, soit par la CEE, soit par l'«JNIP?î/E
et les besoins privilégiés en plutonium qui résultent de ces

On constate facilement la disparité des résultats. Dans le premier
cas, à cause d'une faible percée des réacteurs »à neutrons rapides, on dispose
en 1980 d'un excédent global de l'ordre de 80 t de plutonium fissile, Alors
que dans l'autre cas on insiste sur l'importance du développement des ràaclmrr
surrégénérateurs dès 198G et l'excédent <5e plutonium se transform en déficit.

Ces considérations tendent donc à montrer que l'excédent de
plutonium nécessaire pour envisager la possibilité du rocyclegc dans les
réacteurs à neutrons thermiques est très aléatoire. Par ailleur-t, compte t"»i
du faible laps c'e temps pendant lequel cet excédont évontx;el sertu», disyoji-o o,
il est irréaliste de s'engager dans uuo politique rie recyclif-o oui norr. y} iv-
dos investissements importants (ateliers de fabrication specialise).

3 - PERSPECTIVES D'EVOLUTION DU PRIX DU PLUTONIUM :

L'évolution de la production do plutonium et de sa
disponibilité réelle devrait s'accompagner d'une évolution dans les prix.
Les prévisions de l'USAEC sur l'importance du parc de réacteurs dans le
monde envisagent moins de 2O % de surrégénérateurs à la fin du siècle
alors que l'étude UNIPEDE (2) arrive à environ 30 % dans l'Europe des neuf ;
en France on considère environ 25 % de pénétration en l'an 2000 (6).
Admettons cet ordre de grandeur, il ne paraît pas qu'il faille s'attendre
à une élévation considérable du prix du plutonium jusqu'à la fin du siècle.

Le taux de développement des surrégénérateurs, encore faible
en 1S85, ne devrait vraisemblablement exercer qu'une faible tension sur la
demande et le*prix actuel, calculé par équivalence avec l'uranium enrichi,
et pour des usines de refabrication relativement importantes, dans les réac-
teurs à neutrons thermiques (60 F/g) devrait se maintenir au moins jusqu'en

1935.
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L'orientation ultérieure (1985-2000) pourrait être à la hausse,
mais modérée, le déséquilibre en faveur de l'offre devant se maintenir au
moins jusqu'à la fin du siècle.

Cet accroissement du niveau des prix pourrait se faire à travers
éventuellement des oscillations conjoncturelles, régularisées par l'existence
vraisemblable de contrats d'approvisionnements pluriannuels.

S'il fallait hasarder des prévisions, îl ne nous paraît pas
improbable qu'à partird'unniveau 1974 le prix du plutonium de GO F/g -
en monnaie constante du 1/1/74 aux conditions actuelles de prix de l'U.T.S.
et de l'uranium naturel- puisse s'élever progressivement à 90 F/g à la fin
du siècle.

Cette évolution correspond sensiblement à un prix moyen actualisé
de 70 F/g, chiffre que nous retenons, dans nos évaluations? écoïio"s3.qvos
actuelles en France.

4 - PRIX 0'.EQUILIBRE DU PLUTONIUM PANS LES REACTEURS A EAU ET PANS LES
REACTEURS SURREGENERATEURS :

Rappelons que le prix d'équilibre (ou prix d'ordre) du plutonium
utilisé dans un réacteur à neutrons thermiques et dans un réacteur à neutron*;
rapides est la valeur du Pu pour laquelle on obtient le même coût
du KWh avec les deux types de réacteurs. Il est bien évident que
cette valeur d'équilibre va varier avec les performances des réacteurs
considérés. Les réacteurs à neutrons thermiques, refroidis à l'eau pouvant
utiliser du plutonium sont considérés comme éprouvés et peu susceptibles
d'améliorations de leurs performances techniques et économiques dans l'avenir
Le niveau de coût du cycle de combustible ne dépend donc que du prix des
matières fissiles, essentiellement du prix de l'uranium enrichi et très
faiblement du prix du plutonium (courbe A) légèreraeiit décroissante de la
figure (1) ; le plutonium est alors considéré uniquement co-nr-e un crédit.

Les performances économiques des réacteurs surrégénérateurs
quant à elles sont susceptibles d'améliorations sensibles, tant pour les
caractéristiques d'utilisation du Pu dans le réacteur que pour la réduction
des immobilisations dans le cycle du combustible. On a indiqué (Fig. 1)
la courbe de variation du coût du KWh en fonction du prix du plutonium
pour un réacteur tête de fi libre comme prototjç» isolé . Ce réacteur a ur „ : -.
de régénération susceptible d'être amélioré et une durée do cycle élevée
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v>cttant en oeuvre une grosse quaiîtité de plutoniun hors réacteur. On obtient
ainsi la courbe (B) croissante ; en effet le coût du KlVh issu
d'un réacteur à neutrons rapides est très sensible au prix du Pu, la wassc
initiale de matière fissile pesant lourd dans le coût alors que le bénéfice
di gain de surrégénération ne vient que plusieurs années ensuite.

L'intersection de (A) et (B) détermine une valeur d'équilibre
di plutonium (dans ce cas entre 45 et 5O F/g), valeur pour laquelle le coût
di KVr'h est le même quoi que sott le réacteur. Si l'on
construit la même courbe (B) avec un réacteur de caractéristiques plus
poussées (par exemple un gain de régénération double) et un cycle du combus-
tible beaucoup plus court, ce qui sera réaliste lorsque la parc do rtfjvetcu.v
à neutrons rapides sera Important* Cotte courbe (B1) so rapproche clora de
colle des réacteurs à neutrons thermiques (A), si bien que lo nouvciv.i m-lx
cl' équilibre (intersection de (A) et (B*) e&t plus élevé (entra 63 et 7'î */.
par exemple). On voit donc que*plus le développement de la filière à
neutrons rapides sera important, avec une recherche, de performances
neutroniques élevées, plus la valeur d* équilibre du plutonium augmentera.
Or, plus la valeur d' équilibre sera élevée et moins le recyclage du
plutonium dans les réacteurs à neutrons thermiques ne sera justifié économi-
qiement,

Il reste cependant que dans certains cas le recyclage pourrait
paraître envisageable. Si par exemple la filière surrégénératrice prenait
un retard considérable (ce n'est d'ailleurs absolument pas le cas en Europe
actuellement car tout est fait pour assurer son succès) il faudrait bien
stocker le plutonium accumulé ; or, le meilleur "stockage" possible serait
alors son utilisation comme combustible dans les réacteurs à neutrons
thermiques. Mais cela ne pourrait être qu'une solution transitoire dont on
peut, si on le souhaite, déterminer la durée optimale par un modèle économé-
trique (6). Par ailleurs, il faudrait que le recyclage ait été mis en oeuvre
industriellement, ce qui peut demander quelques années avant qu'une (î̂ monstra-
tion valable en ait été faite»

5 - COKCLOSIONS :

On s'est efforcé de montrer dans cette communication que d'une
part les quantités de plutonium réellement disponibles en vue d'un recycla&e
dans les réacteurs à neutrons thermiques seront ou faibles, ou inexistantes
(du moins en Europe) et que d'autre part le développement do la fili&ro
surrégénératrice entraînant une augmentation de la valeur d1 équilibre du
plutonium le recyclage dans les réacteurs h neutrons thermiques est contra-
dictoire avec le développement prévu des surrégénérateurs.



- TABLEAU I -

ESTIMATIONS DE L'OFFBS ET DE LA DEMANDE DE PLUTONIUM EN EUROPE

PERIODE

Programmes de surrégénèrateurs
G'ffe

Sa tonaes de Pu fissile cumulées
par période :

~ Offre

- Besoins privilégiés
(H ot D et programmes
de surrégénérateurs)

- Excédents

ESTIMATIONS CEE - Nov. 1973 (3)

1ST 6 - 1980

0,8

28,4

8,4

20

1981 - 1935

4,7

52

26,5

25,5

1986 - 19SO

20

117 *

89

28

ESTIMATIONS UNIPEDE - Mars 1974 (2)

1976 - 1980

1,2

30

13

17

1981 - 1985

4

60

23

27

1986 - 1990

47 **

145

210

- 65

00
CD

A Valeur révisée en tenant compte de l'accélération du progransne nucléaire français.

* $ Valeur moyenne de la stratégie n° 1 (LBR •*• FBR) du document (2).
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National Programme of Plutonium Utilization
in Thermal Power Reactors

B.P. Hastogi, ITOEA

In India we have four nuclear power stations at present under operation
or construction,vThe first, two unit, 4oo MW(e) Tarapur Power Station of
BWR type started operation in 1969. This station is located near Bombay.
The Rajasthan Atomic Power Station consists of two units of Zoo MW(e)
CANDU type reactors. Its first unit started operation from 1973. The
second unit would be commissioned during 1975. The Madras and Narora
Atomic Power Stations are located near Madras and Delhi, respectively,
each consisting of 2 units of 2oo MW(e) CANDU type reactors. There is
a programme to install more nuclear power stations in future.These would
consist of CANDU type reactors.

The strategy adopted in India is to utilize the plutonium produced
in CANDU type reactors in the fast breeders when these become available.
In fact, a 4o MW(t) Fast Breeder Reactor is under construction at the
Reactor Research Centre near Madras to gain experience with the sodium
cooled fast reactors.

Tarapur Atomic Power Station produces 12o kg plutonium per year. The CANDU
type Rajasthan, Madras, and Narora power stations would produce about
15o kg plutonium per station per year. The fuel dicharged, up to this
time» from the Tarapur Station contains about 2oo kg of plutonium.

To operate Tarapur Atomic Power Station enriched fuel is impo-rted from the
United States. This import implies expenditure of valuable foreign exchange.
We are looking into the strategy to utilize self produced plutonium in
the reactors itself to reduce foreign exchange expenditure. Alternatively,
we could burn plutonium produced from Rajasthan and Madras Stations to cut
down fuel import.

Preliminary investigations made show that it is possible to operate the
Tarapur Station with self produced plutonium and plutonium produced from 3 units of
2oo MM(e) CANOU reactors. This has led us to take serious note of the
developments being made in the technology of plutonium recycle.
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We have initiated développement work of reactor physics nature for fuel
element design. The fuel reprocessing technology is already developed
and a fuel reprocessing plant is being set up at Tarapur to reprocess its
fuel. In the field of plutonium fuel fabrication technology a plant is
being set up to fabricate the fuel elements for the Fast Breeder Test
Reactor. (The fuel elements for PURNIMA reactor were first manufactured
in this plant.) The experience gained from this plant would be useful in
setting up a plant for fuel fabrication of plutonium bearing elements,
if required. I may mention that so far Uranium fuel fabrication is con-
cerned, our plant at NFC is in operation and at the moment 55 fuel bundles
manufactured in India have been loaded in Unit -2 of the Tarapur Station.

94



MAIN ACHIEVEMENTS IN ITALIAN REACTORS ON

PLUTONIUM RECYCLE IN THERMAL REACTORS

by A. Ariemma

ENTE NAZIONALE PER L'ENERGIA ELETTRICA

Roma, Italy

In Italy the importance of plutonium recycle in thermal reactors has long
been acknowledged both by ENEL and by CNEN who have complemented each
other's activities in this area.

ENEL's Activities on Plutonium Recycling
In 1966, in collaboration with EURATOM, ENEL initiated an extensive

research program on plutonium recycle in thermal reactors. A Demonstra-
t

tion Program was started in 1968 and is still under way in the 160-MWe
BWR at the Garigliano station. Under the latter program, sixteen plutonium
prototype assemblies, consisting of about 900 mixed-oxide rods totalling
three tons of fuel, have already been loaded in the reactor, and a complete
batch of 46 plutonium-island assemblies will be introduced next spring.

A first group of twelve prototype assemblies was loaded in September
1968; of these, eight are all-plutonium (manufactured in the UK) and have
cold-pressed sintered pellets, and the other four (manufactured by General
Electric, USA) are plutonium-island assemblies containing twenty-four plu-
tonium and forty enriched-uranium rods. The rods in the latter group are
of different types: a few contain vibro-compacted fuel, the others contain
shorter sintered pellets (wafers) or hot-pressed standard-size pellets.

Thus, experience can be acquired on different fabrication techniques and
on the "plutonium island" concept, which now appears to be favoured for
the recycle in BWR's.

During the 1970 shutdown, a second group of four all-plutonium assem-
blies was loaded, which differ from the previous eight in that the spacer-
capturing rod is of enriched uranium instead of mixed oxide. These pluto-

nium rods were manufactured by Belgonucléaire and Alkem.
\

As of September 1974, the assemblies of the first group, which had be«n

in the reactor for over 2.5 operating cycles, had reached an average burnup
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of 17, 500 MWd/t, with the leading assembly at 20, 000 MWd/t, whilst Hit

assemblies of the second group, which had been in the reactor for i. 5

operating cycles , had reached an average burnup of 14, 000 MWd/t.
Besides the information on mechanical behaviour, valuable experimental

data have been derived from the operation of these prototypes. Following the
1968 open-vessel experiments, during the 1970 shutdown an assemblywise
gamma scan was pe, formed on an entire qu. drant of the core 30 that a macro
scopic power map was obtained. Subsequently, gamma scanning was carried
out on the individual rods of an all-plutomum assembly, which permitted the
local power distribution to be obtained.

One of these Pu rods (peak burnup 10, 000 MWd/t) was later subjected
to a hot-cell destructive test at Wind scale in order to ascertain the me ta] lu r
gical conditions and the isotopic content at various elevations. The examina-
tion of six sections, representative of three areas at different void contents,

proved that the rods behaved satisfactorily from the metallurgical standpoint
and that the plutonium distribution in UO2 remained very similar to that

prior to irradiation.
During the 1972 shutdown a second rod-by-rod gamma scan was per-

formed—this time on a plutonium-island assembly which had reached a

burnup of about 14,000 MWd/t. The local power shape was determined at
six different elevations.

An extensive hot-cell examination, sponsored jointly by PNEL and CNEN,
is under way at the Rise Laboratory on four fuel rods taken from two Pu -
island prototypes that had reached an average burnup of 14, 000 MWd/'t and
on one enriched-uranium rod for comparison purposes. Metallurgical and

neutronic information will be derived respectively from fifteen sections and
twenty sections. In addition, fifteen samples taken from the same rods will
be analyzed for isotopics at the Transuranium Institute in Karlsruhe

In spring 1975, when the next refuelling of the Gangliano reactor takes*

place, many plutonium prototypes will have exceeded a burnup oi 20,000
MWd/t. Some of them (4 to 6) may be discharged in order to plan a sort of
demonstration program on the problems of transport, segregated reprocess

ing and re-utilization of second-recycle plutonium. About 10 kg of second
recycle plutonium may be recovered. We deem it important to check th*
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peculiar properties of a high Pu-240 content as a "fertile poison" in real
assemblies for light water reactors.

The balance of plutonium prototypes will be kept in the core to achieve
about 25, 000 MWd/t by the end of 1976 for investigations on high-burnup

behaviour.

On the basis of the encouraging results obtained from the Plutonium
Demonstration Program in the Garigliano reactor, ENEL placed an order
for two reloads with an option for additional three batches. These reloads

will be supplied by Fabbricazioni Nucleari, with Belgonucléaire supplying
the plutonium rods under a subcontract.

The first plutonium reload, now under fabrication, will be introduced >
into the reactor in spring 1975. About half of the rods in these assemblies
are enriched with plutonium; the peripheral average enrichment in U-235
is 1.93%. About 200 kg of fissile plutonium have been used for the first
batch of forty-six fuel assemblies.

The use of such a large amount of plutonium poses some new problems,
such as the homogeneity of the various batches used for different enrich-
ments. This is difficult to achieve when the plutonium comes from different
reprocessing lots and causes left-overs that cannot be utilized unless they
are blended—which gives rise to extra costs. In this connection, ENEL
has a very satisfactory experience with the blending of plutonium powders
of very different origins to a homogeneity of the final product of 1%. (The
blending was performed by CEA. )

As to the plutonium recycle in the Trino station reactor (260 MWe PWR),
ENEL has a right of option to introduce plutonium assemblies into the core
starting from the 1976 reload. ENEL has decided to start with eight all-

plutonium assemblies (about 1/5 of a batch), the additional loading of plu-
tonium assemblies in subsequent cycles may require a more detailed « '
analysis of the transient core behaviour and of the plutonium availability at
the time.

i

The plutonium assemblies wfl.1 be graded with three enrichments per as-

sembly; a total of lOt) kg of plutonium will be employed. Careful positioning
of these assemblies in the core should minimize the perturbation normally
associated with the loading of plutonium assemblies in a uranium core. In
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fact, owing to the much lower initial reactivity of this fuel as compared with

an equivalent enriched uranium assembly, the problems of power sharing
and shutdown margins may not arise at all when the fraction of plutonium ruel
:i«> not large.

For both reactors, use has been made of the depleted uranium resulting

from reprocessing of the Latina fuel with a U-235 content of 0. 6% for Gan-

gliano and of 0.52 %forTnno, The experience with this quasi natural uranium

has been very favourable. Although the material was originally produced as
UO suitable for prolonged storage to cheap specifications, the conversion to

o
reactor- grade UO0 was relatively easy.t>

°.n I^luton ju^m Recycle
The activities carried on at CNEN aimed at the verification, m operating

conditions, of the know-how acquired during the past years in the framework

of the CNEN Plutonium Program for design and fabrication of plutonium fuel

assemblies. To this purpose, the following prototype fuel assemblies were

fabricated at CNFN's plutonium plant to a CNEN design, and have been operat-

ing in reactors:
a. The plutonium -island (4x4 rods) assembly operating in BWR conditions in

the Agesta reactor (Sweden), At. the final shutdown of the plant in summer

1974 this assembly had reached an average burnup of 16,200 MWd/t, wilh

a peak value of 28,400 MWd/t.
b. Two all -plutonium assemblies (each consisting of 6x6 rods) are operating

in the Kahl BWR plant (Federeal Rebuplic of Germany). The first (P-22)

has now reached an average burnup of 6000 MWd/t In the. second (I* 1.i),

which has reached an average burnup of 3, 500 MWrt/t, Gd O has be«n
£» «5

used as a burnable poison in two rods- one an < nriched UO ro<1 and the
£t

other a UO0-PuO0 rod.
a £

c. A plutonium fuel assembly (IFA-170) operating in the Halden reactor

has now reached an average burnup of 22,500 MWd/t.
To support the design and performance evaluation activities, additional

experiments were carried out to characterize the behaviour of such fuel as-

semblies from the thermohydraulic and mechanical standpoints , as well as
from the neutromc viewpoint which is peculiar of plutonium fuel.
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With regard to the latter aspect, a particular effort was recently devoted
to the optimization of the calculâtional methods for Gd treatment also in Pu
assemblies. The development of the BEVE code, which describes Gd evolu-

j *

tion under irradiation within the code chain used for the neutronic calcula-
tion of fuel assemblies, is based on ad-hoc experimental data, among which
one could mention first the reactivity values and power distributions mea-
sured in the RITMO and ROSPO critical facilities at the Casaccia Nuclear
Center in both uranium and plutonium fuels, as well as criticality and power

distributions measured in the Grossweltzheim critical facility for the P-41
assembly at beginning of life.

The final assessment of the BEVE code is based on the results of irradia-
tion experiments performed on an accelerated time scale in the high-flux
SBLOE reactor (CEA, Grenoble) on fuel rods containing either 1% or 2% Gd-O

a <$

in either enriched-uranium-oxide or mixed-oxide matrices, totalling four
types of rods. For each rod type, irradiations are on the way up to three
different levels to check the Gd evolution at different stages. The results
obtained so far, pertaining to power density produced by the rod versus ir-
radiation are in good agreement with the calculated data. Other information
on the neutronics at each irradiation step, resulting from the examinations
under way, consists of: the residual content of poison Gd isotopes, the macro-
scopic absorption and fission cross-se étions of the rod, the axial power dis-
tribution, fuel burnup, and fissile and fertile isotope contents.

In the framework outlined above an important role is played by post-
irradiation examinations on prototype fuel assemblies:

- For the J?gesta assembly a PIE program has been defined and will be im-
plemented at the Studsvik laboratories, mainly to characterize the ther-
momechanical behaviour of the fuel rods and of the other mechanical assem-
bly components.

- For the P-41 assembly an extensive examination program is under way to

assess the behaviour of Gd as a burnable poison, since the burnup of the
P-41 assembly at the last Kahl reactor shutdown (autumn 1974) was such
(less than 2/3 of a standard first cycle) that Gd was not completely burnt.
The local power distribution will be measured in all the thirty-six rods,
and the axial power distribution il a few rods. The two Gd-poisoned rods
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will be examined in hot cells; the assembly will be reloaded into the reac-
tor after replacing the Gd-poisoned with fresh rods.

In addition, as mentioned above, CNEN participates with ENEL in the

examinations under way at BisB on the five rods from the Pu fuel assemblies
irradiated in the Garigliano reactor.

Present fabrication activities at CNEN's plutonium plant in connection
with thermal reactor fuel are main ly concentrated on supplying fuel rods
(more than one tonne of mixed oxide) for a joint AECL-CNEN-ENEL experi-
mental program aiming at assessing the physics aspects of plutonium recycle
in heavy-water reactors.

Conclusions
The amount of plutonium that will be recycled in Italian reactors, in

addition to that mentioned above, is strongly conditioned by the commit-
ments for the Creys- Mal ville fast reactor prototype and by the actual pro-

duction from reprocessed fuel.
In any case the effort to acquire more knowledge of all the phases of

plutonium recycle in order to qualify the reactors for potential plutonium

recycle should be continued, so that we may better exploit this fissile
material in the future.
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CONTRIBUTION TO EVALUATION OF MIXED OXIDE CORE PERFORMANCE

FROM DATA OBTAINED IN ITALIAN EXPERIMENTAL PROGRAMS

by
A. Ariemma (e) C. Lëpscky (*)
M. Paoletti (°) F. Pistella <*)
B. Zaffiro (°) G. Testa (*)

1. INTRODUCTION

The Italian experimental program on plutonium utilization has been
devoted mainly to acquire knowledge from full-size assemblies during all
the phases of plutonium recycle.

The amount of effort required to reach the goal of loading entire
batches of Pu fuel into a power reactor was dictated by the necessity of
producing directly valuable information since the extent of data available
on plutonium fuel was scarce in comparison with data on uranium fuel»

The operating experience gained from the irradiation of plutonium
assemblies in the Garigliano BWR reactor was supplemented by extensive
experimental effort, consisting of gamma scanning and hot-cell destructive
measurements.

The main results obtained on power distributions from gamma scan-
ning performed in 1968 during open-vessel critical experiments and in

(12)1970 at the end of the first irradiation cycle have already been published
This paper provides the results of the further investigations carried

out so far and relates mainly to the post-irradiation examinations (PIE) of
plutonium rods removed from assemblies after one or two irradiation
cycles and to the rod-by-rod gamma scanning of a fuel assembly discharged
at the end of Cycle 2. A general outline is also given of the results of the

0

irradiation experiments carried out in the Agesta and Kahl reactors with
CNEN-designed and -manufactured prototype plutonium assemblies, and of
th'e feasibility assessment of using gadolinium as burnable poison.

(°) ENEL - Construction Division
(*) CNEN - Light Water Reactor Division
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2. P. I. E. ON A PLUTONIUM ROD DISCHARGED FROM GARIGLIANQ
BWR AT 7, OOP MWd/MTM

The P. I. E. on a plutonium rod removed from an irradiated Garigliano
all-plutonium prototype assembly (SA-62) at the end of its first irradiation
cycle was performed by UKAEA on ENEL1 s behalf at Windscale, and some

of the supporting chemical analyses at Dounreay, under an agreement made
between ENEL and BNFL. Since BNPL was the main contractor for the re-
processing of the Garigliano irradiated fuel, the plutonium rod was shipped
to the UKAEA laboratories in the shipping cask normally used by BNPL to
transport the Garigliano fuel to Windscale.

The examination was aimed at ascertaining the evolution of the isotopic
composition of the fuel under irradiation in order to verify the accuracy of
the calculation techniques in use at ENEL and to check the main metallur-

gical properties of the fuel and cladding after one irradiation cycle.
The plutonium rod was taken from an assembly that had been subjected

to extensive examination in the Garigliano pond during the 1970 refuelling shut-
down. This was the first check on a plutonium prototype assembly that had
been exposed to about 7,000 MWd/MTM, and it had included rod-by-rod

gamma scanning to verify local power distribution. One of the rod in the
peak burn-up zone was selected for P. I. E. ; to this end»rod U-319 was cut into

three pieces with shears purposely developed at the site, in order to reduce
the handling costs at the hot-cells. In fact, at that time the Windscale caves
could not accept rod lengths of 110 inches without a high penalty.

Burn-up analysis
Two sections were taken from the center of each of the three cut

lengths of pin, making a total of six sections,, each section consisting of one
full pellet. The samples were analyzed for all uranium and plutonium iso-

topes, the transplutonides americium and curivm and the neodynium-148 for
burn-up determination. Also the isotopic ratios of the fission gases kripton
and xenon trapped in the fuel matrix were measured in order to gather more
experimental information with burn-up.

The uranium and plutonium contents were calculated with the BURSQUID
code (See par,3. 3). Comparison between experimental and theoretical values
gives the following average accuracy on fissile contents:
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U-235 -2.5%, Pu-239 -2.5%; Pu-241 +2 .

i. e. a systematic overostimation of (J-235 and Pu-239 contents was noted, the
scattered results of the Pu-241 content is probably due to insufficient knowledge
of the plutonium isoiopic chain data for the calculation.

The burn-up derived from Nd-148 and expressed as a fraction of heavy
atoms burnt per initial heavy atoms F was correlated with the stable fission
gas Kr-83 to evaluate the burn-up levels A linear correlation between F
and Kr-83/Kr-86 or Kr-84/Kr-83 was already confirmed during the P. I. E. on
irradiated uranium fuel assembly where it was proved that the correlation is

(3)not sensitive to initial fuel enrichment .

Metallurgical analysis
A general visual examination of the rod following discharge from the

transport container showed that the rod was in very good condition. Slight
rubbing marks were visible where the support grids of the cluster had rubbed
but there were no signs of fretting. Some white "water markings" were in
evidence along the pin; these are quite normal in pins which have been trans-
ported in water filled containers particularly when the containers have spent

prolonged period lying on their sides.
Macro photograph of two sections were taken. There appears to be a

tendency for the macro porosity in the section from the boiling region of the
rod to be concentrated towards the center of the fuel. The estimated center
temperature for both these sections was 1300°C and the cracking pattern of
the fuel is fairly typical of fuel irradiated in such a temperature range.

The sections were examined microscopically; both sections show the
same structural characteristics, indicating that the maximum operating
temperature reached was as stated. The PuO distribution after irradiation

&

tended to be very similar to the pre-irradiation distribution. The grain size
was uniform throughout in both sections, being about 5 microns in diameter.
Grain sizes were not reported on the pre-irradiation examination and therefore

direct comparisons were not possible. There was no incidence of porosity
segregation towards the grain boundaries Two features were noted, the pre-

sence of a few spots of PuO concentration and also some coalescence of the
£a

PuO into characteristics networks (4), the area of these features have
dimensions of the ordei of 20 turn, i.e , well within specifications
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In conclusion, it may be stated that from a metallurgical standpoint the
rod had a very satisfactory behaviour.

3. GAM^A SCANNING OF A GARIGLIANO PLUTONIUM ISLAND ASSEMBLY
AT 14, OOP MWd/MTM

During the 1972 refuelling, after two residence cycles of the prototype

plutonium assemblies, the scanning program was limited to rod-by-rod mea-
surements on a plutonium-island assembly (SA-56) which had reached a burnup
olM4, 900* MWd/MTM. This assembly was selected because it had occupied in
the core a central position in both cycles and thus the effects of the macro-
scopic power distribution were minimized. Of the 64 rods only 52 were scan-
ned because three rods could be represented fairly accurately by the sym-
metrical rods and the spacer- capturing rod and eight tie rods could not be re-
moved (Fig. 3.1). The number of levels at which the rod-by-rod gamma scan-
ning had to be performed was increased in respect of the earlier measure-
ments to have a better understanding of the effect of different operating con-
ditions on local power distribution. Six elevations, well away from the grids,
were selected as representative of different axial core conditions. Discrete
fine axial scanning was carried out also on some of the rods of this assembly.

In both sets of measurements the rods were scanned four times each at
points 90 apart to take into account any power disuniformity inside the rod.
The sequence of rod measurements was established from the very beginning
of the measurement program as it was conditioned on the stripping technique.
In fact, fuel rods of different enrichments have different shanks which require
the use of different tools; in addition, adjacent rods were not removed at the
same time to avoid difficulties in the reinsertion.

When all the equipment was wired together, a few preliminary measure-
ments were carried out on the first rod (a-1) in order to test the instrumenta-
tion in the actual measurement conditions. The tests concerned the following
aspects:
&,, Optimum transverse position of the rod
b. Optimization of the opening of the variable collimator slit and thickness

of the lead shield interposed in the gamma-ray beam.
c. Rod vertical position to chek that the elevations at which the measure-

ments were taken were not affected by flux depression due to the as-
sembly grids
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d. Reproducibihty check, that turned out to be on the order of the sta-
tistical error (about 1%)

e. Rod rotation effects, at four angles 90 degrees apart. The maximum
deviation between the average rod activity at any one angle was about
1. 5%. Therefore, it was decided that the sum of the readings taken at
the four angles should be used as the final result of the measurement.
To obtain a statistical standard deviation less than 1%, the counting

times were increased in the course of the measurements in order to compen-
sate the reduction in net La-140 activity due to decay. The shape of the
1. 6-MeV gamma photopeak, as recorded by the multichannel analyzer, was
studied in detail to establish the intervals for area integration and back-
ground correction.

To detect any anomalies the measured data were corrected on line
for decay and dead time and multiplied by precalculated preliminary
power-to-activity ratios (P/A) to obtain a number proportional to the
power for each rod examined.

'An immediate check of the reliability of the measurement was
provided by the ratio of the experimental value and the theoretical value,
the use of different tools; in addition, adjacent rods were not removed at the

same time to avoid difficulties in the reinsertion.
When all the equipment was wired together, a few preliminary measure-

ments were carried out on the first rod (a-1) in order to test the instrumenta-

tion in the actual measurement conditions. The tests concerned the following
aspects:
a. Optimum transverse position of the rod
b. Optimization of the opening of the variable collimator slit and thickness

of thé lead shield interposed in the gamma-ray beam.
c. Rod vertical position to chek that the elevations at which the measure-

ments were taken were not affected by flux: depression due to the as-
sembly grids

d. Reproducibility check, that turned out to be on the order of the sta-
tistical error (about 1%)

e. Rod rotation effects, at four angles 90 degrees apart. The maximum
deviation between the average rod activity at any one angle was about
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1. 5%. Therefore, it was decided that the sum of the readings taken at
the four angles should be used as the final result of the measuremert.
To obtain a statistical standard deviation less than 1%, the counting

times were increased in the course of the measurements in order to compen-

sate the reduction in net La-140 activity due to decay. The shape of the

1. 6-MeV gamma photopeak, as recorded by the multichannel analyzer, was
studied in detail to establish the intervals for area integration and back-
ground correction.

To detect any anomalies the measu: id data were corrected on line
for decay- and dead time and multiplied by precalculated preliminary
power-to-activity ratios (P/A) to obtain a number proportional to the
power for each rod examined.

An immediate check of the reliability of the measurement was
provided by the ratio of the experimental value and the theoretical value.

This ratio should be almost the same for all measurements within the usual

degree of uncertainty. If too high a discrepancy from the average of the ratios
already evaluated was found, the experimental data were examined and, if
necessary, the measurement repeated before removing the rod from the mea-
surement stand

Calculation method
During the reactor life, the power burnup and void distributions are

s

periodically calculated for each assembly at eight axial nodes by means of
the ENEL version of the three-dimension diffusion code FLARE (Réf. 5), in
the framework of the fuel accountability program.

On the basis of these data, burnup calculations were carried out with
the BURSQU1D code (Réf. 6) so as to simulate the history at certain levels
of interest in the scanned assembly. This code calculate,the power level,
the exposure and the fuel isotope composition on the basis of a bidimensional
diffusion model and five neutron energy groups, two of which are thermal.
In the diffusion calculations,performed in x, y geometry, the neutron cur-
rent around the assembly was assumed to be nil (symmetrical conditions
on each side) as if the assembly were isolated from the rest of the core.
Equivalent absorption cross-sections were used to simulate the insertion of
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d. Reproducibihty check, that turned out to be on the order of the sta-
tistical error' (about 1%)

e. ' Rod rotation effects, at four angles 90 degrees apart. The maximum
deviation between the average rod activity at any one angle was about
1. 5%. Therefore, it was decided that the sum of the readings taken at

the four angles should be used as the final result of the measurement.
To obtain a statistical standard deviation less than 1%, the counting

times were increased in the course of the measurements in order to compen-

sate the reduction in net La-140 activity due to decay. The shape of the
1. 6-MeV gamma photopeak, as recorded by the multichannel analyzer, was

studied in detail to establish the intervals for area integration and back-
ground correction.

To detect any anomalies the measured data were corrected on line
for decay and dead time and multiplied by precalculated preliminary
power-to-activity ratios (P/A) to obtain a number proportional1 to the
power'for each rod examined.

' An immediate check of the reliability of the measurement was
provided by the ratio of the experimental value and the theoretical Value*
the use of different tools; in addition, adjacent rods were not removed at the

same time to avoid difficulties in the reinsertion.

When all the equipment was wired together, a few preliminary measure-
ments were carried out on the first rod (a-1) in order to test the instrumenta-

tion in the actual measurement conditions. The tests concerned the following
aspects- '
a. Optimum transverse position of the rod

b. Optimization of the opening of the variable collimator slit and thickness

of the lead shield interposed in the gamma-ray beam.
c. Rod vertical position to chek that the elevations at which the measure-

ments were taken were not affected by flux depression due to the as-
sembly grids

d. Reproducibility check, that turned out to be on the order of the sta-

tistical error (about 1%)

e. Rod rotation effects, at four angles 90 degrees apart. The maximum

deviation between the average rod activity at any one angle was about
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1. 5%., Therefore, it was decided that the sum of the readings taken at

the four angles should be used as the final result of the measuremert.
To obtain a statistical standard deviation less than 1%, the counting

times were increased in the course of the measurements in order to compen-
sate the reduction io net La-140 activity due to decay. The shape of the
1. 6-MeV gamma photop.eak, as recorded by the multichannel analyzer, was
studied in detail to establish the intervals for area integration and back-
ground correction.

To detect any anomalies the measu: id data were corrected on line
for decay and dead time and multiplied by precalculated preliminary
power-to-ixetivity ratios (P/A) to obtain a number proportional to the
power for each rod examined.

An immediate check of the reliability of the measurement was
provided by the ratio of the experimental value and the theoretical value.
This ratio should be almost the same for all measurements within the usual

degree of uncertainty. If too high a discrepancy from the average of the ratios
already evaluated was found, the experimental data were examined and, if
necessary, the measurement repeated before removing the rod from the mea-
surement stand

Calculation method
During the reactor life, the power burnup and void distributions are

periodically calculated for each assembly at eight axial nodes by means of
the ENEL version of the three-dimension diffusion code FLARE (Réf. 5), in
the framework of the fuel accountability program.

On the basis of these data, burnup calculations were carried out with
the BURSQUID code (Réf. 6) so as to simulate the history at certain levels
of interest in the scanned assembly. This code calculate,the power level,

the exposure and the fuel isotope composition on the basis of a bidimensional
diffusion model and five neutron energy groups, two of which are thermal.
In the diffusion, calculations, performed in x, y geometry, the neutron cur-

rent around the assembly was assumed to be nil (symmetrical conditions
on each side) as if the assembly were isolated from the rest of the core.
Equivalent absorption cross-sections were used to simulate the insertion of
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a control rod. To simplify the calculations, it was also assumed that a
diagonal symmetry existed during irradiation, but this meant neglect ing the
presence of the in-corè instrumentation guide tube near one edge of the as-
sembly.

The power-to-activity ratios (P/A) were calculated for each rod with
the neutron constants and isotope composition obtained by the BURSQUID
code. These ratios are required to reduce the experimental activity data
to the power density.

The fission energy values referred to the U-235 and La-140 fission
yields used for these calculations are listed below:

Isotope CJ-235 U-238 Pu-239 Pu-241
Energy l. 1.018 1.043 1.055
La-140 Yields , 0,0625 046150 0.0550 0.0580

The characteristic parameters of the irradiation history (power density
and void content, as obtained from the FLARE code in the presence of control
rods) for the plutonium-island assembly SA-56, were limited to levels 3,5 and 8.
The experimental data relating to the two extreme levels (1 and 10) were not
used for the theoretical-experimental comparison as they are affected by an
appreciable measurement error resulting from small positioning errors and
the sharp axial power gradient at these levels. Level 7 was excluded because
the tip of control rod G5 adjacent to the assembly remained near this level
for a long time. The associated perturbation of the power distribution on the
x, y plane is hardly assessable. Nonetheless, the remaining levels cover
a wide range of exposure and void fractions. The geometrical model used is
shown in Pig. 3.2.

Comparison between theoretical and experimental results
Fig. 3. 3 shows the normalized axial power distributions of the rods

located in different positions of the assembly together with the distribution
typical of the same assembly, obtained by averaging all the rod measurements,
level by level.

As mentioned above, in the calculations it was assumed that the rod-by-
rod power distribution was symmetrical with respect to a diagonal passing
through the control rod axis. Since the experimental data are affected by the
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reactor power gradient, an average was made of the values measured for
each rod in symmetrical positions in order to have a more meaningful com-
parison with the theoretical values. The results are given in Fig. 3. 4; the

standard deviations are equal to +3. 8% for level 3, to +3.1% for level 5 and
+ 2.8% for level 8.

A careful examination of the theoretical power distribution and the ir-
radiation burn-up history at the various levels show that the actual power
level in one corner (a-1) of the assembly is significantly higher than in the
opposite corner (h-8), because the change in the control rod position was not
performed correctly during the last period of assembly irradiation.

4. PRELIMINARY RESULTS OF THE P. I. E. EXAMINATION PERFORMED
ON FIVE RODS FROM GÀRÎGLIANO PLUTONIUM-ISLAND ASSEMBLIES
AT 14,000 MWD/MTM

In the framework of the ENEL-CNEN cooperation agreement on fuel
performance evaluation in water reactors, it was decided to perform jointly
an extensive post-irradiâtion examination on five rods withdrawn from two
plutonium-island assemblies after two irradiation cycles. The examination
is in progress at the DAEC-Risfi hot-cell facilities. The rods taken from
assemblies SA-56 and SA-58 were irradiated in the Garigliano reactor at a
maximum linear generation heat rate of 8 kW/ft.

The purpose of the program of measurements on four plutonium and
one uranium rod for comparison,is to evidence the main differences in oper-
ation, if any, between the behaviour of U-Pu mixed-oxide and enriched-ura-
nium fuels, as well as to gather further data to verify the calculation techni-
ques for fuel management from rods taken from an assembly (SA -56) which
was already subjected co a detailed examination by means of a rod-by-rod
gamma scanning (see Par. 3). The main questions which these studies should
answer are summarized as follows:*

- Stability of the U-Pu mixed oxide under irradiation: problems related to
density redistribution with alteration in the initial homogeneity, or pluto-

nium migration towards the hottest areas, which under irradiation could
worsen the behaviour of the plutonium pellets as compared with the ura-
nium pellets.
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- U-Pu mixed-oxide plasticity which is higher than in the UO2 pellets. This
difference in behaviour could partly overcome the problems of pellet
clad interaction, which is now the main cause of the end-of-life failures of
uranium assemblies.

- Fission product mobility. Again because of the higher U-Pu mixed-oxide
"plasticity, a higher mobility of the fission products could cause "islands"

of fission products with consequent localized swelling.
-'O/M ratio as a function of burn-up. This ratio, normally lower in the

U-Pu mixed-oxide fuel, increases more rapidly with irradiation.
Together with a different behaviour of the fission products, this increase

*.

could lead to the formation of water and thus increase the probability of
failures due to clad attack from the inside.

The post-irradiation examination already performed includes:
- Visual inspection and photography '
- Length and bow measurements
- Gross gamma scanning
- Gamma densitometry
- Gamma spectrometry
- Burn-up scanning
- Piercing and fission gas analysis
- Cutting off the plenum with spring
- X-ray radiography of the plenums with the springs before and after re-1 f

moval of the "fuel plug" left from cutting
- Diameter measurements before and after decrudding

\

- Mechanical decrudding
- Chemical decrudding
- Eddy current analysis
- Neutron radiography (not yet completed).

t
f "* *'

All five rods were examined completely and photos were taken of
. f

the fuel lengths of the rods from four angles 90° apart., each photo covering
«

about 20 cm cod length.
The welding zones were light gray and appeared integer; no signs of

corrosion were found.
The complete lengths of the rods were covered with crud, which, how-

ever, differed in hardness.
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< . * • » < ' • • >No significant changes of the outer diameter were found and no Signs
.. f M . , • • '•of ridgings were seen either before or after decrudding.

' • \ • ' • '
The maximum bow was within 0. 5 mm which is negligible considering

the length of the rods.
' . >. ' : i i «•

The permanent elongation of the rods was measured to be within 4 and
• i ,...( . , ' > ' • • ' " » ;

7 mm.
The rods were all integer, as it was shown by the measurement of the

internal gas pressure. Several examinations (gamma scanning, gamma den-
sitometry, neutron radiography and cutting) showed that residual diametral
gaps are still detectable in the cold condition. Neutron radiography has fur-
thermore indicated that the well-known radial crack pattern is characteristics

( V

of the pellets under those irradiation conditions. In several cases the cracks
propagated longitudinally from pellet to pellet." ' The gamma spectrometry did
not give so far any unexpected results. (The résulte are being analysed).

From all the results obtained up to now the fuel rods have shown a very
normal thermo-mechanical behaviour during in-reactor operation.

The further work to be performed includes the following exaS&inatibns:'
- burn-up and isotopic analysis of fuel (15 sections will be analyzed at the

CCR-Karlsuhe laboratories) ' l f "" ' ' '
- metallographic examination of fuel and cladding and alpha autotfadiography
- electron micro-probe analysis of fuel and cladding " ! J

Furthermore, a tew additional analysis will'be performed; that is:
- micro gamma scanning of fuel and inside cladding surface ' '' J '
- determination of the oxygen to metal raïid in ÛO. and UO0-PuO_ fuel'

It 6 , 4

- detailed examination of irradiation effects on the fuel material structurel
From the complete results of this very detailed post-irradiation ex-

amination, -which will be available in the first half of 1975, it will be pos-
sible to make a comparison between the behaviour of plutonium and uranium
fuel under actual reactor performance conditions and to obtain information
which will b« useful to verify the thermo-mechanical and neutronic calculation
criteria which have been utilized in the design and in the fuel cycle follow-up
Tor tile plutonium recycling in'LWR's.
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Fig. 3.2 - Plutonium-island assembly - Diffusion
calculation model.
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5. IRRADIATION EXPERIENCE OF PLUTONIUM PROTOTYPES DESIGNED

AND MANUFACTURED BY CNEN

Test fuel assembly IFA-170 in the Halden HBWR

In the framework of a CNEN irradiation program in the Halden HBWR

devoted to the Investigation of different types of ceramic fuel materials
(pelletized UO and UO0-PuO_ with different fabrication procedures, VIPAC

( 7 8 9 )including sol-gel particles, etc. ) , a plutonium fuel assembly was
loaded in Î 969 to obtain information on the behaviour and feasibility of VIPAC
plutonium enriched fuel and to examine the changes in thermal conductivity

of the fuel during different stages of irradiation.
The assembly consists of a four-pin cluster with the pins arranged in

a square lattice in a removable shroud; each pin is made up of two axial
segments. The fuel is vribratory-compacted PuO + UO_ microspheres in

e> £
Zr-2 cladding. The plutonium content is 2 w/o of total oxide.

The assembly, equipped with the standard Halden instrumentation plus
three central oxide thermocouples has been operating in natural circulation
cooling conditions at art average linear heat rate of 14 kW/ft, with a local
maximum of 18 kW/ft. The average burn-up reached at present is about
20,OOOMWD/MTM.

Plutonium-island assembly for the Agesta reactor
The fuel assembly designed and fabricated by CNEN for the Swedish

o.Agesta reactor consists of sixteen rods 3 m long in a square assay, the
four innermost ones being 5% plutonium enriched in natural uranium, while
the outermost contain 3.1% U-235 .

Since the Agesta reactor is moderated and cooled by pressurized
heavy water, the thermohydraulic features of the irradiation channel were
modified to test the fuel assembly in boiling water.

The assembly had operated at an average linear heat rate of 9 kW/ft '
(peak value: 16) up to an average burnup of 16, 300 MWd/MTM, when it had
to be discharged because of the definite shutdown,of the Agesta plant.

The fuel performance will be assessed through an extensive post-ir-
radiation examination program which includes: dimensional measurements
on the fuel bundle and individual components; ceramographic and métallo-
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graphie examination of fuel and cladding; gamma scanning and neutron radio-
graphy; isotopical analysis on fissile fertile isotopes and burn-up determina-
tions.

Plutonium, prototypes for the Kahl reactor
,. ..,._»..-. _..-,. ..r._nM*.«v.__......HX..4..l, ......M.,.. _ j n_ ._ :_ - j j j __ L. - . ! -_- . - . - ! . - -_ i in-" i - I

Two fuel assemblies were designed and fabricated by CNEN for the
German Kahl BWR owned by VAK. The first (P-22) was irradiated in 1971,
while the second (P-41) started operation in 1973.

The all-plutonium assembly concept was adopted in both cases with
the provision that, the nuclear design should be performed according to
criteria of full compatibility (control rod worth, reactivity coefficient,
power sharing) with standard uranium fuel assemblies. In the first assembly
(reference fuel assembly) pelletized fuel was used; in the second assembly
two important modifications were introudced: (a) Sphere-Pac fuel pins were
loaded in the central zone to investigate the behaviour of this type of fuel
during irradiation in actual operating conditions and (b) two Gadolinium
poisoned pins were introduced to assess the reliability of CNEN's calcula-
tion model for burnable poison and of the fabrication process for poisoned
fuel.

For the neutronic design, the standard CNEN methods which can
be considered extensively tested, were employed including the BEVE code
for the evaluation of gadolinium depletion, with interrelated space and

(12)energy self shielding within the pellet . Local power distributions were
calculated in (x,y) geometry at different void contents and versus irradia-
tion; the three-dimension behaviour was evaluated using a FLARE-type code.

It should be stressed that one of the poisoned pins contains Gd_O in
f t 3

UO0-PuO . This is of interest since it is well known that the power gen-
£> a

erated in gadolinium poisoned uranium-enriched pins is at beginning of life
only 30% of the average power in the assembly because flux level is strongly
reduced owing to the blackness of the pin and the U-235 fission cross

(13)section is strongly shielded by gadolinium absorption . On the other hand
the Pu-239 fission cross-section is not shielded for the large resonance

components at 0. 3 eV since gadolinium absorption takes place at lower
energies and this can enlarge the power level in the poisoned pin at begin-
ning of life up to 50% of the average power, without affecting the amount of
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reactivity controlled by the poison. These effects were confirmed by the
I.

experiments described below.
Prior to the present irradiation several experiments were also made

in critical 3x3 arrays (made up of plutonium fuel assemblies that were
-,

available at the KWU Grosswelzheim laboratoriesHo determine--for both
fuel assemblies independently-- reactivity worths by moderator level mea-
surements, and local power distributions by gross gamma-scanning of

the rods.
/ *

The nuclear design criteria applied to the gadolinium- poisoned ele-

ment (P-41) will be checked by further experimental efforts, since the burn-up
of the P-41 assembly at the last Kahl reactor shutdown (autumn 1974) was
such (less than 2/3 of standard first cycle) that Gadolinium-was not completely
burnt. The local power distribution will be measured in all the thirty-six
rods , and the axial power distribution only in a few rods. The two gado-

linium-poisoned rods will be examined in hot cells; the assembly will be
reloaded into the reactor after replacing the gadolinium-poisoned rods
with fresh ones.

6. BACK-UP EXPERIMENTS TO ASSESS THE BEHAVIOUR OF FUEL

CONTAINING GADOLINIUM AS BURNABLE POISON

In the framework of the experimental activity to back up the design
and follow-up calculations for light-water reactor fuel, CNEN has under-

t r

taken an extensive irradiation program of fuel pins containing gadolinium
; f

oxide as burnable poison in fissile matrices of uranium and uranium-plu-
' x

tonium oxides. . » '
For these experiments, Zircaloy-4 cladded rods having a diameter

i >
of 10 mm and a length of 400 mm were used. The design characteristics.

of the fuel material reproduce the basic characteristics of the fuej for light
water reactors* To irradiate the specimens at various burn-up levels
the reactor SILOE of CEA has been chosen, where thermal-flux levels on

14 2the order of 2-4x10 n/cm s can be reached. This flux level allows suf-

ficiently high integrated doses and burnup values to be obtained in re-
latively short time. Tne irradiation is carried out in instrumented boil-

ing water capsules at 280°C and 70 atm with a clad temperature
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of 300°C. The fuel capsules were designed to reach LHGR levels
of about 600 W/cm (This power is reached after total burnup of gadolinium).
The capsules were instrumented to obtain a continuous measurement of the
instantaneous flux and temperature; from these measurements it was pos-
sible to evaluate power variations as a function of gadolinium burnup over
the whole irradiation period.

The experimental parameters include two type of fissile
material (UO0 at 2. 5% in U-235 and UO0-PuO0 at 2. 5% in Pu-239), two

i i £1

concentrations of Gd O (0. 6% and 1. 5% respectively) and three integrated-
i à

dose values. In total, twelve rods are irradiated, each one individually
inserted in an instrumented capsule.

To set up and calibrate the in-core instrumentation, other four
capsules equipped with specific instru mentation to measure the total power
output have been irradiated; furthermore two special capsules to determine
the power due to activation of the capsule structural materials were irra-
diated in order to calculate only the contribution of fission power.

The irradiation and the related post-irradiation examinations of the
calibration capsules have been already carried out, and in 1975 irradiation
of the 12 capsules will be completed. The preliminary results obtained up
to now confirm the results of the calculations performed with the BEVE code.

During post-irradiation examinations, the residual concentrations of
the fissile isotopes and gadolinium isotopes will be measured as well as the
burn-up by means of a series of absolute measurements. Furthermore,
oscillation measurements of the capture and fission cross sections will be
performed on non-irradiated specimens and on specimens irradiated to
various integrated-dose values, thus obtaining a complete experimental
verification of the values calculated with the BEVE code. It seems possible
to assume that at the end of this experiment, which will supplement Jhe
results obtained from the irradiation of Gd poisoned rods fci a Pu assembly
in the Kabl.reactor, a through verification of the calculation methods used
by CNEN for LWR nuclear fuel design will be available.
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STATUS OF PLUTOHIUM FUEL UTILIZATION
IN THE UNITED STATES

Edward J. Hanrahan
Office of Planning and Analysis
U.S. Atonic Energy Commission

I n t rodyet io n

The United Stateo Atomic Energy Regulatory Staff has
published a draft Environmental Impact Statement* on the use
of mixed-oxide fuel in light water reactors* This four
volume, 1100 page report presents a generic view of the
incremental effects plutonium recycle will have upon the
light water reactor industry.

Based on reactors recycling plutonium up to 115% of that
which could be self-generated within the reactor, assuming
the requirement of individual licensing reviews, and assuming
the implementation of upgraded safety and safeguards measures
as determined appropriate by the Nuclear Regulatory Commission,
the draft statement reaches the tentative conclusion that:

Mixed oxide fuels consisting of both plutonium and
uranium oxides should be approved for widescale
commercial use in light water reactors.

This conclusion was reached after extensive experimental
work, research and development, and demonstration of the
relevant technologies; and also, after extensive investigation
of the* potential environmental effects involved.

In this status report I will touch on three main topics
concerning Plutonian Fuel Utilization.

First, a brief review of the development and demonstration
programs which provided the basis for making thé technical
validation.

Second,! will address the spectrum of social and.
environmental concerns and problems to be answered in
weighing the risk-cost-benefits of the decision to permit
plutonium recycle.

Third will be a report on the status of statutory and
regulatory steps which are being taken.

Development and Demonstration Programs

As ea>rly as 1956 a Plutonium Utilization Program was
sponsored by the Atomic Energy Commission. Out of this

Reference: Draft Generic Environmental Impact Statement on the Use
of Recycle Plutonium in Mixed Oxide Fuels in Light Water Reactors,
WASH-1327, August 1974, U.S. Atomic Energy Commission
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federally financed work developed follow-on programs supported
by the utilities «nd by the nuclear reactor manufacturers*
Several programs received joint sponsorship. Federal support
is continuing today primarily for mixed-oxide fuel performance
demonstrations in light water reactors. The Government has
concluded that further development of plutonium recycle
technology can be carried out by the nuclear industry.

The Plutonium Utilization Program was conducted from 1956 to
1968 and included three phases of in-core fuel element
irradiations. Since the first demonstration nuclear power
plant at Shippingport, Pennsylvania, was not operated until
1957, the characteristics of the nuclear power plants of the
future (and their fuel characteristics) had not been
established when the program began. The major efforts under
the Plutonium Utilisation Program were devoted to the initial
developments of mixed-oxide fuels, the irradiation of a large
variety of experimental fuel elements in a Plutonium Recycle
Test Reactor built a-t Richland, Washington» for this purpose,
and conducting experimental and calculatlonal neutronic
studies. Other efforts included studies of chemical
reprocessing, economic optimization, and reactor decontamina-
tion. X,n Phase I work, 1961-1965, a variety of fuel elements
made by different fabrication techniques, comprised of various
fissile concentrations and irradiated to different exposures
provided the necessary technological basis for a modified
design of higher performance mixed-oxide fuel elements to be
irradiated in Phase II. Phase II irradiations in 1965
subjected improved mixed-oxide fuel candidates to higher power
densities, higher peak burnups, and higher linear heat ratings<
Also, a mixed-oxide fuel element was intentionally defected
while undergoing irradiation in the Fuel Element Rupture
Test Facility loop. In 1967 and 1968 the Phase III
irradiations subjected a barch core loading of mixed-oxide
fuel elements to operation at high specific powers to high
burnups. The behavior of the various experimental mixed-
oxide fuel types operating under high performance conditions
generally was excellent* Improved fuel fabrication techniques
were developed as a consequence of problems encountered with
these first generation experiences. While many of the fuel
irradiations under the program were not demonstrations
representative of the pellet-type of mixed-oxide fuels that
will be utilized in current light water reactors, the test
results developed a base technology which indicates that
the current type of mixed-oxide pellet fuel would perform
adequately under commercial operating conditions.

While the Plutonium Utilization Program,solely funded by
the Atomic Energy Commission,was investigating mixed-oxide
fuels from the beginning, other programs were initiated to
specifically determine the feasibility and conditions under '
which mixed-oxide fuels would be compatible with the emerging
commercial power reactor types. The Saxton Nuclear
Experimental Reactor Program was carried out from 1964 to
1972 by Westinghouse 'under an AEC contract. The purpose was
to develop information concerning utilization of mixed-oxide
fuel in pressurized water reactors. Industry support for
mixed-oxide fuels development was also provided by the Edison
Electric Institute -(EEI). This electric utility company
organization provides, among other endeavors, direction and
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financial support for research and development of interest to
the industry. The EEI contracted with Weatinghouse, first,
for a feasibility Plutonium Utilization Program which was
followed by the EEI-Westinghouse Plutonium Recycle Demonstra-
tion Program. The outcome of these efforts was the
development and fabrication of plutonium bearing fuel rods''
which were loaded and operated under typical commercial
pressurized water reactor conditions. The EEI also contracted
with General Electric to conduct parallel investigations for
plutonium utilization in the boiling water reactors. This
work also resulted in actual commercial power reactor
demonstrations and proof of the suitability of mixed-oxide
fuels designed for boiling water reactors.

Collaboration of two electric utility companies made
possible the actual operating experience for the joint EEÏ-
reactor vendor plutonium utilization demonstrations. Southern
California Edison*s San Onofre pressurized water reactor and
Consumers Power Big Rock Point boiling water reactor were
used d'uring normal commercial operation.

The nuclear fuels industry also contributed efforts to
develop a working experience and informed evaluation of
practical mixed-oxide reactor fuels. As early as 1957, Gulf
United Nuclear Corporation and Commonwealth Edison joined in
sponsoring the Dresden Plutonium Recycle Demonstration Program
in the Dresden I nuclear power reactor. The overall purpose
of this relatively long-term program which is still continuing
was to gain experience in all aspects of the recycle operation,
Two other fuel fabricators, the Exxon Corporation and Nuclear
Fuel Services, separately designed and fabricated mixed-oxide
fuel assemblies which have been loaded and irradiated in the
Consumers Power Big Rock Point Reactor to gain further fuel
performance experience.

The record is extensive and thorough in the public literature
of the profound investigation of all conceivable aspects of
mixed-oxide fuel technology. While the incorporation of
plutonium into light water reactor fuels requires different
techniques and equipment, the wealth of knowledge and
plutonium -experience accumulated through the AEC program has
been employed in the engineering design of equipment and
facilities for adequate safety in handling mixed-oxide fuels
and plutonium recycle.

Social. Environmental Concerns and Problems

Two unique characteristics of plutonium must be reckoned
with In order to reach a rational and deliberate evaluation
of plutonium recycle. These are the high biological toxiclty
and the nuclear explosive potential of plutonium.

Since plutonium is man-made and does not occur naturally
in the environment, the environmental concern regarding It
is a kind of secondary effect — how to keep it out of the
environment or under exceptional ccntrol wherever it exists.
This is also to say that plutonium has no environmental
impact associated with mining or extractive efforts in the
usual sense. The chief issue surrounding plutonium is whether
its existence, possession and use can be adequately controlled
to present an acceptable risk to society.
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A brief review of concerns considered in the Environmental
Impact Statement.should be of value for one to better
appreciate the scope of the problem and its import. It has
been postulated that plutonium could be misused by criminal
or terrorist groups, for intentional destructive threat or
threat as a poison. It is suggested that such circumstances
might come about as the result of plutonium theft or
diversion or by sabotage. Another concern is that inadvertent
release of plutonium to the environment might result as the
consequence of carelessness or a physical accident. Need for
perpetual custodial care of long half-life radioactive wastes
and the possible commitments of irretrievable resources by
irreversible decisions made today are among the considerations
which need to be rationally studied in accord with comparative
risks, costs and benefits. The Environmental Impact Statement
points out that some element of these problems exists whether
or not plutonium recycle is introduced, and only the true
incremental effects of plutonium recycle must be weighed
for the decision. Since the evaluation of light water
reactors containing up to 40% mixed-oxide fuel (corresponding
to the 115% level of self-generated plutonium) showed no
technological reasons not to adopt plutonium recycle, the
decision will rest primarily on the incremental environmental
impact and cost/benefits of plutonium utilization.

The incremental impacts of Implementing plutonium recycle
as compared to the enriched uranium-only fuel cycle have
been pointedly identified in the Environmental Impact
Statement. Four major effects of implementing plutonium
recycle are:

t '

A new facility, the mixed-oxide fuels manufacturing
facility, is added to the fuel cycle.

. The annual flow of plutonium increases (by about
20%).

The inventory of plutonium in storage is reduced
(by a factor of about 7).

. All enriched uranium supply operations are reduced
in magnitude (by about 10%).

t

Because of the high toxicity of plutonium, special
manufacturing techniques and safety•considerations require
that a separate mixed-oxide fuels manufacturing facility
be used for plutonium recycle. Such a facility may be
located physically at the reprocessing plant or at another
site.

With the large growth predicted for installed nuclear
capacity, the amount of plutonium produced in light water
reactors and available for recycle is expected to grow.
Until plutonium recycle or installation of fast breeders
syphons off the plutonium, a growing Inventory is expected.

Although light water reactors can be made to operate with
various proportions of the core containing mixed-oxide
fuel (even up to 100% with appropriate control modifica-
tions) , the expected industry practice used as basis for
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the Environmental Xmp&ct Statement is» thrt ee.eh reactor
(without any modifications), will be loaded with recycle
plutonium it has previously produced. This will result in
mixed-oxide fuel cotapilslng 25% to 40% of the fuel rods
and the remainder of the core containing uranium dioxide
only. The amount of mixed-oxide fuel in use for the overall
light water reactor sconon? will be a lov^.r fraction since
the initial loadings and a £<?w of the early reload ings for
a reactor will not benefit from self-generated plutonium.
Coupled with the project».-- growth in the light water
reactor power base» overall uranium requirements are reduced
by About 10% when plutonium is recycled to light water
reactors relative to the requirements without recycle.
Although the 10% reduction in uranium requirements may seem
minor, the effects on certain of the supporting uranium fuel
cycle considerations are rather significant, namely, reduced
land requirements for saining and reduced power requirements
for enrichment. It has been estimated that recycle of
plutonium will produce cumulative savings equivalent to
10 billion barrels of oil, or 2 billion tons of coal between
1975-1995. An exhaustive analysis of environmental impacts
projected to the year 1990 when the llghtwwater reactor
industry is expected to be mature indicates that plutonium
recycle reduces the adverse environmental impacts of the
enriched uranium oxide fuel cycle. With respect to reactor
safety aspects of mixed-oxide fuels» neither the probability
of accidents nor the consequences to the environment are
Judged to be significantly changed.

The operation of light water reactors with mixed-oxide
fuel is expected to be controlled in accordance with
Technical Specifications that establish condition» for
safe plant operations, including engineered safety features
and limits on radioactive raleases to the environment.
Hence, offsite radiological effects of the reactors with
plutonium recycle are expected to be essentially unchanged.

In consonance with the impact of plutonium recycle adding
significant quantities to tue strategic special nuclear
materials shipping and handling load, implementation of
some combination of improved safeguards concepts is
believed necessary. Though there are no safeguards-
related Issues which should delay a decision to permit use
of mixed-oxide fuel for light water reactors, the widescale
use of mixed-oxide fuels must be accompanied by decisions
within about a year concerning stricter safeguards measures
required for & mature plutoniuia recycle economy. Problems
associated with protecting plutonium against theft and
diversion and nuclear facilities against sabotage are
considered manageable» Studies are under way concerning
a Federal Security Force» threat analysis, personnel
security clearances, strengthened physical protection
measures at fixed sites and in transportation, and improved
material accountability methods. Other studies are being
initiated regarding Integrated Fuel Cycle Facilities to
minimize or eliminate the most vulnerable plutonium
transportation step,'and "spiked" plutonium which would
render the material less susceptible to theft and
clandestine use, A decision in about one year will assure
time for implementation cf measures consistent with the
projected use of plutonium recycle.
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An inescapable fact is that plutonium is now a part of our
economy and environment and has been over the last 25 to
30 years. The methods of controlling it and measures
of safety for the protection of workers, the public and
the environment are particularly advanced and well understood.
The Commission fully realizes that all steps to provide and
maintain exceptional control of pjutonitm in the economy
must be implemented and audited with impeccable care.
A program for the perpetual custodial care of plutonium and
other transurauic-bearing wastes has been studied and is
being planned and implemented with the meticulous precision
deserved. Temporary» retrievable storage facilities are being
used until completely qualified and engineered permanent
repositories have been established. The increment of
waste management burden added by plutonium recycle will
not amount to a significant environmental or custodial
impac t.

Perhaps I am addressing the most significant issue last
by stating the question:

What are the alternative methods of dealing with
plutonium which is inevitably now being produced
in light water reactors, which in fact produces
one-third of the nuclear power as it fissions in-
place, and which must be disposed of effectively
as part of the spent fuel discharge?

The Environmental Impact Statement presents the following
reasonable alternatives:

1. Temporary storage of spent fuel for later
recovery and recycle of both uranium and
plutonium.

2. Prompt reprocessing of spent fuels, recycling
only the recovered uranium, and storing the
plutonium for some future use.

3. Prompt reprocessing of spent fuels with recycle
of both uranium and plutonium in light water
reactors*

4. Prompt reprocessing of spent fuels, recycling
of both uranium and plutonium in light water
reactors plus the implementation of significantly
upgraded materials and facilities protection
measures, as judged to be consistent with safety
and safeguards objectives.

5. Prompt reprocessing of spent fuels for recovery
and recycle of uranium only and with storage of
plutonium for ultimate disposal (no further
consideration of the Plutonium's later use as
a reactor fuel).

6. Storage of the spent fuels for ultimate disposal
without consideration of later reprocessing and
recovery of either uranium or plutonium.
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The Environmental Impact Statement reaches the following
conclusions :

From the standpoints of economics and conservation of
energy resources, the timely recycle of uranium and
plutonium is clearly the most advantageous alternative.
Recycle of plutonium will result in cumulative savings
equivalent to 10 billion barrels of oil, or 2 billion
tons of coal between 1975-1995. Considering environmental
factors, the timely recycle of plutonium will cause a net
reduction in land, water and fossil fuel needs and
reduced chemical effluents from the fuel cycle. The
environment would be less perturbed relative to the uranium
fuel cycle since fewer plants would be required for major
aspects of the fuel cycle such as mining-milling and
uranium enrichment. Considerable monies could be saved for
both capital facilities and fuel cycle operations. In
addition, an Inherently valuable fuel material would be
put to immediate use.

With regard to radiological effluents, a net change which
results .in a slight decrease in radiological exposure might
be expected as a result of plutonium recycle. Based on
the above factors, the timely recycle of plutonium appears
to provide the greatest cost-benefit advantages of the
alternatives. This alternative, however, carries with it
high concern over safeguards due to increased visibility
and more numerous handling procedures. While a
probability assessment of a successful act of theft or
sabotage is not susceptible to precise quantification,
It is expected that upgraded safeguard measures can reduce
risks in this area to an acceptable degree. With the improved
safeguards, it is concluded that the safeguards problem is
manageable and it is evident that the beneficial results
from the timely recycle of plutonium exceed those of any
other alternative disposition considered. Moreover, with
the economic analysis indicating that there is no significant
difference in the cost of electric power between Alternatives
3 and 4, it is concluded that Alternative 4 provides the
most desirable cost-benefit balance of the six alternatives
considered.

Statutory and Regulatory Steps

In August 1974, the U.S. Atomic Energy Commission
announced the availability for comment of the four volume
report which constitutes the draft Generic Environmental
Impact Statement on the use Of mixed-oxide fuels in light
water reactors. This report (identified as WASH-1327,
GESMO) is to serve as the basis for informed discussions
concerning the various aspects of the tentative decision
on plutonium recycle in light water reactors. The
Commission's regulations, in accord with the National
Environmental Policy Act of 1969 and the Council on
Environmental Quality Guidelines of 1973 to implement NEPA,
require that such a major Federal action as the decision on
plutonium recycle must be supported by the preparation and
review of an environmental impact statement.

127



Announcement of the availability of the draft statement
was contained in an AEC Press Release» and the notice of
availability and solicitation of comments were published
in the ?rM£r&l Rgeis ter. The formal period of receiving
comment vas ended in October and the Commission is considering
holding public rulemaking hearings. The Final Environmental
Impact Statement is planned to be released in early 1975.
The Commission decision on establishing plutonium
recycle may be reached about raid-1975.

While many favorable comments have been received regarding
the extent of v.overage ir. the GE&Ku report, organized
coalitions of environmentalists and nuclear critics have
warned that extended une of plutonium is a paramount issue,
hence there is the possibility that proceedings leading to
a decision may be lengthy. This could postpone the final
decision and implementation of plutonium recycle.

Regulatory changes contemplated for the use of mixed-oxide
fuels in light water reactors would require addressing
t&is subject in each of the individual license applications,
safety analyses and environmental statements. This is
because the conditions of plutonium recycle may vary for
each licensed facility and must be specifically reviewed
with due regard for specific site characteristics. Applica-
tion amendments are planned to be required from licensees
who plan to change over to recycle operation. Also, amended
safeguards reviews, particularly when more stringent
requirements are promulgated, will be necessary.

Commercial scale, mixed-oxide fuel fabrication plants
will require an entirely new first-of-a-kind review.
Reprocessing plants may require only a review of unresolved
issues regarding safety, environmental and safeguards
concerns, resulting from the handling of greater quantities
of plutonium and their fission products. Some of the
safeguards concepts being considered for fuel cycle plants
include additional hardening of facilities through new
barrier requirements, now surveillance techniques,
improved guard functions and personnel security, improved
plutonium accountability and control systems and more
sensitive and fester response measures for guard and law
enforcement authorities.

Transportation of increased quantities of plutonium
bearing fuels aad wastes will introduce from a licensing
and regulatory standpoint sowe of the most significant
safeguards and safety effects from administering to
plutonium fuel utilization. Hence, minimising or
eliminating transportation through co-locations of plants
or Integrated facilities; further protection during
transport by use of massive shipping containers, special
escort and hardened protection capabilities, including the
possibility of "spiked" plutonium to discourage theft,
are among concepts being considered for improving
transportation steps»
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Conclusion

The above discussions have made the point that the
technology of plutonium recycle is quite well understood
and considered to be economic. Now, however» societal
decisions concerning its implementation must be made
through established Regulatory processes. Thus, the
recycle of plutonium in light water reactors is no longer
a matter of resolving major technical issues, but a
decision to be made with th* benefit of op<, n Regulatory
proceedings on improving the general welfare while
continuing to provide for both the common defense and
security and the protection of the health and safety of
the public.
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Recycle of JPlutoniyn in UK ?n/rppa1 Reactors

by

A Oreen^1', R Dodds^2', J S

Introduction

1. The isajor research and development effort of the UKA3A is directed
towards tho exploitation of the sodium cooled fast reactor (C?R). However,
adequate expertise and manufacturing capacity is being maintained by both
the United Kingdom Atomic Knergy Authority (l'FAîîA) and British Nuclear Fuels
Ltd (BIB'L) for producing plutonium bearing fuels for experimental purposes
for either gas or water cooled thermal r&ûctors. This could form the basis
of a develownent programme for plutonium recycling should the UK Electricity
Generating Boards require that option in case the introduction of the fast
reactor is unduly delayed.

2. This paper outlines issues involved in plutonium recycle in Thermal
reactors, taking the stean generating heavy water reactor (SGHUR) as an example,
and sets out the time needed to design and construct the fuel production
facilities. The economics of plutonium recycling in the SGHUR together with
its effect on uranium requirements and on future fast reactor capacity are
briefly investigated.

RBQUIRSÎJENTS

Plqnt Development PrQgramrae

3» If the UK decides to develop the recycle option the earliest date at whjch
large scale recycle could commence is 1986. This timescale is set primarily by
the SGHWR commissioning programme and the desirability of a few years success-
ful operation with uranium fuel before introducing plutonium recycle on a large
scale. Additionally, development work already identified would have to be
carried out before economic and operable fuel fabrication plant could be
established; this is likely to need ail the time available up to 1981/82 when
plant orders must be placed to meet 1986 delivery.

4. Although some 3 Te of mixed oxide fuel has already been manufactured in
laboratory facilities, the fabrication experience is not entirely relevant to
large scale, ie 100 te/yr, plant; for this it is necessary to look at PFrt
plant experience at Windscale which has evolved for about 14 years from design
to current operation. The three main problems encountered are; radiation
doses to operators largely due to accumulation of active dust; difficulty of
active maintenance leading to reduced throughput; disposal of solid waste. It
was also recognised that frequent enrichnent changes were undesirable since
each change required major stripping and cleaning operations. The difficulties
encountered relate to a process that is a direct adaptation of that set up for
manufacturing uranium fuel and are expected to increase with the use of plutoniua
arising frora high burn-up fuel, particularly with recycling.

5» A thermal reactoi* fuel orograCime to overcome these difficulties would rely
heavily on the concurrent CPR development programme particularly in the first
few years. The process route chosen would be a compromise between reactor
system requirements and viable plant processes.

Footnote: (l) UKASA, Risley (2) BHFL, Risloy (3) CSGB, London

131



Fuel Design and Development Programme

6. The fuel design and development programme would "be aimed at providing a
fuel assembly that satisfies criteria involving thermal performance and reactor
safety. Ideally a Pu-bearing fuel would be interchangeable with its U235 eouiva-
lent, having an identical mechanical design, the same reactivity lifetime and
operating within, the same performance and safety limitations.

7. Plutonium fuel management studies on S1HWR have so far been limited to
uniform fuel cluster enrichments (but different in each of the two reactor zones)»
aiming simply at schemes with acceptable macroscopic radial form factors. The
first stage in a proposed development programme would extend this work to determine
if and to what extent differential enrichment may be required to give acceptable
more widely based performance characteristics. This first stage would also
include studies of reactor reactivity control, kinetic response and void coeffi-
cient which should identify any fundamental objections to Pu recycle in SGÎT./R.
Corresponding studies on the BUR, which is similar in many respects, suggest
that such objections are unlikely to be encountered.

8» The second stage in a programme would require the specification of a reference
assembly design and the setting up of a demonstration programme in the SGHWR
prototype at Winfrith. The demonstration programme would involve the irradiation
of a sei'ies of trial assemblies commencing in about a year, initially to check
the validity of possible manufacturing routes arising within the fabrication
plant development programme, and would include a batch load in about 1977 in which
operational and fuel management aspects of recycle can be examined. Fuel for a
demonstration programme would be manufactured in laboratory and development
facilities.

9. A plutonium bearing assembly using pellet fuel has already been successfully
irradiated in the SGHWH prototype to 12,000 HWd/te and is now awaiting post
irradiation examination (PIE) after discharge.

Uranium Reouireraents

10. The new nuclear power programme announced by the Secretary of State for
Energy in July 1974 calls for 4000 Mtf(e) of SCHtfR's, to be ordered during the
next three to four years and brought on line from 1981 onwards. The progresse
will be reviewed around 1977 and if construction has gone well, further SGHWR
orders are likely, probably at an enhanced rate. Later, given successful opera-
tion of the early reactors, the ordering rate is expected to be substantially
increased. The total nuclear capacity is expected to reach 80-150 GW(e) by the
end of this century; we have assumed that by then most commissioning will be
nuclear and that system capacity will be expanding at about 4>» per year.

11. The results given in this paper are for a system formed of stations
commissioned between 1981 and 2025; its need for ore dwindles rapidly after
2025 as its component stations retire and as new stations (not part of 'the
system* and assumed to have lower running costs) cause the load factor of the
remainder of the system to fall. In reality this reduction in demand for ore
would occur only if an alternative form of energy becarae available by 2025 or if
fast reactors were able to meet all new capacity requirements after that dr.te.
We havo taken no account of the effects of the various strategics after 2025.

12. If the ftist reactor is not introduced, this UK programme alone would need
about 280,000 tonnes of ore by the year ?000, and by ?025 would consume al-
all of the world's currently declared reasonably assured resources of ore
extractable at loss than #15/lb (1972 data, rof l). Maximum plutonium
recycling in the all-SGHW strategy reduce» ore requirements by 15v. If the
UK was restricted to thermal reactors for noms reason, it seems very likely
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that the rest of the world trouJd be restricted to thejs too, hence our assumption
(see para 18) that the ore price would have risen substantially by the yeer 2020.

13. The total ore requirements for various combined SGîT..rH and CPR strategies,
including Pu recycle, are plotted as a function of the introduction date cf tne
lead CPR in Fr'g.l. The total covers •'he requirements of all reactors
commissioned between 1981 and 2025 during their lifetimes. In each strategy
only three 1?50 Ktf(e) CFR units are commissioned during the first seven years of
the programme while industrial capacity and confidence in the aysteia are b~*ilt
up. Thereafter it is assumed that fast reactors are commissioned up to the
limits of plutonium availability or system requirements. Plutonium recycle is
assumed to commence in 1987 and to end when the lead CPR is commissioned. The
nominal commissioning data for the lead CPR is 1 January 1983.

14. The solid curve gives tho total requirements assuming that all plutcniurj is
reserved for use in fast reactors. The broken curve shows the requirements if
plutonium is recycled at the maximum rate during the fast reactor deley. The
third curve shows uranium requirements if plutonium recycling in the delay
period is limited to 6 GW(e) "of SGHWR.

15» Introducing interim plutonium recycling into the fast reactor strategies
does not have a large effect on ore resources, extended delay in introducing the
fast reactor does; early introduction of the fast reactor limits the total ore
use to about one third of the world's reasonably assured < ̂ »15/lb ore resources.

16. A likely range of rates at which fast reactors might be commissioned after
the initial slow introduction is shown in Figure 2. The rates of comnissiorurig
that are possible within the limits of plutonium availability and system i>ec'ai-«o-
ments are also shown. The figure demonstrates that if fast reactors are delayed
and maximum recycling occurs during the delay, the initial commissioning pro-
gramme can still be met but of course the fast reactor capacity is reduced in
the longer term*

Economj q Effects

17. Plutonium enriched fuel requires special fabrication facilities; fuel pro-
duced in these facilities will have a higher fabrication cost than the standard
(\J235 enriched) fuel due to the greater difficulty of handling plutoniuc. 'The
premium to be paid for fabricating such fuel is uncertain but is expected to be
in the range 100-300; » of the cost of standard fuel. We have assumed zero station
capital cost premium for plutonium enriched reactors.

18. Assuming an all-SGHYf nuclear system with uranium ore price rising linearly
from its present value to #50/lb in the year 2020, we have determined the total
nuclear system expenditure with and without plutonium recycle. The discount rate
was varied to demonstrate its effect and to allow a judsenent to be nade on tho
time dependence of the benefit arising from maximum recycling in an emvirc.v.ant
of rising uranium prices. In Figure 3 the benefit (relative to the tot*I zoet
of the all-I/235 enricned system) is plotted as a function of discount r̂ e for
various plutoniuw fabrication preadums. In Figure 4 we have plotted the cenefit
relative to the total fuel cost of the all-U2>5 enriched systom. At K£s discount
rate and 2CO;* preaiuo, recycling reduced the total system present worth (pw)
expenditure by. around 3/, and pw system fuel cycle expenditure by around 6,C. At
zero discount rate (ie in cash terms) the respective savin\s rise to 5V and 10,*
because the fractional savings rise with uraniun price and hence with time.

19. The fast reactor benefits accrue nninly in the -future as ore price rises.
Indicative calculations show that intérim plutonium recycle is likely to reduce
(by a small amount) the system benefit unless the fast reactor is badly delayed.
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However in the short term, plutonium recycling does show a benefit. It seems
likely therefore that the decision to recycle or not will be swayed by considera-
tions of short term economic benefit and ore availability on the one hand, and
by the technical 'and economic status of the fast reactor and the long term ore
supply situation on the other.

Conclusions

1. Plutonium recycling in an all-thermal strategy leads to modest economic
savings* For example, assuming a 200J& plutonium fabrication penalty and
zero plutonium station capital cost penalty, the cost savings aret-

- at 10$ discount rate, &$> in fuel cost which is "$ in total system
cost.

- at zero discount rate, 10$ in fuel cost which is 5̂  in total system
cost.

2. If the introduction of the fast reactor is delayed by up to about 25 years
plutonium recycling during the delay gives short term economic and ore
supply benefits at the expense of small penalties over the whole period
considered.

3» A modest recycle programme, say 6-10 SW(e) of plutonium enriched SGHWR's
would not prejudice the rate of penetration of the fast reactor during the
period we have considered.
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PLUTONIUM IN HIGH TEMPERATURE REACTORS

by
U. HANSEN

OECD High Temperature Reactor Project (Dragon)
AEE Winfrith, England

1. INTRODUCTION

Since the last meeting of the IAEA Panel on Plutonium Utilisation the
High Temperature Reactor has started to make its impact on the commercial
nuclear market, and it is interesting to re-evaluate its potentials as a
utiliser of plutonium fuel» This paper summarises some of the more recent
work in this field by various organisations. The OECD Dragon Project itself
has devoted but small effort to the job, but through its many collaboration
agreements with other parties it has kept informed of the progress in the area*

The HTR can be operated either on the low enriched uranium or the high
enriched uranium/thorium cycle. Most of the work has concentrated on the
thorium cycle and the smaller experimental reactors built so far, as well as the
larger prototype stations under construction, Fort St. Vrain in USA, and TKTR
in Germany, operate on this cycle. The thorium cycle is also the better one
for plutonium recycling.

There are two main reasons for the strong position of the thorium HTR as
a contender for plutonium fuel, firstly, the fissile plutonium replaces the
expensive 93% enriched uranium, and secondly, the fuel element fabrication
penalty is likely to be small, as shielded refabrication facilities are being
developed for recycling tha bred U-233.

Preliminary systems analysis of the future nuclear market in the US [1 ]
have indicated that the Pu burning HTR might take an important share of the
installed capacity. Although a preliminary study based on what we may today
view as somewhat optimistic assumptions, the main outcome is not invalidated
that in a system with abundant plutonium, be it from U'-Rs or high yield FBRs,
the HTR with its excellent plutonium utilisation capabilities will increase
in numbers. An overall reduction in separative work requirement and
conservation of natural uranium resources are apparent conclusions.

2. CORE AND FUEL MANAGEMENT STUDIES

Studies of different plutonium recycle modes have been undertaken by a
number of organisations for various types of high temperature reactors.

But first it might be useful to describe shortly the fuel element and core
design of the HTR to elucidate some of the points made later in the paper. The
fuel is in the form of small grains or kernels with typically a diameter of
0.5 mm and coated with carbon layers of 0.2 mm thickness, this is the so called
coated particle» The carbon shell serves the same purpose as the cladding of a
normal fuel rod, namely to retain the fission products within the particle.*

•The coating may either be layers of low and high density pyrocarbon, BISO particles,
or with an additional silicon carbide interlayer to increase fission product
retention, TRISO particles.
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The coated particles are then mixed with graphite powder and pressed into either
fuel sticks or fuel balls. In the GA reactor the sticks are inserted in holes
in graphite blocks of which the core is assembled. In the pebble bed reactor
ths fuel element consists of the inner pressed sphere containing the coated
particle/graphite matrix and an outer shell of pure graphite. The whole
element has the size of a tennis ball, T»e core is then singly filled with a
large number of these balls.

To accommodate the plutonium fuel some or all of the coated particles are
substituted by Pu bearing particles. The rest of the element remains unaltered,
By variations in particle size and heavy metal density the local self-shielding
ir> influenced and the effective neutron cross sections of the plutonium isotopes
can be manipulated. The coated particle concept offers the HTR designer a
unique mean to shape the burn-up characteristic of the core.

The. outcome? of various studies of the low enriched uranium fuel cycle
has shown that this type is not easily odapted to t'u recycling jy, 3}.
Difficulties «jrî e from the high burn-up of typicoily CO to «0,000 l*/d/t Htt, for
which a sufficiently long reactivity lifetime has to be provided «nJ to control
the concommilanl aqe peeking of fresh fuel. Some of the problems seem to be
alleviated for on-load continuous refuelling, whore the excess reactivity
implicitly requited for annual reload can be minimised to the operation?!
margin»

The some I3elqonucleai.rt»~lspra study [3, 4] found that the thorium cycOo
offered the best, potential for Pu recycling with on equivalent price of 9
fissile plutonium. The comparison assumes 93% enriched uranium to coat
12 #/g U-235, The investigation covers a wide range of parameters including
the dilution of Pu with carbon in the coated pdrti.de. A high voith»qe must bs
provided in the particles to accommodate the fission products at food p&rlitle
burn-ups of 600,000 MWc/t.« The study helps to establish guidelines for tlv*
layout of particles to be tested in the irradiation experiments.

In the US a joint project between Edison Electric Institute and General
Atomic Company hove studied the recycle of Pu in the GA type reactor [5], It
was found that Pu could not substitute all the fissile material in the t«ed fuel
and a mixture of different feed particles containing either Pu nvake-un or
recycled U-233 was recommended. In the initial core high enriched U-?3!> would
have to be used toaether ,-ith plutonium. The fertile material is in oil c*»£-c&
thorium, and the findings aqain indicate =5n equivalence value in t.*»» region of
9 Si per gramme fissile plutonium. Problems arise with age peaking in the
reference cycle with annual replacement of a quarter of the core.

More recent studies have suqgested an interesting alternative in en all
Pu/Th, batch loaded reactor specifically designed as a Pu burner [ 5, &]• The
reference U/Th block contains roughly 9 kg fertile thorium plus 0.6 kg fissile
uranium and has a residence time of four years. The thorium loading is
drastically reduced to 3.2 kg and 1,? kg plutonium is added. This results in a
relatively hard «pectrum with a strongly shielded Pu-?40 resonance. The wain
conversion process takes place in the fertile Pu-?40 leading to a very flat
reactivity curve during the 2,7 years in the reactor. It is the old Phoenix
fuel concept revived for the HTR, The batch loading dispenses with the problem
of age peakinci and the average power density in the core ir raised from

3
8v4 to 12,1 KW/in , The core can still be housed in the normal GA 1160 h-.' x~e<ictor
design, but an additional ring of reflector blocks has been inserted» In the
order of 850 kg fis&ile Pu is needed per operating year.

Another interesting concept has b*.-«>n px'oposeri for the pebble bed irsctor
[?]. In this reactor the fuel balls are loaded -:\t the top of the core and move
slowly downwards until being discharged a!: the bottom. The core bottor. is
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coniçally shaped end the main aischarcp holes are located eround the centre»
The effect on the pebble bed is to create different flow velocities for
different radial positions, the balls in the centre flowing faster than the ones
at the périphérie. This characteristic of the reactor is now utilised to
overcome one of the major problems of Pu recycling the fast depletion of the
fissile Pu i otopeb. The inner core is loaded with Pu/Th elements and the outer
core with U/Th ones» The» residence time of the Pu fuel is typically half the
residence time of U fuel» The balls are not rccirculated so no problem of local
ags peaking occurs*

A rather special application of plutonium is to use it in the initial
charge to minimise running-in problems» The shorter lifetime of the first
elements lend them to Pu loading, and the high Pu cross sections tend to reduce
the power peaks in fresh replacement fuel when reloading starts» The scheme
has, however, not yet been investigated in any detail»

In all these studies of Pu recycle in HTR cores the necessity to perform
detailed calculations has been underlined [5, 7, 8, 9, 10J» The double
heterogeneous configuration of coated particles in a fuel stick or ball has to
be accurately accounted for» Furthermore, the HTR core has zones of different
graphite temperature which effects the shape of the thermal spectrum» The high
burn-up of the Pu fuel implies large changes in concentration and composition,
and frequent recalculations of neutron cross sections including the effects of
particle shielding and local temperature has to be performed» With appropriate
efforts, however, it is believed that the behaviour of plutonium fuel in the
HTR system can confidently be predicted,

3, PLUTONIUM EXPERIMENTS

The experimental work related to plutonium fuel in HTRs has been aimed at
acquiring basic knowledge in the field of reactor physics and materials science»
The work falls in two categories; firstly, fuel fabrication and irradiation,
and secondly, lattice physics experiments« No representative demonstration
experiment has yet fce-sn mounted»

The heart of the HTR fual is the coated pcrticle which in the case of a
Pu feed cycle will have to withstand burn-ups in the order of 600,000 MWd/t»
There has already been a nuriber of irradiution experiments involving small
numbers of coated particiss with different design parameters.

To a great extent this vork has been carried out by Belgonucléaire which
In the neantica has acquired some expertise in the manufacture of Pu fuel»

The first development of a diluted oarticle was performed under Dragon
contract in 1965» The 300 Jim kernel contains diluted fuel in the form of
PuQg C2Q and has a so cal?ed TRISO coating with a SiC interlayer. The
preliminary irradiation estperircents took place in the R2 reactor at Studsvik,
and the results have been reported at a previous IAEA Plutonium Symposium £ 11J.
The particles were exposed to very severe conditions and had to withstand
bum-ups of 500,000 Mfd/t at 1200°C and temperatures of 1850 C at 200,000 NWd/t,
Further extended tests were run in the Dragon Reactor Experiment, Charge 2,
from January 1957 to March 1963 [l2]« An average burn-up of 600,000 MWd/t was
achieved at temperatures varying from 700 to 1200°C» The accumulated fast
fluence was 1»8 x 1021 nvt/cra. During the test no abnormal fission product
release was detected to indicate fuel failure»

At the request of the THTR project Belgonucleaire-CEN/SCK has developed
a dense PuCL kernel with a diameter of 270 (im and again with TRISO coating £ 13 J»

™ -̂

This work vas carried out in a collaborative effort with KPA Julich and also the
irradiation tests were performed in a loop of the FRJ2 at Julich» The experiment
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contained both dense and diluted particles» Burn--ups of 180,000 MWd/t were
reached at temperatures ranging between 1000 and 1200 C. The particles behaved
satisfactorily. A similar irradiation experiment with dense and diluted
particles was also mounted in the DRE.

Further irradiations are in progress in BR2 and DRE to achieve higher
burn-ups into the region of 700,000 MV.'d/t and above all to accumulate data
for fast neutron fluences up to 4 x 10̂ 1 nvt/cm2 ( 3 ], The experiment in DRE
is jointly sponsored by Agip Nucleare/Belgonucléaire/Euratom/Dragon Project
and will be mounted in a driver position in Charge 5, Core 5 starting operation
in December 1974 [14]. Three different types of diluted particles will be used
Pu O Cg, Pu 0 C..Q and Pu 0 C-- and with two different Pu isotopic compositions
in the 500 urn kernels.

In the US fabrication techniques for plutonium particles have been
developed at Oak Ridge* Earlier work concentrated on BISO coated particles,
but the irradiation behaviour was not satisfactory, and work has continued on
TRISO particles as in Europe» In the framework of the EEI/GAC collaboration
a test element has been manufactured and irradiation started in the Peach
Bottom reactor in June 1972. The element is due to come out for post-irradiation
examination this year. The experience so far has been good.

The US approach has been somewhat different from the European in that
a mixed (Pu Th)O2 kernel with Th:Pu of 3:1 has been considered. The particle
burn-up is reduced and the necessary voidage to be incorporated in the kernel
is lower. The Peach Bottom Test Element contains 350 jim mixed oxide particles
as well as smaller dense PuO2 particles with kernel diameters of 110 and 200 jim.

Along with irradiation tests a number of experiments have been carried out
to check calculational methods for HTRs fuelled with plutonium. Some of the
more recent efforts are mentioned below.

At Battelle Northwest the HTLTR facility has also been utilised to
accommodate a plutonium lattice [ 15}. The experiment is externally heated and
allows measurements between ambient temperature and 1000°C. In particular chekcs
on the calculation of temperature coefficients can be carried out.

In Europe HT* lattice experiments in whic»v the Draqon Project participates
have been performed in NESTOR at Winfrith and in CESAR at Cadarache. The NESTOR
experiment [16, 17J is in a cold environment whereas the CESAR lattice can be
heated to 450 C. The results of the CESAR oscillation experiments are just
becoming available [18, 19] and the evaluation will be completed by 1975.

A most interesting experiment is planned in the HITREX facility at
Berkeley for the second half of 1975 [20]. Plutopium bearing fuel blocks of
commercial power reactor design will be inserted in the central zone of the
reactor to measure reactivity worth and local block-to-block effects.

4. SUMMARY

Plutonium recycling is an attractive option for thorium fuelled HTRs,
as plutonium substitutes the expensive highly enriched U-235 and benefits from
the shielded refabrication facilities being developed for recycling U-233.
Newer concepts of batch loading in GAtype reactor and in the pebble bed
reactor alleviate the problems of age peaking and local hot spots.

Various coated particle concepts for plutonium bearing fuel have been
developed, and small batches manufactured. The irradiation experience so
far has beea promising and together wilt. t̂ isi-iny kaowleu'ae of (.he behavioui «I
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highly enriched vraniun» food particles reasonable extrapolations can be- ivade
for power roactor fu*>3. Sl.il! lacks IK,., however, is a prc-per dfri«v>stre<-ion
experjtrrnt under power rc?cuor cond.lta.onK.

Calculations! methods for plutonium fuel have been refined and backed
by reactor lattice experiments. But in this field more experimental work is
recommended to ascertain the safe utilisation of plutonium in High Temperature
Reactors.
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Lattice", Nuclear Technology Vol 19, August 1973.

143



[ 16 ] I. Johnstone and V. E. Delia-Loggia, "Experimental Results from the
UKAEA Reactor Physics Programme on Low Enrichment HTR Lattices at
AEE Winfrith", D.P. Report 730, 1970.

[ 17 ] G. Schleser and F. Woloch, "Analysis of NESTOR Experiments in
Dragon", DCPMlO/Dragon 2, Cadarache, 1971.

[ 18 J M. Brunet and J. Tonolly, "Present Status of Pu Sample Oscillations
in CESAR", DCPM17/CEA 4, Cadarache, 1973.

[ 19 J M. Brunet, "Evaluation of Pu Sample Oscillations in CESAR",
DCPM19/CEA 1, Bologna, 1974.

£ 20 J T. S. Playle, "Experimental Programme for the BNL Zero Energy
Reactor HITREX2", DCPM19/CEGB 1, Bologna, 1974.

144



Plutonium-Recycling in Thermal Power Reactors in the
Federal Republic of Germany

- Status-Report -

Rolf P. Randl
Federal Ministry for Research and Technology
Bonn

Plutonium from nuclear reactors is separated and recovered during reproces-
sing of spent fuel. The first commercial aim for Plutonium-use was
Plutonium to be stored for later reuse in fast breeder reactors. Whereas
there is no doubt that the maximum nuclear value of Plutonium is to be
found in the Fast Breeder Reactor, Plutonium utilization in thermal power
reactors is to be considered a necessity in the next decade. In the Federal
Republic of Germany, larger Plutonium quantities for first cores in fast
breeders will not be needed before the beginning of the 1990fs«

Stored Plutonium hac a high and unused financial value. The more, even after
only a relatively short storage time, it has to be reprocessed chemically
before further handling steps since built-up of Americlum increases
fabrication difficulties and decreases Plutonium quality* Longer storage
times of pure Plutonium is therefore uneconomic.

Immediate recycling of Plutonium in nuclear power reactors can increase the
economy of the nuclear fuel cycle markedly. Nevertheless, Uraniuro-Plutontum-
raixed oxide fuels have to be manufactured under the restricting conditions
of Plutonium fabrication : Plutonium an highly toxic and radioactive
substance. The development of semi-automatic process devices will be
needed to reduce the overall costs and to limit the economic penalty.
Besides the usual technology of fuel production in pelletform, & general
possibility of producing spherical sinter particels - the kernels - is
given. There a technological potential mishit be found leading to more
favorable fuel fabrication costs. In the Federal Republic both lines are
followed with strongly different efforts.

The reactor- and neutronphysical aspeo.ts of Plutonium as water î»eactor
fuel also necessitate a change in core design for a Plutonium-recycling
power reactor. Demonstration progranvus ave needed to show the /;cneral
possibiliy of use of Plutonium in a L* ;ht Water Reactor. It furthermore
has to be shown, that there is no definite technicvtl or economical -
not to forget safety - liiaitaion involved.
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In. the Federal Republic, the Industrial efforts in research and development
and the fabrication of Plutonium-containing light water reactor fuel
elements are mainly concentrated at the Alkem facility. Fart of the v;oz'k
on kernels is performed by the Gelsenberg Company and by GfK.

Alkem has built - sponsored by the Federal Ministry for Research and
Technology - a semi-automatic production-line. i?urtherraore it has fabri~
cated a relatively large number of fuel elements, part of which are al-
ready be tested in power stations. Up to now, all experiments vsreẑ e success-
fully run and the fuel elements showed a satisfactory behaviour in the
reactors. The now achieved technical standards have led to several pluri-
annual orders for Plutonium-recycling hy several German utilities. The
technical restrictions and still relatively small throughputs almost
double the fabrication coot» compared with the costs of a pure Uranium-
reload. Increased throughput and improved technology will eertfcinly lower
the costs and this degression will set Plutonium reload economy on a
economically comparable basin.

Before passing to the detailed work done in the laot six years and
enlarging the future aspects in the Federal Republic, sorne more basic
philosophy has to be introduced leading to a concensus of future PlutonJuia~
handling in the Federal Republic of Germany.

1. The radiotoxic difference between Uranium and Plutonium has to be
reminded. Prom health and safety points of view, Plutonium handling
must prove waxiraum safety against possible incorporation. This
necessitates a complicated handling technique v/ith enormous efforts
in apparatus and safety design. Consequently higher fabrication costs
have to be encountered. These costs are directly connected with amount
of fuel produced and not with actual Plutonium throughput, therefore
even higher Plutonium concentrations in recycle fuel should be en-
visaged even despite a possible difficulty in nuclear core design..
In the "innovation phase" of Plutonium-recycling - with capacities
well below *!o tons/year - the surplus of fabrication costs is con-
siderable from a commercial point of view. Nevertheless it has to ho
admitted that Plutonium-uco in thermal power reactors uj3ar»s reduction
of Uranius? supply and e>irichiuezit services. Only Plu.bonJ.uro - recycle
avoids long term storage: the reactor is the economic and safe"storage pô d"
for Plutonium. Plutonium hears about 2o % of heat energy of lifcht water
reactors. Recycling gives a comparable lower coct for the nuclear fuel
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cycle. The acquisition of Pu-recycle technology is a inust for fast breeder
reactor introduction.

2. There are different variants for Plutonium recycle: Plutonium recycle in
the frame of self generation or recycling in a limited number of "recycle
reactors" (Plutonium-burners). The more, the carrier material can be different:
depleted uranium from reprocessing plants (o.45 $ U-2J5), natural uranium
(o.71 % U-2J55) or uranium tails from enrichment facilities (o.2 - o«? %

Another alternative is the use of an all -Plutonium-element concept (in which
all Plutonium containing rods are assembled into the minimum number of
fuel elements) or the use of a mixed fuel element concept.

As long as there is no definite answer to the optimal recycling technology,
we will try to get experience from all concepts. Also possible advantages
of the kernel concept have to be proven.

. Within the next 5-8 years, it can be estimated that Plutonium is being
recycled only Insofar self-generation is concerned. Therefore specifications
and fabrication techniques will be rather similar in PuOg and
U 0 -elements. Towards the end of this decade, Plutonium-production will
be so high that specially designed reactos, Plutonium-burners, could
probably be used for Plutonium-recycle fuel.

4» Plutonium storage, be it in form of spent fuel element storage tanks or in
isolated form, is not considered as alternative to recycling. Neglecting all
commercial consideration (storage costs, principal and interest) one key
point has to regarded : the control of all technical and economical para-
meters of Plutonium-handling, the development of a Plutonium-technology is
necessary in order not to prevent or delay the future development of a
fast breeder market. The introduction of Past Breeder Reactors and its
potential Is strongly dependent on a well established Plutonium-technology.

IThe actual status of the Plutonium-utilization in thermal power reactors
in the Ped.Rep.of Germany is as follows: Minor activities have been
devoted to experimental kernel production. First irradiation results in
experimental capsules have shown satisfactory results. Advantages or
disadvantages of this fabrication methods have still to be proven.
The main activités in the Past Breeder Reactor concern the pellet-line.
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Plutonium-containing Light Water Reactor» fuel pins are produced at Alkcra /
Hanau.

The fabrication process of the Alkero Company has been selected to take
advantage of the existing experience in U 0 fuel fabrication and fuel
behaviour. It is a pellotized fuel in zircaloy can which differs from
standard U CL fuel only by mechanical blending of up to f> % PuOL
to the starting powder.

So far«about 1o tons of Plutonium-containing fuel have been fabricated
for both BWR and PWR* most of it in partly Mechanized gfcve box operation.

In. view of the increasing fabrication quantities and restrictions imposed
by radiation protection, the process has been automized and scaled up to
a production line of j5o to/y design capacity. This production line has
been in Plutonium operation for one year now and most of its parts have
shown satisfying performance. Still some parts have so far not como up
to the expectations. V/ith the difficulties of Plubnium handling it will
still take considerable effort and time to improve this prototype njachinery
to a reliable production equipment.

Reference has to be given to paper 16 of this panel.

The KWU Company develops the soft-ware-part of the Plutoniuw-rsoycle-
programm. Just to mention some major activities, the topics: economy, global
and local power distribution, control of inactivity, safety ana3.ycis, react
dynamics, plutonium-isotope-vectors behaviour, matrix material, core
instrumentation, etc. ai'e dealt. Paper 15 of this panel has to be recalled.

&A
The future programme which has be'̂ approved by the Federal Govcnvoent in
fall 197;* is based on the following: Plutonium-recycle at least within
the next decade is a necessity. It has been shown that it is technically
and economically feasible to introduce well designed Plutonium-elements
in water reactors.

Up to now all the experience was concentrated on demonstration programma
in which either commercial competition with pure Uranium-reloads was not
a must or the recycle-conditions did not apply fully in comparison with the
parameters of large power reactors.
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Within the next years, the followins tendencies are envisaged: The irra-
diation behaviour of Plutonium containing elements will be proven identical
with U Og elements. The technical desicn will be based on economically
optimized recycling conditions.

The recycle of Plutonium in the frame of self generation and at a larger
scale will contribute to the safety oi energy bupply. All feed back of
experience of Plutonium-recycling in thermal power reactors can only be
optimized in experiments, ehosing a very early introduction of different
concepts in medium sized power stations. Reactor physics and economics
have to be investigated correspondingly.

The verification of the above mentioned goals necessitates a general and
complete R+D-programme concerning both softand hard-ware and all necessary
experimental and inhere cheeks of the introduced fuel elements.

yTherefore, the Federal Government and the Cferroan industrie», are promoting
the Joint venture of Plutonium utilization in thermal power reactors. This
programme \fill amount to about # 7o - 80 millions. This necessitates
recycle capacities, incr opting from about 5 to/y in 1975 to 35 to/y in 1|X'o,

capacity'
furthermore fabrication/of SNK-Joo f irot core and reloads and fabric
of KNK fuel elements ;conncc ted "i» the construction of a Plutonium
in the order of about 3 tors mixed oxide fuel. The program*; contains all
necessary complementary h+)>. Addition liy, basic I'esoarch in different.
nuclear research centers IP uivler way,

The goal for the next years has to be:

- to prove Plutonium-technology
- to optimize Plutonium-processing steps
- to develop new components
- to improve labour conditions and
- to minimize radiation risks

In the I'tederal Republic, planning, construction and operation of a full
sized commercial plant for fabrication of recycle fuel and Past Breeder-
fuel elejnents as vieil as training of pevsonell have to be reached until
1985.
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Karlsruhe, Nov. 25. - 29., 1974

Abstract

The paper is considering the changes in delayed neutron
fractiont reactivity coefficients, and control rod reactivity
associated with plutonium insertion. Description of fuel assembly
and core design, plutonium recycle fuel management and experience
of KWU reactors as well as KWU development programme is given.

1. LWR Core and Fuel Design Criteria for Plutonium Recycle

The primary criteria applied to plutonium recycle designs is
that they be consistent with safe reactor operation.. The pro«f
that this requirement is satisfied is made with consideration
of the changes in delayed neutron fraction, reactivity
coefficients, and control rod reactivity associated with
plutonium insertion. Additional important design objectives
are:

Plutonium-bearing assemblies should satisfy the same thermal-
hydraulics, thermal, and mechanical specifications as uranium
elements. The fuel assembly geometry being the same as for
uranium assemblies, this generally implies that the local
and global power density distribution must meet the normal
design limits.
During their life-time, plutoniura-bearing assemblies should
provide reactivity equivalent to that of uranium assemblies
and should achieve the same discharge burnup.
The design should represent an economic optimum.
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2. Fuel Assembly and Core Design

For both PUR and BUR, KWU has investigated two types of
plutonium-bearing fuel assemblies:

- one that contains plutonium in all rods, called the
"all-Pu» design

- one that features plutonium in the center region of the
rod bundle only, whereas the fuel rods in the outer region
of the bundle are enriched with U-235. This type is called
the "island" design.

Because of the cost penalty associated with the fabrication
of plutonium fuel, there is an incentive to select plutonium
concentrations as high as possible under the given power peaking
limitations* Thus, in the self-generated plutonium recycle
mode, only 1/4 to 1/3 of all fuel rods contain plutonium.
This governs the size of the central region in case of the
island concept (assuming that all reload assemblies are to
be of the island design) or the fraction of Pu assemblies
in case of the all-Pu design.

Table \ compares the two types of assemblies for PUR and BUR
application* The advantages and disadvantages of either design
become apparent from a consideration of the criteria involved:

Control rod effectiveness
Avoiding or minimizing a loss of control rod effectiveness in
plutonium recycle is an important objective for either reactor
type. This objective can be achieved if the control rod is
exposed to about the same neutron flux as in the case of
regular uranium assemblies. In case of the PUR, this is
accomplished by selecting a reload pattern in which there
are no fresh plutonium-bearing assemblies at the control
element positions. This is possible since only a fraction
of the fuel assemblies of a reload batch contain plutonium.
In case of the BUR, the Pu island concept assures minimization
of the loss of control rod effectiveness, because the Pu
region, which features a relatively large macroscopic
absorption cross section and a relatively low thermal
neutron flux, is removed from an inserted control rod blade*

Average Pu concentration in Pu rods
Extensive design studies have shown that the objective of
providing high Pu concentrations in plutonium-bearing rods can
best be achieved with the use of all-Pu assemblies in the PUR
and with employing the Pu island concept in the BUR. The
difference is due to the fact that the fuel rods adjacent
to the water gaps of the BUR lattice would necessarily have
very low plutonium concentrations because of the high thermal
neutron flux in the water gaps.

Loss of separative work in reprocessing

This argument favours the use of the all-Pu island in either
reactor type. However, it is not the overriding one in case
of the BUR.
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Thus it is found that the use of all-Pu assemblies is
advantageous in PWRs, whereas the Pu island assembly is
employed with advantage in the BWR.

It should be noted that the all-Pu concept may be attractive for
the BWR also under certain conditions related to fabrication
techniques or warranties. In fact, this concept is employed in
recycling plutonium in the KRB BWR and was proven to be a practical
approach [_ ij. However, the fact that in such cases only a fraction
of the reload should consist of plutonium-bearing assemblies, leads
to the conclusion that the plutonium recycle capacity of the BWR is
higher when the island concept is used, especially in larger
assemblies with the possibility of larger Pu islands and increased
Pu selfshielding.

Fig. t shows the design of the KRB all-Pu assembly and illustrates
the island assembly as used in the Kahl reactor for comparison.
The location of individual rod types and the power distribution
in the bundle are shown for either design.

Fig. 2 shows the distribution of fissile material in a plutonium
recycle assembly with 8x8 lattice. This assembly, which is the
result of a preliminary study made for KWU's 1972 BWR product
lane, features a relatively large Pu island consisting of 27 Pu-
bearing roda. If the plutonium is used in a mixture with natural
uranium, as shown, the element contains 2.7 kg plutonium. If
enrichment plant tails are employed instead, the plutonium amount
per element increases to 3.2 kg.
The shown design was required to achieve «i low local peaking factor
of 1.13, as can be aeon from the power distribution also shown in
Fig. 2. This requirement implies a relatively large number of rod
types. Pour different U-235 enriched rod types and three rod types
with different Pu concentrations are used. Six fuel rods in the
class of highest U-235 enrichment contain 1.5 % gadolinium as
burnable poison.

Fig. 3 shows the distribution of plutonium in the fuel assembly
designed by KWU for self-generated recycle in the Obrigheim PWR
(KWO). The figure reflects the usual condition in the core, where
such an all-Pu assembly is surrounded by uranium assemblies. This
fact has an appreciable influence on the design of the Pu assembly
caused by the differences in neutron cross sections of Pu isotopes
and U~235. For this reason, the Pu assembly features two enrichment
stages in order to achieve a power flattening comparable to that
in the uniformly enriched uranium assembly. The maximum relative
pin power in the plutonium assembly shown' is 1.10. For a further
increase of the Pu content, a third central zone v/ith an enrichment
up to 3.8 w/o Pufisg can be provided.

In Fig. 4, a standard design of a PWR plutonium recycle fuel
assembly is prosented. This fuel assembly is of the RCC-type
with l6xl6-2C fuel pins. The optimizition lead to the indicated
three enrichments and arrangement of individual rod types.

Plutonium and uranium assemblies designed to be compatible with
each other in the same reactor feature an essential difference
in the reactivity vs. burnup characteristic. While the reactivity
of Pu assemblies is lower initially, it decreases more slowly
with burriup. This phenomenon is primarily due to the higher
conversion ratio of plutonium-boaring fuel. The requirement
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for equivalence of reactivity provided by the two types of
assemblies implies that their kTOvs. burnup curves intersect
at a certain burnup which is to be determined from application
to application, but generally corresponds to the average core
burnup at the end of a cycle.

The concentration of fissile plutonium in the PWR as well as
the BWR assembly must be determined in accordance with this
requirement, or, equivalently, in accordance with the discharge
burnup required. For example, referring to the design of the
PHR Pu assembly shown in Pig. 4, an average fissile Pu
concentration of 2.9 w/o in natural uranium must be used in
order to achieve the same burnup as with U elements with an
3nrichment of 3«1 w/o U-235-

The plutonium concentration must account for the isotopic
composition of the plutonium to be recycled, or variations
of the plutonium quality Pufiss/Pu. However, even considerable
changes in Pu quality do not require an extensive redesign effort.
For example, in case of the PWR all-Pu assembly, an adjustment
of the Pu concentration in the central zone will often be
sufficient.
In considering differences in reactor physics properties of
plutonium-bearing assemblies and regular uranium assemblies,
it should be mentioned that in the case of Pu assemblies the
moderator température and void coefficient of reactivity are
negative as usual, but larger in magnitude.

3« Plutonium Recycle Fuel Management

The following observations can be made with respect to refueling
patterns applied in connection with the insertion of plutonium
assemblies:
A plutonium-bearing BWR assembly of the island type, designed
to meet the criteria of Section 1 above, is completely exchangable
with uranium assemblies. Such an assembly may be inserted into
any core position appropriate for a corresponding uranium assembly.
Thus, the BWR refueling procedure follows the usual scatter refueling
scheme, where one out of four fuel elements is replaced in most
control rod cells.

In the PWR, the fresh assemblies, Pu as well an U, are positioned
in the outer region of the core during their first cycle. During
this period, the Pu assemblies should be positioned such that
their rating is high enough to avoid excessive ratings in the
subsequent cycle. Since the boron worth is lower for a Pu assembly,
the substitution of a U assembly by a Pu assembly of the same
burnup in a shuffling scheme will result in a relatively higher
power at that position. However, provided that their power was
high enough in the first cycle, Pu assemblies need not have the
maximum rating in the second cycle.

In the third cycle, the Pu elements are more reactive than U
assemblies and help to flatten the power distribution over the
whole core.

Differences between U and Pu PWR assemblies with regard to control
rod worth result only from the depression of the thermal flux
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in the Pu assemblies. The fast flux is related to thermal
fission and power distribution and remains nearly undisturbed.
Theoretical investigations [2J have shown that only new Pu
assemblies at finger control rod positions would result in a
significant loss of reactivity worth. After the first cycle,
shuffled Pu assemblies can be located at any position including
control rod positions. This theoretical result has been proven
experimentally. However, in the following discussion of PWR
plutonium recycle fuel nunagement schemes, the basis is that there
are no plutonium assemblies at control rod positions. Typical
total control rod worths as a function of the fraction of Pu
elements in equilibrium reloads are shown in Pig. 5 for this
condition.

Fig. 6 illustrates the transition to the equilibrium condition
of self-generated recycle (SGR) for a typical PWR. It has been
assumed that, with a delay for reprocessing and refabrication of
two years, insertion of Pu assemblies can start with the fourth
cycle. The fraction of Pu assemblies in a reload increases from
about 15 % to about 30 % when second Pu recycle occurs starting
with the 9th cycle. Shuffling studies prove the feasibility of
up to 2O Pu assemblies per reload of 64 elements for a core of
193 bundles.
Fig. 7 shows, analogously, the transition to SGR for a typical
BWR. The first Pu assemblies are inserted into the reactor at
the beginning of the 5th cycle (this deviation from the PWR case
described above is accidental). Two approaches are considered,
one in which an island assembly of the type shown in Fig. 2
is employed, and one in which an assembly with an island
consisting of about half as many Pu rods is used. As long as the
recycle plutonium originates from spent uranium assemblies, either
fuel element is equally feasible. When the second recycle begins
(llth cycle), the reload fuel must accommodate more plutonium
and if a small island was employed initially, a redesign of the
assembly may be necessary.

4. Pu Recycle Experience of KWXJ

Table 2 summarizes KWU's experience from Pu recycle in the
Kahl (VAK), Lingen (KWL), Obrigheim (KWO) and Gundremmingen
(KRB) reactors.

Kahl
Self-generated Pu recycle is carried out in this BWR. The standard
fuel element design presently used has an 8-Pu-rod island in
the center of the 6x6 fuel element. However, all-Pu assemblies
have also been irradiated in this reactor. Either type was
investigated in critical experiments carried out in the Grofi-
welzheim critical facility. Post-irradiation examinations will be
made using the Grofiwelzheim hot* cells.

The irradiation of a fuel element with Pu-Th rods, which began
in 197O, is of special interest here. This element has accumulated
a burnup of approximately 12OOO MWd/t. Pu-Th fuel rods were
pulled from the element at every refueling outage. Post-irradiation
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examinations, including isotopic analyses, have been performed
on one fuel rod so far and *re in preparation for two additional
rods.

Gundremmingen
Self-generated Pu recycle is in progress in this reactor. All-Pu
elements have been selected in this case. The investigations
made have shown that the all-Pu element is suitable for the
BWR. The self-generated plutonium can presently be accommodated
in about 20 Pu elements per year, which corresponds to about
1/4 of the yearly reloads.

Obrigheim
The Obrigheim (KWO) PWR has started recycling plutonium to the
extend of self-generation by the reloading fo 8 Pu fuel assemblies
of KtfU design in the autumn of 1973 . A prototype Pu assembly
of the same design (Fig. 3) was already inserted in the preceding
year. At the shuffling period of 197^ this element was unloaded
after its second cycle for post-irradiation examinations and
4 new Pu assemblies were shuffled. The reduced reload of
1974 can be compensated by a higher reload in 1975. The
transferability of the experience from this recycle project
to larger PWRs is favoured by the fact that in KWO Zry-4 canning
and control element rodlets are used for U and Pu fuel assemblies.

A series of KRITZ measurements has recently been undertaken at
Studsvik as a joint Combustion Bngineering/KWU programme. Power
distribution, boron worth and control rod worth measurements were
performed at a series of moderator temperatures in lattices con-
taining central mixed-oxide regions surrounded by 3.1 w/o UOg
fuel. The central region contained a zoned mixed-oxide assembly
having enrichments of 3.2 and 2.O w/o fissile Plutonium. Both
the mixed-oxide and Uranium fuel rods were part of the 1973
Obrigheim reload. These experiments provide a unique basis for
demonstrating the level of agreement which can now be attained
in reactor design with fuel typical of recycle enrichments.

In addition to these measurements on unirradiatel fuel,
a measurement at the KWO confirm calculated results to the
effect that after one operating cycle the control rod worth
in Pu-bearing elements is nearly the same as in uranium
elements with a corresponding exposure.

PuJRecycle Development Program of KWU

Although the technological feasibility of Pu recycle
in LWRs has been demonstrated, it remains a develoment
objective to achieve the same degree of

design accuracy
confidence in technological performance
physics and economics optimization
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which already exists in the case of uranium fuel. As the
scope of plutonium recycle increase*, this objective becomes
more and more important. Figures 8 und 9 summarize past,
present and planned activities in KWV's experimental and
theoretical Pu recycle development program. The theoretical
and experimental activities compliment each other because
of the continuous feedback between individual parts of the
program. This program is therefore a most important step
to optimum commercial recycle in large LWRs.
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Table 1

Comparison of all-Pu and Pu island assembly

Criterion

Control rod effectiveness

Average Pu concentration
in Pu rods

Loss of separative work
in reprocessing

Overall conclusion

All-Pu assembly

PWR

reduction can
be avoided (+)

higher (+)

no (+)

+

BWR

reduced (-)

lower (-)

no (4-)

-

Pu island assembly

PWR

reduced (-)

lower (-)

yes (-)

-

BWR

negligible reduction (+)

higher (+)

yes (-)

*

CO

(+) advantage
(-) disadvantage



Table 2

KVfU Plutonium Assemblies in LWR

Reactor

VAK
(Kahl)

KWL
(Lingen)

KRB
(Gundremminger

KWO
(Obrigheim)

Year of insertion

1966

1969
1970

1973
(1975)

1970

1974
0

(1975)

1972

1973
1974
(1975)

No. of assemblies inserted

All-Pu

1*
4
1*
1

16

24

1
8

4

12

Island

16
18

18

1 (Pu/Th)

* KWU participation
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Improvement of physics design methods and
verification by comparison with experi-
mental results

Optimization of Pu recycle element designs and
fueling patterns for individual PWR and
BUR product lines

Special problems (e.g. significance of varying
Pu isotopic composition; use of tails or
nat. U as base material )

Investigation of Pu-related strategies

Alternate concepts: Pu burner
Pu-Th fuel

Fig .8 Theoretical Pu recycle development program
of KWU
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Measurements at critical facilities

Investigation of PWR lattices in KRITZ facility
Participation in the investigations of BWH
lattices in KRITZ facility

Measurements and core follow at operating reactors

Control rod worth (KWO, KRB)
Reactivity effects
Power density distribution

Post-irradiation examinations in GroBwelzheim

fuel element structure
ceramography
isotopic analysis

Pig. 9 Experimental Pu recycle development program
of KWU
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EXPERIENCE IN FABRICATION OF LWR

RECYCLE FUEL

W. Lins., V. W. Schneider

Abstract

Since 1968 ALKEM has fabricated more than 10 tons of
plutonium containing fuel for LWR.

It is nearly exclusively pelletized fuel based on the
established production process for U02 fuel as applied
by NUKEM/RBU. Plutonium is introduced by mechanical
blending of 1 - 5 % Pu02 and 95 - 99 % U02 powder.

The fabrication process has been developed from lab
<M?scale to an au tombed production line» which is now

in operation for LWR mixed oxide fuel.

This paper describes the experience gained with the
adaption of the known U02-fuel technique to mixed
oxide fuel and with the transition from lab scale to
automized fabrication.

1. Principles of Fabrication Process and Basic Equipment
Selection

Recycle fuel is a substitute for U02-fuel and as such
should find acceptance into large power reactors with
essentially the same proven properties as of U02fuel.
So despite potential advantages of vibro-compaction for
plutonium recycling, ALKFM took the decision for pelletized
fuel.
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In this way it was also possible to make use of the established
pelletizing technique of NUKEM/RBU. Its main characteristics
are
- free flowing U02 powder
- mechanical pressing with lubricated dies
- sintering in reducing atmosphere
- diameter adjustment by grinding

For the fabrication of plutonium recycle fuel only PuO» has
to be added to the starting powder by mechanical blending.

The above mentioned pelletizing technique was considered
advantageous especially for plutonium application as it
avoids the usual plastification and granulation steps.

Using simple equipment in manual glove box operation, about
1000 plutonium containing fuel rods were manufactured in the
ALKEM laboratory at the Nuclear Research. Centre Karlsruhe in
the years 1968 - 1971.

There was no problem in reproducing the properties of U02
pellets and pins as were demanded by the specifications., and
in the irradiation of this fuel in the power stations at Kahl,
MZFR Karlsruhe, Dresden and Garigliano not one pin failure has
occured,

At the same time, in anticipation of a steep increase
of plutonium recycle and fast breeder fuel to be fabrica-
ted in the coming decades, a prototype plant for the study
of large scale plutonium fabrication was designed and built
at the site of the U02 fuel plant of NUKEM/RBU near Hanau.

There was no question that the fabrication process of this
plant should also be based on the U02 fuel fabrication pro-
cess.

The plutonium plant at Hanau works with two different
fabrication lines:

- Line I has been developed mainly from the laboratory
experience. It is partly mechanized and has been three
years in operation now. About 6 to recycle fuel and
1500 pins have been fabricated in this line.
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- Line II has been designed for automatic operation *'
and greater capacity In most of Its parts. The pin
fabrication has been In plutonium operation for one
year now. So far 1500 recycle f&el pins have been
fabricated. The pellet fabrication has only recently
completed uranium test operation and has so far pro-
duced only a few hundred kilograms of actual recycle
fuel.

Automatic plutonium fabrication Is considered necessary
In the long rum as manual glove box operation:
- 1s more labour consuming than normal manual work by

a factor of 2 ,- 5,
- means high dose commitment especially with high burn-

up Pu. •
Both aspects are related even stronger to fast breeder
fuel fabrication,- where pellet dimensions are smaller and
Pu content Is considerably higher.

So mainly 1n view of the prototype fast breeder power
station (SNR-300) presently In construction at Kalkar
the early development of an automized fuel fabrication

- ' '
line was supported by the German Ministry of Research
and Technology. Before fabrication of SNR fuel can actually
start early 1976» the fabrication line is now being tested
with the production of recycle fuel.

+} Automatic operation is defined here as a continuous
sequence of fabrication steps with fixed process
parameters. It is not really automatic in the sense
tha,t the process is automatically controlled by
measurement of intermediate product properties. Ceramics
and pin fabrication are far from being thoroughly under-
stood so as to lend themselves to truly automatic pro-
cessing.
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2. Detailed Description of Fabrication Process

Pellet Fabrication

The starting powder is a blend of three component powders
- free flowing U02 ex Ammonium uranylcarbonate
- Pu02 ex Plutoniumoxalate
- milled scraps
the percentage typically ranging from

90 - 99 % U02
1 - 4 % Pu02
0 - 6 % scraps

As a Pu-homogeneity of about 1 percent standard
deviation is demanded» the components are weighed and
blended in two steps, and each blending batch is statisti-
cally inspected before permission for further fabrication
is given.
Without any bonding additives the powder is then trans-
ported to the press» filled into the die volume and
mechanically pressed to give pellets of constant height»
In order to reduce friction on the die walls they are
lubricated before each stroke.
It should be noted already here that this pelletizing
technique very much depends on a reproducible filling
density, 1. e. on a reproducible starting powder quality
and filling procedure» as well as on a very constant lubri-
cation.
In order to be sure of a correct pressing immediately
afterwards, the green pellet weight and dimensions are
measured on a statistical basis and the pellet surface is
visually inspected.

The pellets are then put onto molybdenum trays in one
layer. Several loaded trays are stacked into a sintering
boat.
The pusher-type sintering furnace combines reducing and
sintering zones with a common sintering gas containing
only 8 % \\2 (for safety reasons). Due to this low Mécontent
the reduction and sintering process is considerab'le slower
than with pure H^. Thus to get a continous production flow
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one has to balance out the proper temperature profile versus
time for both processes.

After sintering the pellets are again statistically in-
spected and transferred to a center!ess grinding machine.
Here the pellets are ground to within a diameter tolerance
of Hh 10 y urn, they are washed and dried by a warm air stream.
The water 1s used in closed loops where it is continually
cleaned by centrifuging and filtering.
Fo trend 'control the pellet weight and dimensions are again
determined-on a statistical basis and the surface Is visually
Inspected by comparison with quality standards.

Pin Fabrication
The pellets are arranged to stacks of certain length and

' f
weight» which are then assembled on one V-grooved steel
tray for each fuel pin. Total length and weight of the fuel
columns are recorded.
The fuel columns on the trays are dried at about 400° C
in an inert atmosphere. They are then filled into an
evacuated fuel can with the first end plug already welded.
Pu-contamination of the second welding zone is avoided by
filling caps on the open end of the rod. Then the rod is
flooded with Helium, the spring is inserted and the second
end cap is TIG welded.

Pins for pressurized water reactors are 1n a further step
prepressurized with Helium through a special end cap with
a burst foil and are then sealed again by a spot weld.
The quality inspection of recycle fuel pins contains all
the Items of the U02 fuel pin Inspection. Additionally
Pu-contamination of the pin surface is measured. Pellets of
wrong Pu-content can be detected by a gamma-autoradiographic
method.
The pins are assembled to fuel bundles at the neighboring
U02 plant.
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3. Experience with the adaption of the U02 fuel fabrication
process to mixed oxide fuel.

Pellet fabrication

The addition of Pu02 to the known U02 ceramic process has
shown effects mainly in the chemical behaviour of the
material during fabrication.

In the first place» the reducing of the Uranium Oxide to
U02 QQ is considerably slower in a furnace gas containing

- only 8 % H2. With this gas the pusher-type furnace was found
to have only one third of the design capacity for U02 fuel
operation.

When using Nitrogen as the main component of the furnace
gas, a very high Nitrogen content was found in the pellets.
So we had to change to Argon.

Finally Pu02 tends to be reduced to Pu203 in the pusher
type sintering furnace at the end of the sintering cycle.

To keep stoichiometry of the fuel close to 2.00 it is
necessary to adjust the redox potential of the furnace
gas, which again may reduce the furnace capacity in its
reducing part.

The second point is that Pu02 is not soluble in nitric
acid and so chemical reprocessing of scraps and surplus
fabrication is not yet solved in an economic way. On the
other hand, the recycling of milled scraps is limited to
a small percentage by its influence on pressing behaviour
and on sintering density.

The scrap problem can be solved by developing either

- a more stable pelletizing technique with a lower
scrap level

- standardization-of fuel so as to reduce surplus of fabrica-
tion quantities

- dry scrap recovery with more favourable powder
characteristics
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- a suitable way of chemical reprocessing of Pu-conta1n1ng
scrap preferably in connection with reprocessing plants.

Pin Fabrication
Drying of the pellets down to the specifications of LWR
U02 fuel was a major problem as long as sintering gavé
substoichiornetrie fuel.
When heating this fuel above 80° C it was oxidized by the
water» while the remaining Hydrogen was bound in the matrix
by some, strange mechanism just as it was suspected to be the
case with Nitrogen in sintering of mixed oxide in a
nitrogen atmosphere.
The problem has been solved with an adequate sintering
furnace gas - at the expense of reduced furnace capacity.
Now with the stoichiometric fuel a water and hydrogen
content as low as that of U02 fuel is reached with a
pusher type drying furnace at 400° C.

4. Experience with larger scale automized fabrication.

From the commissioning of the automized fabrication
line with recycle fuel the following experience is worth re-
porting
- When going from batch-type to continuous fabrication

units it has been found necessary to extend the test
operation phase to actual Pu-containing fuel production
as this fuel tends to behave different depending on the
operation mode. One has to be prepared for a larger varia-
tion of process parameters.

- The same is true for fuel and pin specifications, which
have not reached a steady state as yet. As the automized
fabrication line at ALKEM is designed for both LWR and
FBR fuel» enough flexibility of process parameters has
been built in to satisfy the changing requirements.
This is particularly important for Pu-fabrication as
flexibility is considerably hindered by the closed glove
box system.

- Presently the average recycle fuel campaign is not larger
than 2 to. with two or three lots of different Pu-content.
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In this way Pu-recycling is penalized not only by fabricating
under Pit-conditions but also by large parts of the plant
capacity being consumed by qualification runs and cleaning
operation.
The ultimate solution of this problem will only be found
in some sort of standardization. A very interesting suggestion
has been made by Kraftwerk Union TO ' To start up all LWRs
with a plutonium containing first core, the reloads containing
only U02 fuel.

Finally in the transition from lab-scale to automized
fabrication also production control and the fissile
material accounting system has to be adapted to the
new order of magnitude as well as to the new type of
production flow.
With the latter problem of accounting» of course» colla-
boration with the authorities and the international
organisations is needed.

f \j H. MSrkl» G. Schlosser and P. Uyttendaele, page 305,
DAtF - Reaktortagunn 2 April - 5 April 1974 -
Stratégie zur PlutoniumrUckfUhrung in Erstkernen
eines expandierenden LWR-Marktes
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PLUTONIUM AVAILABILITY

PROM LWR-REPROCESSING

IN THE

FRG, EG AND USA

by

G. Baumgartel
R. Kraemer
R. Kroebel

GESELLSCHAFT FUR KERNFORSCHUNG M.B.H.

PROJEKT WIEDERAUFARBEITUNG UND ABFALLBEHANDLUNG

1. Introduction and Summary

Most of recant studies on the strategies /1,2/ of LWR/FBR-
populations make the assumption, that the spent fuel from
both reactor types can be reprocessed after proper cooling-
times in an intermediate storage.

According to this assumption the Plutonium produced in spent
LWR- and FBR-fuel can be made available without undue time-
delay for refabrication of FBR-fuelelements because there is
enough reprocessing capacity available for both types of fuels
i.e. spent LWR- and FBR-fuelelements.

However there is today no evidence for an equivalent repro-
cessing capacity within the next 1O-15 years at least for a
nuclear isolated FRG and certainly for the USA» This statement
is derived by the necessary time interval of about 1O years
between the conceptional design and hot operation at nominal
capacity of a commercial reprocessing plant. Furthermore a
number of drawbacks especially in the USA /3,4/ but also in
EUROPE /5/ give rise to a.more pessimistic prognosis in
providing enough Pu for FBR-fuel fabrication.
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The present paper underlines this statement with respect to
the special situation of the EUROPEAN Communities, the FRG
and the USA and summarizes the most recent estimates an re-
processing capacities in these countries.

The authors arrive to the conclusion, that there is more be-
nefit to save the reprocessed Pu for the demand of PBR-fuel
fabrication than to recycle it in thermal reactors because of
the lack of proper reprocessing capacity and because of the
serious gap of Pu supply for PBR-fuel fabrication which will
happen at the end of the next decade.

2. Comparison of Reprocessing Capacity with the estimated inven-
tory of spent LWR-Fuel and Pu-availability

2.1 European Community (EG)

In the past there were mainly two reprocessing plants
operating in the EG with adequate throughputs:

- La Hague 1OOO t/a
- Windscale 25OO t/a

Both plants were designed to reprocess low burnt metal
fuel of reactors from the first generation. Therefore
both plants were redesigned to provide also reprocessing
capacity for spent oxide fuels with higher burn up. The
Windscale oxide line started hot operation in 1968 but re-
cent difficulties in the headend forced a shut down until
1977 /5/. The La Hague plant is to start in 1976 with in-
creasing capacity. The EUROCHEMIC plant was stopped in
June 1974 for decomissioning thus there is at present no
single reprocessing plant in the EG which may satisfy
actual reprocessing requirements.

Nevertheless the future EUROPEAN situation as a whole seems
to be more optimistic as the spent LWR-fuel inventory rurc
very close to the provided reprocessing capacity as shown
in Pig. 1.
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The indicated overcapacity up to the end of the next decade
does not consider reprocessing requirements from other
western european countries which are not memberstates of the

.4-

EG. Specially from Sweden and Spain a great part of the in-
dicated overcapacity will be used.

Pig. 2 shows the situation of corresponding Pu_ -inven-
«C:1SStories which will be made available by reprocessing LWR-

fuel and thé demand for PER-fuel fabrication which can be
satisfied until 1987.

These curves even indicate some Pu-excess which may
eventually be made available for thermal recycling. How-
ever there is at present no reprocessing capacity in the
EG for this kind of Pu-enriched and U235 depleted LWR-fuel
because of two reasons:

- mixing of U235-depleted recycling fuel with slightly
enriched spent oxide fuel will cause undue losses of
separation work and

- separate reprocessing capacity for thermal recycled Pu-
fuel cannot be made available in the next ten years.
One would better feed this fuel in a later installation
designed for FBR-fuel.

Our conclusion from Fig.2 is to store the Pu-excess from
the first 7 years in the next decade as there will be a
serious gap of Pu for refabrication of FBR-fuel at the
.end of the next decade. The hot operation of a FBR-fuel re-
processing plant cannot be anticipated before 1995 with res-
pect to the present state of the art.

*.

Table 1 summerizes the EUROPEAN-reprocessing capacities
until 1988 according to the latest and best estimates avai-
lable /6/. There is of course an uncertainty in the pro-
gnosis of our neighbours who may very well decide to install
additional capacity within the indicated years.

181



2.2 USA

So far the EUROPEAN situation. In the USA it is even
worse. Table 1 indicates serious time delays of the pro-
vided reprocessing capacities due to heavy drawbacks of
the three commercial plants:

MFRP («Midwest Fuel Recovery Plant), AGNS («Allied Golf Nuclear
Services) and NFS («Nuclear Fuel Services) /3,4/. The
consequence thereof is an increasing amount of Pûf iss
from 12 tons in 1977 to 38 tons in 1985 which is not
available as it is waiting for reprocessing as shown in
Pig. 6.

2.3 Federal Republic of Germany (FRG)
We also considered a case where the FRG is isolated with
respect to nuclear fuel services from other meraberstates
of the EG. The strategies used were extracted from /2/.

The difference of the spent fuel curves (Fig. 3) (optimis-
tic and pessimistic) and the reprocessing capacity indicates
unprocessed fuel which arrives until 1985 at amounts of
3000-4OOO tons of LWR fuel which has to be stored either in
the LWR or in the reprocessing plant. It is unnecessary to
emphasize how serious situations will arrive with each year
of delay of hot commissioning or better full service of the
large reprocessing plant.

Fig. 4 and 5 show the above situation regarding Pu and indicate
the difference between Pu-demand for FBR-fuel fabrication
and Pu-production by LWR-fuel reprocessing. One realizes
Pu-excess after 1985 for 7-10 years especially in case of
the pessimistic demand curve /which tend to be the more re-
alistic one. The gap of Pu-supply will then only occur at the
beginning of the nineties if there is no reprocessing
capacity available for spent FBR-fuel. This situation can
become serious in case of an optimistic development of
FBR installations (Fig. 5) because one cannot anticipate
FBR-reprocessing before 1995.
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3* Conclusions

The increase of FBR installations in the EG will strongly depend
on the Pu-production capacity of spent LWR-fuel-reprocessing
plants within the next two decades from now, Pu-recycling
into thermal reactors can only be anticipated after 198O when
there will be an excess of available Pu. But one has to realize
that this recycled pu will cause a serious gap of Pu supply for
FBR fuel fabrication after 1987. The corresponding situation for
an isolated FRG, depends from the start of hot operation at nomi-
nal capacity of the planned 15OO t/y-reprocessing plant which is
anticipated at 1985. In the meantime only a few kg of PUfiJmax*
20O kg/a) can be made available by WAR provided no further draw-
backs of this installation will occur.

This case study underlines again the need for an united repro-
cessing strategy within the EG.

Recycled Pu cannot be replaced adequately as there will not be
any proper reprocessing capacity for this kind of fuel neither
in the EG nor in the USA. According to the present philosophy one
would be forced to build special reprocessing facilities which
would have only temporary benefit within few years or one would
store the spent recycled fuel until FBR-fuel reprocessing ca-
pacity is available in the mid-nineties.
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Tab. 1: ESTIMATED REPROCESSING CAPACITY (tHM/y) IN THE EUROPEAN COMMUNITY (EG) /6/ AND USA /3, 4/

Nuclear Installation

Windscale 1

Windscale 2

La Hague
WAK

KEWA

EG-Total

MFRP

AGNS

NFS

USA-Total
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-

-

-

-

—

-

-

-
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•»
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^
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«ft
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300

-

250
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„
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1500
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3OO
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350

35
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1500

1500
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5OO

35

-

835

„.

1500

375

1875
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•V
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35
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1035
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30O
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500

1500

750

2750

1984

-

800

800

35

-

1635

500

1500

750

2750

1985

-

800

800

-

1500

3100
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The value of Plutonium

W. Stoll,
Alkein, IJanau

R.P. Randl
Federal Ministry for He&eareh and Technology
Bonn

Abstract

The paper is considering three possibilities of plutonium value:

— Throwaway cost;
— Comparison with enriched uranium in fast breeder reactors;
— Comparison with enriched uranium in light water reactors*

It is shown, that utlities can combine reprocessing with a re-use
of plutonium in the reactor without facing any penalty* Some
problems relating to fuel fabrication are also considered*

The question of the value of Plutonium almost certainly arises if one
looks through publications on nuclear economy. There, a rather contradic-
tory valuation can be found. And considering the usual practices on
commercial aspects of nuclear energy, a view which is frequently shared
by utilities, it can be shown how insufficient the historical development
of the Plutonium value matches the problems of today*

Looking back to the time at which reactors were used only to produce nuclo&r
weapons, the value of Plutonium amounted to the order of *k>.ooo - 5o»ooo
#/kg : that was quite understandable due to the fact that all costs of tho
nuclear fuel cycle had to be born as there are mining and milling, purifi-
cation, fuel element production, reactor operation up to very low burn-ups
(4 - 6 & Plutonium in the fuel) and finally reprocessing.

At the threshold of commercial introduction of water reactors it was there-
fore a quite welcomed cost reduction when USAEC introduced the Plutonium-
buy-back-solution, in the frame of which Plutonium was given a value of
about lo.ooo $/ks. The military aspects decreased almost simultaneously wHh
increasing burn-up of fuel elements in wat<*r reactors toward the end of
the sixties. The more, the necessary storting help for water reactor
introduction had been successfully given: as a consequence the Plutonium-
buy-back-solution was terminated in 197o.
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Two main features which could not been foreseen very clearly at the beginning
of the buy-back-guarantee have to be mentioned:

the american reactor sxippliers could not only guarantee the supply of
enriched Uranium but also a Plutonium-bonus to the utilities

secondly and more important the imposed "market value" of Plutonium
reuse in thermal reactors. This fact lead most entirely - together with
all other complications of the Plutonium fabrication cycle - to a
simpler core -reloading with enriched uranium.

The role of Plutonium as a primary energy source - bearing about 2o % of
nuclear power in water reactors - only was "reinvented" when facts of
polities-be it on technological or energy grounds - lead to the fast
breeder concepts in order to minimize foreign supply of Uranium and
enrichirent services.

Nobody will doubt frat fast breeder economy will dominate all other types
of nuclear energy production, once the fast breeder has come to the
threshold of commercial operation.

But these magic ten years - once envisaged - which should pass from the
starting point of nuclear energy to the commercial introduction of
Past Breeder Reactors might not have even now been started. Therefore, the
Plutonium of today - an involuntary couple product of nuclear power
production with a production rate of approxiraately 25o kg pro 1ooo MWVyear

6

- this Plutonium will probably not be inserted in fast breeders exept in
small prototypes.

The understanding of the public concerning the environmental impacts of
nuclear energy have become to evident that everybody should have under-
stood that - according to the originator's principle - every utility is
bound to close the fuel cycle and handle the Plutonium as safe as necessary
and possible whatever the costs. The risk potential of Plutonium as a
product of half life and radiotoxity-combined with its potential of
misuse of threat, - is not to be reached by any other fission product.
On the other hand, the high potential of Plutonium-use for energy
production in thermal power reactors after reprocessing and refabrication
makes both benefit to the environment and cost reduction to the utility»
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What has to be the "orientation line" of the "Plutonium value" today ?
There are three :

• the "throw-away-eosts"
. the comparison with enriched uranium in Fast Breeder Realtors
• the comparison with enriched uranium in water reactors.

Let us discuss these possibilities:

To 1 > Large engineered storage capacities for burned fuel do not
exist. A very preliminary cost assessment between reprocessing „.. throw-away cosis
and final disposal show about 2o - 25 $/kg fuel element/«That
means: for the amount of 6 g Plutonium/kg fuel, a cost impact
of about 4 $/g Plutonium fissile. The future reprocessing costs
in the order of 1oo #/kg give a remainder of about 75 $ as the
difference of the rest value of depleted uranium and Plutonium.

Talcing into account an uranium-value between 0 #/kg (as totaly
depleted) and about 4o #/kg (natural U), the Plutonium-value has
to be in the range 6-12 $/g.

It has to be noted that these figures are very preliminary or
uncertain since the quoted costs are either almost unknown or in
a rather vived fluctuation.

To 2: A number of interconnected parameters of interest and doubling
time can be given for which the cycle costs in Fast Breeder Reactors
are completely independet of the adxtal Plutonium value, e.g. 7 %
and 1o years or 5 % and 1̂  years * Increased interest rates and
realisticly enhanced doubling times lead to a small decrease
in Past Breeder Reactor-costs with reduction of the Plutonium-
price. So, about 1o #/g Plutonium give about o.j? # per MW /h
produced, if 1o % interest and 2o years doubling time are en-
visaged.

In a possible situation of a start-up of Fast Breeder Reactors
with enriched uranium instead of Plutonium (because of a lack of
Plutonium), a 1.5 - 1.6 fold value of Plutonium has to be taken
into account compared with Uranium-235 due to neutron physical
reasons.
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But two more facts! have to be observed:

1. This calculation holds true only for the starting core because the
Plutonium-239 production is so high that these first core costs
can be drastically diminished deriving a cost assessment of the Past
Breeder Reactor's life time,

2. Laver fabrication costs of a Plutonium-free first core reduce this
difference.

To 3 t As for the comparison of Plutonium-value with Uranium-295 in water
reactors, one could try the following example :

a) Vfcfi U in 3 # enriched fuel element:

5.5 kg U nat « $ 22o
4.3 SWU * # 215
1 kg U fabri-

cation & 155

b) 1 kg U + Pu

(0.71 % U-235 + 2,3 % Pu fiss)
1lîgUnat " * 4o

Fuel element
fabrication « & 2?o

4 kg U repro-
cess ing (to
obtain 23 g
of Pu & 3oo

610

Value of recoverôd U ?

That means : the Plutonium-value amounts to 13 #/g or 6
depending on ttje residual U-value.
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The example shows clearly :

If the utilities reprocess the spent fuel elements (because there is no possi-
bility for long term storage), they can combine this with a reuse of Plutonium
in the reactor without facing any penalty. Therefore it is quite understandable
that utilities like to have options for recycling Plutonium; an option only,
since breeder enthouslasts could pay more for the recovered Plutonium or licen-
cing difficulties could forbid - at least temporarly - the Plutonium-reload
in the original reactor.

This attitude of the utilities is quite interesting for an "offensive" Fuel-
fabricator:

He offers a pure Uranium-reload at a price which does not harm later offers.
On the other hand, he hides in the alternative option - "Plutonium-value-gift11,
which is comparatively small for the complete reload, but is prohibitive for a
"pure" Plutonium-fuel fabricator* If there arises any delay or difficulty in
the fuel cycle, the option might be delayed to : the supplier has acquired
"bid" and "gift"; an eventual dangerous market uncertainty - the accumulated
Plutonium - will face the utility at a later date.

But there is an uncertainty with the use of Plutonium. Simplified, Plutonium
is diluted with Uranium if utilized in water reactors by a factor of J5o - 'lo,
but has to be handled as bulk material under the restraining conditions of
Plutonium. Furthermore, this is to be done more or less "tailormade" for each
reactor and in small batches. This "self generated Plutonium-recycle" follows
naturally the line of existing reactors, but cripples the technical possibilities
and the user itself many small reloads, high specific soft-ware costs* This
present way cannot be the final solution.

The present economy in which everybody has to fission its self generated
Plutonium can be made disappear with increased reactor standardization com-
bined with small cost reduction for the user. It is not yet clear whether one
of the two light water reactor types offers a distinct cost advantage in itself or
could easiliy be changed to a pure Plutonium~burnor. It is not clear either,
whether toe advantage of the HTR-Systera not to dilute the Plutonium in the
fabrication step,could make it the optimal Plutonium-burner. A change in
Plutonium-value could improve tremendously the possibility of Plutonium-
use: a change in $ 1/g Plutonium will compensate about $ 25 in surplus-
fabrication costs.
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Let me close discussing the present "overcapacity" in the Plutonium
fabrication step. Every country following the breeder develop:aent has
installed Plutonium-fabrication capacity producing on setnitechnical scale
in the order of few tons per year. Just above a laboratory scale threshold,
each line would serve several breeder reactors, e.g. 1o to/year capacity
about 2 - 5 GW Fast Breeder Reactors . In this decade, no more than about
3oo M«L Fast Breeder Reactors are requested to be served by each plant*C
It is known that most of the plants cannot match a 5 - 6 fold throughput
in Plutonium ceramics, but instead of closing down, the plants are usually
run at enormous costs. Few concepts, e.g, the German, differ from this

attitude. We have preferred a "bulk-production-philosophy" different from
laboratory scale manufacture, following the pattern of Uranium-fuel element
fabrication and running the plant under the typical Plutonium-restrictions.
Technologywise, we learn the precondition for future plants with throughputs

V

allowing commercial fabrication for Past Breeder Reactor-elements as well
as for recycle-éléments. Unfortunately, we have to pay the prices and the
costs for minor throughputs today. These penalties are mainly due to the de-
velopment of the "Plutonium-value" discussed above.

A sensefuld and commercial handling of Plutonium in the frame of the nuclear
fuel cycle - that say mainly Plutonium-recycle for the next decade - can
only be achieved if our "historical" attitudes in terms of "Plutonium-bonus"
and "Plutonium-value" can be overcome»
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DEVELOPMENT PROGRAM FOR A PLUTONIUM FUELLED
CANDU REACTOR

by

J,R. MacEwan and A.T. Jeffs

Fuel Materials Branch
Chalk River Nuclear Laboratories

Chalk River, Ontario

ABSTRACT

A decision was made in 1970 to construct a small pilot
facility to fabricate U02 + PuU2 fuel bundles. The objectives
were to gain sufficient experience in plutonium fuel fabrication
that reliable fuel fabrication costs could be generated and to
demonstrate the successful operation of mixed oxide fuel bundles
in Canadian Power Reactors.

This reports describes the plutonium pilot line and out-
lines the first phases of our irradiation program.

1.0 INTRODUCTION

A modest program was started In 1970 to assess
plutonium recycle in Candu reactors. The' objectives were
to gain sufficient experience in plutonium fuel fabrication
that reliable fuel fabrication cost estimates could be
generated and to demonstrate the successful operation of
plutonium recycle fuel bundles in Canadian power reactors.
While our original intent was to develop à fuel bundle for
use \n pressurized water reactors - Candu-PHW - our prime
objective now in a more ambitious program is to develop a
suitable fuel bundle for use in a plutonium burning, heavy
water moderated» light water cooled reactor - a Candu
BLW(PB).

2.0 FUEL DESIGN
The fuel elements used in Candu reactors are 0.5 m

long and contain sintered U02 pellets in Zircaloy sheaths.For plutonium recycle, all pellets In a single element will
have the same concentration of PuOo uniformly dispersed in
the, U02- The fuel cycles that we are presently considering
require an initial plutonium concentration of about 0.5%
fissile to achieve burnups in the range 350 to 450 MWh/kg
(U + Pu). The fuel elements wil l probably be assembled 1n
28 or 36-element bundles.: Some consideration has been
given to the use of higher plutonium concentration in the
inner elements to provide uniform heat generation across
the bundle.
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3.0 FUEL FABRICATION PROGRAM

3.1 Pilot Plant
Me have designed and constructed a small pilot facility

to fabricate fuel pins for plutonium recycle studies. The
floor area of the fabrication section 1s 140 nr and contains
three Interconnected lines comprising 7 glove boxes and 3
fume hoods (Figure 1). Line 1 will accommodate the pre-
paration of green U02-Pu02 pellets, line 2 the sintering
and grinding of the pellets and Une 3 the loading and
final weld closure of Zircaloy clad fuel elements. The
Zlrcaloy sheaths will be purchased with brazed spacer
pads attached and one end cap welded In place. The
completed elements will be assembled Into fuel bundles
at a Canadain fuel fabrication plant on the jigs used for
natural fuel production.

Adjacent to the Une Is a liquid waste collection
area. The liquids will be concentrated be evaporation,
then solidified by addition of urea formaldehyde, before
being sent to the waste management area at CRNL for Interim
storage.

Dedicated chemical and metallographlcal facilities
are located 1n an adjoining laboratory with a floor area
of 80 nr.

3.2 Design Basis
We believe that the plutonium produced in Candu

reactors, even after multiple recycle, will not require
remote handling for most of the fabrication process.
Table 1 compares the composition and calculated neutron
and gamma doses of Candu and LWR plutonium. This table
shows the Candu system gains a small advantage from lower
plutonium concentration. Some gamma and neutron shielding
will probably be necessary at the head end when con-
centrated Pu02 1s handled. All glove boxes in the line
have provision for gamma and neutron shielding to be fixed
outside the boxes. Where visibility 1s not required .this
takes the form of 6 mm .lead sheet for gamma shielding and
50 - 100 mm polyethylene sheet for neutron shelldlng. If
visibility 1s required 6 mm lead glass and 50 - 100 poly-
methyl methacrylate sheet are specified. Wherever possible
standard neoprene gloves will be used, with lead-loaded
neoprene (LLN) gloves of various lead thickness equivalent
being used where experience dictates.

The design criterion for the plant was that all
processes In the line should be essentially "hands-off"
with semi-automatic machines to perform the various functions
of fabrication and assembly. Whenever material must be
moved by hand, tongs or other devices will be used to
maintain a separation of at least 100 mm between hand and .
material.

The equipment selected for each operation 1n the Une
was generally the smallest Item that contained the essential
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features of large production machines. Here the Intent
was to make the operating experience as relevant as
possible to full scale practice. Thus, the production
capacity of various portions of the Une varies con»
slderably. However, single shift operation of the line
on a five day week should give an annual output of about
3 Mg of fuel (U + Pu) per year.

3.3 Flow Sheet
The process flow sheet, Figure 2, Is very similar to

that used for natural U02-
The plutonium feed Is received as pure PuO? powder.

Weighed quantities will be blended with pre-we1ghed batches
of ceramic grade U0£» In a blender of the oscillating drum
type. A batch Is one day's production (up to 16 kg
(U, Pu)0g) and this Is blended at one time In a sealed,
regular shaped drum with no re-entrant corners or crevices
where powder can hang up. The drum can easily be emptied
and be seen to be empty.

An isostatic press was selected for the slugging
operation because potentially it can operate with a much
lower production of dust than either a mechanical or a
hydraulic press. Also, It can produce large compacts of
uniform density, which reduces the number required with
further benefits In dust control. The flexible bag
tooling of polyurethane (a feature of an isostatic press)
Is cheap and long-lasting, especially at our low production
rates, and the equipment has been designed to facilitate
tooling exchange as well as general maintenance. During
commissioning of the press the manufacturer took extensive
measures to minimize dust generation. The equipment Is
now very clean 1n operation.

The granulator 1s a knife-type machine, which cuts
rather than wears down the compacts to minimize the pro-
duction of fines. The motion of the knife rotors generates
a stream of air through the machine to prevent blow-back
of fines through the Inlet throat; a double dust bag over
the output pipe controls dusting there. The outer sleeve
of this bag seals to the collection drum.

The free flowing granulated powders feed Into a
second drum which 1s used during blending of the lubricating
Sterotex binder, and also serves as the feed hopper for
the hydraulic press.

Green pellets from the press will be loaded onto a
rack (holding one day's production) which w i l l be placed
In a batch sintering furnace. The furnace desitjn has
been chosen to avoid a problem COMMON in batch furnace*,
namely very slow cool-down at low temperatures, by
employing radiation shields rather tlv.n solid thermal
Insolation. If required, cool-down can be hastened in the
final stages by an increared flow of sintering qss
atmosphere (Nj? - 10%H?) or pure nitroe.&it. By these means,
1t is hoped to achieve a sintering tyrlf» of ?4 hours or
less, which v.'ill give the required throughput without the
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high capital and operating costs of a continuous sintering
furnace. This furnace has the added advantage of simple
maintenance.

The Sterotex binder is distilled off and carried
away with the furnace gases during the initial stage of
the sintering cycle1. Since the distillate condenses on
cool surfaces and plugs the High Efficiency Particular
Air (HEPA) filters, it is burned by passing the furnace
gases over a Kanthal wire coil heated to 1000°C with a
controllud addition of air. The products of combustion
can be exhausted through HEPA filters without damage.

The next operation» centreless grinding, is the most
complex single operation in the line» primarily because of
the requirements for coolant handling and clean up, and
sludge removal, The basic machine is one which has been
designed especially for operation in a glove l>ox. It uses
a diamond wheel to minimize adjustment and maintenance,
and also to minimize contamination of the sludge, which
will be recycled by a simple oxidation/reduction cycle.
The re-circulating coolant system has a full flow centri-
fugal clarifier in the circuit. Special arrangements have
been made to remove the bowl full of sludge for process
recycle.

Pellets are washed in a hot water spray immediately
after grinding. Again a recirculating water system is
Included, with a centrifugal clarifier on-line.

While the pellets are in this box» a small fraction
(3-5%) will be cut short to enable pellet stacks to be
adjusted to the correct length. The cut-offs will be
recycled along with the grinding sludge.

All pellets will be rough-washed then passed into a
cleaner box for final ultrasonic washing and air-drying.
Provision has been made for a vacuum annealing treatment
to control the water content of the pellets. The air
atmosphere in the glove box line after the vacuum annealing
step will be dried to a very low dew point to ensure that
the pellets do not pick up water vapour before being sealed
into their sheaths.

The operations following, up to the removal of com-
pleted elements, are performed by a train of machines with
only minimal operator intervention.

The annealing rack is unloaded and a train of pellets
is presented to a diameter check gauge where any off-
specification pellets are rejected. Acceptable pellets
are accumulated on a vee-trough up to a preset count
corresponding to one complete element. Then the stacks
are adjusted to length manually by adding short pellets.
The vee-trough serves as the feed trough for the element
loading machine.

Loading the pellets into the element tubes (supplied
with all spacer pads brazed on and the first end cap already
welded) will require careful attention to ensure that con-
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taminatlon of the weld area is minimized. Pellets should
reach this point essentially dust-free after ultrasonic
cleaning. They will be loaded Into the tubes vertically
by sliding them down polished guides» through a plastic
throat and Into the tube. Radial air jets in the throat
will help to centralize the pellets, control the speed at
which they enter the tube and also blow any remaining dust
away from the end of the tube. Tests have demonstrated
that this 1s a successful technique. Pellets fall gently
Into the tube without damage.

The fuel sheaths are held vertically In a carousel
under the final glove box. A rotation mechanism» Indexed
by manual command, presents the sheath first for loading,
then for decontamination and end cap pos1t1on1ng(manual ),
and finally for tungsten - Inert gas welding (semi-automatic
but under manual control). These latter operations take
place In the convertible fume hood/glove box which Is the
transition between glove box and fume hood operation. In
the event of a contamination spill In this area, the hood
can be transformed Into a glove box by lowering the front
window.

Final operations Include leak testing, dimensional
checks and a complete monitoring for surface contamination.
Assembly of elements Into bundles will be carried out at
a commercial fuel fabrication plant on jigs usually used
for natural fuel production.

3.4 Analysis
Besides the conventional chemical and metallographic

facilities» various non-destructive pieces of assay
equipment will be examined for their applicability to a
large production plant. We have purchased equipment to
assay the plutonium content by counting neutron and gamma
emissions of individual samples, assembled fuel elements
and 20-11tre waste drums. The sample dssay unit can be
used for powders or pellets, with a precision of ±1% of
the contained plutonium. The fuel element scanner measures
the plutonium content of sealed elements to within ±2.5%
and can detecfrogue" pellets that differ from the specified
concentration by more than ±20$. This will prevent elements
being released from the manufacturing zone with individual
pellets of incorrect composition. To provide assurance that
the fuel elements are loaded correctly, 100% inspection of
fuel for fissile content may be required 1f the plant is
producing fuel of more than one plutonium concentration.

3.5 Accountability and Inventory Control
An on-line computing system is being installed for

accountability, inventory and critlcality control. The
system is not essential to the operation of a pilot line
facility, but again our intent is to gain experience
with a data communications system that could be used for
Inventory control in a commercial plant.
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3.6 Transportation
The plutonium for the Une will be ceceived 1n

standard US DOT-Spec. 6M packages. However, we feel that
the use of these packages to ship completed fuel bundles
would be overly restrictive, since this would limit us to
one bundle per package.

A simple package has been developed at CRNL to ship
4 BLW(PB) fuel bundles. The outer shell Is a 45 Imperial
gallon drum with four 133 mm inside diameter steel con-
tainment tubes on 216 mm centres. The void space is
filled with polyurethane foam and each bundle is placed In
a polyethyline bag and then in a felt lined aluminum can.
By limiting the maximum plutonium composition to 1%% Pu
fissile, there is no requirement to exclude hydrogenous
material. A prototype package has been subjected to a
test program specified by the Canadian Atomic Energy
Control Board to demonstrate compliance with safety
regulations. Transpor* regulations will allow up to 40
of these packages (160 bundles) per shipment.

One of the tests was to drop the drum 30 feet onto
a concrete pad. Figure 3 shows that while the top of
the package was compressed, the protective seals and the
fuel bundles were intact when the package was opened.

3.7 Schedule
Part of the line is commissioned and the remainder is

in the f*nal phases of installation. Commissioning trials
should start with natural uranium dioxide later this year
- 1974.

The following program has been approved for the first
one to two years' operation of the line.

- Production of forty 19-element fuel bundles with
natural UÛ2 pellets for irradiation In Douglas Point.
(600 kg U). This irradiation is required to qualify
the manufacturing procedures used in the Une.

- Production of six plutonium containing 36-element
bundles of the proposed BLW(PB) design for proof
testing in a loop of the NRU Research Reactor
(100 kg{u + Puf).

- Production of one hundred 19-element plutonium
containing bundles for irradiation 1n Douglas Point
(1500 kgjU + Pu}) to provide significant experience
in both fabrication and irradiation.
We expect the program to continue until we have

manufactured some two to three hundred bundles. These will
be Irradiated in various reactors including the NRU test
reactor and the Candu power reactor at Rolphton, Douglas
Point and Gentilly.
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4.0 CURRENT IRRADIATIONS

Six CANLUB design fuel bundles are being Irradiated
In the NPD reactor at Rolphton with purchased (U,Pu)02pellets containing 3 wt% plutonium. These particular
bundles have a graphite layer between fuel and sheath.

Throe of the bundles were assembled with 10.1 Mg/ro3
pellets In 0.65 mm thick Zircdloy-4 clodding. The design
Intent was to use low density fuel to accommodate
swelling and the CANLUG desiyn to make the fuel tolerant
to power ramps. These bundles started their irradiation
in NPD at outer element linear power output of 44 kW/m but
this has dropped off to about 28 kW/m as they approach
their discharge burnup of 480 «tfh/kg U. The irradiation
has proceeded without incident. After discharge one of
these bundles may be moved into a higher neutron flux in
a loop of NRU to test the ability of this fuel to survive
a power increase.

The other three bundles had high density, 10.5 Mg/m ,
annular pellets to accommodate swelling in the axial hole.
These were clad in collapsible Zircaloy-4 cladding, arid
the fuel was of CANLUB design again to make the fuel
tolerant to power ramps. This fuel was installed later
than the low density fuel and has achieved a burnup of
150 MWh/kg U without incident.

5,0 SUMMARY
*

1. A 3 Mg per year Pilot Facility has been built to
provide more reliable cost estimates for manufacturing
plutonium fuel for Candu reactors,

2. Operation of this plant should provide ZOO to 300
mixed oxide bundles (3 to 5 Mg {U + Pu}) for demon-
stration irradiations in power reactors.

3. Irradiation of six Pu-recycle bundles has proceeded
without incident in a 22 MW(e) CAKDU power reactor.
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TABLE I

COMPARISON OF PLUTONIUM FROM LWR AND HWR

Source

PWR
light

BWR water

PHW heavy
BLW(£|fer

Burnup
MWh/fcgHE

850

890

240

multiple

238

0.019

0.014

0.002

0.002

239

0.63

0.53

0.58

0.33

Come
240

0.19

0.28

0.32

0.35

osition
241

0.12

0.12

0.07

0.09

242

ft. 041

0.058

0.03

0.23

fissile-̂

0.75

0.65

0.65

0.42

Surface y 4o.se
rate
Pu02

15

13

5
9

rad/h^>
(U,Pu)02

1.7<3>

1.5<3>

0.34<4)

0.59<4>

Neutrpn Output
n g""1 sec""1

PuO2

650

690

490

860

(U,Pu)02

26<3>

28<3)

5(4)

9(4)

too

Notes: (1) Pu-239 + Pu-241

(2) At séparation. Oose rates increase with time

(3) For light water reactors composition is 4 wt% Pu in .(U+Pu)

(4) For heavy water reactors composition is 1 wt% Pu in (U+Pu).



TABLE 2

Parameters of Fuel in NPD Irradiation

Fuel Type
Z1rca1oy-4 Sheath Thickness - m
Sheath OD - ram
Coating
Pellet Density - Mg/m3

Centrol Hole - mm
Pellet Supplier
Outer Element Linear Power - kH/m

!

Max, Burnup Achieved - MWh/kg U
Pu Concentration» % Fissile

Thick Wall

0.65

15.2

Graphite

10,1

None

Belgonucleaire

44 to 28

400

3

Thin Wall

0.38

15.2

Graphite

10.5

2.54

Swedish AEA

48 to 30

150

3
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FIGURE 3: WHILE TOP OF SHIPPING PACKAGE WAS CRUSHED IN 30
FOOT DROP TEST, FUEL BUNDLES AND CONTAINMENT WERE
INTACT.
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A CANDU-BLW REACTOR DESI6NED
FOR PLUTONIUM RECYCLE

by

O.B. Slater

Chalk River Nuclear Laboratories
Chalk River, Ontario

1.0 INTRODUCTION

The CANDU-PHW reactor, which uses pressurized heavy
water as primary circuit coolant, has good neutron economy,
which allows fuelling with natural uranium oxide fuel on
a once-through cycle. The resulting fuel cycle costs are
so low that there is very little economic incentive, under
current conditions, to extract and recycle the plutonium
contained In the spent fuel. There is, however, a stronger
incentive to use plutoniuro+enriched natural uranium oxide
fuel in the CANDU-BLW reactor. (This reactor uses boiling
light water in a direct cycle, as coolant. A natural-
fuelled 250 MWe prototype, Gentilly-1 was commissioned
during 1971, References 1,2). One reason is that the
reactor is not as neutron-economical as the CANDU-PHW,
because of increased parasitic absorotion nf negtrons in the
coolant. A second, and more compelling reason, is the pos-
sibility of using this fuel enrichment to modify the natural-
fuelled reactor design and obtain a further significant
reduction in both capital and total unit energy costs.
Various studies have been reported which Indicated the mag-
nitude of these cost reductions (References 3, 4). To fur-
ther examine this potential in detail, an 18-month study
was conducted, during 1973-74, to design a 1200 MWe CANDU-
BLW reactor, which used plutonium-enrlched natural uranium
oxide as fuel (hereafter called the CANDU-BLW(PB) reactor).
The study also acted as a focus to examine the economics
and problems of plutonium fuel supply, particularly active
fuel fabrication, fuel processing and waste management.

This note contains a brief description of the resulting
1200 MWe CANDU-BLW reactor design and fuel cycle. It will
be seen that the design reflects one important ground-rule
used in the study, which was that "the design should utilize
as much of the current and projected CANDU-PHW and CANDU-BLW
technology as possible, unless there are compelling economic
reasons otherwise".

2.0 STATION FLOW DIAGRAM

A simplified station flow diagram is shown in Figure 1.

The heat transport system rrmows hr4 :«£ from the
reactor fuel by wsans of boiling ïiciht v-vter coolnnt. The
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steam produced within the reactor flows to the turbine
generator without Intermediate boilers. Condensed steam
Is returned from the turbine main condenser directly to the
heat transport system. The circuit is very similar to that
of the Gentilly-1 prototype, but with three differences.

2.1 Steam Pressure
Studies showed advantages to Increasing -the TSV(turbine

stop valve) steam pressure above the Gentilly-1 level of
51.7 bars (750 psia). Based on economic optimization work,
a value of 66.5 bars (965 psia) was selected for the design.
TSV steam conditions and turbo-generator design are very
similar to those used in current large US BWR stations.

2.2 Primary Circuit Subdivision

To limit the consequences of, and the reactivity per-
turbation associated with, failure of a large primary cir-
cuit pipe, during operation, the heat transport system is
subdivided into two separate loops, as in Gentilly-1. How-
ever, in addition, two inlet headers per loop combined with
an interlaced feeder arrangement are provided so that only
one quarter of the reactor fuel channélj-(evenly distributed)
void rapidly, as a result of this failure. Subsequently,
the remaining fuel channels in the ruptured loop void, but
with little contribution to the short-term reactivity
transient.

2.3 Flow Control

Unlike Gentilly-1, where féedwater from the turbine
system is directed tp the steam drum and the primary coolant
flow Is controlled by means of control valves, the more
easily controlled CANUtJ-BLW(PB) (see Section 6) permits a
dcjsign without flow control of the recirculating,coolant.
Feedwater is pumped to the inlet headers directly» thus
reducing the recirculating pump duty.

3.0 REACTOR-AND REACTOR BUILDING

A cutaway view of the reactor building 1s shown in
Figure 2. Both the layout of the equipment and the contain-
ment structure are very similar to Gentilly-1. The vertical
orientation of the reactor and fuel channels'has been retained
together with the features of bottom access for refuelling
and top and side access for reactivity mechanisms. The
reactor is centrally-located in the containment building
with the steam drums and reactivity mechanism deck located
above the core, and the primary coolant pumps, inlet headers
and refuelling machine located below.

3.1 Shutdown Systems
Two Independent shutdown systems, each with the capa-

bility of shutting down the reactor rapidly, are provided.
The orientation of one system 1s perpendicular to the other
to provide the necessary physical separation. Prevention
of common mode failure of both systems 1s assured by pro-
viding two functionally and geometrically independent
systems.
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Functional Independence 1s achieved by using two dif-
ferent shutdown principles:
1) vertical spring-assisted gravity shutoff rods, Identical

to current PHW designs,
2) horizontal liquid poison In tubes, similar in principle

to systems under consideration for the CANDU-PHW.

4.0 CORE AND THERMAL-HYDRAULIC DESIGN

Some details of the core design are given in Table 1»
together with comparable data for the Gent111y--.lt Fugen
(Reference 5) and Commercial SGHWR (Reference 6) designs.
Compared with the natural-fuel Gentilly-1 core design, the
use of plutonium enrichment has allowed two major changes
to be made.
1) Reduction in lattice pitch from 27.9 to 22.9 cms.
11} Further subdivision of the fuel (from 18 to 36 elements/

bundle) together with a 70% increase in average channel
power output.

These changes result in increased core power density and
reduced heavy water inventory requirements» which are then
reflected in reduced capital costs. The pitch was chosen
on the basis of economic» reactor control and feasibility
studies. The value is such that an acceptable degree of
undermoderation is obtained and an adequate channel to
channel separation is maintained for core engineering design
purposes. Similar studies were done to select key fuel
bundle parameters (i.e. degree of subdivision, coolant/fuel
volume ratio) with heat transfer considerations (particularly
provision of an adequate margin to boiling heat transfer
"dryout" during normal operation), and limits on maximum fuel
temperature being key constraints. The data 1ft Table 1 shows
that, in the two key parameters which determine reactor
physics behaviour, i.e. coolant/fuel and Moderator/fuel
volume ratio, CANDU-BLW(PB) is much closer to the SGHWR and
Fugen designs than Gentilly-1. In pressure tii'be diameter,
however, there 1s variation over the range 10.36 - 13.0 cms.
•Studios to investigate this matter, indicate th.it variation
of pressure tube cliainter over tiif range hd:. l i t t l e influence
on overall rtsictor economics and the chouo will be dictated
by other considerations. Obviously, in the case» of CANDU •
BlWU'li), expérience wilh 10.36 cut 1.». tubes in both Gr-nt1l!>
-1 and CANDU I'llW reactors was the determining factor.

5• ° DJEkĴ IM3£rP!IJ. ING J5 CI ITMf

The fuel for the CAtiDU-BLH(PH) reactor is « uniform1 mixture of plutonium and natural uranium o>ides, with the
plutonium constituting 0.8% by wt of the heavy element
mixture. The alternative approach of using plutoniumMspil,ts" i.e. confining the plutonium to a fra'iion of the
core channels, the rest being fuull.ru w i t h natural uranium
bundles, was studied firu' rejects! fo» « nuMhpr of reasons
including degiodation of the neutron economy, chdnntl-to-
clie1 tine 1 power mismatch c»nd the IK i <»c.f.it'y of desïijrmig two
different fuel bundles, for spike «nd natural fuel.
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The bundle design retains the concept of the short
bundle (-50 em long) even though the refuelling scheme would
allow use of longer bundles or even one full-length bundlo
per channel. The short bundle concept was retained to build
upon existing technology and, as described later» to provide
potential flexibility in the refuelling scheme.

The CANDU-BLW(PB) 36-element bundle is very similar in
design to the 37-element bundle designed for use in the
BRUCE CANDU-PHW reactor» (the major change being the
elimination of the central fuel pin to allow space for a
central tie-tube). Further, the modest burn-up target
(15,000 MWd/te HE average) together with the fuel burn-up
characteristics are such that no modification to the fuel
pin internal design is required, i.e. the fuel pin and bundle
to be used for enriched fuel show very little change from
those designed for use with natural fuel in current CANDU-PHW
reactors.

The concept of on-load refuelling was also retained,
because of the good experience obtained from operating CANDI)
reactors and the improved neutron economy and lower fuel cycle
costs. The refuelling scheme is complete replacement of all
the fuel in a channel by new fuel, at each fuelling machine
visit. This contrasts with the Gentilly-1 scheme* which is
part-channel fuel replacement together with bundle axial
shuffling. Complete replacement has the disadvantage of
producing larger channel power peaking factors and poorer
neutron economy but this is off-set by a lower rate of fuelling
machine usage and operating costs. Retention of the short
bundle feature allows a change, to a part-channel replacement
scheme wl'th axial shuffling, should operating experience prove
this to be a more economical mode of refuelling.

6.0 REACTOR CONTROL. XENON OVERRIDE AND LOAD-FOLLOWING

The combined use of fuel enrichment and undermoderation
of the CANDU-BLW(PB) core will remove the control difficulties
experienced with the natural-fuelled Gentilly-1 reactor. The
Gentilly-1 difficulties were almost wholly the result of the
large positive value of the operating void reactivity coef-
ficient (-100 mkg-lcm3). The CANDU-BLW(PB) operating void
coefficient is still positive but a factor of -6 smaller.
The fuel temperature reactivity coefficient is also more
strongly negative (-1 x 10-2mk °C-1), and the resultant bulk
power coefficient is both small and negative (-0.045 mk/%
increase in power).

Reactivity for xenon override and .load-following purposes
1s provided by the withdrawal of vertical absorber rods, which
are arranged in a regular array covering 40% of the "central"
core area. These rods are fully Inserted during normal full-
power operation and have a second role of "flattening" the
gross radial macroscopic power shape. The absorber rods
control sufficient reactivity to allow the possibility of
regular daily load-cycling between 50% and 100% of full power,
and >1 hour restart time before poison-out after shutdown
from full-power.
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7.0 FUEL CYCLE

Details of a typical plutonium fuel cycle for CANDU-
BLW(PB) are given in Table 2. There are three major dif-
ferences from plutonium-uranium fuel cycles proposed for
other reactor systems (Reference 7).
1) The burn-up target of 15,000 MWd/te HE is relatively

low and is a modest extrapolation of fuel experience
obtained from natural-fuelled CANDU reactors.

ii) The plutonium concentration in the fresh fuel is lower.
This has advantages in fuet fabrication operations,
since the gamma and neutron fields are also correspon-
dingly lower.

iii) U235-va1ues in the spent fuel are at or below uranium
enrichment facility "tails" enrichment levels.
Consequently, considerable simplification in the design
and opération of the reprocessing facility could be
made, since there is no economic incentive to separate
a pure uranium fraction to recover fissile-values.
The fuel cycle, illustrated in Table 2, is not "self-

sufficient" i.e. as much fissile plutonium in spent fuel
as in fresh fuel. This cycle is optimum for Canadian con-
ditions where a large "stock-pile", of plutonium in spout
fuel, will be generated by the operation of CANDU reactors
operating on the natural uranium cycle. However, the
reactor is capable of using olUer plutonium-natural uranium
mixtures and u lower-enrichment self-sufficient cycle (burn-
up -12000 MUd/te Ht!, -0.4B wt% fissile plutonium is, also
feasible and economically viable.

Table 2 also gives fuel cycle parameters for a conventional
U235-enriched fuel. Studies have shown the reactor could
also operate on this fuel cycle without any modification to
either reector or fuel design. The neulion-economical nature
of the CANDU-BLH(PB) is demonstrated by the vtry modest enrich-
ment level required to obtain a viable fuel cycle. Studies
are also in progress to assess the feasibility and viability
of operating the reactor using tl.e 1horiurn-U233 fuel cycle.

8.0 SUMMARY

The design study on the CANOU-BLH(PB) reactor has led
to these general conclusions:

I) Using enrichment, it is possible to design both a CANOU
reactor and fuel which offers a significant reduction
in capital costs over existing designs, and which
requires only a very modest extrapolation of CANDU
experience and current technology.

II) These changes can be made without losing the neutron-
economical nature of the CANDU concept. Enrichment
levels are low compared to other systems and the fuel
burn-up required for economic viability is correspondly
low. Efficient use is made of the U235 content of
natural uranium, which is burnt down to a level cor-
responding to enrichment plant "tails" enrichment.
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111) Although the option of operating on a natural uranium
cycle has been lost, the reactor can operate on either
Pu-recycle or U235 enriched fuel cycles and offers the
potentiality of the Thor1um-U?33 cycle.
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TABLE 1

COMPARISON OF CANDU-BLM(PB) REFERENCE DESIGN HITH OTHERS

REACTOR

Net Output (MWe)
Reactor
Pressure tube I.D. (cm)
Square pitch (cm)
Active fuel length (cm)
No. of channels
D20 Inventory (tonnes/MWe)
Coolant and Heat Rénovai
Av. channel power (MHt)
Av. channel outlet quality (wt%)
Av. fuel rating (MW/te U+Pu)
Steam pressure at TSV (bars)
Coolant pressure at channel outlet (bars)
Av. core power density (kUe/Htre Cal.
tank)
Fuel and Fuel Cycle
Fuel
Fuel Enrichnent
Elements/bundle
Av. discharge Irradiation (MWd/te)
Type of refuelling
Channel visits/week
Reactor °hys1cs
Coolant/fuel volume ratio
Moderator/fuel volume ratio

BLW(PB)

1200

10.36
22.86
500.0
872.0
-0.25

4.2
16.5
25.7
66.5
/4.8

4.0

PuO? + Nat U02
-5.5g flss Pu/

kgU
36

15000
On-power

10 to 11

0.9
9.9

6ENTILLY-1

250

10.36
27.94
500.00
308
-0.9

2.5
16.5
12.6
51.7
63.8

1.3

Natural UÛ2
Natural U

18
7000

On-Power
4 to 5

0.55
13.8

COMMERCIAL
SGHWR

625

13.0
26.0
358.1
510
-0.2

3.6
-12.0
18.9
62.1
68.9

•
3.7

UOa
2.1% U235 enr.

36
21000

Off-load
--

1.0
6.9

FUGEN

165

11.78
24.0
370.0
224
-0,5

2,4
-11.0
15.5
63.7
70.0

2.1

Pu02 + Nat U02
~4g fiss Pu/kgU

28
10 - 12000

On-power
2 to 3

1.1
8.0

to



TABLE 2

FUEL CYCLE PARAMETERS

FUEL
PuOg and Natural

UOg
U235 Enriched U02

Enrichment 0.82 wt% Pu In U + 1.2 wt% U235
Pu mixture (equivalent
to 0.55 wt% fissile Pu)

Average discharge burn-up
(MUd/te HE) 15,000 15,000

Fissile plutonium In spent
fuel (g/kg U) 4.8 3.6

U235 content of spent fuel 0.22 wt % 0.26 wt %

Note 1: The plutonium Is assumed to have a nominal composition of
60% Pu239, 30% Pu240, 7% Pu241, 3% Pu242, which Is typical
of that recovered from spent CANDU natural fuel.
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Non-destructive Gac..iia-ray Spectrometry

on Irradiated Mixed Oxide Fuel Rods

H. Tsuruta, S. Matsuura, T. Suzaki

Japan Atomic Energy Research Institute

and

R. Yumoto

Power Reactor and Nuclear Fuel

Development Corporation

Abstract

The distributions of fission products in irradiated

-U02 fuel rods has been measured by gamma scanning with

a Ge(Li) detector system. The ratio of fission products

Cs/ Cs wits used as a burnup monitor, and the spatial

distribution of burnup in fuel assemblies» were successfully

measured. The ratio Ru/ Cs was shown to be a good

indicator of Pu enrichment in a PuO-UO^ fuel.

1. InlroxIiicLi on

Dote) iniruiL ion of burnup distribution in a reactor is ont.

of the most .Important subjects to uncU-rstaml the reactor char-

acteristics and to optimize the fuel cycle::. Non-destructive

gamma-ray spectrometry is considi rod a.-: tht most prominent

method at prsent for the measure menl of sp/sLia) 1>iirtiup dis-

tribution. Using n high-i evolution «Ift^rcLoi MH 1» as <t Ce(LJ),

this lechnic has been successfully appJinl for the irrtKli«ted

U02 f«H<'><2><3).

In spite of increashig of aclivilit;. .uxl interest for the

utilixat ion of plutonium in thermaJ tcattor«>, the works on the
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gamma-ray spectrometry are still sparse for irradiated

UÛ2 fuels. While the yields of fission products are similar
235 239for A*'-'U and Pu, plutonium fissioning produces a slight

shift to the heavier side in the yield profile on nuclides.

As a consequence, there is a substantial increase in the yields

of ruthenium (A«=101) and palladium (A-106). This changes will

cause some differences on the gamma-ray spectrometry for 1302

and PuO^-UCK fuels.

Non-destructive gamma-ray spectrometry has being carried

out to obtain information on the differences between irradiated

U(>2 and FuĈ -UĈ  fuels, besides to prepare a experimental tech-

nic for the future burnup test^ ' of PuO^-UOj assemblies in the

Japan Atomic Energy Research Institute (JAERI).

This article deals with the preriminnry results of the

measurements on the PuO«-UO« ftipl rods of fhr» asspmblies TPA-
£• £m

159 and TFA-160 which \vere iiradiated in the Haldon Boiling
Heavy Water Reactor (HBWR). The irradiation was carried out

as a joint research program between JAERI and the Power Reactor

and Nuclear Fuel Development Corporation (PNC) with the parti-
cipation in the OECD Halden Reactor Project'5 ^6'.

II. Experimental

1. Fuel and irradiation
The fuel assemblies were composed of nine fuel rods in

3x3 square lattice array. The outline of both assemblies is

shown in Table 1. The Pu enrichment was 2.5 w/o PuĈ  for

IFA-159 and 3.1 w/o for IFA-160.

The IFA-159 assembly was initially loaded at 4-15 position

of HBWR on Junf, 1968, then shifted to 2-0 position on June,

1969, and unloaded ou March, 1970. The IFA-160 assembly was
irradiated at 4-4 position from March, 1969 to March, 1970.
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The core loading pattern on June, 1968 is shown in Fig. 1. The

average burnups were 9420 and 5340 MWd/ton oxide for IFÂ-159

and IFA-160* ', respectively. The estimated maximum center

temperatures were 1500 *C for IFA-159 and 1650̂ 3 for IFA-160.

2. Gamma-ray spectrometry

The measurement of gamma-ray spectrum was carried out

using a gamma scanning facility installed in the fuel storage

pool at JAERI. The facility consisted of a collimater set,

a fuel guide, and a gamma-ray spectrometer.

A fuel rod was held vertically on a lift and driven along

the guide fixed on the pool wall. The driven length was deter-
mined within 1 mm precision. The gamma-ray was collimated by
a beam guide which was a stainless steel tube, 20 mm in inner

diameter and 5750 mm in length. The beam guide penetrated

obliquely the ground from the floor to the pool wall. The space

outside the beam guide was filled with water to shield gamma-

rays.
o

A planer-type Ge(Li) detector of 5.6 cm in active volume

was used. Pulses from the detector were fed to a 2048 channel

pulse height analyzer. Energy resolution of the counting system
1 37was 3.4 keV in FWHM for the 662 keV gamma-ray from ° Cs.

The number of th" fuel rods for the measurement were 13,

and 10 positions on each rod were selected for counting. The

position on the fuel rod was indicated with the distance from

the lower end of Î -̂UO» fuel region. Counting times were

40,000 sec for the position 662 mm and 4,000 sec for other

positions.

The measured energy of gamma-rays were ranged from 200
o

to 2200 keV. The gross count rate was less than 1x10 cps,

and the counting loss and spectrum distortion was negligible.

In the background spectrum, photopeaks of Co were clearly
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observed and others could be neglected. The computer code
BOB- 73 ' ' was used for the analysis of the spectrum. Count

rate of each nuclide was normalized to the value on Janualy

1, 1974.

III. Results and discussions

A typical gamma-ray spectrum after about 4 years cooling

is shown in Figs. 2 and 3. Photopeaks of several nuclide*,
such as l°6Ru-10foRh, l3*Cs, 137Cs, ̂ Ce-̂ Pr, l!*Eu, and
l' Co, were identified. Figures 4 and 5 show vertical

distributions of the fission products in IFA-159 and IFA-160.

The statistical errors were 0.7, 0.1, 1.5, and 5% for

photopeaks of the 106Ru(622 keV), 137Cs(662 keV), 134Cs(796+

802 keV), and 154Eu(1275 keV), respectively.

Migration of cesium was neglected in this experiment,
1 O /

since any anomaly in the vertical distributions of Cs and

Cs Wfis not observed Jn comparison with those of other fission

product s.

The activity ratio of fission products, 134Cs/ Cs was

correlated with the intensity of l3 Cs. The nuclide l34Cs is
133produced by n utron capture of Cs which is a direct product

of fission as well as 137Cs and 10feRu. The results on the both

rt-^i'mhliis arc? plotted on Fi&. i>. For each assembly, a linear

relation was obtained on both logarithmic scales with a slope

which was close 1.0. The data relating to IFA-159 and IFA-160,

however, showed a slightly different trend. This might be the
result due to the movement of IFA-159 to the nearer position

to the center of the core. The effects of the spatial varia-
/o\

tiou of neutron spectrum as seen in the case of a BWR

were not observed in the data of both assemblies. The hori-
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/ont «l burnup distributions at vertical height 662 mm are shown

in Fig. 7 with a measure of 13ZfCs/137Cs. The distribution in

IFA-159 and IFA-160 are almost flat and the values of the former

assembly are about twice of those of the latter. Thé vertical

distributions are also shown in Fig. 8.

Tht? fission product Ku is of f«. •"<'«*• intt rosi. yince H
2}') 235has a much larger yield for fission of Pu thnn of J U,

while the yields of the other fjs.s.ion products C& and C$,

show only slight differences. Hence, the enhancement. of the

Ru activity relative to the other libsion products should

be a measure of the relative number of fissions which have
,

occured in U to that in Pu, respectively. In other words»

the 'RU should be a measure of the Pu cm ichment in PuO.-UOo

fuel.

The ratios of activities of 10(>Ru to J 37Cs are plollcd

in Fig. 9 against vertical height. The distribution in the

assemblies are tabulated in Table 2. As both nuclides are direct

products of fission, the contribution of the burnup is cancelled

out in the ratio and its value increases with the fission of Pu.

The distribution of the Ru/lj Cs was almost constant along

the fuel rod of both IFA-159 and IFA-J60. The value of IFA-160

was 1.3 times greater than the IFA-159 and this factor corre-

sponded to the ratio of the Pu enrichments by chance. However,

as the half- life of Ru is 365 day and not long enough rel-

ative to the irradiation time, the correction 'of the decay

during the irradiation must be applied for the intensity of

Ru to compare 100Ru/l37Cs with Pu enrichmpnt. For this pur-

pose, the precise information is reqund on the neutron flux

level and irradiation history of the assembly during irradia-

tion.
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In principle, the 106Ru/337Cs ratio in the Pu02-U02 fuel

increases rapidly with the Pu enrirJiment «nd approaches
asymptotically to the constant value, as shown in Fig. 10.
This characteristics may be applied to distinguish the Pu

enrichment in Pu02-U02 fuel, especially in low enriched

Pu02-U02 fuel. In the case of uranium fuel, the 106Ru also

increased with burnup and the ratio Ru/137Cs varied along
/g\

the axis of a fuel rodv ' in contrast to the distribution in

the PuO2-U02 fuel rod. This fact may be applied to distinguish

whether the fuel is U02 or Pu02-U02.

IV. Conclusion

The non-destructive gamma-ray spectrometry was carried

out on the Pu02-U02 fuel rods irradiated in HBWR using the

gamma scanning facility. Correlation between the intensity

ratio of the neutron capture product to the direct fission

product and the burnup was examined and the ratio was shown

to be a good measure of the burnup of the Pu02-U02 fuel.

Althogh, in a boiling light-water reacter, the change of neutron

flux distribution and the spatial variation of neutron spectrum

affected considerably the Cs/ Cs ratio, in the boiling

heavy-water reactor, those phenomena were not recognized.

From these facts, it should be noticed that the characteristics

corresponding to the reactor type is an important factor in

appling a fission product ratio to the burnup evaluation.

Among fission products in Pu02~U02 fuel, Ru is a dis-

tinguishable nucleide. The ratio of 106Ru/137Cs in Pu02-U02
fuel varies with the Pu enrichment and its distribution in a

reactor is almost flat different from the case of the U02 fuel.
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These characteristics may be applied to the determination of

the Pu enrichment in the PuOj-UOj fuel and to the identifica-

tion of the fuel material whether the fuel was UO^ or PuO^-

uo2.
A more detail experimental work will be made on the bases

of the present results in near future.
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Table 1. Specifications for fuel rod and assembly.

1. Fuel

Material
Type
Enr i chment , Pu02

U
Pu composition %
Pu- 239
Pu- 240
Pu -241
Pu-?^
D< isity
Diameter
Active length

2. Cladding

Material
Inner diameter
Wall thickness

3. Assembly
Number of rods
per assembly
Configuration
Pitch

IFA-160

Pu02-U02
Sol -gel vipac
3.13 w/o
Nat.U

90.498
8.513
0.942
i,.'.47
85% T.D.
10.83 mm
1400 mm

Zircaloy-2
10.83 mm
0.70 mm

9

Square
16.4 mm

IFA-159

MB pellet
2.5 w/o
Nat.U

91.30
7.884
0.780
0.035
94% T.D.
10.0 mm
1400 mm

Zircaloy-2
10.2 mm
0.76 mm

<,
Square
16. 4 wn
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Table 2. Activity ratio of l6°Ru(622 UV)/137C*(6&2 1«>V)

on horizontal plane at the height of 662 mm.

3:FA~lr>9

No

12
14
15
16
17
18
19

Ru/Cs

0.099
0.097
0.101
0,100
0.090
0.100
0.104

1FA-160

No

20
21
22
23
26
2 M

Ru/Cs

0.133
0.127
0.131
0.130
0.120
0.129
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Core loading : June 1968.

Fuel assembly
Control rod
Sample coupon
Neutron detector rig

® IFA-159
B) IFA-160

from June 1969
from March 1969

Fig. 1. Loading positions of test assemblies in HBWR
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Fig. 4. Vertical activity distributions of 106Ru(622 keV),
137Cs(662 keV),134Cs(796+802 keV), and 154Eu(1275 keV)
in the fuel rod No. 16 of IFA-159.
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Vertical activity distributions of 10bRu(622 keV),
137Cs(662 keV), 134Cs(796+«02 keV), and l54Eu(1275 keV)

in the fuel rod No. 28 of IFA-lbO.
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Fig. 7. Horizontal burnup distributions by
134Cs(796+802 keV)/137Cs(662 keV) at vertical

position 662 mm in assemblies.
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Pu-239 fission / U-235 fission in fuel

Fig. 10. Increasing trend of the ratio of 106Ru/137Cs

activities with the ratio of 239Pu/235U fissions.

Decaying effect of the nuclides is not taken into

account of the activity ratio.
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URANIUM-PLUTONIUM MIXED-OXIDE FUEL FABRICATION

FOR THE DEUTERIUM CRITICAL ASSEMBLY "DCA" IN JAPAN

H, AKUTSU, T. MUTOH, K. KAWASHIMA, K. NARUKI

Tokai Works,

Power Reactor and Nuclear Fuel Development Corporation,

Ibaraki-ken, Japan

Abstract

The construction of the prototype heavy water reactor "FUGEN"

is currently progressing on the schedule to be critical in 1976.

Prior to this reactor operation, the recctor physics examination

are earring out with the Deuterium Critical Assembly "DCA" since

1973. A new facility, the Plutonium Fuel Fabrication Fac'ility

(PFFF) of PNC which is mainly devoted to mass-production, was

constructed to meet the plutonium fuel fabrication requirement

for PNC's FBR and ATR projects.

At the "ATR line" of this PFFF, the fabrication of the

plutonium fuel elements for DCA had been carried out since Mar.

1Ç72, and 92 fuel assemblies with the total mixed-oxide amounting

to as much as 10 tons were completed in Feb. 197̂ *

It was the first experience in Japan that, such a large

amounts of mixed-oxide was fabricated as the fuel assemblies

composed of three kinds of fuel rods according to both the

isotopic character and the plutonium enrichment, totaling about

2600 fuel rods.

This fabrication program completed on the schedule demon-

strating the designed capacity of the facility and gave us much

information and experiences concerning the production technology

of mixed-oxide fuel, which form the solid base to the next
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program of the production of about 18 tons of mixed-oxide fuel

as 100 assemblies for the prototype roactor "FUGEN".

The experiences and some informations obtained during the

production works for DCA fuel fabrication are described in this

report.

1. Introduction

The Power Reactor and Nuclear Fuel Development Corporation

(PNC) is constructing a prototype "eavy water reactor, named

"FUGEN". One of the features of this reactor is on applicability

of a "Plutonium Self-Sustaining Cycle", in which natural uranium

enriched with plutonium (recovered from its own spent fuel) is

to be fueled. Use of plutonium not only gives relief to an

enriched uranium burden in a fuel material, but also lessens

the problem caused by the positive void coefficient in reactor

operation. Thus, since plutonium plays an important role in

this type of the reactor, especially from the view point of

reactor safety and its economy, many development works are being

performed on the reactor physics with a "Deuterium Critical

Assembly (DCA)".

For this DCA works, about 10 tons of mixed-oxide fuels were

frbricated at the ATR line of the Plutonium Fuel Fabrication

Facility of Tokai Works, PNC* in the period from Mar. 1972

through Feb. 197̂ • It was the first experience in Japan that

such an amount of mixed-oxide fuel had been produced. Thus,

this fabrication work gave us great experience and information

concerning the production of mixed-oxide fuel, which lead us

to form the confidence for the production of about 18 tons of

mixed-fuels for "FUGEN". This paper describes the outline of

works for DCA fuel fabrication.
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2. Configuration and. Specification of DCA Fuel

Fig. 1 shows the design of tJ e fuel assembly. Twenty-

eight fuel rods are assembled in cluster to form the inner layer

of four rods, the middle layer of eight rods and the outer layer

of sixteeii-rods, and are secured with both the upper and the

lower tie-plates. The fuel rod is about 2.1 meter long and

employs a zircalloy-2 cladding tube, in which mixed-oxide pellets

of Ik.8 mm diameter and 20 mm length are loaded to form the

stack of 2OOO nan length (Fig. 2). Three kinds of fuel rods are

required to complete an assembly; twenty-three F-type rods (for

Free standing), four T-type rods (for Tying) and one S-type rod

(for Shielding). These free kinds of fuel rods are differen-

tiated with the shape of end plugs of rods as shown in Fig. 2.

For special assemblies, two D-type rods (Divided rods) were used

in place of standard length rods (undivided rods).

The DCA fuel assemblies are grouped into three kinds (5S,

8S and 8R) according to both the isotopic character and the

content of plutonium used for mixed-oxide pellets. In total,

thirty-eight assemblies of DC 5S type, twenty-seven assemblies

of DC 8S type and twenty-seven assemblies of DC 8R type were

fabricated as shown in Table 1.

Table 1 also shows the production schedule for the DCA fuel.

The characteristics of plutonium used is shown in Table 2.

Specifications for both pellet end rods are shown in Table

3 and Table k respectively. The shape of pellets is cylindrical,

and the specifications for some factors are not so strict as

that of fuel rods for a power reactor.
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Table 3 Specification of Mixed-oxide Pellets for OCA

1.

2.

3.

k.

5.

6.

7.

Pu content

Content of
impurities

0/M ratio

(Pu+u) content

Density

Dimension

Defect

0.5̂ ")" 0.03 w/o
0.87± 0.03 w/o Pu

E.B.C.; less than 2.

Al < 500 ppm Ni
Cr < 1OO V
Mo < 200 Cd
Sn < 10 Mn
B < 1.5 Si
Pe < 500 Zn

2.00 i O.O3

Measured value

10.25 i: 0.20 g/cc

Diameter : 1*1.8 + ^

height : 2O mm

As regulated in ASTM
Grade KA-1

PuO2
02 «- U02 X i0°

35 ppm
< 300 PP»
<10
< l.O
<20
<500
<50

\l nun

B353-64T

3. Production of Pellets

Pig. 3 shows the- production process of mixed-oxide pellet.

The production process features two step blending of plutonium

dioxide powder and natural uranium powder, which ensures the

macroscopic homogeneity of plutonium distribution in the mixed-

oxide powder of low plutonium content. At the first step, 15 kg

of 15ŵ  PuO«-85w/k UO mixed-oxide powder was compounded by ball-

milling, and then this powder lot was diluted into the mixed-

oxide powder of low plutonium content by addition of natural

uranium dioxide powder. The diluted mixed-oxide powder (2? kg

in weight) was agitated for 15 mm.in "Vl-blender" and then ball-
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Table k Specifications of Fuel Rod for DCA

l) Appearance of
welded part

2) X-ray radiograph
of welded part

3) Dimension

4) He leakage

5) Surface
contamination

6) Surface condition
of rod

(p under cutting; less than 0.06 nun
(§) weld diameter; less than 0.08 mm

increment from clad diameter
(̂) colouring; faint red and brown is

allowed

@ porosity, inclusion; less than
0.5 nun 0

(2) penetration; more than wall
thickness

@ thinning of wall; less than O.lemm

As indicated in Fig. 2

—8less than 10"" STD cc/sec.

loose contamination; less than
o

10 dpm/dm

fixed contamination; less than
60O dpm/dm"

no harmful defects

milled for 4 hours in the large rubber-lined pot (60 liter in

capacity) to attain uniform plutonium distribution.

Granulation of the mixed-oxide powder was mostly done by a

wet process, in which the powder was granulated with the HPC

(KyUoxy-Propyl Cellulose) organic binder added as water solution

into the powder being agitated in a kneading machine. Size and

strength of the granules were some-what controlled by varying

both agitating time and the amount of HPC binder. In the Ir.ter

period of the production, the ordinary dry granulation process and

even the non-granulation process were successfully applied in 3 lots

and 18 lots production respectively. The granulated powder was
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Granulation

Screening

Drying

Mixing

Pelletizing

Dewaxing

Sintering

I
» Sizing

Centerless grinding

.Density measurement

•** W^v>4

L
Defect check

Ball-milling^-^
Veil

(Rejected Pellets)

I
[Dry recovery procèss{

Chemical analysis & a -Autoradiograph ——«-(Rejected Pellets)

t
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Fig. 3 Flowsheet of Pellet Preparation Process
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screened to minus 14 mesh and dried under nitrogen gas stream.

Then an organic Itibricant ̂ 'Stereotex1') by 0.3 to 0.5 percent in

weight was mixed with the dried granular powder by dry-blending.

Pelletizing of the powder was conducted with a mechanical press
o

at the pressure of 2.5 to 3.5 ton/cm . Dewaxing and sintering

of the pellets were done in 2? kg batch size with the respective

furnaces of cylindrical muffle type under the flowing mixed gas

(5$H2-95/SN2). "While dewaxing was done by heating pellets at

8OO°C for two hours, sintering condition wt.s varied between

leOO C and 1700 C in the highest sintering temperature, and also

between 2 hrs and 3 hrs in keeping time at the highest sintering

temperature. Then, every sintered pellets went through a pellet

size selector, and the pellets with large diameter were proceeded

to a centerless grinder in order to adjust their diameter.

However, in the later period of the production, we could omit

the centerless grinding step since technical improvement made

possible the control of the diameter in as-sintered pellets.

Density of sintered pellets was measured by geometric method.

Distribution of the densities for every production lot was

evaluated following the sampling inspection designated in JIS-

Z-9003» By this inspection, 60 pellets were taken at random

from about 800 pellets of one sintering lot. Inspection of all

pellet of one sintering lot was applied to the lots rejected by

sampling inspection.

Followings are primary information regarding the properties

of mixed-oxide pellets for DCA.

(i) Plutonium content was controlled within 0.02$ in absolute

value. Pig. k shows PuO« content in some production lots of

DC 8R series.
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(ii) Sizes of* plutonium spots observed by a -autoradiograph

were less than 300 jam and distributed mostly between 20 pm and

200n m.

(iii) To the total 9660 kg pellet produced in kj2 lots,

sintered pellet densities were controlled with the standard
o n

deviation of O.O6 g/cm in each sintering lot and of O.07 g/cm

in whole sintered pellets. Pig. 5-1 and Pig, 5-2 show respec-

tively the distribution of densities and diameter of as-sintered

pellets in DCA 8R series pellets, which is expressed by number of

lots vis average pellet density calculated for 60 sample pellets.

Pig. 6 shows the density variation for some production lots in

DC 8R series, in which dry granulation or nongranulation processes

were applied. Rather high pellet densities were obtained by these

processes.

(iv) Concerning the impurity content of pellets, metallic

irapurities are as described below except two rejected sintering

lots which showed high Mo content due to oxidation of molybdenum

boat by air contaminated Np-HL gas.

Al B Cd Cr Pe Mn Ni Si V Zn Mo Sn

Spec.(ppm) 500 1.5 1.0 100 500 20 300 50O 10 50 200 1O

Observed^ <25 <Q 3 ̂  Q <1Q <1/|Q <6 <1Q <kQQ ̂  <5Q <?5 <1Q

Relatively high silicon content was caused by the silicon-rubber

1inning of the ball mill vessel. Fig. 7 shows the impurity

content by equivalent boron content of DC 8R series pellets,

in which the equivalent boron content was calculated to the

metallic impurities mentioned above.
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4. Reprocessing of Reject Pellets

In the course of the production, the pellets rejected due

to some defects other than metallic impurity content were re-

processed through a continuous oxidation-reduction process, and

the recovered powder was recycled to the pellet production

process. Fig* 8 shows schematically the structure of the equip-
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Fig. 8 Schematic Diagram of Dry Recovery Process Equipment

ment for the process. This equipment consists of two rotary

kilns for both oxidation and reduction, a pellet feeding

mechanism, and a powder recycling and out-let mechanism.

Rotation speed of these kilns is controllable at one to seven

minutes per one rotation, which corresponds to thirty minutes to

four hours holding of the powder in the kiln. The powder out-

let mechanism is preventive to air-oxidation of the powder by

cooling it on a water cooled screw conveyer. The material out

of the oxidation kiln flows on an eight mesh screen, and

unpulverized pellets of plus eight mesh are removed to recycle

as feed material to the oxidation kiln. The counter currents of

air and mixed gas (5$H_-955EN2) are forced through the respective

kiln for oxidation and reduction. Usually, the rejected pellets

were treated at 650°C for two hours for oxidation and at 850°C

for two hours for reduction, and this oxidation-reduction cycle

was repeated twice. The characteristics of the recovered mixed-
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oxide powder were as described below, and the recovered powder

was blended with virgin Pu02 and UO_ powder upto 15w/o of whole

powder in a starting mixed-oxide powder of the pellet production,

0/M ratio : 2.10~ 2.05
2

Specific surface area (m /g) : 0.7~ 0,9

Apparent density (g/cc) : 1.9~ 2.4 (
3.2~ 3.7 ( tapped)

5. Fabrication of Fuel Rod

The fabrication process of fuel rods is shown in Fig. 9»

The processes marked with asterisk in this flow sheet were

performed in the glove box. Cladding tubes with the lower

endplugs welded, upper endplugs and plenum springs were supplied

by a subcontractor. Tools and equipment were designed and

installed in order to improve both efficiency and safety of the

work, and to prevent high radiation exposure of the operator.

The equipment for pellet loading into the cladding tube

consists of pellets arrangement mechanisu, pellets stack measur-

ing mechanism and pellets loading mechanism. These mechanisms

are performed automatically and the operation is proceeded in

sequence. Fig. 10 shows the equipment installed in the glove-

box. Fig. 11 shows the end of a cladding tube attached with an

"open end mask" fixed by "tubulous polyethylene film11. This

mask was devised to protect the end surface of the cladding tube

from considerable plutonium contamination due to touching the

end surface with pellets. After pellet loading, the loaded fuel

tubes (fuel rods) were transported to the open hood box to do

decontamination of the open tube end. In the decontamination

work, the open end mask above mentioned is removed out and a

substitute endplug is inserted after decontamination as shown

in Fig. 12. This substitute endplug prevents the pellets and
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small plutonium particles from falling out of the fuel rod and

from re-contaminating the open tube end. Thus, by using both

the open end mask and the substitute endplu^s, fixed contamina-

tion at the welded part of the fuel rods was controlled at less

than 3O dpm. For the welding of the upper end plug, fifteen

fuel rods attached with substitute end plugs were loaded into

the welding chamber at the same time as a batch operation, and

the chamber atmosphere was refilled by helium gas after vacuum

degassing. The endplug was welded one by one to fuel rod by

TIG method after removal of the sabstitute endplug,

insertion of a plenum spring and a upper end plug. Welding

conditions such as rotation speed of rod, welding time and

electric current were controlled by the mechanism of the welder.

The typical welding conditions applied are as follows.

Rotation speed : 6 r.p.m.,

Electric current : '*5 ampere (15 sec.) - 70 ampere (2O sec.)

Concerning the defects occurred in the weld part such as porosity

and cracks, following informations wore obtained.

(1) Occurrence of defects were affected by the grade of contact

between endplug ar;d tube end, heat generation rate, and setting

of chill block.

(2) Purity of helium atmosphere*is of little significance as

a cause of defects. (*alittle contamination by oxygen)

After welding of upper endplug, the fuel rods were inspected

for contamination, helium leakage rate, defects in welded part

by X-ray radiograph, weight, length, straightness and surface

defects of cladding by vision.
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The Equipment and Glove-box
for Loading 'Pelleter into
Cladding Tube.

Zlrcoloy-2 clodding tube
Open end mask

Pellet

Fig. 1 1 Open End Mask Fixing

6. Production Facility

Array of the glove boxes for pellet preparation is shown

in Fig. 13» Each box houses the equipment for each production

step such as powder blending and sintering. Therefore» the

production is conducted in batch wise, and the product material

at each production step is transfered from a glove box (step)

261



Zlrcoloy clodding tub» Filter Substitute End plug ( Stoiolw Steel!

A Section

Lower end
plug pellet» cloddlna Sudertfute end plug

Fig. 12 Substitute End Plug

to another glove box (step») by an electric inini-cart through a

tunnel which is attached to the array of glove boxes.

Production capacity of the facility is about 5 tons of mixed-

oxide per year, which is mainly determined by the capacity of

sintering furnace, and batch size for each production step is

27 kg mixed-oxide. Arrangement of the glove boxes and other

facilities for fabrication of fuel rod and assembly is shown in

Pig. 14. Capacity of fuel roo fabrication is fifteen rods per

day for 2 m long DCA rod, wLich was mainly determined by the

capacity of pellet loading process. The fuel rods is carried

by specially designed cart from a glove box (step) to another

glove box (step).
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teo> Pellet loading to cladding tube
Decontamination of tube end
Upper endplug welding
Purifier of He gas
Dismantle of rejected rod
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7. Safety

Nuclear critical safety is secured by designating "box

fissile limit" for each glove box or fabrication step and by

the operation of "carts" for fuel material transportation by

people of material control group which is independent from

production group.

Personal radiation exposure was limited to less than 300

mrem per three menths in this project by the application of

precautionary measure such as attachment of a lead plate and a

lead glass plate on the glove box panne1 of high radiation

activity.

8. Future Work - "Fabrication of FUGEN Fuel"

With accomplissent of DCA fuel program, Tokai-works PNC

is going to undertake the fabrication of FUGEN fuel as a next

task. "FUGEN" is a prototype heavy water reactor of 165 MWe

electric power generation as mentioned before. A brief descrip-

tion of the FUGEN fuel is given here for tlie information.

Table k indicates the main specifications of the fuel. Fig. 15

shows the composition of fuel rods in the fuel assembly.

The shape of the pellet is shown in Fig. 16. Fig. 1? gives the

structure of the fuel assembly. It is very unique comparing

with PWR fuel or BWR fuel that the fuel assembly is the

cylindrical cluster of fuel rods, which is composed of 16 high

plutonium-enriched fuel rods and 22 low plutonium-enriched fuel

rods. Shape of the pellet and length of the fuel rods are very

different from those of DCA fuel. Especially that the length

of fuel rods is twice that of DCA rod requires considerable

modification to the fuel fabrication facility used for DCA fuel.
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There is a new technical problem that very narrow gap between

fuel rods (about 2 mm) is to be assured in the fuel assembly.

We are now conducting the pre-prod* tion test to overcome new

technical problems due to stricter requirement, and to establish

the technology. In total, 100 fuel assemblies for initial core

loading are to be fabricated until the fall of 1977, which is

equivalent to the production of about 17.8 tons of mixed-oxide

pellets.

Table 4 Specifications of PUGEN Fuel Assembly

(1) Mixed-oxide pellets

Material : Pu02-U02 (Natural)
Pu content : (i) O.55 w/o Pu fissile for the outer

layer fuel rods
(ii) 0.80 w/o Pu fissile for the inner

layer fuel rods
Density : 95.0 % T.D.
Diameter : 14.40 mm
Hight : 18 mm
Shape : As shown in Fig. 16.

(2) Cladding tube

Material : Zircalloy-2
Inner diameter : 14.70 mm
Outer diameter : 16.46 mm
Thickness : 0.80 mm

(3) Fuel rod

Outer diameter : 16.46 mm
Active length : 3700 mm
Plenum length : 275 mm
Plenum gas : He 1 atm
Total length : 4125 mm & 4151 mm

266



Spa cer support

Pellet

^

0

Region

High enriched

Low enriched

Pu-f is .O« content

0.80 %

O.55 %

Pu 0* content

~0995%

* 0 664%

Fig 15 Composition of Fuel Rods

2mm
O2 mm depth

0 5mm

12mm

Fig 16 Shape of Pellet

267



upper tie plate

upper end plug

upper plenum spring

Thermal insulator

«pacer

Spacer support

Fuel element

cladding tu

pellet

lower plenum spring""

lower end plug

Lower tie plate

Fig 17 Structure of The Assembly

268



CONCLUSION

Nearly 10 tons of mixed-oxide fuel in 92 fuel assemblies

for the Deuterium Critical Assembly (DCA) were successfully

produced from April 1972 through March 197̂ . This is the first

mass-production of mixed-oxide in Japan. The newly-built

Plutonium Fabrication Facility of Tokai-Vorks PNC demonstrated

its capability.

Being based on the experience and informations obtained

during DCA fuel production project, the new project for the

production of FUGEN (a prototype heavy water reactor of 165 MWe)

is designed, and the preproduction test is being conducted after

modification of facilities.
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Reactor Physics Measurements Performed

in Critical Assembly TCA at JAERI

S. Matsuura, I. Kobayashi, H. Tsuruta,
T. Suzaki, A* Ohno, K. Murakami

Japan Atomic Energy Research Institute, Tokai
and

R. Yumoto, T. Matsumoto, H. Sasajima
Power Reactor and Nuclear Fuel Development

Corporation, Tokai, Japan

Abstract

Critical experiments and analyses were carried out to obtain
information on the reactor physics properties of light water

moderated Pu02-U02 lattices in simple configurations from 1972

to 1974. The fuel material was 3.0 wt% Pu02-U02 pre-sintered
o

pellets with the density of 6.1 g/cm . The isotopic composition
of the plutonium was 68, 22, 7, and 2 wt% for 239Pu, 240Pu, 241Pu

242and Pu, respectively. Five kinds.,of square lattices were used,

and their ratios of atomic number densities of hydrogen to pluto-
nium, H/Pu were 295, 402, 494, 704 and 922. The measured items

were critical dimensions, activation traverses by gold wires,
power distributions and PeffA» The calculated results based on
the few group two dimensional diffusion scheme were correlated

with the measured results.

* This work was performed under the joint research of the Japan

Atomic Energy Research Institute and the Power Reactor and

Nuclear Fuel Development Corporation.
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1. Introduction

For these several years, a scries of critical experiment

has been carried out to investigate the reactor physics proper-

ties of mixed-oxide fuels by using a light water moderated

critical assembly, TCA. On the panel held in Vienna in 1971,

the experimental results on two regional core were reported' '.

The core consisted of a central PuĈ -UĈ  lattice, of which size

was about the same to that of a fuel assembly of BWR, and a sur-

rounding 2.6 wt% enriched U02 driver lattice^ '.

Since 1972, critical experiments have been performed on the

urdform lattices loaded entirely with mixed-oxide fuel rods.

The objectives of this work are to provide the experimental

information on the basic nuclear characteristics of the mixed-

oxide lattice", and to evaluate the accuracy of the calculât!onal

method widely used for design of light water reactors.

The isotopic composition of the plutonium xvas 68, 22, 7, and

2 wt% for 239Pu, 240Pu, 241Pu and 242Pu, respectively.

The ratios of atomic number densities of hydrogen to plutonium,

H/Pu were 295, 402, 494, 704, and 922. The measured items were,

critical core dimensions, activation distributions by gold wires,

î>ower distributions by a gamma scanning method and Peff/l by a

pulsed neutron method.

2. Experimenta1

The critical assembly, TCA, is a light water moderated

nuclear facility. Each reactor core is built up in a cylindri-

cal, open top, stainless steel tank. Grid plates are used to

position fuel rods. The square lattice spacing of the fuel rods

can be changed by replacing the upper and lower grid plates.

The reactor is usually controlled by moderator level in the core

tank. The level is measxired by a precision servo-manometer with
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accuracy of *0.1 mm. The safety sheets are positioned between

fuel rods and inserted into the reactor core in case of abnormal

condition. These safety sheets have no effect on the data of

the critical experiments.

A description of the fuel rod with the information of the

fuel material and the cladding tube is given in Table 1.

The date of assay is important because of Pu decaying to

Am. The plutonium enrichment was designed such that the

fission cross- sect ions for thermal neutron of the

lattices were close to those of 2.6 wt% UĈ  lattices.

The lattice is effectively fully reflected with light water

in the horizontal direction. Above the active region of the

lattice, there is no reflector, and the fuel pellets and the

cladding tubes and/or the aluminum plugs are present. Under the

active region of the lattice, the «-ïrcalcy-1 endplugs of the fuel

rod and the aluminum structural material of the core tank are

present. The thickness of the lower reflector is about 30 cm.

All the experiments were carried out with the lattices com-

posed of square unit cells. The cross-sectional pattern of the

array of the fuel rods was kept as square as possible.

2.1 Critical size determination

Usually, in the critical size determination, the dimensions

of fully reflected cores are measured. Hoxvever, in this
experiment, the critical dimension of partially immersed rect-

angular prism cores were measured to simplify the comparison

with the two dimensional diffusion calculations. The critical

size of each lattice was determined by measuring the moderator

water level and the number of fuel rods. The error in the

measurement of effective core height was less than 0.5 mm of

which reactivity worth was less than 0.01 % 4K/K. The temper-

ature of the water ranged from 13 to 22 feC. For convenience
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of the comparison between experiment and calculation, the mea-

sured multiplication factors were converted to those under 20 °C

by the measured temperature coefficient. After all, the effec-

tive multiplication factor K ~ ̂ in this measurement was

1.0000 + 0.0001. The critical lattice parameters, lattice pitch,

water to fuel volume ratio, H/Pu, fuel rod array and critical

water level are shown in Table 2 with calculated mxiltiplication

factors.

The fissile nuclide 241Pu decays to 241Am by a half life

of 14.5 yearv '. The reactivity effect of the depletion of

Pu and the buildup of Am was pointed out bxit had not been

measured directly^ ' . The reactivity decrease of the cores

were obtained by measuring the critical water level increase

in the time interval of about one year. The results are shown

in Table 3. The effect was about 1 dollar in a year.

2.2 Reflector savings

In the few group constants calculations, the suitable geo-

metrical bucklings are required to calculate neutron spectrum.

In the two dimensional diffusion calculations, the accurate

vertical buckling should be used to estimate neutron leakage in

vertical direction from the core. The ambiguity in the vertical

bucklings especially becomes a source of large error in the cal-
culated multiplication factor. These bucklings were obtained

from the critical core dimensions and reflector savings.

The reflector savings were determined by the epi-Cd Au

activation distributions and the power distributions. These

distributions were fitted by the least squares technique to the
cosine functions except the data of core-reflector boundary as

y « A*cos( B'X + C ), (1)
for the direction of each coordinate axis, then
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- W, (2)

| - L, (3)

where A,B,C : constants,
A,. : horizontal reflector saving covering

both sides of core,

AV : vertical reflector saving covering

upper and lower sides of core,

W : effective core width,

L : effective core height.

The activation distributions of epi-Cd Au wires are used to

obtain the reflector savings because the distributions are

smooth and have no ripple as shoxvn in the activity distributions

by bare Au wire. Essentially, both distributions are same over

the internal part of core. The obtained horizontal and vertical

reflector savings are shown in Table 4. The relation between

the reflector savings and the water to fuel volume ratio were

empirically determined by least square fittings, and the follow-

ing formulae were obtained,

xA _ _ _ _
H Vft - Û.LÔ&

10'77

2.3 Critical masses and material bucklings

In the rectangular prism core, the minimum critical condi-

tion is determined on a cubical core configurations, then the

next relation holds,

f (x + AH) (Y -h AH)) 1/2a -* —
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where X,Y,Z are core dimensions. The minimum critical mass was

obtained from the measured several sets of critical sizes by

fitting the critical masses to the quadratic curve as a function

of f(X,Y,Z). The extraporated minimum critical masses are shown

in Table 5 with the ratio of atomic number density of 11 to Pu

in the lattices. The material bucklings are obtained from the

critical data in Table 3 and the reflector savings in Table 4.

The maximum value of the material bucklings and the minimum

value of the critical masses are observed at about 530 and 670

of H/Pu.

2.4 Activation distributions by Au xd.res

The transverse neutron density distributions in the lattices

were measured by the activation of Au wires. Two Au wires oil

0.4 mm<f> were stretched through the lattice between both sides

of reflector in the x-y direction. One of the wires was covered

by a 0.5 mm thick Cd tube. After the irradiation the wires were

cut into segments of which length was 1/2 of the lattice pitch

at the core region and was 1/4 near the core boundary.

The integral Y-ray above 0.3 MeV were measured by a well-type

Nal(Tl) scintillation counter including a photo peak of 0.412 MeV
1 Ogof Au. The segments were weighed twice by a balance of which

sensitivity was 0.01 mg. The experimental error was less than

±1 % for the relative activities of the Au segments and less

than il mm for identifing their positions. An example of the

results is shown in Fig. 1 for the sub-Cd activities and in

Fig. 2 for the epi-Cd activities. The activity ratio of sub-Cd

to epi-Cd, ftcd-1.0 is shown in Fig. 3.

2.5 Power distributions

The horizontal power distributions in the lattices were

obtained measuring the fission product Y-rays from the irradi-

ated fuel rods. Fission product Y-rays above 0.6 MeV were mea-

276



sured by a Nal(Tl) scintillation counter. The time-dependent

decay of the fission product Y-rays was corrected by a scheme
/2\

previously measured by another experimentv '. The experimental

error was estimated by less than il.5 %. An example of the re-

sults of the horizontal power distributions is shown in Fig. 4

with the calculated values. The measured directions in the cores

are represented in the figures where the results are shown.
The average value in the x-y direction was normalized to unity.

2.6 peff/l

The ratio of effective delayed-neutron fraction to prompt

neutron lifetime Peff/l has been deduced from the measurement

by the pulsed-neutron technique^ '. The nuclear reaction of

pulsed source was of the (D,T) type and the source strength was

about 10 neutrons per burst. The neutron was detected by using

a uranium fission counter which was located at the core-reflector

boundary, and the time profile of neutron density was recorded
with a 256 channel analyzer. The prompt neutron decay constant

a was determined by least square fittings of the recorded time

profile to an exponential form

Y(t) - A'exp(-oc-t) + B, (7)

where A and B are constants. There is the following linear re-
•)

lation between the vertical buckling B (H) and the prompt decay
&

constant a»r at the water level H,

«H - a*B^(H) + b (8)

2
where a and b are constants. To obtain B)~(H), the reflectorz
saving in the vertical direction written in Table 4 was used.

The decay constants of the fundamental mode at the critical, a ,o
was determined by extraporating the equation to the critical
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water level. At delayed critical state the relation «c-P

exists. The obtained a of each core is shown in Fig. 5.

3. Analysis

3.1 Calculational method

The block diagram of the calculational scheme is shown in

Fig. 6. Neutron spectrum and few group constants were calculated

by the codes LASER^ and UGMG 42̂ - THERMOS^8'. The originals

of both codes are the MUFT code in fast part and the THERMOS code

in thermal part. The calculational conditions are shown in Tables

6 and 7. The differences in the calculational methods of both

codes lie mainly on the cross section library, the thermal cut-

off energy, the energy mesh structure, and the resonance escape

probability. The library of UGMG 42 - THERMOS based on the

set evaluated by the Japan Nuclear Data Committee. In LASER,

five nuclides, 237Np, 239Np, 238Pu, 241Am, 243Am were added to

the original LASER library. The energy meshes in LASER are finer
O O C\ O / f\

around the resonance peaks of Pu and Pu than those in

UGMG 42 - THERMOS. The neutron energy scheme in diffusion cal-

culations are shown in Table 8. The three and the four group

constants were prepared for the diffusion and the kinetic para~

meter calculations, respectively.

Two dimensional diffusion calculations were performed with

PDQ - 5 and KAK^10^ codes. The effective multiplication

factor, the neutron flux distribution and the power distribution

were calculated by PDQ - 5 using the three groxip constants.

The effective delayed-nexitron fraction Pef£ and prompt -neutron

life time were calculated by the two dimensional perturbation

code KR302DPT̂ 1' with the neiitron flux and adjoint neutron flux

obtained by KAK in four neutron energy groups. The measured
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vertical reflector savings were used with the critical core

height in the estimation of vertical neutron leakage.

3.2 Multiplication factors

The calculations were carried out using the atomic number

densities of 330 days after purification of plutonium.

The temperature and the vertical reflector saving of the lat-

tices were fixed to be 20 °C and 12.0 cm. The practically

measured cores slightly differed from the calculated conditions
on those three items. The corresponding reactivity effects

were taken into account in the comparison between measurement

and calculation. The calculated results are shown in Table 2

with the core configurations and lattice parameters. The dif-

ferences of Keff by LASER increase from -0.24 to 0.70 %4K/K

with water to fuel volume ratio, while those by UGMG 42 - THERMOS

decrease from 2.14 to 0.28 %AK/K.

It should be noticed that the pro-sintered low density

PuO^-UO^ pellet was used in this experiment. The differences

in lattice parameters between the pre-sintered and sintered

pellet are caused by the difference of the amount of natural

UÛ2 in unit volume of pellet. The survey calcialation by LASER

showed that the neutron slowing down, the resonance capture of

neutrons and the thermal neutron absorption were affected
slightly with increasing of the amount of UO^» however, the

relations between the lattice parameters and the ratio of H/Pu

were not changed.

3.3 Reactivity effect due to 241Pu decay to 241Am

The nuclide 241Pu decays with a half-life of about 14.5

years accumulating Am. The reactivity decrease due to the

decay was calculated by the PDQ - 5 code using three group

cross-section sets by LASER, and the results are shown in Table
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9 with the experimental results. The reactivity changes were

calculated for the time interval of 220 days, between May 16,

1972, 330 days after purification of plutonium and December

22, 1973, 550 days after the purification. The isotopic ratio
241Pu/Pu depleted from 7.01 to 6.81 wt % and 241Am/Pu built up

from 0.308 to 0.506 wt %. The calculated thermal absorption

cross-section £ « decreased only about 0.08 % but the thermala, j
fission cross-section E£ « decreased about 0.3 % for every lat-

tice. The average reactivity change was 0.27 cent per day.

The calculational results agreed with the expérimental results

almost within the experimental error.

3.4 Thermal and epi-thermal activation traverse

The measured sub-Cd Au activation traverse approximatly

means the neutron density distribution because of the 1/v char-

acteristics oil cross-section for thermal neutrons. The calcu-

lated thermal neutron flux was converted to the thermal neutron

density by considering the fine structure of flux distribution,

and the average thermal neutron velocity in a fuel rod cell.

The calculated neutron density distributions are compared

with the experimental results normalized to unity in the core

region as Illustrated in Fig. 1. The root mean square differ-

ences between the experimental and calculated values ranged

from 2 to 4 % in the core region. In the reflector region,

the calculation underestimated the thermal neutron density by

about 3 to 5 % for all lattices.

The calculated epi-thermal neutron flux distributions are

compared with the epi~Cd neutron activation distributions of

Au wires as illustrated in Fig. 2. The calculated and measured

values are also normalized to unity in the core region.

The calculated results agree with the experimental values within
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the error of 2.5 % at core region, but the differences between

them, in reflector region become 3 to 12 %.

The Au activity ratio of sub-Cd to epi-Cd neutrons keep a

constant value over the internal region in each core as shown

in Fig. 3. The neutron spectrum in the region seems to become

an asymptotic state. In an infinite uniform medium» the cross-

section ratio of the epi-thermal slowing down to the thermal

absorption, -£„ 0/S «> is related to the ratio of the thermal* r y 4. a, j
neutron flux <h~ to the epi-thermal flux <p« by the simple dif~

fusion theory, as

0
In the present core, DJB is much less than £ ~» then thej a, -j
above relation approximately holds in the internal region of

each core. Since the Au activity ratio of sub-Cd to epi-Cd is•
proportional to the ratio of <p ~ to

The linear relation of R ,-1.0 or E_ 0/E , with the atomicCO IT ̂  £• 8i $ O

ratio H/Pu as shown in Fig. 7 supports the above relation.

The qtiantity £ 0/£ - or R ,-1.0 is thoxight to be the keyl. I £. a , J GQ

parameter in order to realize the matching of thermal flux dis-

tribution between different regions.

3.5 Power distributions

The calculated pointwise power at each mesh and the average

power in each fuel cell are compared with the experimental re-

sults. An example of comparison is shown in Fig: 4. The root

mean squre differences of the calculated powers to the experi-

mental are small. The maximum discrepancies are observed near
the core-reflector boundary, and the differences are less than

5 %. The differences are greater on the diagonal positions
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than the x-y positions in the cores. The calculations by using

LASER agrees slightly better with the experiment than that by

UGMG 42 - THERMOS.

3.6 pe£j./l

The calculation based on four group perturbation theory

successfuly predicted the value of Peff/l f°r each lattice as

shown in Fig. 5. The discrepancy of calculated Peff/l from

experimental results are less than 7 %. The val\«» of Peff/l

noticeably changes with the water to fuel volume ratio.

The main reason of the change is due to the increase of prompt

neutron life-time. While Peff is almost constant for all lat-

tices. PeffA °f ̂ u®2~^®2 latt^-cos are about 1/2 times of that
of U02« It is due to the fact that peff are about 1/2 of

lattices.

A. Conclusion

Critical experiments and analyses on the uniform 3.0 wt %
PuO^-UOp lattices were carried out over the range of the ratio

of atomic number densities of hydrogen to plutonium, H/Pu, from

295 to 922. The fraction of fissile nuclides in the plutonium

was 75 wt %. The variation of lattice parameters with H/Pu were

studied in term of minimum critical mass, material buckling,

reflector saving, cadmium ratio of gold and PeffA • Reactivity
decrease by Pu decay to Am is experimentally determined.

Generally, the calculated results agreed well with the

experimental ones on effective multiplication factor, flux and

power distribution, and Per-f/l» except that the predicted multi-

plication factor based on UGMG 42-THKRMOS had some 2 % error for

the tight lattice.
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Table 1. Fuel fabrication data of 3.0 wt% Pu02-U02

Fuel pellet
Fabrication method Mechanically blended and pre-sintered

Uranium composition Natural uranium

Plutonium enrichment
Pu02/(Pu02-U02) 3.01+0.05 wt%

Plutonium composition

Date of assay August 19, 1971
238Pa 0.494 wt %
239Pu 68.18
240Pu 22.02
241Pu 7.26
242Pu 2.04

*)Americium content '
Date of assay August 16, 1971

241Am 530 ppm
#.,-}Inpurity content ' '

Equivalent boron concentration 0.90 ..n'io ̂ >m

0/M 2.07
Pellet density 6.050 + 0.076 g/cm3

Pellet diameter 10.65 mm.i..tf>"f \
Stack length ' 706+3 mm

Stack weight
Pu02-U02 380.6 g

Pu total 10.06
2393
235,

pu + 241pu
'U 2.30

Cladding
Mat eii aI Zircaloy-2.•».'..̂\
Inner diwraetcr v 10.83+0.06 HOT
Thickness ***) 0.70+0.07 mm

*) Relative value to pultoiiium dioxide.
**) Relative value to mixed oxide.
***) Value of specification.

285



Table 2 Calculational results of Keff

Warer te
fuel
volume
ratio
1.77
2.42
2.98
4.24
5.55

H/Pu

295
402
494
704
922

Fuel
rod
array

*
22x22
21x21
20x20
21x21

Lattice
pitch
(cm)

1.660
1,825
1.956
2.225
2.474

Critical
water level

(cm)

68.79
69.38
61.49
60.56
62.21

Keff

Experiment

0.9940
0.9997
1.0001
1.0000
1.0007

Calculation by PDQ*5
LASER

0.9916
1.0013
1,0033
1.0066
1.0077

UGMG42-TH.

1.0153
1.0145
1.0110
1.0070
1.0035

Difference from experiment
LASER
(%6K/K)

-0.24
0.16
0.32
0.65
0.70

UGMG42-TK
(%OK/K)

2.14
1.46
1.08
0.69
0.28

to
00
O5

* Cylindrical core with 640 rods



Table 3 Criticnlity data «nrt reactivity decrease tlw to Pu docny to Aw

Critical ity data

Water to
fuel
volume
ratio
2.42

2.98

~ V.24

5.55

Fuel rod
array

22x22

22x23

23x23

23x24
24x24

20x2 J

71x21

21x22

" 39x20

20x20

21x21

20x21

21x21

21x22

Date

June 6 '72
May 14 '73
June 7 '72
Nov. 8 '72
Juno 7 '72
May 14 '73
June 7 '72
Juno 7 '72
Mny 14 '73
May 18 '72
May 22 '73
May 18 ' 72
May 22 '73
Mf>y '8 '72
May 22 '73
Apr. 13" '72
May 29 '73
Apr. 13 '72
May 29 '73
Apr. 14 '72
May 29 '73
Apr. 26 '72
June 6 '7J
Apr. 28 '72
June 6 '73
Apr. 26 '72
June 6 '73

Critical
water
level

inn
693.8
O« *ltSuo-
critical
639.8
652.6
595.3
618.6
562.5
532.9
550.0
670.9
Sub-
critic«l
614.9
643.9
573.7
598.8
G5G.9
686.9
605. G
630.2
535.9
5r>4.9
664.0
690.9
622.1
644.4
589.8
610.4

Reactivity decrease- rate

Time
itttjrval

A

day

342

154

341

341

369

369

369

All

4J1.

410

406

404

406

Core
temp.

Reactivity
decrease

°C Cent
18.7
J8.0
19.1
18.9
19.1
18.7
19.2
19.7
18.7
17.5
19.3
J7.6
19.9
17.8
20.0
13.2
19.6
13.2
19.8
13.0
19.8
16.2
20.7
18.0
20.8
16.4
20.8

43.7f3.5

93.5+7.5

91.3*7.3

106. 4+8. r>

110.0JT8.8

106. 148. 5

J 07. 7+8. 6

J13.5+R.3

101.7+8.1

101.1+8.1

114.3+9.1

Reactivity decrease
rate

Cent /day

0.284

0.274

0.268

0.28S

0.29«

0.2r>8

0.262

0.277

0.250

0.250
0
0.282

Average
Cent/day

0.28 h 0.02

0.29 + 0.02

0.;7 + 0.02

0.26 + 0.02
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Table««»'*« -r *\M,M, JL\̂ «*.WVJ. fi»dV JLijkiO

unit:
Water to fuel volume ratio

Horizontal reflector savings AH ;
by power distributions

x - y direction

diagonal distribution

by epi-Cd Au activation distributions
x - y direction

Average

Fitted values by the equation*

Vertical ref lecl or savings Ay '

by power distribution

Avorago

Fitted values by the equation"

._ 1

15.
15.

15.

15.

15.

3.4.
14.
13.

.77

2+0
5+0

7+0

6+0

7+0

5+0
6+1
7+0

. _ _

.9

.4

.4

.3

.3

.9

.0

.7

——

15

14

15

15

14

11
11
13
12
12

2.42

.8+0.5

.7+0.4

.2+0.5

.2+0.5

.6+0.3

.9K>.2

.8+0.3

.0+0.4

.3+0.6

.2K>.4

2.98

14

13

13

13
14

12
13
12

.1+0

.2+0

.9+0

.5+0

.1+0

.8+0

.0+0

.5+0

.6

.4

.6

.4

.3

.5

.4

.5

4.24

12.7+0
12.6+0

13.0+0
13.8+0

13.5+0

13.3+0

13.4+0

11,9+0
11.4+0
11.3+0

.8

.7

.4

.4

.6

.5

.2

.4

.5

.3

13.5+0.8
14.

13.

* Koflcrlor saving art fitU'd to l lu «|iMt

1+0
9+0

ÎUH

.4

.6

*U

12

12

,v

.2+0.6

5KK2

h
VR ••

12

12

it

.8+0

.0+0

- c

.2

.2

wher

11.510.3
11.6+0.2

Vv Ks

cm

5.55

13.7+0.5
13.0+0.7
12.6+0.3
13.4+0.4

13.6+0.7
13.4+0.3
13.2+0.4
13.1+0.2

11.1+0.3
11.1+0:3
11.7+0.4
11.2+0.5
12.1+0.8
11.7+0.6

11.3+0.4
11.3+0.2

Measured re f l t e lo r bavliig*, Vk to w.ilc r lo f.iel vo]u,,c ml lo, an,l {,,b,c «n-ô
** Par t ia l ly in«nci sod core in
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Table 5 Minimum critical masses and material buklings
of oartially immersed cores.

i-iay it>, 1972
Water to
fuel volume
ratio

1.77

2.42

2.98

4.24
5.55

Atomic
number ratio

H/Pu

295

402

494

704
922

Minimum
critical mass
Pu Kg

5.94

4.39

3.69
3.40

3.93

Material
buckling
xlO"3 cm"2

6.97 ±0.05

8.064Î0.005

8.31lto.006

7.782±0.002
6.491*0.004

Table 6 Spectrum calculation methods

UGMG42-THERMOS LASER
Fast section
Number of energy groups
Spatial dependence
Slowing down model

Hydrogen
Gthur nuclides

Resonance escape proba-
bility

L-factor
2380

Other nuclides

Dancoff coeffici-
ent
Resonance applox.

Temperate

Thermal section
Number of energy groups

Scattering modal

Gel), boundary condition

Temperature

54 groups
Bl applox.

Greuling-Goerzel
Consistent age applox.

50 groups
Bl applox.

Greuling-GoerzeI
Consistent age applox.

Strawbridge's eq.
1.0

Fukai's model

I.R. applox.
2P°C

30 groups

Nelkin with
transport correction
Xsotropic scattering

20° C

20°C

35 groups
Nelkin with

transport correction
Isotropic scattering

20*C
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Table 7 Source of Cross-section

Nuelido Source Reference

UGMG42-TIIERMOS library

240^ JNDC set

241Pu, and Zr

239Pu, 242Pu, and 11(01) ENDF/B-1

UKNDL

LASER library

238Pu

241Am fast section

thermal section

Other nuclides

ENDF/B-2

ENDF/B-2

CGC-4 library

Original LASER

JAERI-1176 (1967)

BNL 50066 (T-467) (1966)

AEEW-M802 (1967)

GA-9021

WCAP-6073

In UGMG42-THEKMOS library, the atomic number densities of
238Pu and 241Am were added to that of 2/l2Pu.

Table 0 Neutron energy scheme in diffusion calculation

Gt oup

1
?
3
4

UGMG42-THKRMOS

4 groups

10 MeV~S21 l<cV
°21 kcV~-5.53 kcV
3.33 kc-V^ O.b25 t-V
C.o33 cV^O.O cV

3 groups

1-J MeV^x5.53 keV
5.53 koV~ 0.025 eV
0.625 c-V «̂ 0.0 eV

LASER

3 groups

TO MeV~5.53 keV
5.53 keV ̂^ 1.8 55 eV
1.^53 cV ̂-0.0 cV
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0/T
Table 9 Calculated reactivity effect due to Pu decay to Am

! 1 i1 Water to fuel i Aef f »
| volur>a ra-io May 16, '72 ; Decerrbsr 22 , '72 i
i ' ,

' ' '

?eff
%

i

-c
df/dt cent/day

i
Calculation !

!, • t
! 2 .42 1.0013 i 0.9992 .'0.0021 0.3635 j 57

.

0.
ii *• •

g 2.9S 1.0033 ' 1.0C12 '0.0021
t

* '

i

0.3597 , 57
ti

4.24 1.0066 1.0045 ' 0.0021 :0.3526

: ! 1 '5.55 1.0077 1.0056 [0,0021 J0.3453
! ! 1t . i

59

61

0.

0.

0.

iij
26 j

1

f

26 Î
i
i

27 j
!
j

28 ;
i

j
!
!

Experiment
t

0.28±

0.29 ±

0.27±

0.26 ±

0.

0.

0.

0.

i

02 |

!

02
i
1

02
i

02 i
|
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Heavy Water Critical Experiments on Plutonium Utilization
in Advanced Thermal Reactor "FUGEN"

Yoshio MIYAWAKI and Hidemasa KATO
Power Reactor and Nuclear Fuel Development Corporation

JAPAN

1 Introduction
l-»3

The FUGEN project has been under development to

search for effective utilization of nuclear fuels inclu-

ding plutonium. FUGEN is a heavy water moderated, boi-

ling light water cooled, pressure tube type reactor designed

to generate 165 MWe Main design data are shown in Table i.

Now, the reactor is under construction and scheduled to

reach criticality in 1976..

Figure 1 shows the initial core configuration of FUGEN,

in which , 96 mixed oxide(Puo^UO^ ) fuel assemblies are to

be loaded in the center region and 128 oxide(UO2) fuels

in the outer region, Plutonium is effective to decrease
4 *̂  fi

void reactivity in RUGfcN type xeactor as shown in Fig. 2.

To reduce the local peaking factor, fissile plutonium

concentration of fuel rods is selected 0.55 wt% for the outer

ring and O.8 wt% for middle and inner ring as shown in Fig. 3.

Fig.4 shows the relative power distribution in the mixed

oxide fuel assembly.

In this report experimental results and analyses are

presented with emphasis on the void reactivity, neutron

flux distribution and power distribution in the partial mixed

oxide fuel core.
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2_Hoavv_WAte_r Critical Experiments3^

A scries of reactor physics experiments arc in progress

using Deuterium Critical Assembly(DCA) to study charac-

teristics of the heavy water moderated, light water cooled,

pressure tube type reactor, and to evaluate the reliability

of nuclear codes used in the design of an advanced thermal

r eac t or FUGEN.

As mixed oxide fuel assemblies will be used in FUGEN,

critical experiments on partial mixed oxide fuel core are

now being carried out at DCA, which consists of 121 fuel

assemblies arranged at 22.5 cm lattice pitch.
7)The main core parameters of DCA are shown in the appendix.

Some typical results of the experiments and analyses

are as follows.

2.1 Void Reactivity 8)

Void reactivity was measured, using a pulsed neutron

source under changing void fraction and with a progressive

number of ,mixed oxide fuel assemblies in oxide core.

This is shown in Fig. 5 . Fig. C shows the result that

the void reactivity becomes more negative as mixed oxide

fuel assemblies are loaded. The calculations tend to

evaluate the coolant void reactivity to the positive side.

2.2 ̂ rpsj Neu t rgn̂ ^̂  on

The copper wire activation method was adopted for

measuring the gross radial flux disl T. ibution in the two

region core having 37(0.54 wt% PuO-UO2 ) and 84(1.2 wt%

UO2 ) fuel assemblies, and in checkerboard core having 25
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(0.87 wt55 PuOjUO2), 32(0.54 wt% PuO|-UO2 ) and 64(1.2 wt»

UO, ) fuel assemblies. This is shown in Fig. 7 and 8.

The experimental results and calculated values are

shown in Fig. 9 and 10. The accuracy of the calculated

radial copper reaction rate distribution compared to the

experimental values was within in 5 % for two region core,

and about 1O % for the checkerboard core.

2.3 Intra-cell Neutron Density Distribution

The dysprosium foil activation method was used for

measuring the intra-cell neutron density distribution in

the mixed oxide fuel lattice as shown in Fig. 11. one of
>:

the experimental results is shown compared with calculation

in Fig. 12. When compared with experiments, the accuracy of

calculated neutron distribution was found accetable.

2.4 Local Peaking Factor

The rod scanning method was adopted for the measuring

the local peaking factor of the mixed oxide fuel assembly.

Fig. 13 shows the experimental results of power peaking

factors, compared with calculations. These power peaking

factors for mixed oxide fuel assemblies agree with experi-
\

mental values within 1 % in the case of 1OO % void condition,
»

but over estimate by 3 % in the case of O % yoi<| condition.

Experiments on material buckling and microscopic lattice

parameters in mixed oxide fuel core are now ±h progress.

For future studies, experiments of other lattice

pitches, 2O cm and 25 cm. are being considered.
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.Conclusion

1) Expérimental confirmation of the plutonium effect

on coolant void reactivity was obtained from plutonium

loaded experiment usiny DCA.

2) The calculated thermal flux and power distributions

in partial mixed oxide core were found accetable.
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Table 1 Design Data of FUG EN

Output

Core

Reactor thermal output
Gross electrical output

Core height
Core diameter
Lattice pitch
Number of fuel channels
I-uel inventory
Heavy water inventory

Fuel
Fuel material
Pellet diameter
Cladding material
Cladding thickness
Number of elements in cluster
Nominal element spacing
Total length of fuel assembly

Pressure tube
Material
Inside diameter
Thickness

Calandria tube
Material
Thickness

Primary cooling system
Coolant pressure at steam drum
Coolant temperature at steam drum
Coolant flow rate
Steam exit quality (mean)
Number of cooling loops
Number of recirculating pumps/loop

Turbine system
Steam pressure at TSV
Steam temperature at TSV
Steam flow rate to turbine

557 MW
165 MW

3,700 mm
4,060mm

240mm
224
36 t
86 t

U02andPu02-U02

14. S mm
Zircaloy-2
0.84 mm

28
2.1 mm
4.4m

Zr-2. 5% Nb
117.8 mm

4. 3 mm

Zircaloy-2

1.5 mm

68 kg/cm2

284°C
7,600 t/h

14',i
2
2

63. 5 kg/cm2

279 °C

9 10 t/h
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Fig. 1 Core Configuration of PUGEN
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Fuel Rod

Pressure
Tube

Rods for
Spacer

fists0.55 Wt % Pu 0, in PuOt-U08

f ISS0.8 Wt # Pu O, in PuO,- UOj

3 Cross Section of Mixed Oxide Fuel Assembly
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Fig. Power Distribution in Mixed Oxide Fuel Assembly



1) CO II 13-Fui 2 ) CORE-Pu 5

3) CORE-Pu 9 4 ) O O R E - P u 1 3

5) CORE-Pu 21 6 )

5 Loading Patterns of Pu02-XJO2 Fuel Assemblies
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Fig. 6 Void Reactivity as a Function
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oooooooooooooooooooooooooooooooooooooooooo

oooooooooooooooooooooooooooooooooooooooooo

1.2w/o U02 Fuel Assembly

0.5^w/o Pu02-U02 Fuel Assembly :37

Fig. 7 Two Region Core Configulation
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1.2w/o U02 Piu»l Assembly :6k

0.5kv/o Pu02-U02 Fuel Assembly :32

0.8?w/o Pu02-U02 Fuel Assembly :25

Fig. 8 Checkerboard Core Configuration
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Fig. 1O Radial Copper Activation Distribution
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Fig. 12 Intra-cell Thermal Neutron Density Distribution
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Appendix Core Parameter of DCA

1. Fuel Assembly
(j) 28 elements/assembly in 3 c i r cu l a r rings

R i n g

1

2

3

jK of e l e m e n t s

4

8

16

P i t c h c i r c l e d i a
o f e l e m e n t s c e n t e

2.625

6.000

«515

rsCCJB)

(It) Fuel Element

(1) 1.2 w/o Enr iched UO 8 Fuel

^^^
Fuel p e l l e t

Gap

F u e l s h e a t h

I nne r d i a
(OB)

—

1.480

1.503

O u t e r d i a
(CW)

1.480

1.503

1.673

M a t e r i a l

t.203w/o
e n r i c h e d UO»

He 1 i urn

Al urn in urn a 1 1 oy

Densi ty
(g/**

ias6
_

2.474

Composition

pellet

Sheath

-u
231 IT

0

A 1

Mg

w / o i n f u e l p e l l e t

1.057

86.793

1 2.1 50

w/o in s h e a t h

96.98

2.60

A t o m i c >fi d e n s i t y

0.0002806

a02275

a04738

0.05788

a o o i 7 2
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(2) O.b4 w/o Enriched PuO»-UO, Fuel ( Standard Grade )

^\^
Fue 1 pe 1 1 ct

Gap

F u e l s h e a t h

I n n e r d i a
(cm)

—

1.46?

1506

O u t e r d i e
(OB)

1469

1.506

1668

Me t c r i a 1

0.542W/0 enriched
PuOt-UOi

He 1 i urn

Zry-2

De ns i ty
(g/f)

i a i 7
—

6.525

Composition

Pellet

Sheath

M 8 U

•••o
'"Pu
'"Pu

"•Pu

141 Pto

I4 'Pu

O

Zr

Sn

Fe

Cr

Vh

w/o in l\i

0.021

90.560

E640

tt915

tt064

w/o in
f u e l pe 1 1 c t

0 6 2 1 4

86.782

0.000102

0.4504

0.04115

0.004559

0000305

12.12

w/o i n shea th

9E22

1.48

0.14

tt10

006

A t o m i c M. d e n s i ty
( 1 O»4 /cA )

0.0001620

tt02253

0000000026

aoooi 105

aoooo ioso
0,000001108

0.0000000767

t t04640

004218

0.0004897

a0000985

a0000756

a o o o o 4 o i

Date of A n a l y s i s ; 25 August 1971
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Hanger Wire

/ft i n a ssemb I y

4

Pitch circle dia
of hanger w i re center (cm)

1 0.60

Outer dia
( c m )

0.20

Material

Alum i nura
a l t oy

Dens i ty
(«/<*)

2.674

Compos 1 1 i on

A|

Mg

w/o i n w i r e

96.98

2.60

A t o m i c M d e n s i t y
( 1 0** /erf )

0.05788

0.00172

Spacer

M in assembly

2 A1

Outer dia
(01)

1144

Th ickness
(cm)

0.30

Ma t e r i a 1

A| urn i n urn
a l l o y

Dens i ty
(g/o*)

2674

Compos 1 1 i on

Al

Mg

w/o in S pacer

96.98

2.60

Atomi e Ai dens i ty
(10" /o f )

0.05788

0.00172

*1 The p o s i t i o n s are 70 cm and 140 dt from the lowest end

of f u e l .
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2. Fuel Channe l

^^— -___
P r e s s u r e tube

A i r g a p

C a l a n d r i a t u b e

I n n e r D i a (OR)

1168

«2.06

13.25

O u t e r Dia(cai)

12,08

15.25

15.65

Ma t e r i a 1

Al until mun
a l l o y

A i r

Al urn i mun
a 1 1 oy

D c n s i ty(g/fcrf )

2674

01001205

2.674

Compos i t i on

A|

Mg

Ajr 0

N

w/o in Al

96.98

2.60

w/o in Air

25.5204

76.4796

Atomi c Jfc densi ty

005788

0.00172

0.00001067
0.00005962

3. Moderator

(I) Density of D20 ( 99.50 mo I/o) 1.1078

M a t e r i a l

D,0

H 2 0

w/o i n M o d e r a t o r

99.55

0.45

Densi ty(g / '<r f )

110854

0.99777

Compos i t ion

H

D

O

w/o in D»O

0.0 5 0 56

2 0.0 2 2 5

7 9. 9 2 8 3

Atomic JK densityC/d x

ao 0 0 5 5 5 5

do* 6 52

aO 5 3 5 5

10" )
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4 C o o l a n t

S imu 1 a tod v o i d
f rac 1 1 oiu #)

0

50

/O

86.;

ion
bons i l y g,''*)

w/'o in Coolant

HZ0

ion
6517

i 8.U7

114 b

o.y?7 • /

DjO

56.82

8 19 1

9955

1 1 US 54

II j BOj

-

O.U0921

0.0215

-

1435

A i r

-

-

too
0.00 12 Ob

Densi ty(g/o*)

0.99777

10359

1.0866

1.1078

0.000001

Compo s i 1 1 on

II

1)

0
i. B

I H N a t u r a 1 )

N

vi ,' o i n C o o l a n t

0 # v o i rf

1 1 1 9 0 1

8a809v

3 f ) # v o i d

7 0 6 9 3

7 4 0 b »j

85.523 1

(10003158

0.00 16 1 1

7 0 # v o i d

20251

1 6 .4744

8 1 5 0 0 1

0.0 0 0 / 3 7

U 0 0 3 7 6 0

66./<f> v o i d

t t05036

20.0225

7 9 9 2 8 3

1 0 0 # v o i d

25.5204

76 .4796

Compos i t i on

H

I)

0

B Na tura 1 )

N

Atomic >K density (tOM/«>

Qf> v o i d

C.0667 1

Û03355

3 0 # v o i d

0.04375

0.02294

0. 0 3 5 3 5

0.0000009

?Q * void

001315

0.05353

0.05334

0.0000025

86.756void

0.0003333

0.06632

0.03335

1 00$ v o i d

0.0-0001067

0.00003962

5 O t h e r s
(Î) Temperature
(j|) Square l a t t i c e p i t c h
(||j> i-hamcter of core tank
$VJ| Ao. of f u e l channel < Standard core )

22.5c« or 25.00B
3 0 0.5 cm

1 2 1 f o r 22.50W l a t t i c e p i t c h
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Moderator
Colondria Tube (Al)

Air G op
Pressure Tube (Al)
Clad (Al)
Fuel Pellet
Coolant

Hangar Wire (AJI)

A-l Puol Assembly of DCA ( 1.2# UO2 )
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Moderator
Colandria Tube (At)
Air Gap
Pressure Tube (Al)
Clad (At)
Fuel Pellet
Coolant

Hangar Wire (Ai)

,20 8"- —
136.5"———

Pig. A-2 Fuel Assembly of DCA ( Q.jUw/o Pu02-U02 )
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Fuel Chonnel

Verticol
Experimental

Hole

Total Number of Fuel Assembly : \Z\

Fig. A—3 DCA Core Configuration
(Lattice Pitch :225 mm)
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Irradiation Performance Test of Pu02-UO2 Fuels

by Saxton Reactor

H. Akutsu

M. Koizumi

Power Reactor and Nuclear Fuel Development Corporation

Abstract

Mixed oxide (PuOg-UOg) fuel rods (four rods and one

assembly containing 68 rods) were irradiated to certificate

irradiation performance of proto-typed fuel by Saxton Reactor

to peak burnups of up to 8,050 MWD/MTM.

Linear power level was from 200 to 5OO watts/cm. After

irradiation, post-irradiation examinations were conducted in

Battelle's Columbus Laboratories (BCL). The post irradiation

examinations were consisted of visual examination, profilornetry,

gamma scanning, fuel and clad metallography, burnup analysis,

hydride analysis in claddings and clad strength tests. These

examinations showed that the overall performance of the PuO.-UO.

fuel was satisfactory.

I. INTRODUCTION

Power-Reactor and Nuclear Fuel Development Corporation

(PNC) has joined the Saxton Core III program planned by

Westinghouse. The objective of participation was to certify

the irradiation performance of the PNC Plutoniums fuels under

the condition of proto-type PWR (Saxton Reactor).
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PNC fabricated four fuel rods (4 wt$Pu02) for evaluation

under high power condition and one subassembly containing 68

Plutonium fuel rods (5 wt$Pu02) for under low power condition.

Saxton Core III reached critical on July 15, 1969. The

initial power operation of Core III started on December 11, 1969-

The final power operation was at 15 MWt on May 1, 1972, when

the reactor was shut down. The Saxton reactor remained shutdown

from March to November 1971 for fuel examinations and etc.

During this period, PNC plutonium fuels were loaded in the

Reactor.

Bat telle1 s Columbus Laboratories (BCL) provided technical

assistance in evaluating the irradiation performance of these

fuel rods by performing a post-irradiation examination (PIE)

of the rods,

PNC submitted one complete assembly and four single rods

from Vestinghouse assemblies to BCL for the PIE. These were

shipped from the Vestinghouse Saxton Reactor to the BCL Hot

Laboratory Facility at Vest Jefferson, Ohio, ̂de&ignated twelve

rods from the assembly. These twelve rods and the four single

rods were examined for the PIE.

II. FUELS

Fuel rod design was carried out based on the design

criteria of Saxton Core-II plutonium fuel rods. Tho cladding

is 0.993 cm outer diameter, 99*1 cm length (include end plugs)

and 0.058 cm wall thickness. The plutonium concentration is

k.O wt$ for C-l, C-2, C-3 and C-4 fuel rods which were assembled

in the Vestinghouse assembly, and 5*0 wt̂ S for the rods charged

in PNC assembly. The fuel pellets were sintered to the density

of 92 ± 1.5 % theoretical density. The diameters of some
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pellets were grinded with a centerless-grinder to the appropriate

diameter* Pettel-clad diametral gap size is 0.018 cm.

The nominal plenum length is 5*08 cm which is enough to

accomodate the fuel stack expansion and released fission gases

(Xe and Kr).

Measured values of fuel rod parameters after fabrication

are listed for C-l, C-3, 25, 4l and 43 fuel rods in Table 1.

III. REACTOR OPERATING HISTORY AND IRRADIATION.CONDITION

PNC four fuel rods and one assembly were irradiated by the

Saxton Core ill irradiation history illustrated in Figure 1.

The irradiation was started on November 19» 1971 &**& shut down

on May 1, 1972.

The power histories of each fuel rod are essentially the

same, however the power level is slightly different from each

other. The 'irradiation conditions are listed in Table 2.

IV. POST IRRADIATION EXAMINATION

1. NON-DESTRUCTIVE EXAMINATION

A comprehensive documentation of the surface features of

fuel rods 25» 4l and 43 was made using a Bausch and Lomb

Stereomacroscope. Photographs of selected areas show the dis-

tribution and nature of clad deposits and the appearance of

corrosion fibers, of welds and weld heat-affected zones at the

end closures and of other unusual features such as clad ridging.

The pre and post-irradiation fuel rod lengths are listed

in Table 3 with the calculated 4L = (L - Lo) and a L/Lo.

All fuel rods measured were lengthened by irradiation. a L is

from 0.42 to 0.94 mm and aL/Lo ($) is in the range from 0.042

to O.O95. These values are considerably small.
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Profilometer measurements were made on six fuel rods.

Prom the data of profilometry, a D/Do were calculated and shown

in Figure 2 for rods 25 and 37 as the function of axial length

of a fuel rod.

The diameters of all fuel rods are decreased. The diameter

changes increase gradually from the ends to the center of fuel

rods. The cladding were yielded somewhat with the aid of

strong external (coolant) pressure (ikO aims).

The gross gamma activity was measured along the length of

fuel rods. The data of gross gamma activity are shown in

Figure 3 for rods C-l and Ul. In the case of C-l rod» activity

profile shows two irregular portions, which just corresponds

the locations of the grids.

2. DESTRUCTIVE EXAMINATION

Fuel rods C-l, C-3, 25, kl and 4 3 were punched and tl>e

free cases within the rods collected and analyzed.

The analyzed gas constituents are shown in Table 4.

Sectioning diagrams for fuel rods C-l, C-3, 25, 4l and k3

appear in Figure k. Rods were sectioned as iiu icated on these

diagrams.

Generally all rods were not irradiated at high temperature

except the rod C-l, therefore fuel restructuring change is not

remarkable. The conditions of the examined fuel rods are

summarized in Table 5» Coiiserning the fuel rod (C-l) central

void and columnar grain growth are observed which diametral

fractions are reasonable values by evaluation from our fuel

performance calculation code. Puel-clat' interaction and ringing

behavior were not observed. Longitudinal section photograpy

(C-l) showed interesting behavior of gap geometry between both
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pellets at high temperature zone by mal-loading of single side

dished pellets.

Photo's. 1 to 4 are the metalographies of the rods C-l and

kl.

Fuel void fraction measurements were conducted usiné, a

image analysis device. The results of measurement are illus-

trated in Figure 5 for rod C-l with the estimated fuel tempera-

ture distributions. The data points are comparatively dispersed,

because void fraction measurement technique with a image analysis

is. still under development.

However, the void fractions after irradiation are almost

untler the level of initial voir fractious, that means some

degree of fuel desi*'"ifict_tioî, occured. The fuel void fractions

ard cler.sitiec of r>re and nost-irraaiation are listed in Table 6

with the rod powers and burnup data. The fuel void fractions

and densities in the table are the average values on the

sectioning areas.

Fuel density increase is the biggest in C-3 (T) section

(3.5 £), and tfce smallest in **3(L) section (l.Oe $).

Consequently, tl.e effects of rod power, fuel temperature

and burnup on the Tuel densificatioï* are not evident.

Cladtiin*. metallography shower no particular phenomena. With

respect to hydration of cladding, the hydrides were not almost

observed in this test comparing in other irradiation tests.

Alpha autoradiography samples consisted of prepared

metallographic specimens. Generally plutonium-rich particles

are indicated throughout fuel. However, plutonium is more

homogeneous in the high temperature region of the rod C-l which

experienced highest linear power in the PNC fuel rods. Beta-

gamma activity is comparatively uniform throughout fuel except

that of the rod C-l. In the case of the rod C-l, there appears
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to be more activity in the outer region of fuel than in the fuel

center.

Fuel burnup calculations are outlined in Table 7.

Burnup radial distribution measured with the rod 4l is

comparatively proportional to the neutron flux distributions in

the rod. The burnup in the periphery of the pellet is higher

than that in central region as shown in Table 7«

Transverse sample rings were cut from rods 25 and 43 for

hydrogen analysis of the cladding by high temperature vacuum

extraction. The hydrogen content was measured in two oposing

quarter segments of the sample rings by vacuum extraction at

1000°C.

Results are shown in Table 8. The precision was determined

to be k percent at the 32 ppm hydrogen level from analysis of

National Bureau of Standards titanium standards.

Tube burst tests were made on samples of Zircalloy cladding

from fuel rods 25. and 43. Tests were conducted on one specimen

from each of the two rods and failure-strain measurements were

made at maximum rupture points on each specimen* The tempera-

ture for these tests was controlled to 385 ± 3°C at the center

of the gage length during testing. The rod identification

number, the specimen location as measured from the bottom of

the rod and specimen test-temperature data are tabulated in

Table 9 with the data of post irradiation.

The 0.2 percent offset-yield and failure stresses are also

tabulated in Table 9» The failure strain is defined as the

increase in circumference divided by the original circumference.

The results are shown in Table 9. The O.2 % yield stress and

failure stress are both increased after irradiation. The

failure strain is remarkably reduced by approximately a half.

The brittleness of zircalloy clad is considered to be increased.

328



The tube tensile test was conducted on a 152.4 ima long

specimen in an Instron tensile-test ms-cl ii.e. Each enu of the

specimen was held in a grip so that a 1O1.6 nun length was free

to deform.

The test temperature was 385 i" 3 C. The cross head speed

was 1.016 mm per minute, yielding a nominal 6train rate along

1O1.6 mm section of 0.01 per minute.

The data obtained ere given in Table 10. The results of

tensile tests indicated the same tei.doi.cy as that of the burst

tests.

The ring tensile test was also conducted using an Instron

tensile test machine and a grip assembly which permitted a

radial load to be applied to a tu.')e cross section. The test

temperature was 385 ± 3°C and the cross head speed was 0.508 mm

per minute. The uniform elongation is defined as the strain

at maximum load. The total elongation is defined as tac strain,

at which a sharp load drop occurs* Tho outside diameter before

testing is used as the gage length in elongation calculations.

The ultimate tersile strength is defined as the maximum

load divides by the original cross sectional area. The yield

stress is defined as the load at 0.2 percent strain offset also

divided by tl-e original cross sectional area. The maximum

reduction in width is defined as the maximum change in width

(axial rod direction) divided by the initial width.

The mnximum ircret.; e ii. outside diameter (O.D.) is defined

as t! e ciifferer.ee between the greatest post test O.D. and the

initial O.D., divided by the initial O.D.. The data obtained

are listed in Table 10.
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V. CONCLUSION

PNC irradiated plutonium fuels (four rods and one assembly)

in the Saxton Reactor Core III. All fuel rocc were irradiated

safely. The four rods (C-l, C-2, C-3 and C-k) contained in the

Westinghouse assemblies were irradiated at the -ositioi, close

to the reactor center, and reached to the maximum burnup of

8,050 MWD/T. The rod powers of this ro«s were in from

300 to 500 watts/cm.

PNC assembly (68 rods) were irradiated by comparatively

low power of 3?O watts/cm. The average lurnup achieved is

about 4,000 MWD/T. The post-irradiation examinations conducted

in BCL indicated that the claddings did not lose their integrity

and little hydrides were detected.

The diameter measurement of fuel rods indicated interest-

ing results, that is, the diameters of eacL rod decreased by

0.2 to O.7 percent in length. Maximum decrease occurs just in

the middle of each fuel rod.

Fuel restructuring is maximum in the case of C-l fuel rod.

The other fuel rods showed almost no fuel restructuring except

some degree of e>rain growth in the center region.

The clad strength tests, burst test and tensile test

showed the irradiation hardning of zircalloy cladding. The

O.2 $ offset yield strength and failure stress were increased

by the factor of 5. Failure strain was decreased by a half

compared with the pre-irradiation data.
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Table 1 Fuel Rod Parameters

Fuel Rod No.

Plutonium conce/itration(w/o)
Pellet Diameter (nun)
Pellet Higth (mm)
Dish Diameter (mm)
Dish Depth (mm)
Fuel Density (#T.D)
Pu02/Pu02'U02 (w/o)

0/M
Adsorbed Gas (̂ /g)
Clad Material
Clad Inner Diameter (mm)
Clad Outer Diameter (mm)
Fuel btack Length (mm)
Fuel Rod Total Length (mm)
Plenum Length (mp)
Clad Maker
He Pressure (atom)

C-l

3.98
8,577
9.510
7.52
0.348
91.54
3.98
2.008
20
Zry-4
8.729
9.933

911*5
991.80
48.10
WL-07
1

C-3

3.98
8.577
9-510
7.52
0.348
91.54
3.98
2.008
20
Zry-4
7.729
T.938

91o,0
991.86
4Ç.70
WR-09
1

25

4.85
8.57$
9.601
7.433
0.355
91.80
4.85
1.9S7
20
Zry-4
8.734
9.924

906.5
9 91. SB
54.45
V.H-60

1

41

4.85
$.579
9.601

- 7*433
0.355
91.80
4.85
1.997
20
Zry-4
8.734
9. $24

911.0
991.76
4Ç.40
M.W-07

1

43

4.85 '
8.579
9.601
7.433
0.355
91.80
4.85
l.9?7
20
Zry-4
8.734
9.924

90G.O
£91.78
53.15

M.W-Ol
1
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Table 2 Irradiation Conditions

Fuel Rod Mo.

Reactor Power (MVt)
Rod Power(w/cm) Prlod 5

Priod 6
Burnup (HHD/klU)
Irradiation Time (day)
Assembly

25

23.5
36O
370
———
52. 9

503-10-8

kl

23.5
200
200
3430
Ç2.9

503-10-8

43

23.5
370
370
5570
92.9

503-10-8

C-l

23.5
500
4?o
8050
92.9

503-17-9

C-3

23.5
300
32O
5890
92.9

503-17-9

Table 3 Comparison of Rod Length between Pré and Post Irradiation

Rod

No.

25
37
40
.41
43
Cl
C2
C3
C4

Pre-
Irradiation

PNC
Total
Length
Lo(m»)
991.88
991.70
991.80
991.76
991.78
991.80
991.78
991.86
$91.80

Poa t -Irradiation

BOL
Total

M£)
992.38
992.31
————
992.63
992.72
992.35
992.27
990.40
992.25

4L (mm)
(«L-Lo)
0.50
0.61
———
0.87
0.94
0.55
0.49
0.54
0.45

JL/Lo

<*)
0.050
O.O62
———
0.088
0.095
0.055
0.049
0.054
O.O45

GB-VNC*
Total
Length
L (mm)

992.25

992.20

4L (mm)
(=L-Lo)

0.55

0.42

JL/Lo
M

0.055

0.042

GE-VNC**
Total
Length
L (mm)

992.8
993.8

992.8

993.8

4L (mm)
(=L-Lo)

1.10
2.00

1.02

2.00

L/Lo
(*)

0.111
0.2O2

0.103

0.202

* Measured at Valleeitos Nuclear Center of GB
** Based on Neutron Radiography

Table 4 Plenum-Gas Analysis (Volume percent)

Rod
C-l
c-3
25
41
43

»2
0.17
O.O2
0.01
0.01
0.01

Re

42.1
57. 8
Ç6.4
95.3
f6.0

CH4

O.01
0.01
0.01
O.O1
0.01

H20

0.1
0.1
Q.k
0.4
0.4

02
0.10
0.02
0.04
0.42
0.03

N2
0.63
O.O?
0.29
2.68
0.52

Ar

0.03
O.02
0,01
0.03
0.05

CO2
0.01
0.01
0.01
0.01
0.01

Kr

3.50
0.14
0.20
0.08
0.1Ç

Xe

53-5
1.88
2.70
1.04
2.78

>e/Ki

15.3
13.4
13.5
13.0
14.6
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Table 5 Fuel Restructuring and Temperature

Fuel Kod No.

Rod Power (w/cii )

Jiestructuring (nu:.)
tëqu i axed Régi on
Columnar Region
Central Void Region

Calculated by DKJAU c
Clad Surface
Clad limer
Fuel Surface
Fuel Center

Uuriiup (MWD/MTll)

4 1 (f)

1« 0

——

Dde
3OO
32O
440
900

343O

43(T)

360

——

320
36O
590

1820

5570

C-l(T)

2.74o(64$)
2.244(52$)

0.234(5.5$)

34 o
3«>o
650

2310

8050

C-3(T)

310

—

31O
350
550
1 56O

5890

* Distance from Fuel Center
** Tran̂ .verso Section

Table 6 Fuel Dont"! ty of Pré an<! Pô*-1-Irradiation

Rod No.

'n(ï)*

V3(K)

C-l (T)

C-'J(T)

Pré- J rra
Void

Frac t ion
W)
8.20

a. 20

«. -o

H . ' 6

dia t ion

Density

(% T.D)

91.80

91.80

«)i.5'l

«v: .5/1

Post— 1 rra
Void

Fraction
<*)

5. '19

7. l^

6.28

'l . 96

diation

Density
(36 T.D)

94.51

92 . 86

93.7*

«/5.0/I

Rôti Power
(w/cm)

(l) 354.3
(2) 357.6
(1) 287.0
(2) 285.0
(l) 449.5
(2) 465.9
(1) 3l>5.1
(2) 288.7

Ijurnup
(hWD/KTU)

5570

4480

805<>

5.'-'90

x*

'J%; Tr« M-H verse Section ( l ) > l'notl 5
1>; l<on<£it v diiii-1 Soc l i o n (2); l'riod 6
( 1 ) 'lïio v* • ! > < < ; l) iu-i i t<' . P«>r iod 5
(2) Tlie v« lue During Perio<J 6
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Table 7 Burnup Calculations

0*«I»

Rod
No.

C-l
C-3
41
43
Arl-1

41-2
4l-3
41-4
41-5

Location» mm
From Bottom

447.68 - 460.38
457.2 - 469.9
444.5 - 457.2
447.68 - 460.38
482.6 -,5C8.0(Inner)
482.6 - 580.0

ditto
ditto
ditto

_______ (Outer)

Sample
Weight,

g

7.3672
7.2338
7.5467
7.5778
2.4851
2.0401
2.0286
1.7004
1.8182

Fissions* '/
Ato* U-238,

F«

O. 008817
O.O06450
0.003787
0.006154
O.O03136

0.003373
0.003609
0.003669
0.004615

Atoms U/
Atom U-238

U«

1.0064
1.O067
1.0070
1.0069
1.0071

1.0071
1.0070
1.O070
1.0070

Atoms Pu/ Heavy Element
Atom U-238 Atom percent

p» Burnup, FT

0.03577
0.03742
0.04943
0.04797
0.04917
0.04948
0.04972
0.04887
0.05010

0.839
0.614
0.357
0.580
0.296
0.318
0.340
0.346
0.435

Burnup* '
in

MWD/kTU

8050
58ÇO
3430
5570
2840

3060
3270
3320
4170

.

(2) Assuming Gwd/mtU = FT (9-6 0.3)

Table 8 Cladding Hydrogen Anelysis Data

Roc
Identificetioai

?5

43

Sample
No.

25-A

25-B

43-A

43-B

Location from
Rod Bottom (cm)

38.10-39.37

38.10-39.37

41.28-42.23

41.28 — 42.23

Sample
Weight (g)

0.3010

0.2420

0.2420

0.2075

HS Content
cc-atm

0.101

0.078

0.088

0.080

ppm H2

30

29

33

34



Table 9 Tube Burst Data

Rod
Identification

25

43

Pre-Irrad,

Post-Irrad.

Pre-Irrad.

Post-Irrad*

Location of'1'
Specimen (cm)

———

40.64. to 60.96
J ——

47.31 to 67.63

Average
Tube O.D.

(mm)

9.924
9.900L
9-55O
99.24
9.528
9.878L

Temperature
(°c)
385

385

385

385'

0.2$ Offset
Yield Stress
(kg/mm2)

18.50

50.18

18.50

50.05

Failure
Stress
(kg/Mm*)

27.43

54.00

27.43

55.29

Failure
Strain
(#)
61

10

61

7

(l) : As measured from the bottom of the rod.

COoa01
Table 10 Tensile Data

Test Rod No.

Tube Tensile

*
Ring Tensile

Pre-Irra.
43

Post-Irrad.

Pre-Irra .

Post-Irra.

Temp.
(°c)
385

385

300

385

Specimen <
Location

. -.j-|-_ !

15.6 30.8cm
from bottom
of rod

_ — .
40.6cm from
bottom of
rod

).2 $ Offset
field Stress
(kg/cm )

3400.0

3585.8

3594.7

5471.2

UTS
(kg/cm2)

5000.0

5239.1

5768.3

5942.3

Uniform Total
Elongation Elongation

(#)
8.7(300°C)

3.2

7.6

5.9

<*)
16.0

7.0

43.0

20.1

Note : These data are presented by Mitsubishi Metal Corporation (MMC).
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Polish this face Core
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v Polish thto face

Note A*.Examine face of longitudinal
metallography

(cm )

Top Rod No-C-1

Rod No C-3

Rod No 25

Rod No 41

Rod No. 43

42123 46X>4
47.3J

ML • • • • Clod0 Fuel Metollogrophy Sample Longitudinal Examine face Note A
MT ••• • Clad 0 Fuel Metallography Sample Transverse Examine face
B • • • • • Burnup Sample
MA —•• Clad Mn-54 Analysis Sample
HA ••••• Clad H2 Anafysis Sample
BT •••••Ctod Burst Tesl Sample
BR ..... Burnup (Radial Drilling) Sample
LT ••••• Clad Longitudinal Tensile Test Sample
RT •••" Clad Ring Tensile Test Sample

I •

Bottom 1*1
'254

C
1

c

• • • • ' • ' • • • • • ' • ' • ' • •

N M 1

28.26 42.23 46.04

3Û8° tnïf'8 """ """ """" " —— """' 1

43.18 46.99
MA^ 45.72

PM-HA BT , }

38JÔ 40.64 60 96
39.37

C bfcNBRl 1
' «3.18 '45.72 8080

C | LT HRT-<-S|MTM>-'HA BT | J
16.51 317534.29 41.6944.77 67.63

Figure 4. PosHrradiation Examination Sectioning
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Photo-2 Low Magnification Composite Rod No.C-1
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PRELIMINARY STEPS TOWARDS THE RECYCLING OF PLUTONIUM IN SWEDEN

C G Ôsterlundh

AB Atoraenergi, Studsvik, Sweden

Abstract

The paper describes the programme of nuclear power growth
and plutonium production in Sweden up to 1990. Justification
is given for commercial plutonium recycling in thermal power
reactors starting in 1980. Review of experimental programme
is presented.

Pour nuclear power units are expected to be in commercial
operation in Sweden by the beginning of 1975. A decision
has been made to build a further seven units of which six are
in various stages of completion* This total of eleven units,
with a capacity of 8.3 GW, will be in full operation by 1980»
providing an estimated 30% of thé national power production.

Forecasts concerning the supply of electricity after 1980
have been published by the Central Operating Management (COL),
which is a cooperative organization of the main Swedish
utilities. In addition a study of the total energy consumption
and means of supply was published in September 1974 by the
governmental Energy Forecasting Committee. This study lists
a number of alternative methods for producing electrical energy
and until it has been debated in Parliament it is difficult to
predict the full extent of nuclear power usage in Sweden. For
purposes of illustration, however, it is assumed here that the
nuclear capacity will increase up to 1990,either to 23.6 GW,
according to the CDL 1972 forecast, or to the lower alternative
of 17 GW.

On the basis of these figures the production of plutonium has
been calculated, assuming an adequate reprocessing capacity to
provide the element as dioxide two years after unloading the
fuel from the reactor core, see Table 1.

Electricity is supplied in Sweden by the state, by certain
municipalities and by a number of private utilities, which are
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responsible for 45%, 13% and 42% respectively of the total
production. Of these the Swedish State Power Board (SSPB)»
Oskarshamnsverkets Kraftgrupp AB (OKG) and Sydsvenska Kraft-
aktiebolaget (Sydkraft), all of which engage in nuclear power
production, are considering the utilization of plutonium in
their reactors.

Of the various alternatives for dealing with plutonium, storage
for later use in breeders is regarded as unrealistic as long
as there are no plans within the country for breeder develop-
ment or for a breeder demonstration program. At the time of
writing it seems improbable that breeders will be introduced
commercially in Sweden before the 90*s.

The storage of plutonium, for ultimate disposal as waste, does
not seem to be an attractive alternative because of the value
of plutonium as a reactor fuel and because of the environmental
aspects of this approach. It may be mentioned in this context
that the Swedish Committe on Radioactive Waste (Aka) is currently
studying the possible effects of the recycling of plutonium on
waste management. The committee is considering not only the
recycle process according to current techniques but also, in
the long run, the possibility of separating and recycling the
small residues of transuranic elements in the reprocessed
waste. This treatment would facilitate the ultimate storage
of high level waste.

Since, so far, there are no indications that problems might
arise, in the operation of cores containing plutonium assemblies,
or in the handling of such assemblies, the favoured alternative
is that this element should be recycled.

OKG's first unit,Oskarshamn 1 (BWR), started commercial operation
in 1972. The second unit, Oskarshamn 2 (also BWR), was first
connected to the grid in October 1974. The first fuel from
Oskarshamn 1 will be sent for reprocessing early in 1975, while
the first shipment of spent fuel from Oskarshamn 2 will take
place in the winter of 1977-78. It would thus be possible to
recycle plutonium in Oskarshamn 1 starting in 1977. OKG does
not expect, however, that any commercial recycling in Oskars-
hamn 1 and 2 will be performed before 1979. The recycling of
plutonium will probably be desirable as from 1980.
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SSPB's first two units, Ringhals 1 (BWR) and Ringhals 2 (PWR)
will, with good luck, be in full operation by the beginning of
1975. With availability values of about 70% for these 'two units
the first reloads will be needed by the summer of 1976 for
Ringhals 2 and by the sunnier Of 1977 for Ringhals 1. With the
planned fuel cycle thé earliest date for recycling SSPB
plutonium to an SSPB reactor core will be 1979. In each of
the above cases a tine interval of 3 years is to be expected
between unloading an assembly from the core and loading
with fresh fuel containing plutonium from that assembly.
Thus, some time during 1976 it will be necessary for SSPB to
decide if, in what reactor, and when, plutonium is to b«t
recycled. The most probable alternative is to recycle the
plutonium to the reactor in which is was initially produced.

Some differences in the recycling of plutonium,as between the
BWR and the PWR,have been investigated by SSPB* Because of the
nuclear properties of plutonium limitations arise in some cases
as to the quantity of the element that can be recycled in one
reactor. In the BWRs of current design all of the plutonium
produced in a given reactor can most probably be recycled to
the same reactor with a good-margin. In Ringhals 2,which is a
PWR.,the self generated plutonium can only be recycled during
the first 8 to 10 operational 'ears. This limitrtion arises
f-rom the reduced reactivity effects of the control rods in a
PWR core fuelled with plutonium. In Ringhals 3 and 4, which
operate PWR reactors under somewhat different thermal conditions
(lower AT), more than the self generated plutonium can be
recycled. SSPB therefore foresees a situation in which some of
the plutonium produced in Ringhals 2 may be recycled in Ring*
ha.ls 3 or 4.

To pave the way for the use of plutonium in thermal reactors
development work is in progress along different lines at the
utilities, AB ASEA-ATOM and AB Atomenergi (the Atomic Energy
Company of Sweden).

Studies have been made by the utilities of the commercial aspects
of plutonium recycling,- and its influence on the demand for
uranium and on the service requirements for uranium enrichment«

In the sphere of reactor physics, an extensive series of
experiments has been performed in the high temperature critical
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assembly KRITZ at Studsvik. This facility is large enough to
accomodate full length fuel assemblies and measurements can
be performed at different temperatures up to a miximum of
250°C. The critical size and the pin to pin power distribution
haye been determined as a function of temperature for a variety
of core geometries and compositions. In this connection
Accurate measurements of the power distribution between mixed
oxide fuel pins and neighboring U0_ pins have been of particular
value.

The results obtained in the KRITZ experiments have been used
as a basis for making a thorough test of the cell and assembly
codes in use in Sweden, in particular the BUXY code. As a
result we now have considerable confidence in our ability to
calculate the performance of plutonium fuelled BWR and PWR
fuel assemblies.

Investigations are further under way at ASEA-ATOM to find the
optimum distribution and enrichment of mixed oxide fuel pins
in island-type BWR assemblies* In these studies due consider-
ation is given to the requirements of dry out and control rod
worth margins, reactivity coefficients, economics etc. Some
studies are also being made as to which carrier material should
be used,whether it be depleted, natural or enriched uranium.
No definite conclusions have as yet been drawn from these
studies.

Development work on mixed oxide fuel is carried out at the
Plutonium laboratory at Studsvik. Plutonium bearing pellets
have been produced both for our own experimental work and
for customers. Experimental mixed oxide fuel has been
irradiated at Studsvik and at Rise, Denmark, with the —'»
of studying the effects of certain fabrication parameters.
Since no commercial fabrication of mixed oxide fuel is
anticipated for the near future,emphasis has been placed on
providing utilities with information regarding fuel specifi-
cations, with the characterization of powder and sintered
pellets,and with the study of problems connected with quality
assurance during fabrication.

For purposes of recycling plutonium ASEA-ATOM undertakes the design
of assemblies containing both uranium and plutonium. The associated
R & D-work has been touched upon earlier in connection with
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problems of reactor physics, but work has also been performed
on the heat transfer properties and fabrication of these
elements. While the manufacture of fuel rods is currently
restricted to uranium oxide elements, ASEA-ATOM collaborates
with firms that fabricate plutonium bearing fuel elements, and
is therefore in a position to deliver complete assemblies
containing both plutonium and uranium.

The first plutonium fuel to be used in a LWR in Sweden is
represented by three mixed oxide assemblies which will be
loaded into Oskarshamn 1 this year. The purpose of this exercise
is to obtain licensing for, and handling and irradiation experience
of, plutonium containing elements. OKG has obtained the necessary
licence and ASEA-ATOM is responsible for the design and manufacture
of the assemblies.

Acknowledgement
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Table I. Plutonium available from Sweden nuclear power stations

Year Fissîte Pu Fiss?le Pu
yearly accumulated
kgs metric tons

1976 20
77 75
78 250
79 450

1980 650 1.4
81 700 2.1
82 700 2.8
83 1100 3.9
84 1000 4.9

1985 1250 - 1450 6.2 - 6.4
86 1350 - 1600 7.5 - 8.0
87 1650 - 2000 9-10
88 1750 - 2300 11-12
89 2000 - 2600 13 - 15

1990 2100 - 2700 15 - 18

The Pu is assumed to be available two years
after unloading the fuel from the reactor.
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ELECTRIC POWER RESEARCH INSTITUTE-

PROGRAMS ON PLUTONIUM FUEL UTILIZATION

by
Burt A. Zolotar, Melvln E. Lapidés, and Floyd E. Gelhaus

Introduction
In thé United States, considérable plutonium is available in the

assemblies now in the spent-fuel storage pools and a great deal more will
be available in the future. While the "Draft Generic Environmental Impact
Statement on the Use of Recycle Plutonium in Mixed'Oxide Fuels in Light
Water Reactors" (GESMO) issued by the U. S. Atomic Energy Commission has
indicated a tentative approval of the commercial use of plutonium in water
reactors, an individual user will have to make its own decision based on the
specific situation which it faces. The utilization of plutonium generated
during thermal reactor operation will require decisions among many possible
alternatives including:

1. recycle of plutonium in water reactors designed for uranium-
bearing cores;

2. recycle of plutonium in water reactors especially designed for
large-scale Pu usage;

3. use of Pu as a fissile makeup or startup material in present HTGRs
or as the major fuel in an HTGR designed as a Pu "burner";

4. storage of recovered Pu;
5. sale of Pu if a market develops.
To make a choice between these alternatives, an individual user must

look at many factors. Yet a constantly changing situation makes it difficult
to assess the total picture. Historically, plutonium recycle has been looked
on as a means Of reducing the cost of the fuel cycle. Today, however, the
use of plutonium to ensure fuel availability and as a hedge against uranium
price increases appear to be dominant considerations. Most available economic
and design studies of Pu usage have been geared to "self-generation" amounts.
Now, changing cost and safeguards considerations may make it attractive to
consider designs utilizing larger amounts of plutonium. While higher fuel
fabrication costs have generally been Computed to be the dominant penalty in
using plutonium, the Influence of waste disposal and radiobiological and
safeguards issues may introduce significant additional costs. The picture
has also changed with respect to fuel reprocessing in the U.S. Previous
expectations of significant commercial capacity by 1974 has been replaced
by the realization that no real capacity will be available before 1976.
It is obvious that the large-scale recycling of plutonium is precluded in
the near future.

An additional consideration that the first potential users must consider
are the licensing uncertainties. While it is expected that the licensing
of mixed oxide cores will not be a significant!y different process than for all
uranium cores, clarification of AEC Pu licensing requirements is needed.
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EPRI Program

In its first year of operation» the Electric Power Research Institute
has become involved in a variety of projects. It is seeking to formulate
research and development projects in order to answer technical questions.
The goal is to help provide a technical base so that as many options as
possible are available to the industry.

From the first, plutonium usage has been considered an important part
of the EPRI nuclear power program. Several projects which began under the
Edison Electric Institute (EEI) have been continued and extended. In
addition, a variety of new projects have been initiated in this area.

Last spring, EPRI completed negotiations for the development of the
Advanced Recycle Methodology Program. The calculational sequence will
provide a neutronic and thermal hydraulic capability suitable for design
verification, safety and licensing support, in-core fuel management,
economic studies and core operations support. Emphasis has been placed on
features making the package suitable for use in Pu containing cores. These
include a high thermal cutoff and a grain-size effect treatment in the unit
cell calculations and the ability to use a two-dimension collision probability
calculation in six to twelve groups for the highly heterogeneous assembly
calculations. The codes will be benchmarked against uranium and mixed oxide
criticals, Yankee and Saxton reactor isotopics, KRITZ facility and Battelle
mixed oxide assembly mock-ups as well as operation data from operating PWRs
and BWRs.

EPRI has extended the EEI/General Electric plutonium proqram which
was underway for a number of years. The fabrication of five prototypical
BUR assemblies was completed and these assemblies have been inserted in the
Quad Citites-1 reactor for irradiation. In addition, a nondestructive and
destructive test program will be carried out on GE Pu rods previously
irradiated in the Big Rock Point reactor.

Exxon Nuclear and Consumer Power Corporation have initiated a Pu
irradiation program in the Big Rock Point BWR. Four Exxon Pu test assemblies
were previously inserted in the reactor but this past summer 19 more
assemblies were added. Plans call for additional full reloads of proto-
typical Pu assemblies in 1975, 1976, and 1977. The four lead assemblies
will be removed by 1977 and will be recycled for insertion in 1978. This
will provide a test of the usage of high exposure Pu. A significant project
is being negotiated with Exxon which, if completed, will increase the scope
and availability of information. The EPRI/Exxon program would consist of
several parts including:

1. An operations summary to provide a benchmark against which to test
the ability of analytical methods to treat cores with increasing
amounts of Pu;

2. A nondestructive testing program including examinations and gamma
scans at reactor shutdowns; and

3. A destructive examination and selective dissolution program on the
lead assemblies including detailed isotopic analysis, autoradiographs
and electron and ion microprobes.

EPRI is also negotiating a program with General Atomic to continue the
EEI study of plutonium usage in HTGRs. The work would cover post-irradiâtion
examination of Peach Bottom Pu test elements.
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EPRI has Initiated a program of critical experiments at Battelle Northwest
with two major tasks. The first task Is a series of new clean plutonium and
uranium assemblies geared to obtaining Information useful for methods and
cross section testing. The second task 1s a set of experiments to provide a
better calibration for power measurements 1n Pu and U rods. This Information
will be useful in Interpreting previous measurements In Pu reload mockups.

In the fuel management area, EPRI 1s beginning to work to extend fuel
cycle optimization methodology to Include Pu recycle options and to Investigate
strategies of using Pu in either HTGRs or LWRs.

In reality, many additional EPRI programs have a direct bearing on Pu
utilization. For example, a study is being carried out to examine the feasibility
of measuring the residual fissile content in fuel assemblies while still in the
spent fuel storage pool. Such a device would provide analysis verification,
contribute to safeguards and provide fuel management planning data. EPRI and
the USAEC also have parallel programs in the area of gamma decay heat which
will provide accurate data for both plutonium and uranium fuels.

EPRI Plutonium Utilization Workshops
EPRI has held several plutonium recycle workshops. These workshops served

to bring together a group of people representing diverse parts of the nuclear
Industry. The aim of the workshops was to scope issues relevant to plutonium
utilization in LWRs. Particular emphasis was placed on defining those topics
which might influence the fuel cycle and fuel or core design, and which should
be taken into acocunt in selecting the direction of future EPRI-sponsored
work on plutonium recycle.

A significant highlight of the first meeting was the comprehensive review
of possible basis for potential changes in plutonium toxicity limits. The
essential points of the review were:

1. There is evidence to support some lowering of plutonium exposure
limitations.

2. Most of the aspects of a recently publicized hot particle model
for dose resulting from inhalation are not new, but indeed, have
been critically considered by researchers in setting toxicity
limits for many years; inhaled plutonium, localized as hot particles,
1s known to be slowly removed from the lungs.

3. Available data on human exposures, which Includes over 200 people
and many observations up to 30 years in duration, shows zero cancer
to date. (This result shows at least several thousands of times
lower actual Incidence than that suggested in the recently publicized
version of the "hot particle" theory.)

A quantitative study of the effect of exposure standards on specific fuel
cycle operations appears desirable.

The second workshop included a detailed review of the draft GESMO. It
Is evident that iff adjudication of the draft GESMO results 1n major new
technical issues or if the actual industry investment pattern results in recycle
costs which differ from those which are predicated for an established industry
in the GESMO, the existing technology base might prove inadequate. A major
goal of the workshop was to consider this possibility, together with responses
which might merit industry attention. Three working sessions were directed
to this objective. They addressed: a) utilization strategies; b) storage
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strategies, and c) safeguards alternates (with particular emphasis on "spiking"
of plutonium). The changing perceptions of the values of plutonium recycle
provided one essential background consideration for the working sessions and
the impact of possible safeguards requirements on these perceptions provided
another. In essence, the power reactor operator is becoming increasingly
concerned with factors impacting on assurance of fuel availability at a time
when fuel costs are significantly increasing. It is also true that risk-
benefit assessments are now of major significance. On this basis, it is
prudent to critically examine extended storage of plutonium or of spent fuel
(the fundamental requirements for "hedging") as well as the prospects for LWR
operation with very high plutonium contents (a technique of assuring fueled
operation given uranium ore availability but an enrichment capacity shortfall).
In an analogous fashion the various safeguards options can be viewed as those
whose predominant impact may be to increase cost (e.g., guard forces, convoyed
shipments) or those which may restrict plutonium utilization to plants in specific
locations (i.e., those in closest geographic proximity to fabrication and
reprocessing plants) for cost or other reasons. Thus, it again becomes
prudent to examine the storage and high-plutonium LWR options. In addition,
it is pertinent to determine if "spiking" permits the use of present fuel
cycle facilities without modification or, if the level of radioactive con-
tamination required mandates major process modifications (and hence deferred
utilization).

Definitive answers were neither anticipated nor obtained from the working
sessions. Instead, the aim was to identify, without advocacy, those needs
and approaches which appeared most viable following screening by an experienced
and diverse group (including researchers, equipment suppliers, fuel reprocessors,
fabricators and utilities) currently addressing plutonium recycle. Some of
the more significant observations were:

1. Plutonium issues are not readily quantified and may be distorted
if examined on the basis of a single simplified industry model.

2. The current reprocessing capacity shortfall mandates immediate
evaluation of spent fuel storage alternatives.

3. Plutonium recycle generally exhibits a positive credit value for LWRs
but the credit may not be large enough to justify possible complications.

4. Safeguards techniques have been proposed which "protect" or "eliminate"
transportation links. "Elimination" methods such as nuclear parks
probably imply long-term set backs for plutonium utilization.
Techniques such as "spiking," which may permit more contemporary
utilization, warrant more evaluation as an alternative.

Reactor supplier presentations represented their belief that sufficient
design analysis and irradiation experience is at hand to permit reasonable
confidence in mixed oxide repladement of assemblies on a simple substitution
basis. (The EEI-EPRI plutonium test element irradiation program in power
reactors may not yet confirm this viewpoint to sufficiently high statistical
confidence levels.) It was evident, however, that in most cases systematic
re-evaluations of recycle designs, including, for example, maximum plutonium
utilization per plant, has not yet been carried out. The reactor and fuel
cycle design is largely confined to the ground rules established in the mid-
1960s. This posture includes the assumption that burner or high plutonium
loading concepts are not of interest because they might be made obsolete by
the introduction of the breeder. A quantitative reappraisal of these con-
straints including maximum practical loading of plutonium with some degree of
redesign, and the possible reconversion to U0? operation after "maximum
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plutonium use" operation, requires further study. General Atomics has explored
designs of plutonium usage in HTGRs ranging from limited use as a substitute
for U-235 to a burner concept which uses plutonium to meet all fissile require-
ments.

Conclusions
EPRI has initiated a plutonium recycle program with a goal of providing

a technical base for the industry to utilize in choosing between the various
available alternatives. Basic criteria for Pu recycle will be strongly
related to nuclear fuel availability. The final decision on recycle in
thermal reactors will be made by the individual user subject to U.S.
government requirements.
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Review on Plutonium Recycling Experiments

and Program in Japan

Tsuyoshi Amamuna

Hideo Akutsu

Masumichi Koizumi

Power Reactor and Nuclear Fuel

Development Corporation (PNC)

Abstract
The paper reviews plutnoium recycling in Japan with emphasis on experimental

results in fuel fabrication and performance, as well as reactor physics*

A nuclear electric generating capacity in Japan was planed

to attain 60,OOO,000 KV in 1985. However, the present world

situation since the petroleum crisis is making us reconsider

this plan.

The nuclear electric generating capacity is expected to be

increased as early as possible by political efforts considering

the possibilities of sites for construction of reactors, security

for nuclear materials and other problems. Particularly from the
i

reason of the shortage of enriched uranium sources for thei
thermal reactors we are now facing the necessity to actualize

plutonium recycling at early stage. Our government and indus-i
tries are conducting to make concrete plans, considering the

complicated world situation.

Under the above situation,P.N.C. is now under planning to

actualize plutonium recycling at early stage. At present time,

we have a plan to irradiate plutonium fuel assemblies in JPDR

(Japan Power Demonstration Reactor, 90 MWt; in co-operations
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with JAERI (Japan Atomic Energy of Institute) and JAPCO (Japan

Atomic Power Corporation). The assemblies (2 assemblies at

beginning of stage) are planed to be loaded at middle of 1976

and expected to a half core at final stage for reactor physles

experiments and fuel irradiation examinations. Another program

is under way in co-operation with PNC, Kansai Electric Co. and

Vestinghouse Electric Co., 4 assemblies have been fabricated

and expected to be loaded in Mihama reactor - 1 (P¥R, 340 MWe)

in 1976. Besides similar program is under consideration using

Tsuruga reactor (BWR 357 MWe) to load two plutonium fuel

assemblies. Regarding the advanced thermal reactor (ATR 165 MWe),

reactor physics experiments have been carried out since 1972

and ATR is scheduled to be critical in 1976.

As a part of plutonium recycling the operation of the re-

processing facility at PNC (capacity: 0.7 tons/d.s) was remark-

ably delayed by opposition of the regional residents, however

scheduled to start in 1975. In addition to the operation of

reprocessing facility, a conversion facility at PNC is scheduled

to operate 1977 for the conversion of plutonium-nitrate produced

as final product at the reprocessing facility to PuO_ and the

elimination of americium, in order to supply Pu02 for the fuel

fabrication of FBR and plutonium-thermal fuels.

With respect to plutonium-fuel fabrication as shown in

Table 1 and 2, we have fabricated lots of plutonium-fuels for

preliminary irradiation tests of plutonium thermal and FBR fuels,

JOTO (Japan experimental breeder reactor, 75 MWt) and critical

experiments by DCT and TCA. However the present fabrication

capacity is insufficient for plutonium-fuel assembly loading

program, therefore enlargement of our present facility is under

planning considering its capacity and time. JAERI is now

proceeding construction of P.I.E hot cell for U02 and Pu02~UO2
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thermal fuel irradiation tests and also PNC is considering

construction of P.I.E facility for plutonium-thermal fuels.

A series of pultonium fuel irradiation tests have been

carried out so far in the manner of fuel pin irradiation tests

in GETR and JRR-2 at beginning stage and subsequently fuel

assembly irradiation tests in HWBR (HALDEN) and Saxton reactor.

In HWBR, two test assemblies, pellet type fuel and vibratorily

compacted fuel, vere irradiated 13,200 MWD/T and 7,300 MKD/T

respectively and evaluated by P.X.E at Kjeller hot cell in Norway.

As the result,the two type fuel assemblies were safely irradiated

and no discernible differences between two assemblies were

observed with respect to safety problems under the irradiation

conditions. Besides four plutonium fuel rods and one assembly

(68 rods) were irradiated (8,750 MWD/T at 512 w/cm and 6,680

MWD/T at 381 w/cm respectively) in the Saxton reactor in partici-

pation to Vestinghouse Saxton core III program, the P.I.E tests

were performed at Battle Columbus Lab. and showed satisfactory

results on fuel performance. Further two rods selected from

those irradiated fuels are being reirradiated to attain 35»OOO

MWD/T at 472 w/cm by GERT.

Plutonium fuel loading in JPDR (BWR) has been planned since

1971» however remarkably delayed by local leakages of primary

cooling system. The loading is expected with two plutonium fuel

assemblies in 1976, finaly to a half core.

With respect to the loading in commercial reactors two

plutonium fuel assemblies, fabricated by Westinghouse Co.,

containing two rods by PNC are planned to be irradiated in

MHiAMA reactor (PWR, 34O MWe) in 1976. The similar program is

now under the consideration by TSURUGA reactor (BWR, 357 MWe).
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Critical experiments reguru ing » light water moderated

reactor have been carried out to measure reactor physics

characteristics in co-operation with JAER1 by TCA (light water

moderated critical assembly). 3.0 w/o Pu02-U0 (Nat) fuel rods

( 6OO rods) were used in uniform lattices of TCA to obtain the

experimental informations on basic nuclear characteristics of

mixed oxide lattices and to evaluate the accuracy of calculation

method used for design of light water reactors. A next critical

experiment of plutonium utilization is planned to examine the

nuclear characteristics being important on safety and localized

performance of a LVB partially fueled with mixed oxide. These

characteristics include power peaking effects with water slots

and plutonium enrichment zones, control rod worths, and reduction

in the delayed neutron fraction. Fabrication of the mixed, oxide

fuel rods (about one hundreds rods containing several different

plutonium enrichments) is scheduled to start for this experiment

at the beginning of 1975.

Regarding a program of FUGEN (ATR, 165 M¥e) the reactor is

now under construction and scheduled to be critical in 197°.

Prior to this opérât m, the reactor physics examinations are

being carried out in Deuterium Critical Assembly (DCA) with

emphasis on the void reactivity, neutron flux distribution and

power distribution in the partial mixed oxide fuel. core.

A new facility, the Plutonium Fuel Fabrication Facility

(PFFF) of PNC for mass-production, was constructed to meet the

plutonium fuel fabrication requirements for PNC1s FBR and ATH

programs. At this PFFF, the plutonium fuel assemblies (92

assemblies, about 10 tous as MO) for DCA had been fabricated

since 1972 and completed in 197'*. It vus the first experience

in Japan that such a large amounts of mixed oxide was fabricated

as the fuel assemblies composed of three kinds of fuel rods
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according to both the isotopic character and plutonium enrich-

ment. This mas-production gave us much informations and experi-

ences about the production technology of mixed oxide fuels.

Based on the experience a next mas-production for ÂTR is

scheduled to fabricate about 100 assemblies (about 18 tons) from

the beginning of 1975. Prior to the production a establishment

of quality control system is now being promoted for ATR fuels.

A preliminary irradiation test for the ATR fuel assembly is under

way with one assembly (28 rods) in SGHWR (England).

Computer codes (ACTIVE-1, DIRAD, PIPER-T etc) have been

developed to evaluate PuO_-U02 fuel pin performance under the

irradiation based on basic and certificating irradiation tes+~

and out-pile tests. Regarding a current problem of fuel densifi-

cation, PuÔ -UÔ  fuel rods containing many kinds of pellets are

planned to examine the desification behavior in HALDEN reactor

in 1975.

With increase of amount of plutonium used we are making
power distribution in the partial mixed oxide fuel core.

A new facility, the Plutonium Fuel Fabrication Facility

(PFFF) of PNC for mass-production, was constructed to meet the

plutonium fuel fabrication requirements for PNC1s FBR and ATR

programs. At this PFFF, the plutonium fuel assemblies (92

assemblies, about 10 tons as MO) for DCA had been fabricated

since 1972 and completed in 197̂ . It was the first experience

in Japan that such a large amounts of mixed oxide was fabricated

as the fuel assemblies composed of three kinds of fuel rods

according to both the isotopic character and plutonium enrich-

ment. This mas-production gave us much informations and experi-

ences about the production technology of mixed oxide fuels.

361



Based on the experience a noxt mas-production for ATR is

scheduled to fabricate about 1OO assemblies (about 18 tons) from

the beginning of 1975. Prior to the production a establishment

of quality control system is now being promoted for ATR fuels.

A preliminary irradiation test for the ATR fuel assembly is under

way with one assembly (28 rods) in SGhltflt (England).

Computer codes (ACTJVE-1, DiKAD, P1PER-T etc) have been

developed to evaluate PuO2-UO2 fuel pin performance under the

irradiation based on basic and certificating irradiation tests

and out-pilo tests. Regarding a current problem of fuel densifi-

cation, Pu02-U02 fuel rods containing many kinds of pellets are

planned to examine the desificntiori behavior in HALDEN reactor

in 1975.

With increase of amount of plutonium used we are making

the concrete plans for currently urgent problems of decrease

of MUF, safeguard problem and wastctreatment.

Amount of plutonium produced from tbemial reactors in

Japan is increased as shown in T&ble 3 and attains 14 tons as

plutonium by 198O. The reprocessing facility (PNC, capacity:

0.7 tons/d.s) starts in operation and the conversion facility

(PNC, capacity: O.75 kg/d.s) also does in 1977 to convert

plutonium nitrate produced from the reprocessing facility to

Pu02 wliicli is used for the fuels of JOYO, FUGEN and MONJU (FBR

proto type, 3OO MWe) and partly storked at PNC to reach about

k tons by 1980. Total plutonium as the remaining stock in Japan

also reaches about 13 tons by J9KO.
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Table 1 Plutonium Recycling Program in Japan

— — — ,
ECONOMICS

FUEL DESIGN

CORE DESIGN

FUEL ASSEMBLY

SAFETY ASSESSMENT

FUEL FABRICATION AND TECHNOLOGY
LABORATORY
EXPERIMENTAL PILOT PUNT
PILOT PUNT
COMMERCIAL PUNT

IRRADIATION
BASIC IRRADIATION AND
ANALYSIS

REACTOR PHYSIC

PRELIMINARY DEMONSTRATION

DEMONSTRATION IRRADIATION
(COMMERCIAL REACTOR)

REPROCESSING

CONVERSION FACILITY

POST IRRADIATION EXAMINATION
FACILITY

1967 ' 1968 1 1969 1970 1971 1973 1973 1974 1975 1976 1977 1978 1979 1980

{Evaluation on fuel fabrication cost, fuel recycling and fuel management system.

£ JPDR, MIHÂMA, TSÙRÙCÂ"

] JPDR MIHAKA TSURUGA Sub-assemblies

Peaking factor, Pin failure analysis Limit of fuel design
~~1 Development of pin performance ana reliability computer code

Fabrication of fuel for the test irradiation. Research and Development of fuel properties.
Fabrication of fuels for JO TO and FUGEN „,_,. . „ ,..,„

j of fuel for MONJU 3

I ——

Fuel pin irradiation (PRR-2, JMTR, CETR) Irradiation in transition state
I Calculation or pin performance (bl&AD code)

Development of pin performance code (FIPEK-T, ACTIVJS-T)

TCA critical experiment ____ j

] Assembly irradiation (Halden, Sazton, SGHWR)

BIHAMA f Fabrication | Irradiation (4 assemblies)

JPDR C?on1C*f Irradiation (? assemblies)
• • ' • • • ' ....L...r--.... — —— ... j. A U.U.--.T-..-»-*

TSURUGA Fabrics- , Irradiation (2 assemblies)
*î5S,..it..... _ _ _ . . _ - _ _ _ —— .

| Operation at PNC

| Operation at PNC

| Operation at JAERI.PNC

OSenoo

Remark *1 Experimental LMFBR
»2 Prototype ATR
*3 Prototype UtFBR



Table 2 Plutonium Fuels Fabricated for Irradiation Test

1 Fuel
Identification

£

!
ï
!ta
O

3

Pu
- t

he
rm

al

1

GETR-S

GETR-1RT-A

GETR-1RT-C

HAtDEH-IFA-159

HALDEH-IFA-160

JRR-2
in core (4)

JRR-2
VT-1

JRR-2
in-core (5)

JRR-2
VT-1

Saxton

Saxton-CETH

Mihama

Halden-IFA
-423

Purpose

Screening teat of fuel
type

Pre-irradiation test for
Halden-IFA-159
Pre-irradiation test for
Halden-IFA-160

Subassembly irradiation
test (3 x 3)

ibid.

Measurement of gap
conductance

Measurement of gas
release

Experiment of center
melting

Irradiation test of
green pellet

Proving test for S/A
and high rod po er

Behaviour test on
high burnup

Proving test for
commercial reactor

Pre-irradiation test for
ATR-fuel

Fuel Weight
g

895.5

112.6

443.6

11,410.5

12,034.4

369.2

147.6

152.5

395
«

3,761.9

2,102

8,496

22,400

Composition

2w/oPuD,-m»2

2.5w/oPu02-HUD2

3.1w/oPu02-MW>2

2.5»/oP*>2~NOD2

3.1»/oPu02-Sl»2

2.5w/oEt»2

2.5«/o«»00?

5.9w/oEtt>2

6v/oEOD2

4w/oP«02-lTO2
5w/oPuu2-HW>2

4w/oPuO.-NCD,

3.4w/oP«02-NTO2

1.2w/oPuU2-
7w/oE002

Fuel
Type

fsB.CP,
*P

hB

VP

MB

VP

KB

MB

MB

MB

Density
% T.D.

94
84

94

86

94

85

95

95

95

60

92

92

95

95

Dianwter
(KB)

1'.5
12.6

10.2

10.8

10.0

10.3

12.312.4
12.5

12.4

9.8

10.7

8.57

9.57

9.3

14.40

Cladding

AISI 304I>

Zircalloy-2

Zircalloy-2

Zircalloy-2

Zircallo ;-2

AISI 316

AISI 316

AISI 316

Zirealloy-2

Zircalloy-4

Zircalloy-4

Zircalloy-4

Zircalloy-4

Number
:f Bod

4+(4)«

l+(l)

3*(2)

9*(1)

9^(1)

3

1

2+(l)

6V(2)

4
68

2+(2)

2+(2)

7+(l)

Burnup
(MWD/T)Av.

1,200
900

5,250

iill
9,420

5,340

500

400

1,000

<1,000

19,500
•5,500

35,000

12,000

Bod
P->ver
K'^ft
14.5
10

14.6

fti
15.3

11.0

11.3

16.7

13

20

8

19
«M

12

20

Irradiation

1967

1968

1Ï-68

1969

1969

1970

1970

1973

1973

1971

1974

1975

1975

PIE

GE

GE

GE

Kieller

Kjeller

JAERI

JAERI

JAERI

JAERI

BCI>

03

PHC

Kjeller

COo>



CONTINUE

CO
O>
tn

Ph
ys

ic
al

Ex
pe

rim
en

ta
l

.3

AT
R 

Ph
ys

ic
al

Ex
pe

rim
en

t

TCA single
rod

TCA 3 x 3

TCA 7 x 7

JKTR-C (l)

TCA Saxton

TC& 1 region
critical exp.

ATR 2 regions
critical exp.

DCA

Pu reactor physics

ibid.

ibid.

ibid.

ibid.

ibid.

Pa reactor physics for
ATR

ibid.

3,104.3

22,152.2

1,257.0

16,814.6

264,000.0

541,629.7

9600,000.0

1.4-2.5w/oPuO,
-JTO02 *

^.Sw/oPuOg-MWo
3.1w/oPvu2-BW)2

3.4w/oPu02-HTO2

0.8-
2.5w/o?rf>2-HTO2

5v/oP«02-N«)2

3.06w/oPuD--
NU02

 2

O.Sw/oPuOg-NTOg

0.54w/oPuU2-
0.87w/oPu£>2-

VP

MB

KB

MB

MB

MB

MB

MB

82-86

94
85

62.2

94

92

55

94

93.5

10.0

10.0
10.8

10.7

10.0
15.0

8.57

10.7

14.8

14.8

Zircalloy-2

Zircalloy-2

Zircalloy-2

AISI 316
Ziroalloy-2

Zircalloy-4

Ziroalloy-2

Zircalloy-2

Zircalloy-2

49(+l)

2+(2)
2+(2)

32

600

252

2,672

1967

1968

W69

1969

1970

1972

1970

1972

Total amount of Pu-thermal and ATR fuels fabricated at Plutoniun Fuel Fabrication Facility
- 10.512 ton

Total number of pins 3656 pins

hB t Mechanical blending
CP : Co-precipitation
VP t Vipac of Sol-Gel shard

JAEBI : Japan Atonic Energy Research Institute, Hot tab.
Kjeller : Kjeller Hot Laboratory (in Norway)
BCti : Battelle Columbus Laboratories (U.S.A)



Table 3 Plutonium Activity in «Japan

00
o>
O)

Nuclear Electric Generating Capacity
(104 KW)

Amount of Spent Fuel
Annual (t/y)
Cumulative (t)

Plutonium Production in Thermal Reactors
Annual (t/y)
Cumulative (t)

Plutonium Recovery in Reprocessing
Facility (at PNC)

Annual (t/y)
Cumulative (t)

Conversion to PuOg (at PHC)
Annual ( t/y)
Cumulative (t)

Plutonium Utilization
Annual (t/y)
Cumulative (t)

Plutonium Inventory
at PNC as Pu02 (t)
in Japan (t)

1975

944

110
230

0.59
1.48

0.14
0.14

1.478

1976

1,550

180
460

0.90
2.38

0.51
0.65

2.334

1977

2,110

320
780

1.43
3.42

0.83
1.48

0.50
0.50

0.50
3.42

1978

2,360

480
1,260

2.33
5.85

1.50
2.93

1.50
2.00

0.37
0.37

1.63
5.48

1979

2,655

660
1,920

3.55
9.40

1.50
4.48

1.50
3.50

0.37
0.74

2.76
8.66

1980

3,200

730
2,650

4.97
14.19

1.50
5.98

1.50
5.00

0.37
1.11

3.89
13.08

1985

6,000

1,500
5,500

10.92
56.31

1.50
13.48

1.50
13.40

1.19
8.69

4.77
47.62

Remark

at PNC Reprocessing Facility

For JOTO(FBR) + FUGEN(ATR)
+ HONJU(yBR),
except Pu Thermal Reactors



THE ECONOMICS OP PLUTONIUM RECYCLE IN
LIGHT WATER REACTORS IN THE UNITED STATES

Edward J. Ranrahan
Office of Planning and Analysis
U. S. Atonic Energy Commission

Abstract
This paper examines the value of plutonium in terms of natural uranium and

separative work, fuel fabrication and reprocessing cost, which affect the
economics of plutonium recycle in light water reactors in the United States* It
is shown that the recycle of Pu in IMR is the obvious economic mode of fuel
management* The only condition not conductive to recycle is when uranium and
separative work are relatively cheap, probably cheaper than today*s prices, and
reprocessing is over $40 per kg of heavy metal*

This paper will examine some of the factors which affect
the economics of plutonium recycle in light water reactors in
the United States. Some of the major factors analysed are
the value of plutonium in terms of natural uranium and
separative work, fuel fabrication and reprocessing costs.
The purpose is to identify those situations which act as an
incentive for plutonium recycle as well as those situations
which act as a disincentive. The time frame for this analysis
is the next 15 to 20 years with the implicit assumptions that
light water reactors operate as baseloaded electrical
generating plants and plutonium recycle is permitted by
regulatory authorities.

Since the purpose of a nuclear power plant is to generate
electricity, the plutonium produced in these plants is almost
a free good. There is essentially no identifiable cost
associated with the plutonium since it is not actually purchased,
but is a by-product of electricity production. But unlike many
by-products, plutonium can be used as a fuel in the very system
that produced it. Plutonium, therefore, has a use and, hence,
an implicit, if not explicit, value.

The simplest form of the plutonium value is the cost of
the enriched uranium no longer required due to the use of the
plutonium as part of the reactor fuel loading. This dollar
value Is determined by the pounds of natural uranium and the
number of separative work units contained in the replaced
enriched uranium fuel. As a rule of thumb, one gram of fissile
plutonium replaces 0.8 gram of B-235. This simplistic analysis
does not account for two important factors* These are the cost
of fuel reprocessing to recover the plutonium from irradiated
fuel and the cost of fabricating plutonium bearing fuel.

Obviously, plutonium is not the only material of value
recovered from reprocessing operations, uranium which still
has significant value is also recovered*' But it is the
combined value of the uranium and plutonium recovered which
makes reprocessing economic. If reprocessing costs were
higher than the value of the recovered fuel materials, then
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undertaking it would be economically questionable. Recent
events in the United States concerning reprocessing plants lead
one to wonder if previous cost estimates of reprocessing are too
low. Higher reprocessing costs will be investigated relative to
the cost of other fuel cycle materials and processes.

The plutonium recovered from light water reactor fuels
has a high content of Plutonium 240. The high radioactivity
level of this type of fuel combined with the inherent toxicity
of plutonium require special handling techniques. The
fabrication of plutonium bearing fuels will probably have to
be carried out behind heavy shielding by remote methods. In
addition, there will always be less mixed oxide fuel elements
fabricated than uranium fuel elements since plutonium fuel
elements make up only about a third of an annual reload. Also,
the fabrication of initial cores further increases the through-
put of uranium oxide fuel elements. These two factors, special
fabrication techniques and lower throughput, will make mixed
oxide fuel fabrication more expensive than uranium oxide
fabrication. This additional cost is often referred to as a
"fabrication penalty" which Is used to reduce the value of
plutonium as calculated solely on the basis of uranium and
separative work. If the fabrication penalty is too high, it
could reduce the plutonium value to zero or less; thus removing
the Incentive to recycle plutonium.

The following are sample fuel cycle cost calculations to
illustrate the effect of changes in the cost of materials and
processes. The pressurized water reactor (PWR) fuel cycle used
is taken from the model plant used in the ABC Forecast of
Nuclear Power Growth (WASH-1139[74]). The plant operates at
a capacity factor of 75% after the initial three years of
operation at 40%, 65% and 65%, respectively. The first ten
years of operation were considered and an 8% discount rate was
used. The calculations were made for both plutonlt-m recycle
and no-plutonium recycle. The value of the plutonium credit in
the no-recycle case was determined by assigning the difference
in coat between the recycle and no-recycle cases to the plutonium
credit, thus equating the two fuel cycle costs.

Of the four cases reported, Case 1 has the lowest unit
costs illustrating the present market situation. Each of the
other cases has successively higher unit costs illustrative
of likely future trends.

(See Table 1)

It is quite obvious that the nuclear fuel cycle cost
is strongly affected by the costs of uranium and separative
work. The current trend in these costs is rising such that
one can anticipate costs in the next 10 to 15 years of $20
to $30 per pound UjOg and $75 to $100 per separative work
unit. Such costs will increase the value of plutonium in
the fuel cycle to the range of $15 to $25 per gram fissile.
Even though the nuclear fuel cycle cost may increase to 4 to
5 mils per kilowatt-hour, nuclear power should still be
cheaper than coal-fired power plants In the United States.
New long-term coal contracts ara calling for prices in the
range of $30 to $40 per ton which translates into about 13 to
17 mils per kilowatt-hour. This fuel cost difference, 8 to
13 mils/Kw-hr, more than offsets the higher capital cost of
nuclear power plants.
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While the above analysis gives a picture of the whole
fuel cycle, it is useful to investigate the incentive to
reprocess a particular discharge. An equilibrium discharge
was considered from the PWR with plutonium recycle. This spent
fuel contains the equivalent of 35 short tons of U^Og,
15,100 SWU, 231 kg of fissile plutonium, and requires the
reprocessing of 24,227 kgs of heavy metal. As in Case I above,
0303 costs $8 per pound and a SWU costs $50 (Pu then is worth
$9.06/gram fissile), the spent fuel is worth $3,407,860.

If reprocessing cost no more than $140 per kg of heavy
metal, then it Is economic to reprocess the fuel. If uranium
and separative work prices were even higher than in this
example, then the breakeven reprocessing cost would be even
higher. Using the uranium, separative work and plutonium values
from Case II (Table 1), the breakeven reprocessing cost is
$230 per kg of heavy metal. For Case III, the breakeven cost
is about $300 per kg HM and for Case IV, the breakeven cost is
about $400 per kg HM.

TABLE 1
COMPARISONS OF FUEL CYCLE COSTS

FOR VARIOUS UNIT COSTS

CASE I

U308
Conversion
Enrichment
UÛ2 Fabrication
MO, Fabrication
Reprocessing
Pu Credit

Bolt Cost
$ 8/lb

2.50/KgU
50/SWU
60/KgU
100/Kg HM
100/Kg HM
$ 9.06/g

Fuel Cycle Cost (Mils/KwHr)
Pu Recycle No Pu Recycle

.53

.07

.84

.28

.04

.37

TOTAL 2.13 2.13

CASE II

Conversion
Enrichment
W>2 Fabrication
MOX Fabrication
Reprocessing
Pu Credit

Unit Cost

$ 15/lb
2.50/KgU
75/SWU
60/KgU
100/Kg HM
100/Kg HM
$ 14.64/g

TOTAL

Fuel Cycle Cost (Mlls/KwHr)
Pu Recycle No Pu Rscycle

.99

.07
1,26

.28

.04

.37
•»•*

•̂ ••MBMMM

3.01 3.01
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TABLE 1 (cont'd)

CASK III

n <Conversion
Enrichment
U02 Fabrication
MOjj Fabrication
Reprocessing
Pu Credit

«nit Cost

$ 25/lb
2/50/KgU
75/KgU
80/KgU
ISO/Kg HM
150/Kg HM
$ 18.82/g

TOTAL

Fuel Cycle Cost (Mils/KwHr)
Pu Recycle No Pu Recycle

1.66
.07

1.26
.37
.06
.55

MMMMW^IM

3.97 3.97

CASE IV

1*303Conversion
Enrichment
U(>2 Fabrication
MOX Fabrication
Reprocessing
Pu Credit

Unit Cost

$ 35/lb
2.50/KgU

100/SWD
100/KgD
200/Kg HM
200/kg HM

24.39/g
TOTAL

Fuel Cycle Cost (Mils/KwHr)
Pu Recycle Mo Pu Recycle

2.32
.07

1.68
.47
.08
.73

MMMMWMv

5.35 5.35

Conclusions
The recycle of plutonium in light water reactors is the

obvious economic mode of fuel management. This holds true under
nearly all conditions. As uranium and separative work
become more expensive» recycle becomes more desirable. The
only condition not conducive to recycle is when uranium and
separative work are relatively cheap» probably cheaper than
today's "prices, and reprocessing is expensive, over $140 per
kg of heavy metal. It is highly unlikely that the prices
of uranium and separative work will decrease.
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