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Heavy Water Reactor Project in Japan

Especially on Plutonium Utlization

Shiro SHIMA
Sadamu SAWAI

Power Reactor and Nuclear Fuel Development Corporation

1. General*

The Power Reactor and Nuclear Fuel Development Corporation
(PNC) is responsible for the research and development of the
heavy water moderated boiling light water cooled reactor in
Japan, as well as the fast breeder, in which five Japanese
nuclear power industries consortia, utilities, universities,
Japan Atomic Energy Research Institute and PNC are participating.
Much effort and many works have been made for the above two
projects in these several years, and the construction of the
prototype of the heavy water reactor, named "FUGEN", was started

late last year with the target of getting it critical in 1975•

One of the main objects of this heavy wator reactor pro-
ject is to demonstrate a "Plutonium Self-Sustaining Cycle" in
this type of the reactor, in which natural uranium enriched
with plutonium (recovered from its own spent fuel) is to be
fueled and the only fuel to be considered to use in the reactor
will be natural uranium.
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This plutonium using in the reactor, cither spiked or
uniformly mixed in the core, lessens the problem caused by the
positive void coefficient, and at the same time, the reactor
can be operated not only with slightly enriched uranium oxide
fuel but also with mixed oxide one without any modification of
the core. Thus, it will present favourable selections of the
fuels for users, from time to time, depending upon the economic
conditions and also for countries which care to have independent
of nuclear fuel supplies.

2. Prototype Station, FUGEN

FUGEN is designed to generate 165 MWe and its main design
data are listed in Table-1. The prototype station, shown in
Fig. 1 and Fig. 2, comprises five main buildings? the reactor
building, reactor auxiliary building, fuel storage building,
turbine hall and office building. The double containment system
is considered for the reactor building.

The general arrangement around the reactor is shown in
Fig. 3» There are 22k pressure tubes surrounded by the
calandria tubes, which are set in the calandria at intervals
of 2kO mm. Fuel assembly, cross section of which may be seen
in Fig. k, is placed in each pressure tube which is made of
Zr-2.5Nb alloy, while Zry-2 is used for the calandria tube.
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TABLE I
DESIGN DATA OF FUGEN

General
Thermal Output
Electrical Output

Core
Core Height
Core Diameter
Fuel Inventory
DO Inventory

Fuel
Enrichment
Pellet Diameter
No. of Fuel Rods in One Assembly
Burn-up
Nominal Element Spacing (Min.)

Pressure Tube
Material
Pitch
Inside Diameter
Thickness
No. of Pressure Tube

Calandria Tube
Material
Thickness

Heat Transport System
Coolant Temperature (Reactor Inlet)
Coolant Temperature (Reactor Outlet)
Steam Quality (Steam Drum Inlet)

557 MWt
165 MWe

3,70O mm
k,o60 mm
36 t
86 t

Pu Self-Sustain or
1.5% U
Ik.8 mm
28 k1 x 107 MWD/T ÍPu SS)
2 x 10 MWD/T (1.5ft U)
2 nun

Zr-2.5Nb
2^0 mm
117.8 mm
4.3 mm
22k

Zry-2
1.5 mm

277 °C
285 °C
10.5 %
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Fig. 1 Prototype Station (FUGEN) Layout
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3. Optimization Study

Before determining main core and plant specifications, an

optimization study of the plane was carried out with changing
parameters, such as fuel rod diameter, volume ratio of moderator
to fuel, lattice pitch, coolant pressure arid so on, which may
mainly affect the plant characteristics.

One of the typical results of this study is shown in Fig.
i

5. Each circle.line indicates the equi-power-cost and the
minimum power cost may be obtained at the down corner in the

right side of Fig. 5. When selecting the design point, however,
much attention should be paid upon the void reactivity and the

i •
lattice pitch, especially from the stand point of the reactor
safety and manufacturing problem; and their limiting values
were taken as the maximum void reactivity of 2 dollars (Làne C)
and the minimum lattice pitch of 2^0 mm (Line A), respectively.
Line B shows a plutonium self-sustaining cycle limit to be
attained, and a hatched zone is considered suitable for our
object.

With the considerations mentioned above, the point Z
(in Fig. 5) was selected for FUGEN, as the most economic in the
hatched zone, and main design data of FUGEN are written in
Table-1.
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k. Nuclear Characteristics of Plutonium Using in FUGEN

The effect of plutoniiim using in FUGEN on the nuclear
characteristics were studied and their typical results are as
follows:

1.5% enriched uranium oxide fuel is initially to be used
in FUGEN, and the positive void reactivity will be expected at
the initial stage when the coolant is flushed out of the core.
In the equilibrium stage, however, some amount of plutonium may
be produced in the core, and the void reactivity would be
decreased by about 1.5% A^/k» which will be seen in Fig» 6.
This means that plutonium using in the reactor may be con-
sidered to give a better reactor safety characteristics for

this type of the reactor. Fig, 7 shows the fuel composition
change with the fuel burn-up when 1,5/k enriched uranium oxide
fuel is used in FUGEN; and roughly 0,3% of fissile plutonium
concentration (average) may be estimated in the equilibrium
core.

The effect of plutonium on the void reactivity in FUGEN
may be more clearly soon in Fig. 8 and Fig. 9» Comparing the
1.5% enriched uranium oxide core with tho mixed oxide core
(natural uranium enriched with O,8% of plutonium), nearly 2,5%
of difference might be expected on the void reactivity. In this

study, plutonium isotopic concentration was considered as
Pu239: Pu240: Pu24lt Pu242 = 58 : 2k : Ik : 4.
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The fuel cycle cost is much affected by the cost of
plutonium and its fuel fabrication cost. A parametric study
or evaluation of the fuel cycle cost was made in a commercial
reactor of the same type, which is shown in Fig. lOj and about
0.8$ of fissile plutonium addition to natural uranium might be
considered most economical. Higher plutonium addition to
natural uranium will give higher peaking factor, which would
affect the power density in the core to lower. Dotted points
in Fig. 10 indicate the points attained in the plutonium self-
sustaining cycle in this type of the reactor.
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Fig. 10 Fue! Cycle Cost vs Pu Concentration
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5. Developments Associated with Plutonium Utilization

As plutonium plays an important role in this type of the
reactor, especially from the stand point of the reactor safety
and its economy, many development works are being performed on
the reactor physics, the core heat removal, and the fuel
assembly.

The critical assembly, DCA {Fig. ll), has the core of 3m
diameter and 3» 5m height with slightly enriched uranium oxide
fuel moderated by heavy water of about 20 ton; and fuel channels
in the central region could be heated up, if desired. The ex-
periments are now being made with slightly enriched uranium
oxide core, especially on the void reactivity, neutron flux
distribution, control rod worth, moderator temperature co-
efficient and so on. The experiments using mixed oxide fuel
will be performed in next fiscal year.
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Fig. 11 DCA (Critical Assembly)
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The heat transfer loop, HTL (Fig. 12), could be raised
as much as 13 MW, and experiments are now being carried out
with full scale fuel assembly mock-ups for obtaining heat
transfer and hydraulic characteristics, especially on burn-out
limit and pressure drop in the fuel region.

Fig. 12 HTL (Heat Transfer Loop)
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Full scale fuel assemblies are manufactured, and their
endurance and vibration testings are being carried out using
the full scale component test loop, CTL (Fig. 13), and fuel
vibration testing facility (Fig. lk), including on their
fretting corrosion characteristics and integrity. Irradiation
testings of fuel assemblies are also being made.

Fig. 13 CTL (Component Test Loop)
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Fig. 14 Fall Scale Fuel Vibration Testing Facility
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Authors wish to express their gratitude for kind help
and suggestions of those who have participated with this heavy
water reactor project and contributed to this paper.
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Experience from the IF A 159/160 Irradiation
in the HBWB

by

Y. Nakamura,
8. Suzuki
T. Yamashita and
T. Muto

Power Reactor and Nuclear Fuel
Development Corporation

Abstract

The IF A-159 and 160 irradiation was~carried out as a joint research
program between PNC and JAERI with the participation in the OECD
Halden Reactor Project. It has made one of the most important steps to
the utilization of plutonium fuels for thermal reactor use in Japan, since
it is the first irradiation of PuO2-UO2 fuel assemblies that we had fabri-
cated.

The IFA-159 assembly is composed of nine pellet type fuel rods in
3x3 square lattice array, and was Icaded to the reactor at the end of June,;
1968. The IFA-160 consist» oí vibratory-compacted fuel rods with mixed
oxide shard prepared by a sol-gel .process and was loaded in ea$y March,
1969. Both assemblies was irradiated until the end of March, 1970, and
then were examined for the post-irradiation examination in Kjeller Hot
Laboratory after cooling in the HBWR. The assemblies were sent to Japan
in March this year, and: will be examined again in oC - Y Hot Laboratory
of Oarai Engineering Center, PïîC, No problem was encountered with
these assemblies during irradiation. The thermo-hydraulic calculation of
jf. thermometers gave an average burn-up of 9420 and 5340 MWD/T fuel

for IF A-109 and 160, respectively;

RESUME

Les assemblages IFA-159 et 160 ont été irradiés dans le oadre
.d'un programme commun de recherche £KC/«TABRI prévoyant l'utilisation
du xvéaoteur'de HaLden, de l'OCDE. Cette expérience a été l'une des
étapes les pi vis importantes vers l'utilisation de. ootobustibles au
plutonium dan» les réacteurs thermiques au Japon? il s'agit en effet
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de la première irradiation d'assemblages combustibles en PuO_«-UO
fabriqués dans ce pays*

L«assemblage IFA-159 est composé de neuf barres combustibles
à pastilles disposées selon un réseau carré de 3 x 3? il a été
enfourné dans le réacteur fin juin 1968. IFA-160 est formé de
barres de combustible vibro-compaotê, la poudre étant un mélange
d'oxydes préparé par un procédé sol«-gelj il a été enfourné début
œars 1969. L'un et l'autre des assemblages ont étévirradiés

v

jusqu'à la fin de mars 1970 et, après refroidissement dans le
réacteur, ils ont été soumis à des examens postirradiation au
Laboratoire chaud de Kjeller. Savoyés au Japon en mars 1971» l«s
assemblages seront encore examinés dans le Laboratoire chaud a - Y
du Centre d'études de la PNC à Carai. Ces assemblages n'ont posé
aucun problème au cours d'irradiation. Le calcul thermo-hydraulique
des thermomètres y indique que les taux de combustion moyens de
IFA-159 et IFA-160 ont été respectivement de 9 420 et 5 340 MKj/tonne
de combustible.

1. INTRODUCTION
The IP A 159 and 160 irradiation was carried out as a joint research

program between PNC and JAERI with the participation in the OECD
Halden Reactor Project. It has made one of the most important steps tp
the utilization of plutonium fuels for thermal reactor use in Japan, since
it is the first irradiation of PuO2-UO2 fuel'-assemblies that we- had fabri-

• cated.
The IF A 159 assembly is composed of nine pellet type fuel rods in

3x3 square lattice array, and was loaded to the reactor at the end of June,
1968. The IF A 160 consists of vibratory-compacted fuel rods with mixed
oxide shards prepared by a sol-gel process and was loaded in early March,
1969. Both assemblies was irradiated until the end of March, 1970, and
then were examined for the post-irradiation testing in Kjeller Hot Labora-
tory after cooling. The assemblies were sent to Japan in March this year,
and will be examined again in a - r Hot Laboratory of Oarai Engineering
Center, PNC. No problem was encountered with these assemblies during
irradiation. The thermohydraulic calculation of r - thermometers gave
an average burn-up of 9420 and 5340 MWd/ton oxide for IF A 159 and 160,
respectively.

The major objects of this irradiation were;
1) to obtain our experience for plutonium fuel assembly design or to

know the reliability of the nuclear design calculation,
2) to compare two types of the fuel assemblies-pelletized and sol-gel

vipac fuels and also to compare two types of spacers.
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Although we have not yet analyzed well the results of the irradiation
and post-irradiation experiments, it may be stated that the above objects
are accomplished very satisfactorily except for the specific power, which
was lowered mostly by the over-estimation of the power peaking factors of
the assemblies given by THERMOS in the beginning stage.

2. OUTLINE OF THE FUEL ASSEMBLIES

Outline of the IF A 159 and 160 assemblies is shown in Table I. The
Pu enrichment was 2. 6% PuO2 for IF A 159 and 3.1% for IFA 160. The en-
richment was decided so as to achieve the maximum heat flux of 130W/cm2
which may be the maximum flux for BWR at the present stage. Smeared
density was 91% T. D. for IFA 159 and 85% for IFA 160. The dimensions
of rod diameter and rod pitch of IFA 159 were selected to be the same as
for a commercial BWR, while the rod diameter of IF A-160 was fixed to
that of JPDR-II assembly.

The mixed oxide pellets for the IFA 159 were prepared by convention-
al press and sintering process of mechanically blended powders. The
powders were blended carefully in a V-shape blender for half an hour fol-
lowed by ball-milling for four hours and again by V-blender mixing. Green
pellets were fired at 800°C under a CO2 atmosphere and then sintered at
1650°C under a N2-H2 atmosphere. Plutonium homogeneity was examined
by macro- and micro-autoradiography and was found satisfactory.

Sol-gel PuO2~UO2 shards were prepared from uranous chloride solu-
tion and plutonium nitrate solution. As shown in Fig. 1, the plutonium was
first precipitated as the peroxide and then blended with UO2 sol after dry-
ing by using a stirrer or a ball-mill. The resultant blended sol was dried
in air at 60°C and fired at 800°C and sintered at 1400°C under 5% H2-N2
atmosphere. The fired shards had bulk densities of 96. 5 + 0. 9% T. D.
The impurity contents of the fired product including gas content was very
low compared with those of common pellets as shown in Table II. After
crushing of the shards, vibratory compaction was carried out in about five
minutes to a resultant smeared density of 85. 5 +_ 0. 4% T. D. with a frequency
of 300 to 3000 cps under 70 g accéléra don.

3. TCA EXPERIMENT
Some nuclear experiments on IFA 159 and 160 were carried out in a

tank type light water moderated critical facility (TCA) of JAERI before
their irradiation in the HBWR in order to measure nuclear reactivity of
each fuel rod and also to measure gross reactivity and radial peaking
factor.

The reactivity worth of each fuel rod of IFA 159 was 91. 5 cents with
a deviation of 0. 29%, while that of IFA 160 was 105. 7 cents with a devia-
tion of 0. 38%. The reactivity was found to be proportional to the fuel
weight as seen in Fig. 2. The deviations for both assemblies were very
small compared with those for commercial UO2 pellet fuel rods, 0.6-1.0%.

The radial form factor was obtained from comparison of the induced
activities of rods in TAC. A part of the measured values of IFA 159 is
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shown in Table in together with those calculated by modified THERMOS
and PDQ-5 code. The THERMOS values are much larger than those
measured, but the PDQ-5 gives very close values. A probable radial
peaking factor was estimated from the experiment to be 1.10 for IFA 159
and 1.13 for IFA 160, although it is impossible to simulate the actual
neutron spectrum in the irradiation position of the assemblies in the
HBWR around which various kinds of test assemblies are loaded.

Both assemblies of IFA 159 and 160 were equipped with the HBWR
standard instrumentation for the hydraulic tests, flowmeter, r - thermo-
meter, fuel failure detector, thermocouple etc. at the HBWR site.

4. IRRADIATION

The IFA 159 assembly was loaded at 4-15 position of the HBWR for
the first time in June, 1968 and then shifted to 2-0 position in June, 1969
in order to increase the channel power, but actually the power-up failed
probably because of lowering of the neutron flux around the 2-0 position.
The IFA 160 assembly was irradiated at 4-4 position from March, 1969 to
March, 1970. The maximum channel power measured with r -thermo-

. meter was about 350 kw attained in August, 1969 for IFA 159 and was
about 340 kw in October, 1969 for IFA 160. These values correspond to
a maximum linear heat rating of 360 w/cm for IFA 159 and 370 w/cm for
160, if axial and radial peaking factors are considered to be 1.315 and
1. 389, respectively. These actual maximum linear heat ratings were
lower than the designed values, 415 and 405 w/cm, respectively. The
maximum center temperatures would be, then, 150Q°C for IFA 159 and
1650°C for IFA 160 as estimated by Lyon's equation. * They were lower
than the designed temperature of 1700°C.

5. POST-IRRADIATION EXAMINATION
It was noticed before disassembling of the fuel elements that Co-Al

flux monitor wires were badly damaged for IFA 159, while those for IFA
160 were in much better condition though they protruded 5 to 15 mm from
their protective stainless steel tubes. However, the individual pins were
noted with no irregularity except for small crud particles deposited on a
lower part of the pin and wear marks formed on areas in contact with
spacers for both assemblies. The depth of the wear attack looked more
or less larger in IFA 160 (50-100 ¿ ) than in IFA 159 (-50 tt ). In a spacer
of IFA 160J both springs between pin position 20 and 26 were missing but
the absence of the wear mark on pin 26 indicates that they had been lost
already before irradiation.

All pins were weighed with 0. Ig accuracy as shown in Table IV. The
weight difference before and after irradiation is very small and is calcu-
lated to be 0.035% for IFA 159 and 0.040% for 160.

Different spacer constructions were employed in IFA 159 and IFA 160.
Fig. 3 and 4 show general views of the spacers, where the numbers at the
fuel pin positions indicate pin numbers. Spacer frictional force was meas-
ured by using dummy pins made of stainless steel with three sections of
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different diameters, of nominal pin diameter, 0.1 mm larger and 0.1 mm
smaller. The friction was found much smaller in IF A 159 than in 160, and
the lower 159 spacer has almost no friction. The values in IPA 160 is still
much lower than the values before irradiation, 1 to 5 kg.

The pin diameter was measured on a vertical measuring bench with
two linear displacement transducers. The diameter was measured in three
different angular orientations, 0, 120 and 240°C, in which 0° is the orien-
tation opposite to the center of the assembly or towards the shroud. The
120 and 240° orientations are obtained by rotating the pin clockwise. The
results indicate that any special orientation did not exist for preferential
swelling of the pins. Table V and VI show differences of the pins before
and after irradiation. The fuel pins had 0. 09% swelling for IF A 159 and
0.08% for 160 in averages. No systematic correlation could be obtained
between the diameter change and the position of the pin in the assembly.

Four pins were selected from the two assemblies for r -scanning. The
pellet interfaces were visible though the pellets had not been dished. The
counting rate was higher in IF A 159 than in 160 corresponding to their
burn-ups. The maximum counting rate was higher in the pins nearer to
the reactor center. Axial form factor was determined graphically and is
shown in Table VII together with other peaking factors. The measured
factors are all lower than those estimated by one dimensional THERMOS
in the fuel design stage.

Two fuel pins were punctured for each assembly and analyzed mass-
spectrometrically for their gas contents. Table VIII shows the results of
the analyses. No hydrogen was found in any of the samples. Pin 29 was
very peculiar since it contained a large amount of nitrogen and fission
gases and small amount of helium. This would be explained if helium had
escaped and had been replaced by air during the pin fabrication, though it
seems very improbable when the operation process of the fabrication and
testing is considered. Table IX shows the result of calculation on the
fractional release of fission gases. It is easily noticed that the fractional
release from the vipac pins was much higher than from the pellet pins,
probably because the former reached higher temperature than the latter
and also because of smaller diffusion path or larger free surface of the
former. The large difference in the fractional releases between pins 25
and 29 may be due to the absence of helium in pin 29 and correspondingly
higher operation temperatures.

The specimen for burn-up analysis was taken at the position of the
maximum burn-up as estimated by r -scanning. Neodymium 148 and
cesium 137 were used for fission monitors. Neodymium was determined
by isotope dilution mass-spectrometry together with uranium and pluto-
nium, while cesium 137 was determined by direct r -spectrometry of the
solution without chemical separation. The results are shown in Table X.
Cesium 137 method gave somewhat lower values than neodymium 148
method, whose values were again lower than the values estimated from ? -
thermometry, despite the fact that the radial form factor was not taken into
account for the average burn-up values by the neodymium method. It is
also left questionable that the burn-up values of pins nearer to the reactor
center were lower than those further from the center contrary to the
date by r -scanning.
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Ceramography of IF A 159 and 160 indicates that all the fuel pins were
operated safely for a long period. There occurred and arc-shaped hydride
distribution in an IFA 160 pin as shown in Fig. 6 probably formed by a
stress during irradiation, but the condition of that cladding looked endura-
ble for further irradiation.

Particular features different from normal have not been observed as
shown in Fig. 7 and 8 except for a circular shadow seen in pin No. 29. The
microscopic textures of irradiated IFA 159 fuel pins do not look to have
been changed from those of the as-sintered pellets as shown in Fig. 9,
whereas the central part of IFA 160 fuel pins appear to have been sintered
considerably during irradiation, as shown in Fig. 10.

In a preceeding test to IFA 160 that was irradiated in GETR, the sim-
ilar circular shadow but different in its radius was observed in all of the
sol-gel vipac fuels under a rod power from 300 to 500 m/cm. The shadow
part was found to be composed of a kind of ceramograpbic texture similar
to that caused by oversintering. It consists of equiaxial grains and large
inter-granular pores. The temperature experienced at the circular shadow
was roughly estimated to be 1000 to 1200°C.

The reason why such a shadow was formed may be explained in terms
of oversintering or solarization. It has been known for us that the over-
sintering phenomenon is recognized by heating sol-gel products at a tem-
perature around 1600°C for more than 3 hours 2'. Therefore, it is not
improbable that oversintering occurs even at about 1100°C if sufficient
time is given. Pores of the fuel heated at higher temperatures may be
swept away to the center and not form the texture of over-sintering.

A similar phenomenon was not recognized in TEA 159. This can be
explained by an assumption that the oxide crystals in the pellets have not
enough activity to cause the oversintering in a lower temperature.

6. SUMMARY AND FUTURE PROGRAMS

The irradiation of the IFA 159 and 160 in the HBWR together with
their TCA experiments have given some useful experiences for us in the
design and fabrication of PuO2~UC>2 fuels for thermal reactor uses.
Major experiences acquired are as follows;

1) For the fuel design, method of estimation of peaking factor was
established. The early calculation based on a modified THERMOS code
was not enough for an accurate estimation while a combined use of PDQ-5
and other codes was found to give satisfactory results,

2) Concerning the fabrication of fuels it has been made clear that
the sol-gel vipac fuel is very stable under irradiation. This may be as-
cribed to comparatively high sintering temperature compared with other
sol-gel process. As for the spacer design, the IFA 160 type is prefer-
able. Finally, it should be evaluated that the irradiation of PuO2-UU2
fuels for long period has been accomplished without any trouble with an
average linear heat rating larger than that for the commercial BWR.

The experience in the HBWR was succeeded to our next program,
Saxton Core III irradiation, in which four rods will attain a maximum
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linear heat rating of about 600 w/cm, and also a fuel assembly composed
of 68 rods will be operated at an average linear heat rating of more than
300 w/cm. This experiment will be followed by JPDR-II program in
which a part of the fuel assemblies will be replaced by plutonium assem-
blies. The actual application of plutonium fuels for commercial light
water reactors is also being planned.
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Table I. Comparison of IFA-160 and IFA-159
for fuel assembly design.

1. Fuel
Material
Type
Enrichment, PuO2

U
Pu composition %

Pu- 23 9
Pu- 240
Pu- 241
Pu- 242
Density
Diameter
Active length

2. Cladding
Material
Inner diameter
Wall thickness

3. Assembly
Number of rods

per assembly
Configuration
Pitch

IF A- 160

PuO2-UO2
Sol-gel vipac
3. 13 w/o
Nat. U

90.498
8.513
0.942
0.047

85% T. D.
10.83 mm
1400 mm

Zircaloy-2
10. 83 mm
0. 70 mm

9
Square
16. 4 mm

IFA-159

PuO2-UO2
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

9
Square
16. 4 mm

Table II. Typical analytical results of the sol-gel product.

Spec.
Lot No. 1
Lot No. 10
Lot No. 20

PuO2%

3. 10+0. 15

3. 15
3.19
3.19

O/M

-

1.99
1.99
1.99

% T. D.

-

96.57
97.07
95.99

gas analysis (ppm) released (/<¿/g)
C
100

50
90
90

CL

20

5.5
'.' 5

<, 5

F
10

<5
<. 5
'-5

N
75

<30
36
42

gas moist.
200

<30
<30

<.30

560



Table III. A comparison of calculated and measured power peaking
factor in 3x3 lattice region of PuO2-UO2 fuel.

Core
configuration

Pu-1 (*N, UF**)
Pu-2 (N, F)
Pu- 3 (1, UF)
Pu-4 (1, F)

Measured

1.067+0.041
1.024+0.054
1.075+0.010
1.095+0.019

HRG-THERMOS-
PDQ cale.

1.046
1.030
1.064
1.098

THERMOS one
dimensional • '•

1.196

1.277

* N: No row water gap 1:
UF: Unflood assembly F:

One row water gap
Flood assembly

Table IV. Weight of fuel pins.

Element

IFA 159

IFA 160

Pin No.

11
12
13
14
15
16
17
18
19

20
21
22
23
24
25
26
28
29

Weight (g)

Post-
irradiation

1455.5
1459.7
1467.9
1456.4
1453.5
1458. 2
1460.7
1462.7
1455.6

1519.3
1517.3
1533.1
1525.2
1526.0
1525.8
1527.9
1531.7
1532.6

Pre-
irradiation

1454.73
1459.20
1467.36
1455.70
1453. 18
1457.75
1460.13
1462.24
1456.91

1519.10
1516.25
1532.60
1525.00
1525.70
1525.47
1527.62
1530.07
1529.42

Differ

0.8
0.5
0.5
0.7
0.3
0. 5
0.6
0.5

-1.3

0.2
1.1
0.5
0.2
0.3
0.3
0.3
1.6
3.2
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Table V. Comparison of pre- and post-irradiation pin
diameters of IF A 159.

Pin No.
i

11
12
13
14
15
16
17
18
19

Deviation in from 11.6 mm

Pre-Irr.

113
156
132
153
155
163
151
197
183

Post-Irr.

143
163
146
166
162
168
167
183
200

Difference

30
7

14
13

7
5

16
-14

17

Table VI. Comparison of pre- and post irradiation pin
diameters of IF A 160.

Pin No.

20
21
22
23
24
25
26
28
29

Deviation in a from 12. 2 mm
Pre-Irr.

57
29
18
42
48
37
45
55
42

Post-Irr.

56
33
32
51
55
43
57
85
40

Difference

-1
4

14
9
7

16
12
30
-2

562



Table VII. Power peaking factor for IF A 159

Axial form factor
Radial form factor
Hot spot factor
Over power factor
Total peaking factor

Design*

1. 28
1. 165
1.08
1.10

1.772

Actual

1. 195 (1. 225}
1.10 (1.13)
1.02 (1.05)
1.00 (1.00)

1.341 (1.453)

Remarks
HBWR experience
TCA measurement
Pu control
HBWR comments

Values in brackets are for IF A 180.
* Estimated mainly from results of the calculation by THERMOS.

Table VIII. Analyses of gases in fuel pins.

Pin number

Free volume
pre-irrad.
Free volume
post-irrad.
Gas pressure

Weight of
each gas
element

Partial/
total gas
pressure

Kr
Xe
N2
02
He

Kr
Xe
N2

02
He

(cm3)

(cm3)

(torr)

(mg)
(mg)
(mg)
(mg)
(mg)

(%)
/(rt \

/{rt \

{of \

11 13 25 29

15.5* 15.5* 25.3 24.4

13.5 11.5 21.4 21.0

677 690 621 672

0.28 0.19 3.24 11.5
2.3 1.78 25.6 102
0.31 0.44 0.7 3.8
0.05 0.09 0.15 0.26
1.5 1.3 1.2 0.07

0.9 0.5 7.0 12.7
4.3 3.7 35.1 72.5
2.7 4.4 4.3 12.4
0.4 0.8 0.9 0.7

91.7 90.6 52.7 1.7

Porosity of the pellets is not taken into account.

563



Table IX. Calculation of fractional F. P. gas release

Pin number

Burnup
Fuel weight
Number of
atoms formed

Weight of
gas found
Fractional
release

(MWd/t)
(kg)

Kr (10 20)*
Xe (1021)**

Kr (mg)
Xe (mg)

Kr (%)
Xe (%)

11

8820
1.14

4.45
7.60

0.282
2.30

0.45
0.14

13
9160
1. 15

4.65
7.95

0.185
1.77
0. 28
0.10

25
4270
1.21

2. 28
3.90

3.24
25.6
10
2.9

29
4350
1.21

2.33
3.98

11.5
102

35
12

* Burnup (MWd/t) x 2. 7 x 1021 x 0.0164
** Burnup (MWd/t) x 2. 7 x 1021 x 0. 28

Table X. Comparison of burnup values.

Pin number

ATj *u j (Max.)Nd method , . ;(Av. )
Axial form factor

Thermohydraulic
Csl37method¡Max.)

(Av. )

11

10,500
8,820

1.19

9,
10, 580

8, 890

13

11,000
9, 160

1.20
, ——— '
420

10, 580
8, 820

25

5,210
4,270

1.22
'"-•"'--N

5,
4,990
4,090

29

5, 350
4, 350

1.23
^ ——— ->
340

5,670
4,610

All values are given in MWd/t oxide.
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URANIUM GEL PUTONIUM PEROXIDE

BLENDING

BALL MILLING or STIRRING
1 - 4 hr

HEATING & CONCENTRATING

60 °C in air

DRYING

60°C, 2 - 3 days

DEHYDRATION

50°C/hr, 800°C, 2 hr
5 Vol.% H2-N2

STEERING

100°C/hr, 1,400°C, 3 hr

5 Vol.% H2-N2

PuO2-U02 SHARDS

CRUSHING

PARTICLE SIZING

VIBRATORY COMPACTION

Fig. 1 Flowsheet for the preparation of PuO2-UO2
by the sol-gel process.
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Fig. 2 Change of reactivity by fuel weight.
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^-thermometer

mon/tor wi re
16.4

50.o —

Fig. 3 Spacer construction in IF A-159.
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spot welded

7-thermometef

Fig. 4 Spacer construction in IF A-160,
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T-thermometer

0

upper
spacer

lower
spacer

8
8
31
19
82
120
21
21
90

4
5
83
0
0
27
0
39
143

9
35
36
47
86
129
0
0
55

0
1
9

0
1
5
6
6

12

0
3
5

0
0
9

0
0
0

6
9
9

0
0
0

9
9

42

104
161
334

43
81
202

one spring
missing

155
226
320

112
174
256

202
347-
_
192
264
147
211
308

162
262
373
53
92
139
58
91
113

169

101
139
236
58
118
178

126
211
243
120
214386
69
118
178

IFA 159 IPA 160

Fig. 5 Friction forces (in grams) in the different
spacer positions.
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Fig. 6 Cross-sections of IF A-160 cladding.
Pin No. 25, Position 300 - 310 mm.



Sample No. 18 Sample No. 19

Sample No. 20 Sample No. 21

Fig. 7 Cross-sections of IFA-159 fuel pins.

Sample No. 18 Pin No. 11 Pos. 300-310 mm
u
it

19
20
21

11
13
13

670-680 " (max. heat rating)
300-310 "
670-680 " (———— " ————\

Sample No. 18 Sample No. 19 Sample No. 20 Sample No. 21
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Sample No. 22 Sample No. 25

Sample No. 24 Sample No. 25

Fig. 8 Cross-sections of IFA-160 fuel pins.

Sample No. 22 Pin No. 29 Pos. 300-310 mm
23 " 29 " 670-680 " (max. heat rating)
24 " 25 " 300-310 "
25 " 25 " 670-680 " (———— " ————)

u
u
it

Sample No. 22 Sample No. 23 Sample No. 24 Sample No. 25
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Fig. 9 Photomicrographs of a Cross-Section of IFA-159 Fuel.
Pin No. 11
Position 670-680 mm (maximum heat rating position)
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Fig. 10 Photomicrographs of a Cross-Section of EFA-160 Fuel Pin.
Pin No. 29
Position 300-310 mm



PNC Irradiation Program in the Saxton Core III

Y. Nakarmira and S. Abiko (PNC)

Abstract

To demonstrate the performance and integrity of PNC made
uranium-plutonium mixed oxide fuels for PWR as well as to obtain
experiences in the fabrication of commercial power reactor fuels, PNC
has attemped to irradiate four fuel rods and one fuel assembly in the
third core of Saxton pressurized water reactor in cooperation with the
utility companies and a nuclear fuel manufacturer in Japan. This
program is being carried out under the contract between PNC and
Westinghouse Electric International Company, and the program includes
the participation of the Japanese parties in the Saxton Core III program,
the information from which is expected to be useful for accelerating
the thermal utilization of plutonium, in commercial power reactors.

The fabrication and shipment to the reactor site of the test fuels
have already finished and the irradiation is scheduled to start in June
1971.

The significance of the program as well as the fabrication data
will be presented briefly.

REST3M1

Afin de démontrer la performance et 1» tenue des combustibles
sous forme d'osydes mixtes d'uranium et de plutoniua destinée au."
réacteurs à eau sous pression et d'acquérir 1'experience de la
fabrication de combustibles pour réacteurs de puissance industriels,
la PBKJ a fait irradier quatre barres et un assemblage dans le
troisième coeur du réacteur Saxton, à aau sous pression» en coopc-»
ration avec les compagnies d'électricité et un fabricant de
combustibles nucléaires abonáis„ Ce programme est exécuté dans
le cadre d'un contrat conclu entre la PNC et la Westin^feouse
ELeotrio International Company§ il comprend la partió¿pática des
parties japonaises au programme du troisième eoeur £ * Saxèon, dpnt
les résultats devraient contribuer à accélérer 1 'ut lis at ion du
plutonium dans les réacteurs de puissance thexm.qu.es industriels»

Les combustibles d'essai ont déjà été fabriqués et expédiés
et l'on pense que l'irradiation pourra oommenoar en juin 1971»

L'auteur définit brie votant le rSle du pvograjuae et présents
quelques renseignements relatifs à la fabrication,,
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1. INTRODUCTION

As our efforts to develop uranium-plutonium mixed-oxide fuels for
thermal reactors, we have already carried out several irradiation tests
in thermal test reactors including GETR capsule irradiation tests for the
purposes of screening the fabrication processes as well as evaluating the
fabrication techniques and HBWR instrumented fuel assembly irradiation
tests in aiming at confirmation of integrity and comparison of performance
of both sintered-pellet type and vibratory-compaction type fuels.

However, these previous irradiation tests v/ere rather limited not only
in the specimen sizes but also in the irradiation conditions such as linear
heat ratings and burnups (see Fig. 1).

To simulate more closely the commercial power reactor conditions,
therefore, it was desired to conduct additional irradiation tests in some
modern experimental power reactor, and for this purpose we have plan-
ned to irradiate PNC-made uranium-plutonium mixed-oxide fuels in
Saxton PWR where the Core III Program is in progress.

In our Saxton Irradiation Program, we are going to irradiate four re-
movable type fuel rods at an inner position and one loose lattice fuel as-
sembly consisted of 68 fuel rods at a peripheral position of the reactor
core.

The irradiation test is being carried out by Westinghouse Electric
Corporation under the contract concluded between Power Reactor and
Nuclear Fuel Development Corporation and Westinghouse Electric Inter-
national Company.

The fuel fabrication and shipment to the reactor-site have already
been finished, and the loading of PNC-made fuels into the reactor in June
1971, during the mid-life shutdown of the reactor.

2. OBJECTIVES OF THE PROGRAM

The current trends of nuclear power development in Japan show a
stong tendency in favor of installing light water reactors which consist
of BWRs and PWRs, and all the parties participating the LWR installations
are more or less interested in recycling plutonium in the JLWRs.

Recogni/ing that significant differences exist in the fuel management
technology between the two reactor types, they want to proceed further
with developing proper techniques to recycle plutonium for each reactor
type.

Being inspired with the motivation to advance the reactor-type-depend-
ent recycling technology as well as to demonstrate its fabrication capability
through a. successful irradiation of more prototypic power reactor fuels,
PNC has attempted to irradiate its uranium-plutonium mixed-oxide fuels
in Saxton reactor in cooperation with the utility companies and a nuclear
fuel manufacturer in Japan.

At the same time, the Japanese parties are also participating in the
Saxton Core III Program where the selected fuel rods from the previous
Core II Program arc being re-irradiated at higher heat-ratings and burn-
ups exceeding the original design limits. Therefore, the information
available from this Program as well as the results to be obtained from the
PNC-fuels irradiation will be quite useful to accelerate the development
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and commercial utilization of plutonium in pressurized water reactors in
Japan, although our original plan to use JPDR has been delayed due-to the
hair-cracking of its pressure vessel and its subsequent modification to
the forced-circulation system.

Moreover, it is especially worth mentioning that through the success-
ful acceptance by the Westinghouse Electric's inspectors, we have demon-
strated our capability to fabricate plutonium fuels for a commercial power
reactor while using the product specifications and adopting the quality as-
surance program given by an organization other than ourselves.

3. PRE-IRRADIATION PHYSICS TEST

Prior to assembling the fuel rods, several pre-irradiation physics
tests were carried out with the fuel rods using a light water critical facili-
ty (TAG) of Japan Atomic Energy Research Institute.

The objectives of the physios tests included

1) determination of reactivity-worth of each rod, hence- uniformity of
Pu-content rod by rod (Fig, 2);

2) estimation of critical niasses through series of two-region critical
experiments; and

3) determinations of both neutron flux and power distributions in the
Saxton-type lattice configurations.

The results of the experiment will be published in the Journal of Nu-
clear Science and Technology of Atomic Energy Society of Japan and else-
where in future time, and therefore, only some engineering features
devised for the experiment are presented below.

Because the fuel rod lengths are different between the Saxton fuels
{991. 9 nun) and the TCA driver fuels (1880 mm) it was necessary to
devise some measures for positioning the Saxton fuels at an appropriate
depth in the TCA Core.

After several mock-up tests out of the pile, it was decided to fix the
Saxton fuel rods at the central /.one of the core using specially made grid-
plates whilst the lower ends of the active column were positioned on the
same plane with those of the TCA driver fuel rods.

4. FABRICATION OF FUEL RODS FOR SAXTON IRRADIATION

To fabricate four fuel rods and one fuel assembly in totalling 72 rods,
about 60 kg-M. O. of dished type pellets were prepared with the fuel
density of 92% T. D.

The raw powder of PuO2 was prepared by blending three lots of PuO2
powder with different isotopic compositions, and then sizing into two groups
under 200 mesh for the assembly use and under 325 mesh for the four fuel
rods use, respectively.

The flowsheet for pellet fabrication is shown in B'ig. 3.

To select a set of most suitable process conditions, several pre-
production sintering tests were carried out in order especially for deter-
mining proper particle size distributions concerning PuO2 homogeneity
and precise dimensions of the dished pellet, as well as for selecting the
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most suitable organic binder material with regard to sinterability and
volatile impurity contents.

Although the specifications and quality assurance program on the
finished pellets and fuel rods, as well as fuel assembly which was fabri-
cated by Mitsubishi Atomic Power Industry as the subcontractor to Westing-
house Electric International Company, were supplied by Westinghouse, it
is worth noting that several procedures such as storing of finished pellets,
standard specimens preparation for end-plug welding, statistical treatment
of sampling for quality control and so on, were proposed by PNC engineers
and successfully approved by the quality assurance engineers of Westing-
house. (The detailed fabrication data will be reported as an internal memo
of PNC).

5. SCHEDULE OF IRRADIATION PROGRAM

The schedule of PNC-Saxton Irradiation Program is shown in Table I.
The PNC-fuel assembly will be irradiated at the 135 position of the

Saxton Core III, while the loading position of the four fuel rods has not de-
cided yet. The loading of PNC-made fuels are scheduled in June 1971,
during the mid-life shutdown of the reactor, and irradiation at power will
start in August, probably ending in February in 1972.

Then, the end-of-life physics test, unloading of PNC-fuels, and on-
site non-destructive examination of the fuel rods will take place succes-
sively.

A couple of engineers of PNC are expected to attend each strategic
step at the reactor site.
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Table I Schedule of PNC-Saxton Irradiation Program

O!
-o
CD

Yr. & Mon.
Item

1969
8 10 12

1970
46 8 10 12

1971
24 6 8 10 12

PXC-Pu fuel fabrication

Shipment to Saxton

On-site inspection

Cor e-III Mid-life
shut down

Non-destruction test on
Westinghouse fuels

PNC-Pu fuel loading

Mid-life physics test

Irradiation

PNC-fuel removal

NDT on PNC-fuel

Cooling

Shipment from Saxton to
Japan
Post irradiation test at
PNC

H

H

H
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Fig. 1 Status of Irradiation Performances of PNC-made Plutonium Fuels
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Fig. 2 FUEL ROI) REACTIVITY-WORTH MEASUREMENT
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Fig. 3 Pellets fabrication flowsheet
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PART - II

SAMPLE PREPARATION FOR THE MEASUREMENT

In order to support the experiment mentioned in Part I, special pro-
cess operation was carried out to fabricate a large holed PuO2 pellet en-
capsulated in thin stainless steel can in the Plutonium Fuel Development
Laboratory of P. N. C.

Recieved plutonium was nitrate solution which was processed in the
Reprocessing Laboratory in JAERI from irradiated fuel elements in JRR-
3.

The composition of starting material was as follows,
Pu concentration 5.825 g/1
Volume of solution 15.8 1
U concentration 0.05 g/1
Fe impurity 0.013 g/1
Acidity 3.15 Mol
Isotopic composition of plutonium

Pu-239 96.71 w/o
Pu-240 3.16 w/o
Pu-241 0.127 w/o

The flow sheet is shown for the conversion process to Pu©2 in Fig.
2-1.

Cold pressing was applied for PuO2 with 2% lubricant at the pressure
of 3.0 tons/cm2, and the obtained green pellet, 26.67 mm ¿, 65.4% T. D.,
was heated at 800°C for 2 hours under flowing CO2 gas atmosphere. But
the pellet was broken. The broken pellet was crushed into powder and the
powder again pressed without additives at lower pressing pressure. And
then pre-sintered pellet was mechanically drilled to obtain a hole of 3.4
mm diameter.

The sintering process applied carefully, 50°C/hr from room tempera-
ture to 500°C, 100°C/hr from 500°C to 1000°C, holding at 1600°C for 2
hours, 200°C/hr iron» 1600°C to 800°C and then furnace cooled. The sinter-
ing atmosphere was 95% N2-5% i^ mixed gas. The sintered pellet was in-
spected.

Outer diameter 23.40 mm
Height 22.13mm
Hold diameter 3.11 mm
Weight 99. 85 mm
Density 93.76 % T. D.

The capsule design is shown in Fig. 2-2. The holed pellet was insert-
ed into the prefabricated stainless steel can and the top end plug was welded
by TIG method. The finished capsule was inspected for dimension, contami-
nation and leak tightness.

The total fuel material balance is shown as follows,

Recieving 92.03 gPu
S/R difference 0.64 gPu
Product 88.07 gPu
Recovered 2.05 gPu
Loss 1.27 gPu
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Review on Plutonium Recycling Experiments

in Japan

Yasuji Nakamura

Power Reactor and Nuclear Fuel
Development Corporation

BESÜM1

Depuis 1966, le Japon a fait toute une série d'expériences nucléaires
sur un nombre limité de barres combustibles au plutonium, dans un assemblage
critique modéré à l'eau légère. II s'agissait d'une entreprise commune à
la Foirer Reactor and Nuclear Fuel Development Corporation (PNC) et à
l'Institut japonais de recherches sur l'énergie atomique (JAERl), Une petite
région chargée de combustible au plutonium était entourée par le réseau de
combustible à l'uranium. Les mesures ont porté sur les niveaux d'eau
critiques, les distributions du flux de neutrons à l'intérieur et au voisi-
nage du réseau des barres de combustible au plutonium, et la distribution
de la puissance» Les résultats des mesures ont été comparés à ceux des
calculs et utilisés pour affiner ces derniers.

D'abord les expériences ont porté sur des barres d'enrichissement et
de dimensions variées considérées isolément, puis sur des réseaux de 3 x 3
avec deux types de barres au plutonium en mettant l'accent sur la mesure de
la réactivité et de la distribution de la puissance pour divers spectres
de flux de neutrons thermiques. Des expériences sur des réseaux de 7 x 7
et 1O x 1O ont été faites avec divers rapports de modérateur.

On projette une expérience critique à une seule région avec des barres
de combustible au plutonium en tenant compte de la disponibilité de plutonium
et de la capacité de sa fabrication. La fabrication d'environ 300 barres
au plutonium est actuellement en cours, et les calculs préalables sur les
expériences nucléaires sont partiellement achevés.

Deux assemblages combustibles d'essai, l'un à pastilles et l'autre
en poudre vibrocompactée, ont été irradiés dans le réacteur à eau bouillante
de Balden, Les taux de, combustion, moyen et de pointe, ont été respecti-
vement de 9 420 et 13 200 MJij/tonne de combustible, et de 5 340 et
7 300 MWá/tonne de combustible, pour le combustible à pastilles et pour
le combustible vibrocompacté, Après un premier contrôle postirradiation
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fait en Norvège, les "barres de combustible ont été renvoyées au Japon,
où elles font actuellement l'objet d'un examen approfondi.

Quatre barres de combustible au plutonium et un assemblage combustible
sont irradiés dans le réacteur à eau sous pression de Saxton, de la
Westinghouse, dans le cadre de la participation de la HSTC au programme
du coeur III de ce réacteur. La puissance linéaire et le taux de combustion
nominaux sont respectivement de 540 W/oia et 12 $00 MWj/tonne de matière
pour les barres irradiées dans le centre du coeur, et de 400 K/cm et
6 500 MWj/tonne de matière pour l'assemblage irradié à la périphérie
du coeur.

On organise par ailleurs une série d'irradiations d'assemblages combus-
tibles au plutonium dans le coeur de JPDR-II, réacteur expérimental à eau
bouillante, de 90 MWt, appartenant à la JAEEI. Les premiers quatre assem-
blages au PuCp-UOp seraient irradiés dans les canaux à puissance maximum
et de neuf à douze assemblages seraient irradiés dans un deuxième stade.
Enfin, on ferait une démonstration avec trente assemblages soit groupés
et remplissant une partie du coeur, soit dispersés dans le coeur* Les
caractéristiques des assemblages combustibles au plutonium, de même que
leur performance théorique, font l'objet d*une étude approfondie par la
JAEHI et la PNC» L*expérience critique à une seule région mentionnée plus
haut est l'élément de décision le plus important tant en ce qui concerne
les caractéristiques du combustible, que le programme de démonstration
lui-même. L'intérêt accru que l'industrie japonaise porte au recyclage
du plutonium dans les grandes centrales nucléaires à eau légère tient non
seulement à l'aspect économique de l'accumulation possible du pluutonium
et de la constitution de stocks de ce métal, mais aussi à la possibilité
d'éviter d'avoir à construire une capacité de séparation de l'uranium.
Deux compagnies d'électricité ont entamé des négociations avec des sociétés
américaines en vue d'irradiations de démonstration du combustible au
plutonium dans leurs centrales à eau sous pression et à eau bouillante.
On pense que la PKC et la JAERI donneront leur appui à ce programme
de démonstration.

En ce qui concerne la technologie du combustible mixte PuÔ -UÔ ,
de vastes études sont en cours depuis 1966, au laboratoire d'étude des
combustibles au plutonium de la PNC, Les activités ont été les suivantes :
étude sur la fabrication, mesure des propriétés physiques, études
d'évaluation et préparation d'échantillons pour ces expériences nucléaires,
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et essais d'irradiationj les travaux les plus récents ont cependant été
orientés vers la mise au point de combustible pour réacteurs à neutrons
rapides. Les expériences de fabrication ont porté sur près de 1 000 kilo-
grammes d'oxydes mixtes. L'agrandissement de 1*installation permet de
fabriquer le combustible au plutonium nécessaire au surgénérateur rapide
expérimental japonais et au prototype japonais de réacteur thermique avancé.
La capacité de fabrication nominale est de 15 kilogrammes par jour
d'éléments combustibles à oxyde mixte, pour le surgénérateur et de
25 kilogrammes pour le réacteur thermique avancé. Comme la fabrication
des deux types de combustible ne présentent que des différences secondaires,
la nouvelle installation servira pour les deux combustibles. Pour faciliter
les activités futures de l'industrie privée japonaise des combustibles au
plutonium, on envisage de faire participer aux travaux de l'installation
des ingénieurs venant du secteur privé.

Le programme japonais relatif aux réacteurs thermiques avancés porte
sur le recyclage thermique du plutonium dans le réacteur modéré à l'eau
lourde et refroidie à l'eau légère» L'approvisionnement du réacteur peut
être théoriquement maintenu par de 1'uranium naturel enrichi avec le
plutonium produit dans le réacteur lui-même. Une expérience critique à
deux régions a été faite sur un réseau (PuOp̂ UOp-ILO) entouré d'un réseau
(UOp-EpO), La distribution du flux de neutrons et le taux de conversion
interne dans les barres de PuOg-UOg ont été étudiés. On a utilisé dans
cette expérience neuf assemblages au plutonium comprenant 28 barres combus-
tibles. Un grand assemblage critique modéré à l'eau lourde est actuel-
lement alimentée en uranium enrichi; on peut ainsi étudier les caractéristiques
nucléaires du réacteur prototype actuellement en construction. L'introduction
de combustible au plutonium dans cet assemblage critique en vue d'obtenir
un coeur entièrement au plutonium commencera au début de l'année prochaine,
II est très important de fabriquer du plutonium bon marché si l'on veut -que
le coût du cycle du combustible de cette filière soit, raisonnable»
Au cours de la préparation du combustible au plutonium nécessaire pour
l'expérience nucléaire, la fabrication d'un combustible a pastilles
complétée par un système pratique de contrôle de la qualité, ainsi que
d'autres techniques possibles de fabrication à bon marché, seront étudiées
du point de vue économique.
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A series of nuclear experiments in a light water moderated critical
facility have been carried out using limited numbers of plutonium fuel rods
since 1966. The experiments were performed as a joint research work of
the Power Reactor and Nuclear Fuel Development Corporation (PNC) and
the Japan Atomic Energy Research Institute (JAERI). Small plutonium
fuel region was surrounded by the driver uranium fuel lattice. Critical
water levels, neutron flux distributions in and in the vicinity of fuel rods
of plutonium fuel lattice, and power distributions were measured. Results
of measurements were compared with the calculation and were used for
their refinement.

Single rod-experiments with a variety of enrichment and dimension
were conducted as the first step. 3x3 lattic experiments using two kinds
of plutonium fuel rods were conducted with an emphasis of reactivity and
power distribution measurements under different thermal neutron flux
spectrum. 7x7 and 10 x 10 lattice experiments were conducted with dif-
ferent moderator ratios.

A single region critical experiment of plutonium fuel rods is planned
corresponding to the availability of plutonium and its fabrication capncity.
Fabrication of plutonium fuel rods near three hundreds is now under way,
and pre-operational calculations on the nuclear experiments are partly
obtained.

Two test assemblies, pellet type fuel and vibratorily compacted fuel,
have been irradiated in the Halden BWIl. The average and peak burn up
were 9,420 and 13, 200 MWD/T-fuel, and 5,340 and 7,300 MWD/T-fuel
respectively for pellet type fuel and vipac fuel. Preliminary post-irradi-
ation examination was performed in Norway and detail examinations on
fuel rods sent back to .Japan are under way.

Four plutonium fuel rods and one fuel assembly is irradiated in the
Saxton PWR that the PNC participated to the Westinghouse Saxton core III
program. Designed heat rating and burn up are 540 w/cm and 12, 500
MWD/MTM for rods which are irradiated in the core center, and 400
w/cm and 6, 500 MWD/MTM for the assembly which is irradiated in peri-
pherical position of the core.

A serial irradiation program of plutonium fuel assemblies in JPDR-II
core, a BWR type experimental reactor of 90 MWt in JAEKI, is being
planned. The first four PuO2-UC>2 assemblies would be irradiated in the
maximum power channels in the core, nine through twelve assemblies
would be irradiated in the second step, and batch loading, partial core
with thirty assemblies would be operated, or a scattered loading of thirty
plutonium fuel assemblies would be demonstrated. The plutonium fuel
assembly design and predicted performance are elaboratively studied
both in JAERI and PNC. The single region critical experiment mentioned
above is the most important means for final decision of the fuel design and
demonstration program itself. Commercial interests on plutonium re-
cycling in the large LWR stations are being increased in Japan, not mere-
ly from view point of economical consideration on possible plutonium ac-
cumulation and stock piling but also from view point of potential saving of
uranium seperative works. Two electric power companies are negociat-
ing with American companies on plutonium fuel demonstration irradiation
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in their PWR and BWR stations. PNC and JAERI are expected to support
these demonstration programs.

As for the PuO-UC>2 fuel technology an extensive developmental
studies have beon carried out in tho Plutonium Fuel Development Labora-
tory of PNC since 1966. Fabrication studies, physical properties meas-
urements, asse«sment studies and preparation of specimens for these
nuclear experiments and irradiation testings were conducted, though the
recent activities have been directed for fast reactor fuol development.
Fabrication experiences on nearly one thousand kilograms of mixed oxide
were accumulated. The facility was expanded to meet the plutonium fuel
fabrication for Japanese experimental fast breeder and «Japanese prototype
advanced thermal reactor. The designed fabrication capacity is fifteen
kilograms per day of finished mixed oxide fuel elements for FBR line and
twenty-five kilograms for ATH. As the key fabrication practices are of
minor difference for fast fuel and thermal fuel, the new facility would be
used for both purposes. Involvement of engineers from private companies
into the facility is considered in order to support future private activities
in the plutonium fuel business in Japan.

The Japanese ATR program is a thermal recycling of plutonium in the
heavy water moderated and light water cooled reactor system. The re-
actor system can be theoretically sustained by natural uranium enriched
with plutonium which is produced in the reactor. A two-region critical
experiment was conducted on (PuC>2-UO2-f>2^) lattice surrounded by (UO2-
H2O) lattice. Neutron flux distribution, and internal conversion ratio in
PuO2-UC>2 rods were investigated. Nine plutonium fuel assemblies con-
sisted of 28 fuel rods were used in this experiment. A large critical facili-
ty of heavy water moderator is presently fueled with enriched uranium to
study the nuclear characteristics of the prototype reactor now under con-
struction, and successive introduction of plutonium fuel in the facility to
reach the whole plutonium core is to be done front early next year. Estab-
lishment of economical plutonium fabrication is most important for obtain-
ing reasonable fuel cycle cost in this reactor system. During the prepar-
ation of plutonium fuel required for the nuclear experiment, the economy of
fabrication will be studied for stands rd pellet fuel with practical quality
control system as well as for other potentially cheap fabrication techniques.
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THE V A K - KAHL PLUTONIUM BECÏCIE

DEMONSTRATION PfiOGRAM
"i ' " i . • . - . . . . . . . . . . . . . . . . . r . - -— - _

E. Khoglinger, NIS-Hanau

H. Schmale, RWE-Essen

A b s t r a c t

Prior to the use of full reload batches of plutonium recycle
assemblies in large commercial power stations, the economics
and technology of plutonium recycle must be demonstrated well
in both boiling and pressurized water reactor systems.
For boiling water reactors in Germany the VAK-Kahl power
station was selected for this type of demonstration because
of its unique position as a combined power and test station
and because its small size allowed a meaningful demonstration
of a plutonium recycle batch using only a relatively small
amount of plutonium.
Based on the results of earlier studies on plutonium recycle
utilization in medium sized boiling water reactors such as
KRB-Gundremmingen, a design for the VAK plutonium recycle
assemblies was selected that is compatible in dimensions and
performance to the uranium assemblies previously in use in
the VAK-Kahl. The design uses niño mixed-oxide rods placed
in a 3 x 3 array in the central portion of the 6x6 array
of. the fuel assembly. The mixed oxide rods contain plutonium
oxide mixed with reprocessed uraniun. The average plutonium
content .for the assembly is approximately 0,5 v;/o Pu fissile and
corresponds to the quantity and quality of plutonium processed
from a previously discharged VAK uranium acr.enbly.
At be ginning .of cycle 7 i& March this year a regular reload
batch consisting of 18 plutonium bearing fuel assemblies was
loaded to the VAK-core. Prior to the insertion of the mixed-
oxide assemblies minimum criticáis have been carried out in
order to demonstrate the adequacy of the design.
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Oïhe paper describes the design, the results of the criticáis
and the core behavior during the first months of operation
with the plutonium reload.

RESUME

Avant d'utiliser des lots de rechargement complets d* assemblages
au plutonium dans de grandes centrales nucléaires, il faut étudier
l'économie et la technologie du recyclage du plutonium dans les
réacteurs à eau bouillante et à eau sous pression.

En ce qui concerne les réacteurs à eau bouillante allemands,
le réacteur prototype YAK de Kahl a été choisi pour ce genre d'étude,
car il présente l'avantage d'être à la fois un réacteur de production
et un réacteur d'essais et sa petite taille permet de faire l'essai
significatif d'un lot au plutonium ne contenant qu'une quantité
relativement faible de plutonium.

3n se fondant sur les résultats d'études antérieures sur 1©
recyclage de Pu dans les réacteurs à eau bouillante de taille
moyenne, comme le réacteur industriel de Gundremmingen. on a "choisi
pour les assemblages au plutonium de Kahl un modèle qui est compa-
tible par ses dimensions et sa performance avec les assemblages
à uranium précédemment utilisés dans le réacteur de Kahl. Il s'agit
de 9 barres d'oxyde mixte, placées selon un arrangement 3*3 dans
la partie centrale de l'arrangement 6 x 6 de l'assemblage combustible.
Ces barres d'oxyde mixte contiennent de l'oxyde de plutonium mélangé
avec de 1«uranium retraité. La teneur pondérale moyenne de
l'assemblage en plutonium est d'environ 0,5 % de Pu-fissile et
correspond à la quantité et à la qualité du plutonium, provenant du
traitement d'un assemblage d'uranium irradié dans le réacteur de
Kahl.

Au commencement du cycle 7» en mars de cette année, on a
enfourné dans le coeur du réacteur de Kahl un lot de rechargement
normal composé de 18 assemblages au plutonium. Avant l'enfournement
des assemblages d'oxyde mixte, on a fait des expériences critiques
minimums afin d'établir que le modèle convient.

L'auteur décrit le modèle d'assemblage, les résultats des
expériences critiques et le comportement du coeur au cours des
premiers mois de fonctionnement avec une charge au plutonium.
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Summary

As final phase of a longterm Plutonium Recycle Program
performed by ALKEM and VAK-GmbH a plutonium bearing
reload batch was inserted in the Kahl reactor in March
1971.

The paper summarizes highlights of the design and ex-
perimental work done and gives a short description of
the VAK core performance.

Introduction

Prior to the use of full reload batches of Plutonium
- recycle assemblies in large corziercial powsr stations
tho economics and toclmolosy of plutonium recycle Bust
be demonstrated well in bota boiling and pressurized
water reactor systems.

?or boiling water reactors in Germany tho YAK 2ahl v?as
selected for this type of demonstration, because of its
unique position as a combined power and test, station
because its small size allowed a meaningfull demonstration
of a plutonium recycle batch using only a relatively
small amount of plutoaitaa. A demonstration proseen was
thus initiated by the VAK-Kahl GabK and AÏZSM leading
to .the insertion of a full plutonium reload batch in the
core .in îîarch 197*1»

Program Objectives
(Che principal objectives of this program are
- to establish the adequacy of full scale plutonium

recycle assemblies under actual operating conditions,
- to gain experience in the fabrication of mixed-oxide

fuel assemblies and
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- to evaluate reactor performance for a core containing
a regular sized reload batcli of nî ecl-oxice fuel
assemblies.

To accomplish the objectives of the program it was decided
to load 17 plutonium recycle assemblies as regular reload
batch for cycle sever..

It is intended that the assemblies will remain in the
reactor for five cycle G to obtain burn-up of approximate.ly
17.000 K,.rd/t.
It is also intended to continue the program by loading
an additional plutonium reload at beginning of cycle 8,
early next year.
The program represents the final phase of a long term
plutonium recycle prograri performed by ALKEM under
contract with, the German Bundesministerium fur Bildung.
und Uissenschaft.

Whereas AIZ2M fabricated all the plutonium bearing rods,
the design work for the reload assemblies was carried
out by different companies.
Basic design studies were initiated by UtflTZD FJCLEAR
COHPORATIO:\ under contract with ALXZM in 1967. The final
design for twelve assemblies was done by NIS-GmbH, who
is also responsible for the fuel managemep-t of the ïCahl
reactor. Four assemblies have been designed by A3G. In
addition to these 16 assemblies one has been supplied
by A2G/C2SI\T

The following sections summarize some of the highlights
of the program with particular emphasis on the design work
done by ICES.
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Desiga Philosophy

Based on the results of earlier studies on plutonium
recycle utilization in medium sized boiling water .reactors,
such as KSB-GundreEuaingen, a design was selected that is
compatible in dimensions and performance to the uranium
assemblies previously in use in the VAK-Kaal. The design
chosen is of the "self generation type" in which the
plutonium discharged from a given reactor is entirely
recycled in this reactor. This approach results in
minimum perturbation with respect to local pt>wer peaking,
control rod worth and delayed neutron fraction.

' In order to minimize the' cost increment inherent to the
fabrication of plutonium bearing fuel rods the plutonium
was deployed in a minimum number of rods consistent with
power peaking limitations.

The design uses nine mixed oxide rods placed in a
5 x 3 array in the central portion of the 6x6 array
of the fuel assembly. The mixed oxide rods contain
plutonium mixed with reprocessed uranium oxide of 0,96 w/o
Ù-235 to provide a total fissile atom content of 2,88 w/o.
Seven of .the uranium oxide rods, located in peak power
regions, contain 1.98 w/u U-235- The remaining 20 uranium
fuel"rods are enriched to 2,95 w/o U-235» The average
assembly fissile content (0,48 w/o Pu-fissue and 2,26 w/o
TJ-235) is 2,?4 w/o.

The"fuel rod arrangement in the mixed-oxide assembly is
shown in figure 1.
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Míe isotopic composition of the plutonium is as follows

Pu-238 m 0,07 w/c
Pu-239 * 83,75 w/o
Pu-24-0 » 13,85 w/o
Pu-241 « 2,07 w/o
Pu-242 » 0,30 w/o

iPhe plutonium content for the individual assembly corresponds
to the quantity of plutonium processed from a
previously discharged VAX uranium assembly after 16.000 KV/d/t
exposure.
Local Power Peaking
Use of these different enrichments in the fuel assembly
produces a more uniform power distribution than in the
original Zahl uranium assemblies where all the rods have
the same enrichment. The three enrichments were chosen
so -that the plutonium assembly would be representative
of the arrangements being utilized in medium sized boiling
water reactors and would be compatible with the cycle 6
uranium fuel which also employes two different enrichments.

The calculated peak-to-average power ratio at beginning
of life is 1,19 and compares well with the corresponding
value of 1,20 of the cycle 6 uranium assembly* $he design
value for the local power peaking factor in Kahl is 1,4.

(Two dimensional depletion calculations show that in the
plutonium recycle assemblies the local power peaking factor
decreases with exposure.

The beginning of life conditions thus represent the v/orst
possible power peaking situation. Figure 2 ;
shows the relative power distribution in the plutonium
assembly at beginning of life, figure 3
illustrates the relative rod power within the assembly at
approximately 17.000 MV7d/t burn-up.
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Control Hod Worth
The reactivity worth of control. rods is slightly reduced
with plutonium recycle fuel»
In arrangements where like in pur case the plutonium "bearing
rods are kept away from the control rods, this reduction is
minimized.
The calculated k values of the plutonium assembly at
20 °C for the controlled and uncontrolled condition are 1,094
and 1,5̂ 8 respectively. Thus the reactivity worth of the
control rod in the plutonium assembly is AkVk = 0,17*
At power the control rod worth in the plutonium assembly is
0,262. Compared to the reference uranium assembly this is
a reduction of approximately 5» 7 %•

Figure 4 shows the local power distribution in a controlled
assembly.

k _ Versus Burn-up Relations ship
""" ' "— i r " " ""~~ "" ' " " • '-"" - . . - r— ----- - i u r r i j i • • • " ' ' i> i

The reactivity levels of the mixed oxide assemblies were
matched to the reactivity of the reference uranium assemblies
in the cold clean condition. In order to achieve this goal.
the total fissile atom content of 2,68 w/o TJ-235 had to be
increased to 2,74- w/o.
There is a greater loss in reactivity from .cold to hot power.
conditions with the more negative temperature and void.
coefficients in the plutonium assembly. Therefore initially
there is less reactivity available for depletion with the
chosen design. But due to the flatter variation of k with
burn-up caused by fertile captures in.Pu-240 leading to
fissile Pu-241, also the required reactivity for depletion
is less than in an all uranium assembly. This effect is more
pronounced in. a plutonium assembly 'with high Pu-240 content
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and can be used in general to good advantage in fuel manage-
ment of low leakage cores.
Por the given design figure 5 shows the variation of k with
exposure.
Critical Experiments

In order to establish the adequacy of the design critical
experiments were conducted at AEG1s aock-up facility in
Grosswelzheim on the fabricated fuel assemblies prior to
their loading into the Kahl reactor.

The measurements nade, include the determination of the
critical water heights of different fuel arrangements, the
variation of reactivity with temperature between 20 °C and
80 C and detailed measurements of the relative rod power
distribution in a 3 x 3 mixed-oxide assembly array. The
results of the measurements compare well with data available
from critical experiments previously conducted on the
reference uranium reload fuel.

Comparison of the critical water heights given in Table 1
shows that the reactivity in the plutonium assembly
corresponds to the reactivity of the reference uranium fuel.—4-The water height coefficient is approximately 5»6 10

k /cm at critical water height for both cases.

Table 1————— UOp Reference Pu02-U02Pu&l Reload fuel
Number of assemblies 9 9
Array 3x3 3x3
Critical water height (cm) 97,1 99,3

The mock-up test also served as final nuclear prooftest
which allows the check of the reactivity levels of
individual plutonium assemblies.
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Core Performance
At beginning of cycle 7* in March this year, twelve
plutonium assemblies of the described design were loaded
together with four assemblies designed by AEG containing
slightly less plutonium in the mixed-oxide rods and
employing an additional power correction rod at the narrow
water gap intersection. One additional mixed oxide
assembly supplied by AEG/CNEN with a higher plutonium
content and an "all plutonium rod" design was also loaded.
Including the four plutonium assemblies that have been
loaded by AEG/ALKEM in cycle 5 and have already achieved
a burn-up of approximately 6,300 MWd/t, at the end of
cycle 6, there are now 21 mixed-oxide assemblies in the
core*
For loading the core a refueling scheme was utilized
consistent with prior fuel management practice and with
the requirements for cold shut down margin, power distri-
bution and fuel cycle length. The control rod pattern
and ̂ withdrawal sequences in use since cycle 2 were
adapted for cycle 7 operation.
The existing zone loading scheme which put the fresh fuel
in the: outer region of the core and successively moved,
it to the center, was slightly modified. In order ;1to get
an acceptable cycle length - the core has been operated
under stretch out conditions during the last two month
of cycle 6 - some of the reload assemblies' had to be put
into core regions of higher importance.
This arrangement will also allow experimental check of the
power sharing between uranium and scatterly loaded pluto-
nium assemblies. The loading pattern is given in figure 6
The resulting radial power distribution early in cycle 7
with the control rods partially inserted is demonstrated
in figure 7.
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The maximum radial power occurs in a fresh unrodded
plutonium assembly near the periphery of the core.
The peak radial power is 1,41, it will be reduced to
1,28 at the end of the cycle with all control rods with-
drawn as shown in figure 8.
At the end of the cycle gross gamma~scans will be
conducted on individual assemblies in order to verify
the predicted power distribution.
During and after loading the core, measurements of shut
down reactivity and critical rod positions were made.
The results were compared to predicted values and good
agreement vías found. The calculated keij> for the cold
fully controlled core, with all control rods in is 0,942,
a value slightly higher then the corresponding values
for proceeding cycles which were calculated to have been
0,932; 0,938 and 0,935 for cycle four, five and six
respectively,

. The reactor took up its normal operation on March 13, and
performed without any perturbation till today.
The energy output since then till May 14, was 3769 MWd.
The maximum assembly burn-up achieved in the fresh plu-
tonium fuel at that time was approximately 1000 MWd/t.
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PARAMETRIC STUDY OF PLUTONIUM RECYCLING
IN OBRIGHEIM POWER STATION

by C. Steinert and M. Dillig, Siemens Aktiengesellschaft

Fed. Rep. of Germany

Introduction
• „• •'.-' : ~ • • '• •

The :f¥actor of Obrigheim power station (KWO) constructed by
Siemens Aktiengesellschaft will be the first pressurized
wate¥; reactor in Germany to employ plutonium recycling.
Plutonium recycling will start with a demonstration phase
in 1972. Pull recycling is aimed at from 1973 onwards.
s|.n line with the interests of the owner of KWO Siemens are
catering for fuel element design and core management.

Neutron physics, methods of calculation
Owing to the complex cross section behaviour of the plutonium
isotopes in the neutron energy range below 3 eV, the physcis
characteristics of reactor cores containing plutonium are more
difficult to calculate than those for uranium enriched reactors:
Captures of neutrons by 239 P« produce 240 Pu, which is a
large absorber, larger than 236 U produced by captures,, in
235 U. Moreover, the amount of 240 Pu produced is dependent
on oc 239, the ratio of neutrons captured to neutrons causing
fission. This ratio is a strong function of the neutron
energy in the thermal energy region. Captures of 240 Pu produce
the fissionable isotope 241 .Pu and successive captures the
absorber 242 Pu. The isotopes 239 Pu and 241 Pu have a large
resonance at 0.3 eV and isotopes 240 Pu and 242 Pu have giant
resonances at 1.0 and 2.7 eV respectively. These resonances
lie in the region of neutron thermalization in H^O moderated
systems. As.a result, changes in spectrum have a stronger
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influence on neutron "balance than in systems with low Pu
content, thus making accurate computing of plutonium fueled
reactors more difficult. Such problems, however, occur to
a lesser degree also in highly irradiated uranium fueled
reactors since these contain an appreciable amount of plutonium.
Hence the calculating problems arising in the exact computing
of the effective plutonium cross sections must be solved in
any case if improved calculation is also to be achieved for
uranium reactors.

Por core calculation with control poison search, and the deter-
mination of power distribution and burn-up, a two-dimensional,
three-energy-group burn-up code STANDARD £" 1_7 developed by
Siemens was used. This code is based on EXTERMINATE £~2j and
contains LASER /~3_7 as subroutine in an S 4-004 version /~4-_7-
The neutron spectrum was recalculated at every time step which
had a length of 60 days.
The spectral calculations of LASER were carried out by MUFT
in the energy region above 1.85 eV and in the thermal energy
region by THERMOS ¿""6_7 with five additional energy groups
around the Plutonium resonances. THERMOS is based upon the
integral transport theory using a bound scattering kernel.

In core representation, each fuel element is divided into eight
meshes which have discrete power, fuel temperature and burn-up,
and, on account of this, their own neutron spectrum. Thus
the neutron spectrum is considered spatially throughout the
reactor core, depending on the local operating conditions
and fuel composition. An effective lattice cell of each mesh
is represented by twelve points with five points inside the
fuel rod in accordance with LASER.

It is obvious that this amount of computing work, which is
necessary for reliable results, would exceed the capacity
of an ordinary big computer if it were to be done in one run.
Therefore, for the first time, use was made of a data bank,
in which the results of spectrum calculations, using parameters
that occur, were stored in matrix form. The computing
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work for the subroutine LASER is very much shortened by this
method, which is built into in STANDARD, and by which core
calculations with a time and space dependent neutron spectrum
can be carried out at a convenient computing time.

Comparison of STANDARD calculations with measurements during
the first and second cycles of the KWO reactor
The boron concentration, relative power distribution and burn-
up of the fuel elements were measured during the first cycle
of the KWO reactor and during the second cycle which is still
running. These measurements are compared with STANDARD cal-
culations, in Fig. 1, Pig. 2 and Fig. 3. Very good agreement
between^calculation and measurement can be found, thus backing
up our confidence in STANDARD for the calculation of cores
which are highly enriched with plutonium. :

Important for burn-up .predictions of the second and third cycle
is the good agreement (shown in Fig. 3.) between calculated
and measured burn-up at the end of the first cycle.

Plutonium fuel element design and core management
The Obrigheim power reactor will produce the quantities of
plutonium and isotopic compositions at assumed burn ups which
are given in Table 1.
Taking account of the high plutonium-fabrication-cost penalty
at the beginning of recycling and the DNB limits of power
density in the fuel rod, the plutonium-bearing fuel element,
for example of the Obrigheim reactor, may be an all-Pu-rod
element in the first phase of recycling. Although from the
physics point of view a homogeneous distribution of plutonium
into all fuel rods of the reactor and a slight increase in
moderation ratio would be optimal, this is prohibitive from
an economic point of view, at least in the. starting phase
of recycling. The outer dimensions and mechanical specifi-
cations of the fuel element are therefore unchanged and are
equal to those of uranium elements. Since an increase in
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moderation ratio is linked with a decrease in conversion
ratio, the gain in "bum-up is small and hardly pays for a
completely new fuel element design at present. With this
example of fuel element, design A, 128 fuel rods contain 3.2 i» Pu
fissile and 52 fuel rods on the periphery of the element
contain 2.0 % Pu fissile within natural uranium.

The relative power distribution of this fuel element situated
in the neighbourhood of uranium elements,calculated with
idealized "boundary conditions, is shown in Fig. 4. Eight of
these elements mixed in scattered fashion under 32 uranium
elements per charge will recycle 63 kg fissile plutonium
annually, which is sufficient for up to 1975, as shown on
Table 1. The final content of plutonium in the discharged
plutonium elements is higher than that of uranium elements at
the same burn-up. Therefore the amount of plutonium to be
recycled will be higher in the second phase and amounts to
about 94 kg. Twelve plutonium elements must then be manufactured
per charge. This will be the case up to 1979» if full recycling
begins in 1973.
In the third phase, with plutonium to be recycled, that has
already passed through the reactor twice, the number of
plutonium elements and/or the plutonium enrichment must be
increased until the equilibrium amount of plutonium can be
handled.
Fig. 5 shows a possible configuration of the KWO core in
the second phase of recycling with 36 plutonium elements,
12 per charge, mixed in scattered fashion under the uranium
elements. Shwon in Fig. 6 is the power distribution at 24 and
3800 hours of cycle of this example. Though this con-
figuration can be still optimized, the maximum radial power
peak is within limits.

From Fig. 7 the influence on mean core burn-up of 56
plutonium elements of the design selected here can be deduced
and compared with the case where there are no plutonium
elements in the core.
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This example of plutonium fuel element design would meet the
requirements for the KWO reactor of not reducing the safety
margin from the DNB limit and would achieve the same burn-up
of the fuel cycle as with uranium elements only. However, it
would still be worthwhile to consider slight modifications
in Pu enrichment.

Conclusions
The problems arising in the exact computing of reactor cores
with a high content of plutonium can be overcome by a proper
treajitment of the Pu resonance^ as it is done in LASER for
instance. The reactor spectrum has to be considered dependent
on burn-up. This implies consideration of different spectrum
zones throughout the core if there are big differences in
local burn-up, as is the case normally and at least after
reshuffling. Division in to discrete spectrum zones of the
reactor is neccessary, especially if the recycled plutonium
is concentrated in special areas and is not spread homogeneously.
However, the effect of spectrum overlapping on rod power at
boundaries must be considered separately.

By way of example of plutonium recycling in the Obrigheim
power reactor, it dould be shown that,' within the limit of
maximum rod. power, Vit .is possible to recycle self-generated
plutonium in not more than 30.. percent of the fuel rods in
the core. However, this requires the choice of an all-Pu-rod
element. With mixed IT-Pu-fuel elements, the number of
plutonium rods to be fabricated is higher than 30 #, thereby
increasing the influence of.the plutonium-fabrication-cost
penalty on the fuel cycle costs.
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Table 1 : Plutonium discharge of KWO, approximate quantities and isotopic compositions

Year

1970
1971
1972
1973
1974
1975
1976
1977
1978
1979

assumed
burn-up
MWd/t

16 000
24 000
27 500
27 500
27 500
27 500
27 500
27 500
27 500
27 500

mixed isotopic composition
Pu 239/240/241/242

71,2/18,8/8,7/1,3
61,9/23,1/11,9/3,1
59,2/23,8/13,1/3,9
59,2/23,8/13,1/3,9
59,2/23,8/13,1/3,9
54,4/25,9/14,3/5,4
52,4/26,0/15,3/6,3
52,4/26,0/15,3/6,3
52,4/26,0/15,3/6,3
52,4/2.6,0/15,3/6,3

content of PUf.¿g
per discharge

kg

37+ >
63
65
63
63
79++)
94
94
94
94

-f) content of 28 elements
-H-) if amount of 1970 were fully recycled in 1972
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A REVIEW OF CNEN'S REACTOR-PHYSICS WORK ON Pu RECYCLING IN
LWR'S

P. PISTBLLA

Abstract

The problems connected with the design of (0, Pu)0 fuel
for light water reactors were investigated in the framework of
a cooperative effort between the OSAEC and CNEN performed froto
the theoretical as well as experimental point of view by the
Pacific Northwest Laboratory of thé Battclle Memorial Institute
at Rich!and, Washington and by the Laboratorio Física e Calcólo
Reattori at Casaccia nearby Rome» Italy»

Calculation methods were developed by LFCR for water reactor
design in an effort at reconciling the needs for a high degree
of standardisation bv automated procedures arid of speed in com-
putation with those for a high decree of precision of the neu-
tronics calculations including a close interconnectjon of the
different physics and engineering aspects of core design* A pre-
requisite was that the same code should be used for Pu and for .
U bundles*

The purpose of the program was to extensively test the cal-
culât ion methods developed, by comparing theoretical with ex-
perimental results for configurations that simulate the situa-
tions actually occurring in optimized 00 and PuO bundles in
water reactors*

Three main lines of work have been followed:
1. A program to follow-up the Pu core of the EBWR jn-Argoime

and to perform a series of gamma-scanning and post-irradia-
tion measurements at PNL. A systematic check was made at
LFQR of the calculation models and a complete power re-
actor cycle was simulated*

2» A program including a series of critical experiments with
(Pu, U)0 and/or UO fuel in the Plutonium Recycle Critlc-
al Facility at PNL; five typ«s of fuels were investigated
including multizoned cores* Power distributions» with and
without control rods, were measured by fission product gross-
gamma counting and control rod worths were measured in terms
of prompt neutrons decay rate (Rossi alpha)» using the "en-
dogenous" pulsed source method*
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3« A program including low-power experiments in a water-moderated
lattice of 1.5% Pu rods in the RITMO facility at LFCR, in-
cluding measurements of power distributions, spectral indexes
and reactivity worths also in the presence of control rods,
water gaps and fuel boxes. Tn these experiments particular
problems of interest for design purposes were investigated
in detail, e.g. how to replace a faulted fuel pin, what
might be the effect on power distributions of mispositioning
the control rods, etc. The absorption rato of Pu-£39 in the
cell was also evaluated. Trends of power shapes and reacti-
vity worths were measured with and without burnable poison
pins (Gd O in UO ) and with different poison contents.¿5 2
The experiments confirmed that it is possible to account

for the behavior of Pu fueled cores by simple phvsical models,
if properly used, and to use correlation and fitting procedures
throughout the code, savinp significant computation time with-
out affecting the degree of accuracy of the results for all
the cases of interest.

The methods developed can predictlocal power peakings and
reactivitv worths with uncertainties comparable with the accu-
racy commonly achieved in the experiments, so that the tools
are definitely available for the design and optimization of Pu
fueled cores from the physics standpoint, at least as far as
cold clean cores are concerned.

Definite indications on whether these codes can actually
predict the behavior of Pu fueled cores versus burn— up will be
given only after experimental data will be available on fuel
irradiated up to 30,000 MWD/MTM, In the meanwhile, promising
but not exhaustivo indications have been obtained from the
follow-up of the Pu Core of the EBWR and from the favorable com-
parisons between theoretical and experimental detailed reaction
rates in the cell. The use of two groups in the thermal mnge,
while unnecessary to evaluate power distributions and reactivi-
ty worths, has improved the comparison for these detailed quanti-
ties»

In conclusion, the state of the art in +he physics of optimized
Pu cores for the water power reactors of the present generation seems
to be not so different from that for the corresponding Ü fueled cores»
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RESUME

Les problèmes liés à l'étude d'un combustible à UOp—PuO« pour
les réacteurs à eau légère ont fait 1"objet de travaux théoriques et
expérimentaux menés conjointement par l'USAEC et le CNEÎT, au Pacific
Northwest Laboratory (PUL) du Batte Ile Memorial Institute, à Richland
(Washington), et au Laboratorio Fisica e Calcólo Heattori (LFCl), à
Casaccia., près de Home.

Le LFCR a élaboré des méthodes de calcul visant à concilier la
nécessité de normaliser de façon poussée, par des procédés automatiques,
et de calculer rapidement avec celle d'obtenir une grande précision dans
les calculs neutroniques, y compris une coordination étroite entre les
divers aspects physiques et technologiques de l'étude du coeur» Une
des conditions imposées était que le code puisse être utilisé à la fois
pour les faisceaux de Pu et de U0

L'objectif du programme était de mettre à l'épreuve les méthodes
de calcul mises au point, en comparant les résultats théoriques avec
les résultats expérimentaux pour des configurations qui simulent des
situations réelles dans des faisceaux à UO^ et PuCU optimisés de
réacteurs à eau.

Les activités ont porté principalement sur :

1» Un programme d'études sur le comportement du coeur à Pu du réacteur
expérimental (EBWE) d'Argonne et d'examens gamma et de mesures
post-irradiation, au PNL. Le LFCR a vérifié systématiquement les
modèles de calcul et simulé un cycle complet de réacteur de puissance»

2, Un programme comprenant une série d Expériences critiques avec du
combustible à UOp-PuCU ou UOg dans l'assemblage critique pour le
recyclage du plutonium du PNL; cinq types de combustible ont été
étudiés, comprenant des coeurs à plusieurs zones. Les distributions
de puissance, avec ou sans barres de commande, ont été évaluées par
gammamétrie des produits de fission} les antiréactivités des barres
de commande ont été mesurées en fonction de la vitesse de décroissance
des neutrons instantanés (alpha de Rossi), par la méthode de la
source puisée "endogène".
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3o Un programme comprenant des expériences à "basse puissance sur un
réseau de barres à 1,5 % de Pu, modéré à l'eau, dans l'installation
RITMO, du LFCR, et portant sur la mesure des distributions de
puissance, des indices spectraux et des antiréactivités, notamment
lorsqu'il y a des barres de commande, des lacunes d*eau (water gaps)
et des cavités à combustible (fuel boxes). Des problèmes liés à
ltétude du combustible, comme par exemple ce qui pourrait remplacer
une aiguille combustible défectueuse, les effets d'une mauvaise
disposition des barres de commande sur la distribution de la puissance,
etc., ont été examinés dans le détail. La vitesse d'absorption
du plutcniura-239 dans la cellule a également été évaluée. Les
tendances des formes de distribution de la puissance et des anti—
réactivités ont été mesurées avec ou sans aiguilles de poison
consommable (GdpO.. dans UOp) et pour diverses teneurs en poison.

Les expériences confirment la possibilité d'interpréter le compor-
tement des coeurs alimentés en Pu au moyen de modèles physiques simples,
à condition de les manier avec précaution, et d'utiliser les méthodes
de corrélation et d'ajustement dans tout le code, ce qui permet de gagner
du temps de calcul, sans pour autant affecter la précision des résultats»

Avec les méthodes mises au point, on peut prévoir la formation de
pointes de puissance locales et les antiréactivités, avec des marges
d'incertitude comparables à celles qui accompagnent normalement les résultats
expérimentaux! on dispose ainsi de moyens de calcul et d'optimisation des
coeurs alimentés en Pu, du point de vue de la physique des réacteurs,
du moins pour autant que l'on considère un coeur propre.

Ces codes permettent—ils réellement de prévoir le comportement
des coeurs alimentés en Pu en fonction du taux de combustion ? On ne pourra
le dire que lorsqu'on disposera de résultats expérimentaux sur du combustible
irradié jusqu'à 30 000 MWj/t de matière. Dans l'intervalle, l'étude du
comportement du coeur à plutonium du 3SBWR et les comparaisons des valeurs
théoriques et expérimentales de la vitesse de réaction dans la cellule
donnent des indications incomplètes mais prometteuses» Si l'emploi de
deux groupes dans le domaine thermique ne s'impose pas pour évaluer les
distributions de puissance et les antiréactivités, il permet par contre
d'améliorer la comparaison de ces grandeurs.

En conclusion, la physique des coeurs à Pu optimisés pour les
réacteurs de puissance à eau de la génération actuelle ne semble pas
tellement différer de celle des coeurs alimentés en U.
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1. INTRODUCTION

The problems connected with the physical design of
PuO fuel for light-water reactors were theoretically and
experimentally investigated under a cooperative arrange-
ment between USAEC and CNENj the actual work was .done at
the Battelle Memorial Institute's Pacific Northwest Labora-
tory at Richlaind, Wash» and at the Laboratorio Pisica e
Calcólo Reattori (LPCR) at Casaccia, Italy.

Calculation methods for water reactor design purposes
have been developed by the LPCR in an effort at reconciling
the requirements of a high degree of standardization by au-
tomated processes and of calculation speed with those of a
high degree of precision in neutronics calculations, pro-
vision being also made for close interconnection among the
various physics and engineering aspects of core design. One
prerequisite was that the same codes would be used for Pu
bundles and U bundles.

With a view to fully verifying the calculation methods
developed, by comparing calculated and experimental results,
various configurations were experimentally studied, which
would simulate the conditions actually prevailing in opti-
mized Ü00- Pu00 water-reactor bundles.

¿ tí>

To a certain extent this result had alrady been achie-
ved late in 1968, as discussed CO at the IAEA Panel on Pu
utilization. On that occasion, however, the general feeling
seemed to confirm the conclusions reached at IAEA Meeting
on "Pu as a Reactor Fuel", namely that the present calcula-
tional methods were still producing discrepancies in the
presence of Pu also for simple configurations.
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After 1968 and through 1970, CNBN»s reactor-physics
activities on Pu recycling were concerned with an overall
analysis of the results previously achieved and with a de-
tailed experimental investigation, conducted at Casaccia,
of certain particular problems involved in Pu bundle design
and operation (e.g.: how to replace a defective fuel pin,
what can be the effect of control rod mispositioning on
power distribution, etc.)» The thermal-spectrum effects of
Pu-239 resonance were also assessed: detailed cell reaction
rates were measured, with special regard to the evaluation
of Pu-239 absorption and fission rates. Moreover, in order
to investigate the problems connected with the use of burn-
able poison pins inserted into the present-generation IiWR
fuel elements, power distributions and reactivity values in
a Pu lattice were measured, also in the presence of pins con-
taining different concentrations of Ĝ 20 in tK>2*

This paper briefly reviews the reactor-physics work
done by CNBN on Pu recycling, with special regard to the pre-
sent situation of the CNEN codes available for the design-
ing of Pu fuel elements and to the detailed experiments per-
formed at Casaccia.
2- DESIGN-CALCULATION METHODS

The system of CNBN codes (2] for LWR's was developed
to calculate both BWR»s and PWR*s from an initial assess-
ment of general reactor characteristics down to a detailed
fuel management plan. The central module is the RIBOT zero-
dimensional-cell code, which is used as part of the follow-
ing codes:

s BORNY, a general two-dimensional, two-group burn-up
code for detailed fuel element designing;

« BOLERO, a cylindrical-geometry, two-dimensional, two-
-,
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group burnup code for BWR»s, using as a diffusion
routine a fast version of the EQUIPOISE 3 code; it
calculates void distribution and the amount of con-
trol required (by rods or soluble poison) according
to a predetermined strategy?

« DAMASCUS, a thermal-hydraulics-neutronics-economic
package*

RIBOT is linked with Battelle codes REPP (thermal hy-
draulic routine) and QUICK-MINIMIZER (economics and optimi-
zation routines). The code was developed at Battelle North-
west Laboratory under a cooperation arrangement with CNEN,

The following is a bref description of the RIBOT module
and of the first two codes, which were systematically used
throughout the work reported in this paper.

2.1 The RIBOT Code
The main feature of RIBOT [a] is the systematical use

of the correlation method*
To set up this code, as a first step the most important

effects were calculated by means of standard codes (SOFÓCATE,
MUFT, THERMOS, REP, etc*) for a set of cases of interest for
LWR*s. In many cases it was found that the results did not
so definitely require a highly detailed treatment of the
problem (it was recognized, for instance, that the use of
sophisticated methods such as THERMOS is not needed to eva-
luate the thermal spectrum, even in the presence of Pu)* On
the contrary, it was found that the calculation results were
heavily dependent on the set of cross sections used, even
for variations within the experimental errors indicated and
both in the thermal and epithermal range*
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As a second step, the results were fitted by specially
developed correlation formulae, in the range of interest,
versus reactor geometry and material composition» The main
quantities thus correlated are: effective thermal cross sec-
tions vs. 1/v, U-235 and Pu-239 concentrations per H nucleus;
fast removal and transport cross sections (a three-fast-group
model was used); volume and surface terms of resonance in-
tegral for Dancoff corrections; square-cluster disadvantage
factors; Pu-240 resonance integral as a function of S/M.

" A set of parameters or options were left free in the
correlation and final adjustments were made in the integral
check against the results of critical experiments and power-
reactor operation, i.e.: neutrons per fission for U-235 and
Pu-239; U-235 and Pu-239 fission resonance integrals; iron
resonance integral; "greyness* corrections for the Dancoff
effect; spectrum in lattice structures with complex fuel
clustesrs; thermal energy range splitting in two non-osrer-
lapping groups.

After suitably defining these options, the RIBOT re-
sults were compared with the results of 41 critical expe-
riments with enriched U or UO - ThO lattices, 34 critic-
al or subcritical experiments with UO Pu2 lattices, 4 sets
of burnup, temperature and power coefficient experiments
on power reactors (Garigliano BWR, Trino PWR, EBWR Pu core,
Elk River BWR). The checks produced fully satisfactory re-
sults: the largest differences in reactivity were always
smaller than 1.5% and generally in the + 0«6 range. Larger
errors were found in the case of hexagonal lattices.

2.2 The BURKY Code
The RIBOT cell module is used in combination with the

two-group, two-dimension EQUIPOISE code to form the BURNY-
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2 burnup code [4] or with the two-dimension» five-group
EXTERMINATOR code to form the BURNY-5 £sQ burnup code.

The most suitable use of BURNY is for the design or ma-
nagement of a group of fuel elements, mainly to prevent the
possibility of a fuel pin reaching dangerous operating con-
ditions. Por a BWR fuel element containing Pu, the power
values in each pin must be calculated for its entire life-
time, since the hottest point shifts from the element bounda-
ry to its center. In this case, the local pin enrichments
— which are different in order to reduce local power peak-
ing — can be allowed for in BURNY to the required degree
of detail.

2.3 The BOLERO Code
BOLERO CO is formed by the linking of RIBOT with a cy-

lindrical-geometry version of EQUIPOISE, with a thermal-hy-
draulic routine for void-fraction calculation and with a
control rod movement routine. Using BOLERO, the control rod
strategy in a BWR or PWR can be easily planned.

Throughout the calculations, the power distribution and
void fraction are made consistent with each other in every
channel and the flow distribution is made consistent with hy-
draulic resistance. The position of the control rods (and/or
the concentration of the soluble poison) are adjusted accord-
ing to a preplanned strategy till criticality is reached.
Then a burn-up step is taken and the new reactor configura-
tion is calculated. Although the fuel-recycling option per-
mits the analysis of simple fuel strategies (shuffling and re-
fuelling by rings), the code was designed particularly for
the purpose of control rod management rather than for that of
fuel management. Consequently, the code is generally used
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when all fuel-management problems have been tentatively sol-
ved and a detailed fuel-behavior analysis begins»

3. RESUETS OF COMPARISONS WITH THE EXPERIMENTS

Three main lines were followed, viz»:
- follow-up of the Pu core of the EBWR in Argonne and a se-
ries of gamma scanning and post-irradiation experiments at
the Pacific Northwest Laboratory,
-a series of critical experiments with PuO - UO and/or UO
fuel at PNL*s Plutonium Recycle Critical Facility (5 types
of fuel were investigated, including multi-zoned cores)»
Power distribution were measured by fission product gross
gamma counting; control rod values were measured in terms
of prompt-neutron decay rate (Rossi alpha), using the "en-
dogenous pulsed source" method.
-low-power experiments in a water-moderated lattice of 1.556
w/o Pu rods in the RITMO facility at Casaccia, including
measurements of power distributions, spectral indices and
reactivity values also in the presence of control rods,
water gaps, fuel boxes and burnable poison pins»

3»1 Physical Follow-up of the BBWR Operation
The results obtained from the operation of the EBWR f?].

I8] •\9\ » b°J «[11] were analyzed at Casaccia [l2J. [13] from an
engineering design viewpoint, for the purpose of calculating
reactivity effects (as functions of temperature, power, void
content, poison concentration, control rod position and burn-
up) and power distribution effects»

In effect, the EBWR core used in this power run is rathej
complex: the most difficult characteristics are briefly re-
viewed here. Pour different types of elements are present in
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spiked reactor: 1.5% w/o Pu02-u(>2, 6% w/o U02, fully enriched
spiked u-235 elements and natural uranium elements; This situa-
tion can simulate the complicated situation arising in commer-
cial reactors when an equilibrium cycle is reached and elements
with up to 5 different burnup levels are pœent. Sizeable non-uni-
formities exist in the reactor lattice also in control-free
configurations; large and different water gaps and intricate
structures do not allow a simple définition of a super-cell*
This situation has equivalence neither in the regular pitch
of PWR's nor in the well-defined BWR super-cells* The usual
complications due to cruciform control rods are enhanced by
the presence of a. Hf control rod and of boron in the moderator»
The latter circumstance creates special difficulties in all
simple calculation models: in PWR*s too, of course, boron is
contained in the moderator, but the disadvantage factors of
the borated moderator with respect to fuel are not affected
by the presence of non-uniformities. A burnable poison (made
of Sm and Eu) is contained in the driver UO fuel elements»
This poison markedly affects the reactor's temperature and
burn-up behavior» In the last-generation BWR's, burnable poi-
son (Gd) pins are included and produce a similar effect»

The program for the complete checking o£ CNEN's codes
developed in the following sequence:
» calculation of the minimum critical core and of the all Pu
experiment; Pu core assessment;

» calculation of ¡zero-power full-core configurations; assess-
ment of the control parameters (rods, boron and burnable
poisons);

« burnup calculations: assessment of the feasibility of cal-
culating reactivity (spectrum variations, void variations,
fission-product buildup and heavy-nuclide transmutations)
and power distributions;
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= evaluation of the effects induced by the detail level adopt-
ed in the calculations: assessment of the errors connected
with the assumptions built into the various models» with
a view to making a final estimate of the design cost as
a function of the required accuracy of the results.
On the basis of this stw'y it can be stated that CNEN's

design-calculation methods are capable of accurately descri-
bing the behavior of the SBWR provided the necessary detail
is included in the claculation. No particular problems were
encountered in calculating the K p. and the temperature co-
efficient of small Pu-fueled cores. When dealing with the
K pp of large heterogeneous cores at aero life and vs. burn-
up, as well as with the minimum critical core after burn-up,
the main limitations were found to be the use of two groups
only in the BOLERO code and the impossibility of describing
configurations involving the axial coordinate without having
radial symmetry. As a consequencê  in such cases BOLERO cal-
culations must be supplemented and supported by suitable
BURNY calculations (introducing 5 groups and/or x, y geometry).
3«2 Experiments at BNWL«s PRCF

The experiments were carried out at the Battelle North-
west Laboratory's Plutonium Recycle Critical Facility (PRCF)
14 » 15 • The two main neutronic problems investigated are
the determination of local peaking factors in the presence
of inhomogeneities and the reactivity value of control sys-
tems. Also important are the calculations of cold-to-hot reacti«
vity swings due to negative void and temperature coefficients
and of control system value variations in uranium and pluto-
nium fueled lattices.

Reactivity and power distributions were measured in
both U02 (2.35% U-235) and 002Pu02 (2% Pu02> single-region
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lattices with large water gaps and/or control rods. Reacti-
vity values were measured in various types of cruciform con-
trol rods, differing in absorbing material (boral, boron car-
bide, hafnium, pyrohafnates) and dimensions. Also, reactivi-
ty and power distributions were measured in multi-region con-
figurations* Three types of mixed oxide fuels were used with
different PuO. contents (»9, 2 and4% w/o). Two types of 2%

tt~~*v ***•ilable (8% and 245Sf. Inw/o PuO mixed oxide pins were available
certain cases, examinations were made of core configurations
in which the central bundle was loaded with pins differing
in Pu content (the enrichment decreasing from the center to
the periphery of the bundle).

The techniques used in the measurements were: gamma
scanning (fission-product gross gamma activity) for the de-
termination of relative power distributions in single-region
cores; gamma scanning and intercalibration and different
fuels, by calorimetric measurements, for the determination of
power distributions in multi-region experiments; Rossi alpha
by means of digital noise analysis (endogenous pulsed source
method) for the determination of control rod reactivity values•

Answers to certain questions had to be obtained from
comparisons between calculations and measurements — in the
first place, about the adequacy of diffusion calculations
for lattices affected by major non-uniformities and about the
comparative merits of the foitr-crrotip or five-group (two therm-
al groups) representations in predicting reactivities and
power shapes for mixed-oxide lattices. Furthermore, other
criteria (or assumptions) had to be checked out: for instance,
the reliability of the single-cell representation (without
allowance for interactions with the surrounding cells); the
choice of the theoretical model to be used in calculating
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the transparency of control rods to neutrons of different
energies for both uranium and plutonium systems.

For reactivity measurements in critical or sub-critic-
al cores, a direct theory-experiment comparison was made, by
developing a calculation technique which allowed the direct
calculation of Rossi alpha as an eigenvalue (n1/v" absorption
cross section) of the diffusion equation solved for prompt
ceutrons only.

The calculations—measurements agreement was very good
in single-region experiments. The largest K differences
for critical unrodded cores amounted to 4 mk for UO lattices
and 5 mk for mixed-oxide lattices. The average standards de-
viations obtained by comparing the calculated and measured
radial power profiles in configurations with different dis—
uniformities were within 1.5$ for UO lattices and within
2% for mixed-oxide lattices. The degree of accuracy in pre-
dicting reactivities, power sharing and local peaking fac-
tors was approximately the same for multi-region experiments;
in these experiments, however, the results relating to the
pins containing .9% PuO had to be discarded, because of the
unsatisfactory homogeneousness of that fuel.

On the other hand, the definition of a theoretical
model which would be satisfactory for every type of control
rods examined was not a simple proposition: due to the non-
symmetrical position of the control rod, the boundary-condi-
tion method is not applicable. The results were re—analyzed
fl6j applying the P-1 blackness theory, and a good agreement
was obtained.

3.3 Experiments in the RITMO at Casaccia
In a water-moderated lattice of 1.5% w/o EBWR plutonium

pins set up at Casaccia, detailed measurements were made,
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including spectral indices, power distributions and reactivi-
ty values also in the presence of water gaps, control rods,
fuel boxes and special (Gd-poisoned) pins; the purpose viras
to investigate the behavior of fuel elements with due allow-
ance for the effects of the inhomogeneities actually exist-
ing in the BWR*s of the present generation C17l«

In previous papers [Î 8j, [l 9~] it was shown that experiments
conducted with a small number of fuel pins do yield reliable
information of the kind required» A micro-lattice consist-
ing of about 150 pins was positioned in the central cavity
of the RITMO facility; in the central zone of the uniform
lattice, equilibrium is achieved for thermal-neutron space
and energy distributions. Different configurations were pro-
duced in the central zone of the lattice by removing appro-
priate pins, and in some instances introducing suitable ma-
terials.

Using the design codes, a good agreement (within an ex-
perimental accuracy better than. 2%) was found as regards the
power distributions — measured by scanning the gross gamma
activity of the fission products — in widely different con-
figurations: the power ratio between the pin facing the in-
homogeneity and an equilibrium pin is 1.5 for the configura-
tion reproducing the fuel element without control rod, and
0.5 when the control rod is inserted. A good agreement was
also found as regards axial power distributions and measured
reactivity values. No appreciable difference was found be-
tween the results of 2- or 5-group calculations. Detailed
results are reported in references JJ20], (j>1~|, jj22jj« The re-
liability of the design-calculation methods can be regard-
ed as fully proven as concerns the evaluation of plutonium-
fueled cores at zero life under cold conditions.
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As regards in particular the use of burnable poisons
in BWR»s, the effect of fuel-element poisoning by means of
UO pins containing GcLOo was investigated by replacing stan-
dard pins at the corners of each fuel element and/or at in-
ner locations along the diagonal axis of the element Í2;
Three different concentrations of G<*203 in UO. (natural ura-
nium) were investigated: 0.04, 0.06 and 0.08 graras/cc, which
are among the most significant in the case of BWR's» In or-
der to separately evaluate the effect due directly to the
poison, unpoisoned UO pins were also considered. A slight
dependence of fl\ix distribution on poison concentration was
found in the range above 0,04 grams/cc, due to the marked
self-shielding effect present in this case. A good agree-
ment was found in calculations-experiments comparisons! the
differences in power distributions aro in the same order of
magnitude as the experimental accuracy. It should be noted
that in this case the cell constants for the poisoned pins
were calculated with the THERMOS code; various calculation
models are compared with respect to this problem in £24] *

Fitting formulae are also being developed for burnable
poisons •— in order to describe the absorption cross,section
vs» poison content — as previously done with respect to
standard fuel cells. Detailed calculation models have also
been developed to describe the burn-up depletion of heavi-
ly poisoned pins [25] » Qîf] • The calculation results will be
checked against the results of burn-up experiments already
scheduled*

In addition to the evaluation of reactivity values and
power distributions, the determination of detailed cell pa>-
rameters by activation measurements of fuel isotope fission
and absorption rates makes it possible to get into further
detail in the calculation-experiment comparison process*
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This determination may prove of special interest in pluto-%
nium-fueled systems, due to the resonance absorption of Pu-
239• Since a direct determination of reaction rates by acti-
vating isotope samples is not feasible when isotopes are
produced which do not emit detectable radiation (this being
the case of neutron capture by Pu-239), a method was develop-
ed to deduce the undetectable reaction rates by measuring
the activation rates of suitable spectral detectors* By this
method jjRTJ , a direct correlation is established between
the measured spectral indices and the reaction rate to be e-
\'aluated* This approach differs from the conventional methods,
which are based on the assumption of a suitable expansion
for neutron energy distribution, thus involving the possi-
bility of discrepancies between the inferred spectrum and
the real one (in particular when dealing with spectra affect-
ed by resonance absorption).

To evaluate the spectral effects in systems with therm-
al resonance absorption, after investigating some homogeneous
systems [28] , measurements were made in actual cell geometry
in the Pu lattice [29} • Spectral indices were measured — by
foil activation techniques «— in the pins and in the mode-
rator, both in the uniform lattice and in the presence of a
cross-shaped water gap. The measured values were successful-
ly compared with the result of design-calculation methods
as well as with those of a more highly detailed calculation
method [so]• In particular, it was found that the use of two
thermal groups (in a five-group pattern) is necessary to
properly describe the effect of water gaps on the effective
Pu cross sections* The Pu-239 absorption rate was evaluated
from the measured spectral indices by applying the previous-
ly tested correlation method.
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4« THE PRESENT STATE OF THE ART IN PHYSICAL DESIGN

The methods developed are capable of predicting . local
power peakings and reactivity values with a degree of un*-
certainty comparable with the accuracy usually achieved in
experimental work. Thus, tools are definitely available for
the designing and optimization — from the standpoint of
physics — of Pu-fueled cores, at least as far as co.ld clean
cores are concerned» This can be done by fully automated
codes, which yield savings not only in terms of computer
time, but also in user time, as the user is no longer forced
to select in each case the models best suited to the indivi-
dual physical phenomena involved. In particular, it has been
established that simple and adequate treatments are avail-
able also for those features of the Pu-fueled systems (therm-
al spectrum effects due to Pu-239 resonance, resonance ab-
sorption by Pu-240 and so on), which initially were believed
to be likely to adversely affect the possibility of calcula-
ting such systems» Moreover, the interest has shifted from
critical experiments for uniform lattices to experiences un-
der operating conditions.

Conclusive information as to Çhe capability of the pre-
sent codes to actually predict the behavior of Pu-fueled
cores also regarding burn-up will be produced only after ex-
perimental data on fuel irradiated up to 30,000 MWd/tpn will
be available» In the meantime, promising indications have
been obtained from the follow-up of the EB¥R»s Pu core, but
such information is not totally adequate, since the maximum
buraup level reached amounts to 7,000 MWd/ton. Some indica-
tions are also provided from the successful comparison be-
tween calculated and experimental detailed reaction rates in
the cell. The use of two groups in the thermal range — while
unnecessary to evaluate power distributions and reactivity
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values at aero life — has improved the comparison for the
detailed reaction rates at zero life as well as for burnup
predictions.

The state of the art in the physics of optimized Pu
cores for the water power reactors of the present genera-
tion does not seem to differ substantially from that of the
corresponding U-fueled cores.

>0o-—•
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VERIFICATION OF PLUTONIUM BUILD UP CALCULATION METHODS
BASED ON POST-IRRADIATION MEASUREMENTS ON A URANIUM

ASSEMBLY OF THE ENËL GARIGLIANO BVR

A. Ariemma, M. Paoletti Gualandi, B. Zaffiro

Abstract
A calculation method for the prediction of fuel burn-up pluto-

nium build-up and isotope composition variation has been develop-
ed by ENEL mainly to the end of studying the various aspects of a
core loaded with UO — PuO fuel. Post-irradiation examinations of
an irradiated uranium assembly were employed for a first check of
the potential of this predictive method.

Since an enriched-uranium assembly that had been irradiated to
10,000 MWD/MTM (and thus contained 5 g of fissile plutonium per Kg
of uranium) had been disassembled at Garigliano for other purposes,
advantage was taken of the circumstance to have some of the rods a—
nalyzed at the European Institute for Transumnium Elements, Karls-
ruhe, under a contract with EURATOM.

The comparison of the results with the theoretical predictions
showed that accurate predictions are possible with a special cal-
culation technique, which is presented and discussed in this paper.

RESUME

L'BNEL a élaboré une méthode de calcul permettant de prévoir
lfaccumulation de Pu et la variation de sa composition isotopique en fonction
du taux de combustion, surtout en vue d'étudier divers aspects d'un coeur
chargé en combustible à l'oxyde mixte U00-Pu00. Ltexamen Dost-irradiation

£. c.
d'un assemblage à uranium enrichi a permis de faire une première vérification
des possibilités de cette méthode de prévision. Cet assemblage avait été
irradié à 10 000 MWj/t de matière (et contenait donc 5 g de plutonium
fissile par kg à'uranium) et ensuite démonté sur place à d*autres fins;
on en a profité pour faire analyser un certain nombre de barres à
l'Institut et^ropéen des éléments transuraniens, à Karlsruhe, aux termes
dhm contrat avec 1»EURATOM. La comparaison des résultats avec les
prévisions théoriques montre qu'il est possible de faire des prévisions
précises avec un certain procédé de calcul eue les auteurs présentent
et discutent»
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1. INTRODUCTION

À calculation method for the prediction of fuel burn-
up, plutonium build-up and isotope composition variation
has been developed by ENEL mainly with an aim at studying
the various aspects of a core loaded with UO - PuO fuel.
In the framework of a Research Program stipulated with
EURATOM on the utilization of plutonium in thermal reactors»
a considerable amount of effort was devoted to investigate
calculation methods and techniques which were calibrated
against experiments conducted under the Program itself.
Since these experiments were carried out mainly on unirra-
diated fuel, it was deemed appropriate to extend the veri-
fication of the calculation methods also to irradiated fuel.
Therefore a post-irradiation examination was performed on
a uranium assembly containing a sufficient amount of pluto-
nium to allow a reliable check of the predictive method.

Since a fuel assembly of the Garigliano first load had
been removed from the reactor during the May 1967 shutdown
for other research purposes and was already available disas-
sembled in the Garigliano fuel pool, it was decided that it
should be made available for the program. This assembly had
reached a burn-up level of about 10,000 MWD/MTU, thus con-
taining about 5 g o£ plutonium per kg of uranium.

The post-irradiation measurements were carried out in
the hot cells of the European Institute for Transuranium
Elements in Karlsruhe»

The paper discusses the comparison of the results
with the predictions and draws conclusions based on the in-
terpretation of the results.
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2. POST-IRRADIATION MEASUREMENTS

The fuel assembly (see Fig. 1) irradiated in the Gari-
gliano reactor for the first two operating cycles (namely
1A and 1B) was exposed in a fairly central position of the
core so that the power tilting effect could be expected to
be rather limited.

This assembly had been removed from the reactor in 1967»
so, in view of the long period of decay elapsed before the
actual beginning of the measurements (1969), the program was
limited to the measurements of burn-up and fuel isotopic
composition. Indeed, no attempt was made to determine the
power density distribution within the assembly in the last
period of operation through the measurement of the activity
of Zr-95/Nb-95.

The program was subdivided into two parts: non-destruct-
ive measurements based on gamma spectrometry and gamma scan-
ning, and destructive measurements of burn-up and isotopic
composition based on gamma, alpha, and mass spectrometry of
dissolved samples.

The non-destructive gamma-activity measurements were to
determine the burn—up distribution at a pre-set level on the
largest possible number of rods. These measurements are ac-
tually easier and more amenable than the destructive measure-
ments, even though they cannot provide the absolute value of
burn-up, because in general the results are dependent on the
geometry of the measurements itself. On the contrary, destruc-
tive measurements permit an assessment of the heavy atom con-
tent, specifically the depletion of U-235 and generation of
plutonium, and offer the possibility of determining burn-up
through the measurement of the concentration of stable fission
isotope, such as Nd—148.
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Therefore, the absolute value of burn-up was determined
on a limited number of rods and then correlated with the re-
sults of the non-destructive measurements of burn-up distri-
bution. In addition, the availability of the dissolved fuel
samples prepared for the destructiva measurements offered the
possibility of checking the burn-up by means of an addition-
al destructive measurement, that is, through the determina-
tion of the specific activity of Cs-137«

For the purpose of adjusting the calculation method, it
was of interest to determine the burn-up reached by the as-
sembly at a given level, in order to apply the x-y geometry
technique. In brief, the non-destructive measurements were
taken on 34 rods at two levels corresponding to the positions
of the in-core instrumentation (levels C and D,see fig. 1),
whilst the destructive measurements were limited to 18; fuel
sections were taken all at the same level (level C). For a
check of the axial distribution calculations, two rods veré
subjected to gamma scanning over their entire length,

The measurements permitted an integral and analytical
verification of the calculation models and methods used in
the nuclear design of the plutoniun fuel assemblies. More
specifically, the purpose of the measurements was to ascer-
tain that the calculation technique was capable of:
- determining the correct burn-up distribution among the va-
rious rods;

- adequately assessing the concentrations of the heavy nucli-
des as a function of burn-up, with special reference to
plutonium, while allowing for the effects of spectrum va-
riations.

From the flow diagram of Fig. 2 the sequence of analyses
performed can be seen*
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The burn-up distribution in the fuel assembly was de-
termined through the monitoring of the gamma activity from
each fuel rod at the same axial position, by means of high-
resolution gamma spectrometry (Ge-Li detector). This non-
destructive technique is based on the possibility of correla-
ting the gamma activity of a selected fission product to burn-
up, so leading to a relative burn-up distribution»

The isotopes selected for the burn-up distribution de-
termination were:

Isotope Energy, keV Half-life, yrs

Ru-106/Rh-106 512 1 . 008

Cs-137 662 30.600

Ce-144/Pr-144 2186 0.77 8

The calculation procedure required for the interpreta-
tion of the spectra was considerably simplified because for
these isotopes, it was only necessary to establish the re-
lative activity of the rods.

An axial gamma scanning was also carried out along the
whole length of two rods. For this purpose a continuous ad-
vancing system was used and the individual acitiviy of the
selected isotopes was recorded.

Pig. 3 gives the normalized values of the measured acti-
vities; from the graphs it is possible to see the diversity
between the axial distribution of a corner rod (upwards ten-
dency) and that of a central rod (tendency to shift toward
the bottom of the core). This diversity is due to the combi-
ned effect o£ the voids and control rods.

At the beginning of the destructive measurement program
it was decided to take advantage of the availability of dis-
solved fuel slices to check the burn-up level by determining
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the specific activity of the same fission products selected
for the non-destructive analysis and in particular Cs-137«
Therefore, a portion of each solution was subjected to gamma
spectrometry with an absolute-calibrated system (Ge-Li moni-
tor).

Once the specific activity of Cs~137 (in Ci/g) was known,
it v;as possible to derive the burn-up (in MWD/MTU)by means
of a conversion factor that takes into account in an appro-
priate way the characteristics of this fission product and
the reactor history,

The concentration of U-235, U-236, U-238, Pu-239,
Pu-240, Pu-241 and Pu-242 were determined by mass spectrome-
try combined with isotopic dilution techniques. Each mass
spectrometry measurement vas generally performed three times»
The experimental errors, expressed as deviation from the
mean value for a single analysis» were on the average close
to the method calibration error. Pu-238, together with ame-
ricium and curium isotopes, was instead analyzed by means
of the alpha spectrometry technique.

The isotopic composition results were related to the
initial amount of fuel, that is, use was made of the ratio
of each heavy isotope N. to the total of heavy isotopes N.
before irradiation (i.e. all initial uranium atoms); in this
way the results were easier to compare with the calculated
values. Nd-148 as burn-up monitor, has been determined by
mass spectrometry with isotopic dilution technique using
a Nd-150 spike? the separation of neodymium was performed by
chromatographic elution on resins. The obtained Nd-148 con-
centrations were converted into F , that is, the percentage
of fissioned atoms referred to the initial heavy atoms, and
subsequently into burn-up (in MWd/MTU) taking into account
the average value of the Nd—148 fission yield, assumed as
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1.9655Í, and an average value of 196 MeV for the. total energy
released per fission»

In the determination of burn-up as F , the error in
fission yields prevails over all other errors and limits the
accuracy of the burn-up analysis to about 1,555»

A systematic study of the experimental results reveal-
ed several-linear'correlations, which were used to check the
consistency between 'independently obtained sets of data» Cor-
relations between different isotope ratios, e.g, U-235/U-238
and Pu-240/Pu-239, and between burn-up (total and fraction-
al burn-up, depletion) and isotope ratios were observed. Two•examples are shown (Figs, 4 and 5), where the burn-up obtain-
ed by Nd~l4$ analysis is plotted against the Kr-83/Kr-86 and
Kr-84/Kr-83 ratios, respectively. A least squares analysis
revealed a linear relation within 3%. The use of the ratio
of fission gas isotopes has several advantages over that of
other possible nucíides: Krypton and Xenon are easy to sepa-
rate from the fuel material and their isotopic abundances can
be measured with high precision. The correlations with burn-
up parameters are not affected by the initial enrichment of
the fuel as are the heavy isotope correlations.

3. BÜRN-ÜP CALCULATIONS

The average irradiation level of the fuel assembly at
discharge was calculated with the ERFLARB code, whereas the
bur«Hap distribution among the rods of the fuel assembly and
the.ir heavy isotope contents were calculated independently
with two codes, BURNY and BURSQUID,

: The three-dimension ERFLARE code (ENEL Revised FLARE)
is the ENEL version of the FLARE codo, adapted for the re-
quirement of a large boiling water reactor. This code permits
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a fairly approximate calculation of reactivity, power distri-
bution and burn-iip, and also the representation of the con-
trol rod configuration during the periods in which the life
of a BWR is subdivided for the purpose of the calculations»

The original version of the code was modified to accom-
modate a more detailed representation of the core with a I6x
16x16-point arrangement, and to improve the accuracy of the
calculations both for the power distribution in regions con-
taining high control rod density and in relation to the tech-
nique employed to determine the control rod withdrawal se-
quence. The ERFLARE code was trimmed and verified against
the data collected from the operation of the Qarigliano re-
actor during the first two operating cycles and, in particu-
lar, from the first three gamma scans.

In this case the calculations were performed to repre-
sent the history of the reactor core and to determine the
operating conditions of the assembly to be subjected to post*
irradiation examination*

The calculations of the burn-up and fuel isotopic com-
position of the singlo rods were performed initially with
the two-group RURUY code developed by CNEN» This code cal-
culates diffusion and lifetime in two dimensions using two
energy groups with a cut-off at 0-625 eV« Neutron constants
determined by the RIPOT code aro introduced in the EQUIPOISE
code, which performs the diffusion calculations*• The therm-
al and fast group constants cvro calculated b}' means of cor-
relations : thermal cross-sections aro based on the Vrigner-
Wilkins spectrum as a function of characteristic parameter,
whereas fast cross-sections are of the Ombrollaro-type. The
cross section of the epithermal group vero calculated, case
by case, as a function of the characteristics of the lattice
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considered; particular care was exerted to improve the calcu-
lation of the Pu~?,40 resonance integral derived from hetero-
geneous Monte Carlo calculations«

The BÜRSQUID code prepared under the ENEL-EURATOM Con-
tract is a link of the five-group version of the RIBOT code
with the SQUID diffusion code, which has a higher number of
mesh points (10,000) and energy groups. The five-group RIBOT
code retains the main features of the model of the two-group
calculation method described above; the modifications being
only the division of the thermal spectrum into two groups
and that the fast groups are no longer reduced to one.

In the two—group BURNY calculations it was assumed
that the neutron stream was nil around the assembly only du-
ring the exposure times.when the assembly was not affected
by the presence of control rods» On the contrary, when a con-
trol rod was inserted, use v/as made of extrapolation lengths
calculated by means of the transport code DTK.

The simplified representation of the control rod blade
intersection led to an overrating of the control effect. The
same fact was observed for the first time in the experiment-
al results of the measurements of the control-rod-affected
power distribution carried out at the Garigliano in the 1968
summer shutdown, and it was confirmed by the preliminary com-
parison with the burn-up distribution measured at the level
C. The calculations were therefore repeated with the five-
group BURSQUID code using a more detailed representation of
the control rod blade intersection.
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4. COMPARISON OF THS THEORETICAL AND EXPERIMENTAI. RESULTS

In Fig. 6 are indicated the experimental values of burn-
up (B) together with the percent deviations in comparison
with the theoretical values (T) calculated with the two-group
BURNY and five-group BURSQUID codes. The results of the two
calculation techniques are well consistent with the experi-
mental data, larger deviations being observed for the two-
group BuRNY calculation (o* « ¿ 3.1% versus + 1*530.

By analyzing the deviations for the two-group BURNY cal-
culation, it will be noted that the greater deviations occur
in proximity of the areas where the enrichment differs and
that the control rod effect on the corner rod is overrated»

As for the comparison with the five-group theoretical
results, no systematic concentration of error is observed.
It was therefore possible to conclude that at least up to
10,000 MWD/MTU the burn-up of any single rod, including the
corner and peripheral rods, i.e. rods in "difficult11 posi-
tions, is well represented by both the two-group BuRNY and
the five-group BURSQUID calculations-

With regard to the isotopic abundance of heavy atoms,
the experimental results, expressed as percent of initial
uranium atoms still present after irradiation, were compared
with the theoretical \ralues calculated with the two-group
BURNY and five-group BURSQUID codes. The average deviations
for the two calculations arc compared in the following table:
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Isotope

U-235
U-236
U-238
Pu-239
Pu-240
Pu-241
Pu-242

rf % (T - B/T)
Five groups
* 3.94
- 6.85
+ 0.072
+ 3.69
+ 3.26
+ 10.12
+ 25.50

Two groups
- 5.66
- 7.38
+ 0*19
- 24.66
+ 7.69
± 8'95
± 8'53

The two-group BURNY calculation appears unsatisfacto-
ry, particularly in respect of the Pu-239 concentration,
which is systematically underestimated by 25% on the average.
Prom the deviation distribution, it may be observed that the
larger deviations occur in the corner and peripheral rods?
this difference may be imputed to an inadequate representa-
tion of the thermal spectrum and to the library data used in
the two-group BURNY. This assumption seems to be supported
by the results obtained with BURSQUID, which more adequate-
ly representes the thermal spectrum and thus gives a better
evaluation of the Pu-239 content. This effect had already
been noticed in the measurements on the DIMPLE critical fa-
cility with plutonium-bearing fuel. More specifically, an e-
valuation with the five-group BURSQUID improves the Pu-239
«nd Pu-240 representation, but introduces higher systematic
errors for Pu-241 and Pu-242 (cf «+ 25% for Pu-242)» The U-
235 content was slightly underestimated (o*~ - 5%) with both
calculation techniques*

These conclusions are to be verified especially in respect
of burn-up and isotope composition variation of fuel assem-
blies containing plutonium, under the Demonstration Program
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that ENEL is carrying out on the Garigliano reactor with
sixteen prototype plutonium assemblies, plans have been made
to perform post-irradiation examinations of plutonium fuel
rods exposed to different irradiation levels* This may be
done even during the first years of exposure by removing a
few rods from one of the prototype assemblies during normal
refueling shutdowns.
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IRRADIATION EXPERIMENTS AT CNEN FOR THE THERMAL
RECYCLING OF PLUTONIUM FUEL

A. Bizzarro, G.P. Cali, A. Calza Bini, G. Cosoli, P. Grillo,
C. Lepscky, M. Massa Gallucci, P.L, Rotoloni, G. Testa

Abstract

The irradiation program being carried out by- CNEN to qualify
the plutoniuni-based nuclear fuel for the thermal recycling in
LWR's is presented»

The program basically consists of a series of experiments of
a gradually increasing complexity, from single-pin tests to multi-
pin or complete bundle tests eventually leading to prototypical
bundle tests in power reactors.

The single and multi-pin tests were performed in the Swedish
R-2, the Norvegian BHWR and the French Siloé reactors. The expe-
rimental results and data are discussed, with respect to the
fuel temperature distribution, the thermal conductivity, the fuel
structure evolution as a function of time, etc.

The tes$s on prototypical bundles were performed in the Swedish
reactor at Agesta and the German reactor at Kahl* The test progress
is reported. The spacer concepts, it is felt, are compatible with
the present generation LWR's.

Finally-, the results of the acceptance tests on the fuel bundle
are reviewed in order to compare the calculated with the experi-
mental data*

RESUME

Les auteurs présentent le programme d'irradiations exécuté au CNBH
en vue de l'étude du combustible nucléaire à base de plutonium destiné
au recyclage dans les réacteurs thermiques à eau légère» Le programme
consiste essentiellement dans une série d'expériences de complexité
croissante, allant des essais sur une seule aiguille, sur plusieurs
aiguilles ou môme sur des faisceaux complets, aux essais sur des faisceaux
prototypes dans des réacteurs de puissance»
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Les essais sur une seule aiguille et sur plusieurs aiguilles ont été
faits dans le réacteur suédois R-2, le réacteur à eau bouillante de ïïalden
et le réacteur italien HS-1. Les auteurs examinent les résultats expéri-
mentaux en ce qui concerne la distribution des températures du combustible,
le dégagement des gaz de fission et l1 interaction combustible-gaine» Ils
examinent aussi leur valeur et leur intérêt du point de vue de la
vérification des codes de calcul pour l'étude des aiguilles combustibles,

Les essais sur les faisceaux prototypes ont été faits dans le réacteur
o ,

suédois de agesta et dans le reacteur allemand de Kahlj les auteurs
décrivent leur déroulement. En outre, ils examinent les caractéristiques
des faisceaux combustibles en ce qui concerne la corrélation entre les
performances et les tolérances de fabrication de leurs composants»

Ils étudient ensuite les critères ayant abouti aux modèles initiaux
de oentreurs à éléments élastiques, la méthode de fabrication de ces
composants et les procédés mécaniques de montage., Ces modèles de centreurs
conviennent, semble—t-il, à la génération actuelle de réacteurs à eau légère»

Four conclure, les auteurs passent en revue les résultats des essais
de réception faits sur le faisceau combustible et comparent les résultats
du calcul et ceux des expériences»

1.0 INTRODUCTION

The CNEN (Comitato Nazionale per 1»Energía Nucleare)
of Italy is at present engaged in the development of pluto-
nium-bearing fuel elements to be utilized in the thermal
and fast breeder reactors, in the framework of the activi-
ties of the Plutonium Program and Fast Reactor Program.

The recycling of plutonium fuel in light water react-
1 2ors ' is being carried out in Italy by ENEL (Ente Nazio-

nale per 1'Energia Elettrica) under a Plutonium Recycling
Demonstration Program with the insertion in the BWR Gariglia-
no core and probably in the near future in the PWR Trino
core of several plutonium fuel assemblies, and by CNEN with
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the development of plutonium fuel design and fabrication
technology.

This paper discusses the main fuel development effort
developed by CNEN to assess the merits and disadvantages of
mixed oxide fuel as regards thermal conductivity, plutonium
homogeneity, fuel-cladding interaction, in either pellet or
sol-gel sphere-pac fuels» Special attention has been -paid
to the structural changes undergone by fuel during the ini-
tial period of irradiation in the reactor. All these acti-
vities have progressively led, step by step, to the irradia-
tion1 of two prototypical fuel elements in boiling water re-
actors. In the first prototypical element the plutonium fuel
is adapted to the standard BWR mechanical design by substi-
tuting mixed oxide rods for a portion of the urania rods.
The second plutonium recycle assembly consists entirely of
mixed oxide fuel rods with two different plutonium enrich-
ments.

The irradiation facilities used for the experimental
oprogram are the R-2 and Agesta reactors in Sweden, the Hal-

den reactor in Norway, the Siloé reactor in Prance and the
Kahl reactor in West Germany.

2.0 SPECIAL ASPECTS OF IRRADIATION EXPERIMENTS FOR PLUTO-
NIUM THERMAL RECYCLING

Pelleted fuel, because of the large amount of satis-
factory UO experience gained both during fabrication pro-
cesses and in-pile investigation, is the reference design
for plutonium thermal recycling in light-water reactors. Vi—
brocompacted sol-gel microspheres, however, are considered

3to be a promising alternate form .
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Mechanical mixing is the more commonly used preparation
method of UO - PuO fuel. For pelleted fuel, the effects
due to plutonium oxide agglomerates can be neglected up to
agglomerate dimensions of 25O to 300 microns. In fact, the
resulting hot spot factors do not exceed those caused by
the fuel rod fabrication parameters, i.e., fabrication tole-

4ranees, etc. On the other hand, the results of transient
tests conducted to investigate the possible effect of large
PuO particles showed that mixed oxide specifications which
limit the maximum PuO particle size below 500 microns dia-
meter do not appear to justify the limitation from the stand-
point of transient fuel performance . Tests have shown that
when the central fuel temperature is in excess of 1400 °C,
fissile homogenization takes place, probably with columnar
and/or equiaxed grain growth. Therefore, localized regions
of high plutonium concentrations, particularly in the out-
er fuel regions,could persist in a rod operating under nor-
mal conditions.

Another important problem to be solved is to show that
limited amount of PuO additions to the UO matrix do not
significantly affect fuel properties, particularly the fuel
thermal conductivity. Similar importance attaches to the
study of the microstructural evolution of UO - PuO fuel
during the early life in reactor. The structure of a U02
fuel becomes sufficiently stabilized after the first ten
hours of irradiation at a high linear power? indeed, after
such a period, no drastic structure modifications should
take place, at least up to 15,000 MWD/MTU . PuO addition in
a UO matrix could affect in principle the fuel morphologic-
al structure and its kinetics, thereby influencing the start-
up procedures.
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As regards the plutonium fuel assembly design optimi-
zation, two solutions seem to be promising, i«e* a bundle
containing plutonium rods only or a bundle having plutonium

235rods at the center and U-nenriched rods at the periphery,
maintaining the same lattice, the same reactivity lifetime»
and a local power peak within the same limits as the stan-
dard VQ assemblies» Irradiation tests of the two types of
bundle, in addition to giving information on fuel and bundle
performance, can supplement the calculation codes for the
determination of the power distribution within the bundle
in the case of plutonium and mixed lattices*

3.0 SHORT-TIME IRRADIATION EXPERIMENTS

Several investigators have already studied short-time
in-rabbit irradiations to get information on properties and
parameters affecting the in-pile behavior of fuel rods. These
authors examined the fuel microstructures originated during
irradiation with respect to the particular parameter taken
into account, i.e. the fuel cladding gap, the fuel stoichio-
metry, etc. An experiment which yields information on the
microstructure of the fuel as a function of time only, at
fixed linear power ratings, the other experimental parameters
remaining unchanged, is especially interesting in understand-
ing the mechanism of the structural changes during the early
in-reactor life and in defining the approximation limit of
experiments based on microstructural investigations. For
this purpose twelve UO - 5 wt# PuO and forty-two UO
235( U « 5 wt#) samples were irradiated in the hydraulic rab-

bit of the R2 reactor at Studsvik.
The samples consist of pelleted and vibratory compacted

(sphere-pac) sol-gel fuel whose main characteristics are
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shown in Table I» Before the irradiation started, the flux
vas determined by using the foil activation technique; the
irradiation time ranged from 2 to 800 minutes. Ceramographic
examinations were performed on transverse sections of all
samples which were checked for structure changes»

In the irradiated fuel, the following zones are ob-
served starting from the outside fuel surface:
- An "as fabricated" area, which retains the initial struc-r
tures practically unchanged; in the pellets and in the
largest fraction of vi-pac powder the average grain size
of approximately ten microns remains constant on the ave-
rage and fine fraction of the powder can be distinguish-
ed.

- A first "modified" area, in which the phenomenon of equi-
axed grain growth in the pellet and in the largest frac-
tion of the vipac and the welding of medium and fine
particles is observed» The outside boundary of this zone
with the "as fabricated" area is defined as the radius in
which there is a 50% increase in the average diameter of
elementary grains as compared to the initial grain size*

This definition for the 'modified» zone is valid for the pel-
lets and inside the largest powder grains; for the smallest
particles of the vipac powder the welding together of parti-
cles replaces the grain growth in the definition of the mo-
dified boundary area» The grain diameters are measured using
the method of linear intercepts.
- An "enlarged grain" area, characterized by large grains
of materials that have lost their initial configuration;
the average grain dimension is about 1 mm.

In general, porosity is absent or very slight: consequently
the density is about 100% T.D.
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The external boundary of this area with the equiaxed grain
area is determined by the measurement of the distance from
the center where the characteristic structure of elementary
grains appears, starting from the fuel surface.
"" A "molten area", characterized by a porosity larger than
that of the adjacent gross grain area; in the molten area
many large bubbles can be observed. Particularly, the evi-
dence of such bubbles leads to the conclusion that this
structure results from the resolidification of a molten
material occurred during cooling; therefore, the area
could be better called "final molten area"»

This outside limit is determined on the mosaic by detecting
the radius where a lot of pores suddenly appear as contrast-
ed to the "enlarged grain area" almost free from porosity.
- A "central void", which could have a quite good circular
shape as well as more an irregular form. In the latter
case, the equivalent radius is calculated»

In pelleted samples there is evidence of very few lenti-
cular voids and columnar grains, while in vipac samples
they are numerous; their presence is closely correlated,
among the others parameters» to the void concentration in
the as-fabricated material; therefore, it is very difficult
to define a "columnar area"; anyway, it is possible to mea-
sure the maximum radius at which lenticular voids and column-
ar grains can be detected»

3.1 00̂  Experiments1 ¿. i

To summarize the results of the UO experiments6:
1» Por pelleted fuel irradiated at a constant linear power

of 1,100-1,200 W/cm and under the R-2 reactor conditions
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(coolant temperature óf 50 °C), a small central molten
area is found, only in one sample» Moreover, lenticular
shaped bubbles appear to form after 32 minutes or later.
The grain growth velocity seems to be lower than the ve-
locity calculated by means of Mac Ewan's grain growth
curves, used for a temperature distribution obtained with

7the CNEN*s thermal conductivity data •
2» For vibrocompacted powder irradiated at a constant linear

power of l,lOOr-1,200 w/cm a molten area is observed which,
from post-irradiation examinations, can be identified
with the enlarged grain zone. The size of this molten a-
rea becomes stabilized after 2 or 3 minutes. After 10
minutes at the maximum power level, the initial size of
the molten area undergoes a progressive decrease, corre-
sponding to an increase of the sintered area*
The growth of the sintered and enlarged grain areas appears
to be completed after 512 minutes (see Pig» 1)•
The central void size, on the contrary, is not yet sta-
tionary» In effect, the mass transfer mechanism by means
of lenticular shaped bubbles is hot yet completed at 512
minutes» The mechanism of this transfer takes place start-
ing from a radius comprised between the outer limits of
the sintered and enlarged grain areas»

3» The extrapolation of the results obtained suggests that,
" for a UO fuel, irradiated at a constant linear power of
1,100-1 .,200 ¥/cm, all the microstructures attain an ini-
tial equilibrium after approximately 10 hours in a reactor
at the maximum power level.

3.2 UP,,- PuÔ  Experiments' - £•-. 2
To summarize the results of the ÜO - PuO experiments:
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1» In pelleted fuel irradiated at a constant linear power
of 1 , 1 00-1 , 200 W/cm and under the R-2 reactor irradiation
conditions, a large central molten area was observed in
all samples. Moreover, both the final molten area and the
so-called initial melting area gradually decrease with
the irradiation time, as shown in Pig» 2. In effect, the
final molten area, ranges from 45% of the fuel radius for
a 2-minute irradiation to 39% of that radius for an 800-
minute irradiation»
In view of the fact that also the boundary of the so-

called initial melting area decreases with the irradiation
time, one is led to believe that such boundary, which in re-
ality is almost always ill-defined, or at least not as sharp-
ly defined as the boundary of the final molten area, is not
representative of the initial melting area» In effect, as
the irradiation time increases, the front of the lenticular
bubbles gradually moves towards the center, and this causes
a decrease in the radius of the initial melting area,
which in the initial stage, i»e. with a two-minute
irradiation time, is presumably 50% of the fuel ra-
dius.

The size of the sintered area does not seem to be af-
fected by the irradiation time; it was observed that it
has a constant value, or 70% of the fuel radius»

While in the sintered area the PuO particles are no
longer distinguishable from those of the TIO matrix, in
the "as-fabricated" area a substantial dishomogeneity of
angular Put) particles is observed» This reflects an in-
complete sintering during the fabrication process.

As compared to the ceramographic structures observed
in the analyses of UO samples, in the ÜO - PuO samples
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we find that as early as after a 2-minute irradiation all
areas typical of an irradiated fuel, including the central
void, have formed; this means that the UO - PuO- samples
undergo faster changes than the UO samples. Pigs. 3 and 4
show one example of a photomosaic of respectively a sample
of pellet and of sol-gel UC_-PuC , irradiated for 2 minutes
at a power of 1,180 and 1,020 W/cnu
2. In sol-gel fuel, irradiated at a constant linear power

of 1,000-1,050 W/cm, a behavior similar to that of pellet
samples was observed* In all samples is present the mol-
ten area, of a larger size than that observed in pellet- .
ed fuel samples. In this case too the molten area decrea-

•— ses with the irradiation time: from a final molten area
equaling 6G% of the fuel radius at 2-minutes of irradia-
tion to a final molten area equaling 55% of the fuel ra-
dius after 800-minute irradiation. In the case of the
sol-gel fuel, we have observed a dispersion of the expe-
rimental points greater than that found in pelleted fuels*
In this case too, the sintered area is constant during

the irradiation time and measures 85$ of the fuel radius.
3. Alpha and beta-gamma autoradiography was performed on the

specimens. Alpha autoradiography shows that, at the inner
pellet region,, extensive dissolution of the original PuO
grains in the UO matrix occurs. Beta-gamma autoradiogra-
phy shows that gross fission product depletion can be
readily associated with the columnar grain regions. The
radial positions of the fission product minima can be ea-
sily identified from the densitometer scans of the beta-
gamma autoradiographs shown in Pig. 5*
The beta-gamma autoradiographs, of course, lack specifi-

city and diametral gamma scans, therefore, were performed on
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the specimens in order to identify and measure the major
fission products in the fuel. The diametral gamma scanning
of short-time irradiated specimens within the first few days
of removal from the reactor permits measurement of the migra-
tion of several important fission products» The diametral
gamma scanning results, corrected to the end of irradiation
in each case, are given in Fig. 6 and Fig. 7, for pelleted
and sphere-pac fuel, respectively. The precision of the
measurements, performed at the Hot Laboratory for Fuel Ele-
ments of the A.B. Atomenergi at Studsvik, Sweden, was good
and particularly satisfactory agreement was obtained be-

<* rtO *f f)&tween Ru and Ru results» The curves show the high mobi-
lity of ruthenium in high temperature oxide fuel, the mini-
mum in the §amma curves coinciding with the minima in the
beta-gamma autoradiographs. It can also be seen clearly that
there is a relatively higher concentration of ruthenium with-
in the molten area than at the periphery. The behavior of
137Cs in the sphere-pac sample is also of interest since,
although there is a general movement towards the periphery,
there appears to be a band of rather high concentration in-
side the depleted band*

4.0 INSTRUMENTED CAPSULE AND ROD BUNDLE IRRADIATION EXPERI-
MENTS

The data essentially needed for the thermal and mechanic-
al designing of a mixed uranium and plutonium oxide rod is
obtained by experimenting with instrumented capsules or rod
bundles. The reactors used for this purpose are the Siloé
swimming-pool reactor in France and the Halden BHWR
reactor in Norway.
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4*1 The Siloè Experiments
The instrumented capsule irradiation experiments, some

data on which are reported in this paper, are part of an
irradiation program for the study of the thermal in-reactor
performance of fuel. Such experiments are carried out on fuel
intended for use in thermal reactors at present being develop-
ed by CNEN, and namely:

- UO pellets
- Vibratory compacted UO powder
- UO - PuO pellets
- Vibratory compacted sol-gel UO - PuO microspheres*
While experiments are still in progress on sol-gel mix-

ed uranium and plutonium oxides, we are reporting some data
concerning the irradiation of UO - PuO pellets.

The experimentation involves measuring in the reactor
by means of thermocouples the central and peripheral fuel
temperature, measuring the power generated in the sample and,
starting from these data, calculating the thermal conducti-
vity integral and the thermal conductivity curve for the
mixed uranium and plutonium oxides as a function of tempera-
ture.

Table II shows the fuel design characteristics and irra-
diation conditions.

The irradiation was performed in the Siloé swimming-
Q

pool reactor, using a CYRANUM capsule and a device allowing
the sample to be moved through the reactor core.

Fig. 8 shows a cross section of the capsule used; the
following components are located on the median plane of the
rod:
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- one V-Re thermocouple, located in the center of the
fuel

- two Çhromel/Alumel thermocouples located at the peri-
phery of the fuel, at one mm from the external surface

- three thermocouples outside the cladding tube.
The power generated by the sample is measured by means

of resistance-type calorimetric system, indicating the mean
power over the full height of the sample; the neutron flux
is also directly measured by means of collectron detectors;
the gamma flux is measured by means of a graphite-core calo-
rimeter» All signals from the instrumentation are continuous-
ly recorded throughout the irradiation period»

The device was kept in the reactor for two 21-day cycles,
during which its position in the reactor core was repeated-
ly changed. Fig. 9 shows some significant data recorded
during the irradiation, i.e. cladding, outer fuel region and
central temperatures as a function of linear heat racing.

The experimental values measured during the irradiation
of the capsule were so processed as to obtain the curve of
the thermal conductivity integral of the mixed uranium and
plutonium oxides as a function of temperature.

It was assumed that the thermal conductivity of the mix-
ed uranium and plutonium oxides varies with temperature in
accordance with the formula:

K(T) s ~~ *
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Prom the heat-conduction equation we obtain:

(2)
V/ith each value of the power ̂ n- andlv¿ is associated

the temperature pair T and T , so that, based on i'l)
C * JL •

and (2), we can write:

4ir k«
(3)

The best set of three values of B, C and D with which
the experimental prints are best approximated was calculated
using a computer code written for the IBM 360 computer* This
code, based on the least-squares method, analyzes the in-
fluence on the thermal conductivity integral curve of the pa-
rameters B and C, and separately of parameter D, given the
influence of the latter at high temperature only.

Fig. 10 shows the thermal conductivity integral curve as
plotted from the experimental data. The values of the coef-
ficients in equation (1) are:

B « 3.0
C a 0.0214
D = 5.8 * 10~13

Pig. 11 also shows the thermal conductivity as a func-
tion of temperature.

Since the experimental program as well as the evalua-
tion are not yet completed, the data reported must be con-
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sidered as preliminary. In particular, the influence on the..* ' *«.
thermal conductivity of some design and fabrication para-
meters such as the fuel stoichioraetry, density, etc. is
still under study.

However, some considerations can be drawn:

- the maximum central fuel temperature of 2,215 °C
allows the extrapolation of the curves obtained up
to about 2,400 °C;

- the value of the thermal conductivity integral seems
to be in good agreement with the value obtained by
other investigators for a fuel having similar cha-
racteristics;

- the trend of K (T) as a function of temperature
presents some uncertainties due to the difficulty
of obtaining the K (T) curve from the thermal
conductivity integral experimentally obtained;

- the thermal conductivity value, as well as the
conductivity integral, for UO - 4 wt % PuO

¿* ¿

seems higher than the UO thermal conductivity, in
the temperature range considered*

4*2 Halden experiments

An in-pile experimental program has been carried
out with (U, Pu) 0 sol-gel microspheres, vibratory
compacted at 2bow energy, in the Halden BHWR in Norway with
a view to developing an alternative solution to the
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pelleted fuel. These experiments concern the IPA -1249and IFA - 170 test assemblies •

The sol-gel process for the production and compaction
of the microspheres makes it possible to obtain a fuel rod
at 85/£ T.D. without applying a high strain to the cladding
tube. The elimination of the fabrication steps required for the
powder preparation and the limited number of operations and
equipment necessary for this technique, present some econo-
mical advantages in the fuel fabrication cycle»
4.2.1 IPA 124 test assembly

The IPA-124 assembly, consisting of a segmented fuel
rod containing (U, Pu)(>2 sol-gel particles din solid solu-
tion, vas designed for studying the in-pile behavior of
CNEN sol-gel materials with respect to the fuel/Zr-2 cladding
compatibility.

The rig was not equipped with in-pile instrumentation
and therefore the only data useful for evaluating this test
were obtained through an extensive post-irradiation exami-
nation.

The assembly, after a period of approximately two
months of irradiation ("w 500 MWD/MTM) was unloaded due to
an activity release signal recorded after six days of con-
tinuous operation at the maximum power level of about 500
W/cm.

The suspected cladding failure was not found in the
post-irradiation examination, fhe post-irradiation work on
IPA 124 was performed under contract at the alpha-gamma la-
boratory of the Danish Atomic Energy Commission at Ris¿.
During the examination no leakage or external cladding de-
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feets were detected. Dimensional measurements, however, show-
ed a diametral expansion in the maximum power zone correspon-
ding to a diametral strain of about 1.8% while no significant
length increase was found.

Gamma-scanning and gamraa-densitometry performed on the
rod showed several discontinuities in the fuel bed.

The two pins, forming the segmented rod, were punctured
under vacuum and the gas content was analyzed by mass spectro-
metry and gas chromatography tests* The gas analysis disclos-
ed the presence of a fairly large quantity of carbon oxides
(63% CO , 34% CO). Only traces of hydrogen were present,
the Zircaloy cladding having picked up any hydrogen which
might have been present in the system: in effect a high de-
gree of hydriding was observed in the cladding.

The fuel has sintered in all the areas which have ope-
rated at a linear power level above ̂ 400 W/cm. In the re-
gions at the highest power level, the Zircaloy cladding,
which was fully annealed and not autoclaved, appeared seve-
rely attacked by the fuel, as shown in Pig. 12»
4.2.2 IFA 170 test assembly

The IPA 170 assembly, still under irradiation in the
Hal den BHWP. has reached a burn up of about 12,000 MWD/MTM»
It is a fully instrumented 8-rod bundle assembly and its
function is to systematically investigate the properties, of
sol-gel fuel and its in-reactor performance at high burn ups.

It was therefore? equipped with extensive in-pile in-
strumentation, such as inlet and outlet turbines, coolant
thermocouples, gamma thermometers and beta-current neutron
detectors for determining the power output, and central oxide
thermocouples.
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Information from the in-pile measurements .was obtained
by correlating the central oxide fuel thermocouples signals
with the linear power output of the rods.

The signals of three thermocouples placed in different
pins were continuously recorded during the first power ramp
and at the steady-state conditions for approximately three
months; the values are shown in Fig, 13»

The following conclusions can be drawn from the two
experiments.
1. As shown by the plot of the in-pile temperature vs. power

measurements, a high degree of homogeneization of pluto-
nium fuel takes place in the mechanical mixed oxide par-
ticles.

2. From the in-pile measurements performed on the IFA 170
assembly extrapolated up to the melting point of the cera-
mic material, the initial melting of 81# T.D. fuel should
occur at an integral of conductivity of 49 W/cm under the
Halden BHWR,conditions (i.e. coolant temperature 240 °C)«
After sintering and homogeneization of the fuel this value
attains 60 W/cm.

3. The as-fabricated microspheres have completely disappear-
ed in the central area of the fuel» showing a sintering
and columnar grains zone without substantial difference
from a typical irradiated pellet structure.

4. Post-irradiation inspection showed the incompatibility be-
tween sol-gel fuel and Zr-2 cladding, with the formation
of highly hydrided and oxidized areas. This attack is be-
lieved to be caused by gaseous impurities, originally pre-
sent in the fuel particles. Such a difficulty can be
avoided by better control of product specifications.

686



5. These first sol-gel irradiation experiments have indica-
ted that pre-irradiation characterization is essential for
acquiring a higher degree of reliability during irradia-
tion.

5.0 PROTOTYPICAL FUEL BUNDLE IRRADIATION IN POWER REACTORS

The aims of the experimental program on prototypical
mixed oxide fuel bundles in power reactors are
(a) performing an overall check on the design and fabrication

of the individual fuel element components;
(b) obtaining information on the changes in mechanical pro-

perties of the structural and ceramic material during
irradiation;

(c) supporting and verifying the data on the fuel element
design criteria.
The irradiation tests have been planned to progressive-

ly increase the performance as regards linear power rating,
burn up, the mechanical and geometrical characteristics of
the bundle, particularly as regards the distance between
spacers, the spacer arrangement and the type of constraints
at the ends of the rods.

The tests now in progress involve the irradiation of
oa 4x4 rod bundle in the Agesta reactor and of a 6x6 rod.

bundle in the Kahl reactor*
o5.1 Plutonium Bundle in Agesta

The mechanical components used for the plutonium bundle
oloaded in the Agesta reactor are of a conventional type» There-

fore the calculation activity has consisted essentially in
the neutronic and thermohydraulic design, and in the verifi-
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cation of tho mechanical behavior* Three different linear
power levels are planned, up to a maximum value of 1 8 Kw/ft
(~ 600 W/cm), with a total peale factor of 1.80. The bundle,
which at present ( June 71 ) has reached a burn up of approxi-
mately 8,000 MWD/MTM is designed to reach an irradiation
burn up of 25,000 MWD/MTM»

The geometrical characteristics of the fuel bundle are:
- 16 rods arranged in a 4x4 square array
- rod length 3,300 mm
- rod pitch 19»04 mm
- rod outside diameter 15 «06 mm
- shroud tube side 80 mm
- average axial distance between spacers 500 mm

The rods are mechanically assembled in the bundle by
five spacers.

The fuel, in form of pellets, consists both of enrich-
ed uranium and of uranium-plutonium mixed oxide. Pour rods
containing the uranium-plutonium mixed oxide fuel were po-
sitioned in the central part of the bundle where the other
twelve rods, filled with enriched uranium fuel, were located
in the external positions, as shown in Pig. 14.

The dishecl fuel pellets have a diameter of 12.86 + 0.04
mm; the total fuel active length is 2,900 mm.

The uranium-plutonium mixed oxide fuel was produced
by mechanical mixing and has a plutonium oxide content of
5 ¿ 0.1 wt%. The enriched uranium oxide has a 23jU content
of 3.1 + 0.1

The fuel column is axially positioned an the cladding
tube by an Inconel-718 spring exercising a force 2.5 times
the fuel weight.
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The conventional spacers (see Pig. 15) used in the test
have a structural part formed by a frame of blades, head-
welded to four external ties* Each rod is kept in the spacer
by five suitably positioned contact points. Pour of these
points consist of rigid constraints obtained by suitably
shaped wires, the last constraint point is formed by an e-
lastic spring which presses simultaneously on four contiguous
rods.

The mechanical and hydraulic performances of these spa-
cers were tested before irradiation, in the A.B. Atomenergi
Karmen loop in Sweden.

The lower and upper tie plates (see Pig. 16), -made of
AISI 304, used for this test have been obtained by one-piece
investment casting followed by mechanical machining.

The shroud, made of Zircaloy-4, is 2 mm-thick and was
formed by longitudinal welding of two C-shells»

The element (see Fig. 17) was loaded into the central
region of the reactor core and, with the fuel characteristics
indicated above, it has a nuclear radial factor of 1 .4 and a
heat flux axial factor of 1.3.

under the nominal reactor operating conditions, the
total bundle power is 1 , 26O Kw and the maximum linear power
output is 18.0 Kw/£t ('v/fiOO W/cra) with a corresponding heat
flux of 420,000 BTU/hrft2 ( ~ 135 W/cm?')«

The power limits depend on the coolant flow rate stabi-
lity condition: the maximum exit quality was limited in or-
der to avoid types of coolant flow variations which can rê
duce the safety limits with respect to the thermal crisis»

This evaluation has been carried out by a computer code
in which the differential equations of mass, energy and mo-
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mentum, regulating the coolant motion,, are solved by finite
differences with respect to spacn and time*

In particular, as far as the bundle data are concerned,
the following pressure drop coefficients of the components,
experimentally verified, have been useds
- overall spacer loss coefficient JC « 1.2
- overall lov/er plate loss coefficient K » 2»5
- overall uppor plate loss coefficient K » 1.5

The continuous friction vas evaluated by the modified
Martinelli-Nelson theory . For the mentioned bundle power of
1,260 Kw the minimum critical heat flux ratio, as calculated

11by the Janssen-KerVinen correlation f is 1.8 and the maxi-
mum central fuel temperature attains about 2,400 °C.

5.2 Plutonium Bundle in Kahl
The plutonium fuel element now in the Kahl reactor con-

sists of mechanical components of original design developed
by CNEN; the mechanical design is therefore more sophistica-oted than the design of the plutonium fuel element for Agesta
reactor. In particular, detailed post-irradiation examina-
tions are planned in order to checJc the spacer design cri-
teria so as to obtain information on the creep of the elastic
spacer components and on the variation of the contact geo-
metry between the spacer and the rods.

The main bundle characteristics are the following:
- 36 rods arranged in a 6x6 square array
- rod pitch 19*50 mm
- rod outside diameter 15.06 mm
- rod length 1,570 mm
- shroud tube side 119.10 mm
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The rods are mechanically assembled in the bundle by
two spacers.

The structural part of the spacers, of original CNBN
design,(see Fig. 18), consists of blades in a square array
with the same pitch distance of the rods and head-welded to
the four external ties.

The rod constraints elements are obtained, by pressing,
from each blade» The rod-spacer contact-points are six; two
of these, positioned in the middle of the spacer, consist of
elastic elements whereas the other four, acting as rigid
constraints, are located in the upper and the lower part»

Under static conditions the rod-spacer contact-force is
about 3.5 Kg.

The creep influence on the elastic element, by a suitable
choice of its shape and material, has been limited in such a
way as to obtain a maximum contact-force reduction of about
30# of the initial value.

Some experimental tests are now being carried out on
this spacer to optimize and \erify the design data» These
tests concern:
- coolant pressure drop related to the mass velocity and
steam quality values which take place under the Kahl re-
actor operating conditions.

- fuel rods vibration induced by coolant flow with the same
coolant parameters.

Before irradiation, zero-power measurements have been
performed in a critical arrangement with other fuel assemblies
in order to check the reactivity effects and the radial power
distribution inside the fuel element.
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The values of plutonium fuel enrichments have been ob-
tained on the basis of the following assumptions, using the
BURNY12, THERMOS13 and EQUIPOISE14 codes:
- control rods completely inserted;
- fuel at the beginning of the irradiation;
- nuclear radial factor limited at values lower than or equal
to 1.4;

- no variation in the neutron flux in the core region limit-
ed by eight elements surrounding the CNEN element*

Consequently the following values of plutonium enrich-
ment have been obtained (see Pig. 19):
-1.8% for the five rods near the control rod and for the
other three corner rods

- 3.1% for the other twenty—eight rods.
The experimental radial power distribution in the as-

sembly is reported in Fig. 20. A comparison between the ex-
perimental and calculated values shows an agreement with-
in + 2%.

The power of the bundle, when located in the central
region and with the control rods completely inserted, is
about 1,200 Kw, whereas it is about 800 Kw when located in
the core external part. These power levels are about twice
as high as the standard Kahl fuel assemblies values and are
limited by the thermal crisis. The minimum critical heat
flux value, calculated by the Janssen-Kervinen correlation ,
is equal to 2.

The bundle (see Pig. 21) which has been designed for
a burn up level of 25,000 MWD/MTM was loaded into Kahl re-
actor on March 1971 and has reached up to now a burn up of
4,000 MWD/KTM.
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6. CONCLUSIONS

The recycling of plutonium in thermal reactors will be
an urgent problem in the coming years, till the commercial
advent of fast reactors, which is expected to take place in
1990. This time is too short for excessively detailed experi-
mentation and results, in most of the know-how developed with
respect to the HO fuel elements, is applied to the mixed
uranium and plutonium oxide recycling elements. On the other
hand, in-reactor experiments have shown that there is no
substantial difference in performance between UO fuel and
UO — PuO fuel, at least up to 5 wt# plutonium oxide enrich-

o ' <£
ments.

: Pelleted fuel is taken as reference because it has al-
ready formed the object of extensive experimentation»

Most of the design work so far done on plutonium re-
cycling in thermal reactor has concerned the neutronic de-
sign of the recycle fuel element, while lately interest has
turned towards the adoption, for a BWR, of plutonium fuel
elements containing some UO - Gd 0 rods or UO - PuO -
Gd 0 rods.

<* -Jr

. The mechanical and thermo—hydraulic design, instead, is
similar to that of a standard uranium-oxide fuel element,
and if optimizations will be carried out, through. adequate
out-of-pile experimentation this will happen because also
the design of the UO fuel element requires to be raised to
higher performance levels.

The experiments that CNBN proposes to carry out in the
future will be concentrated on a few well-defined and limit-
ed themes, and namely:
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in-reactor determination of the dimensional stability
of mixed uranium and plutonium oxide fuels at high
burn up values;
in-reactor experiments with deliberately fissured
U02- Pu02 fuel rods;
in-reactor experimentation with various mixed uranium
and plutonium oxide fuel elements containing some
U02- Gd203 and tK>2- PuOg - Gd̂  rods.
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E 1

Geometry characteristics of thermal reactor fuei

Cladding thickness (mm)

Fuel material

Enrichment ( °A» Pu02 )

Fuel physical form

Fuei density (% I D. )

Cold diametral gap (mm)!j
i Cold axial gap (mm }

| Enriched fuel length (mm)

Total active length (mm)

Weight of enriched fuel (g)

«mn *%Zr - 2
t I

• Cladding outside diameter (mm) 15.06

0.94

UQ2-PuQ2

Peüet

I 94

0.280

2

70

90

94.6

Zr - 2

15.06

0.94

U02 -Pu 02

4.74.

Sol-gel Sphere-pac

80

71.5

91

90.8

Irradiation times of thermal reactor fuel

f
2 MIN

1
8 MIN ! 32MIN

Í ___^J
128 MIN 512 MIN 800 MIN
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TABLE II

Ssloe' experiments

Cladding material

Cladding 0. D.

Cladding thickness

Fuel material

Fuel form

Pu02 enrichment

Peuet 0. D.

Fuel active length

Fuel density

0 / Me ratio

Maximum fuel central temperature

Maximum linear heat rating

Zircaloy - 2

15.06 mm

0.94 mm

U02-Pu02

Pellets

4WT %

12.90 mm

150 mm

94 % T. D.

£ 2.005

2215 °C

550 W/cm
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Figure 1 - Vibrocompacted UO2 powder irradiated for 512 minutes
at linear heat rating of 1123 W/cm .
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Figure 3-UO2-5 WT %PuO2 pellet irradiated for 2 minutes at linear
heat rating of 1180 W/cm.
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Figure 4 - UO2-4.74WT % PuO2 sol - gel sphere- pac irradiated for 2
minutes at linear heat rating of 1020 W/cm .
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™- v^/^ *•-' î n"*****̂  /"N-^VÍ? ^ \̂ í~\** •*"í*̂ ™'

ox "°" \ /
x>O~o / i n "5 D 1 1 \ /X) Cr lUo KU \ /

\ / \ /
— \ / o o _

^ -A-A^ ,x- A -

L ^X^v^

95 Zr
_ _

__ _

/̂ '̂ ••"*'̂ *"\ r"**
? *"• / 106 Ru \ ' 1

- \ / \/ :
\9 ~

_

_ —

^ /^
Z\ / Z

%> 137 Cs /̂ "«\ /
X —^ib—Q / \. ,/" —

¿r \ / \ ^

*~*^ \ /"Vi I I I ! I e-1 I ! I I ! I

6 4 2 0 2 4 6
DISTANCE FROM CENTRE (mm)

Figure?- Diametral gamma scan of UC>2~4.74WT% PuC^ Sol-gel
sphere-pac.

705



-j
o

CO
ro.

2010
i7'o

W - Re thermocouple, 0 1.3f

10

Zircaloy-2 017.8

Chromel - Alumel_ thgrmocouples, t> 0.5

Ç1 AISI 304 SS

BB SINTERED SS

I I Mo
Ulil ZIRCALOY-2

ÜED

INCONEL X - 750

At 2 0 3

U02-«WT V. Pu 02 PELLETS
NaK

Figure 8 - In-Pile section of Cyranum capsule containing the U02- AWT '/• Pu 02 pellet sample.



oo

, ,
ÜJ
CE

ceu
CL

Lü
I-

500-

0

o

7
/

• x •
A

•o—o—

b/ /

100 200 300 400 500
LINEAR HEAT RATING, W/cm

600

Figure 9 - Cladding¿ fuel outer region and central temperatures
as a function of linear heat rating.

707



100 -

E
o

•o
O
O

o
00

600 1200 1800 2400 3000 Temperature (°C)

FigurelO- Integral of thermal conductivity as a function of temperature for U02-4WT%Pu02 pellet .



O

Oo
E
o

600-

400-

200-

0 600 1200 1800 2400 3000 Temperature(°C)

Figure 11 - Thermal conductivity as a function of temperature for U02~AWT7oPu02 pellet



Figure 12 - Example of interaction between UO2 -PuO2 sol-gel
sphere-pac fuel and zircaloy-2 cladding .
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Figure 15-Spacer used in the plutonium 4*4 rod bundle loaded
in Agesta reactor .



Figúrele-Lower and upper tie-plates used in the 4*4 rod bundle
loaded in Agesta reactor .



Figure 17-Plutonium 4*4 rod bundle loaded in Agesta reactor.
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Figure 18-Spacer used in the plutonium 6X6 rod bundle loaded
in Kahl reactor.
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Figure 21 - Plutonium 6X6 rod bundle loaded in Kahl reactor _
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PROGRESS IN THE REPARATION, AT CNEN AND AGIP-NÜCU3AB,
OP PACKED-PARTICLE THERMAL-REACTOR FUEL

G« Cogliati
erar
et

A« Facchini
AGIP-Buoleare

Abstract

Packed particle fuel with mixed oxide sol-gel raicrospheres is
considered to be a potential alternate to pellet fuel for pluto-
nium utilization in light water reactors*

This type of fuel has been under development at CNEN for many
years including not only fuel preparation and fabrication methods,
but also pilot plant development. In addition, irradiation experi-
ments with significant quantities of (Pu, U)0 were started, compa-
ring pellets with vibrationally compacted sol-gel microspheres» For
such irradiation experiments microspheres of two size 'fractions are
used. In some tests, only one of the two size fractions contained
plutonium, the other fraction consisting of pure natural UO «

<¿

It is felt that one potential economic advantage of the sol-gel
fuel is its amenability to preparation by continuous and automatic
plants. One such plant is now in opérâtion ot CNRN's Plutonium
Laboratory at Casaccia nearby Remo. Coarse size microspheres of
(U,Pu)0 in the dismeter range from 500 to 1300 microns are produced
continuously from nitrate feed.

The pilot plant works by using the "gel-supported precipitation
process" developed by AGIP-Nucleare. The process basically consists
in the addition of an organic thickener to the uranyl nitrate-fxlu-
tonium nitrate starting solution and on the subsequent formation
of gelled microspheres by dropping the feed through a multi—nozzle
system in concentrated aqueous ammonia.

The internai wnter is removed from the gelled particles by azeo-
tropic distillation with carbon tetrachloride» The dried microspheres
are then heated in air at 450 °C in a vertical moving—bed furnace.
A product to the desired high density is then obtained in a reducing
atmosphere at 1350-1450 °C.
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In a somewhat similar manner the very fine fraction of UO spheri-
cal particles, in the diameter range from à few to 100 microns, can
be produced by "spray-type nozzles"» This can be accomplished also by
a different route, using the so-called "CHEW sol-gel process"» The
process basically consists of the catalytic reduction of uranyl ni-
trate solutions and of the extraction of nitric acid by means of an
aliphatic amine both for the preparation of a colloidal uranium so-
lution and for the gelation of the droplets dispersed in an organic
medium»

A drying treatment is then performed as described already for
the coarse fraction» The dried microspheres are then sintered by a
"dual-cycle" process; first to remove carbon and then to achieve
the desired high density»

This method was eventually selected to set up a continuous pilot
plant now in operation. The fabrication of the fuel rods is perform-
ed by a low energy vibratory compactor» Such a technique yields fuel
particle smeared densities in the range of 82-83$ T.D., without ap-
plying a high strain to the cladding tubes.

RESUME

On considère que le combustible à particules compactées — micro-
sphères d'oxyde mixte obtenues par le procédé sol-gel est l'une des formes
qui peut remplacer les pastilles en vue de l'utilisation du plutonium dans
les réacteurs à eau légère.

Le ONES travaille depuis plusieurs années à la mise au point de ce
type de combustible. Ses activités portent non seulement sur les méthodes
de préparation et de fabrication du combustible mais aussi sur la construction
d'une usine pilote, Par ailleurs, il a commencé des expériences d'irra-
diation portant sur des quantités significatives de UOg-PuOg en vue de
comparer les pastilles avec les microsphères sol-gel vibrocompactées.
Deux fractions granulometriques de microsphères sont utilisées pour les
expériences d'irradiation. Pour certains essais, seule une des fractions
granulometriques contenait du plutonium, l'autre étant composée de IKL
naturel pur.

Un des avantages économiques éventuels du combustible sol-gel est
qu'il se prête à la préparation en continu, dans des installations auto-
matiques» Une telle installation fonctionne actuellement au Laboratoire
du plutonium du Girar, à Casaocia, près de Rome. Bes miorosphères de
UOg-FuOg de granulométrie variant entre 50° e* 1 100 microns sont produites
en continu à partir d'une solution-mère au nitrate.
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L'installation pilote utilise va procédé mie au point à l'AGIP-Nuoleare,.
qui est essentiellement le suivant s on ajoute une épaisseur organique à la
solution de départ de nitrate d'uranyle-nitrate de plutonium et l'on provoque
la formation de mi or o sphères gélifiées en injectant le produit obtenu dans de
l'ammoniaque concentrée au moyen d'une buse à orifices multiples,

L'eau interne des particules gélifiées est extraite par distillation
azêotropique avec du tétrachlorure de carbone* les microsphères déshydratées
sont alors chauffées dans l'air à 450°C, dans un four vertical à lit mobile»
Le produit de la densité désirée est obtenue en atmosphère réductrice,
entre 1 350 et 1 450°C.

On peut obtenir par un procédé similaire) des particules sphêriques
de UOg très fines, d'un diamètre variant de quelques microns à 100 microns*
On parvient au même résultat par une voie différente» en utilisant le
"processus sol-gel GETEST", Celui-ci consiste fondamentalement à réduire
des solutions de nitrate d'uranyle en présence d'un catalyseur et à extraire
l'acide nitrique au moyen d'une aminé aliphatique, que ce soit pour la
préparation de solutions colloïdales d'uranium ou pour la gélif ication
des goutelâttes dispersées dans un milieu organique»

On déshydrate ensuite comme indiqué pour la fraction de grosse granulo—
metrie* Les miorosphères déshydratées sont alors frittées par un procédé
à "double cycle", qui permet d'éliminer le carbone et d'obtenir la densité
désirée.

C'est cette dernière méthode qui a finalement été adoptée pour une
installation pilote actuellement en service. Pour la fabrication des barres
de combustible on utilise un vibrocompaoteur de basse énergie* Ce procédé •
donne des particules de combustible dont la densité est de l'ordre
de 82-83 % de la densité théorique, sans pour autant que l'on aide à
soumettre les tubes de gainage à une contrainte trop forte.

1. Introduction

In thé 1962-69 period, techniques had been developed
at CNBN's Centro Studi Nuclear! at Casaccia, Rome, for the
vibrational compacting of powders intended for the fabrica-

723



tion of nuclear reactor fuel elements» Such powders were ob-
tained by grinding and screening dense ceramic materials,
such as sintered pellets or fused powders»

Almost at the same time» at CNBN and AGIP-Nucleare,
hydrometallurgical methods were being developed for the fa-
brication of dense spherical particles of uranium, thorium
and plutonium oxides and their mixtures, this being an ideal
starting material for the production of vibrationally-com-
pacted fuels. Activities in this field have led on the one
hand to the construction of pilot plants for the fabrica-
tion of fuel microspheres using original hydrometallurgical
processes (1), (2), (3), (4) and on the other to the deve-̂
lopment of techniques for the vibrational compacting of sphe-
rical-particle powders*

2* The Coarse Microsphere Production Line
A simplified flow-sheet of the wet section of the line

is shown in fig, 1 : drop forming, ageing, washing and dry-
ing are included in this section.

The feed solution is obtained by mixing the uranyl ni-
trate and plutonium nitrate solutions in the proportions re-»
quired to achieve the desired U/Pu ratio with tetrabydrofufurilic
alcohol ana with a polymeric organic thickener (l).

Microspheres are formed by dripping the feed through
a two-fluid nozzle into concentrated aqueous ammonia* In this
nozzle the solution to the fractionated flows in a replacea-
ble capillary tube and constitutes the inner fluid, the outer
one being an air stream,

A multi-nozzle system provides in our case an adequate
throughput,. The final microsphere diameter is controlled con-
tinuously between 150 and 1,100 microns by varying the size
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of the capillary tube and by varying the flow rate of the
air stream parallel to the capillary axis» The air stream al-
so prevents the gelling of the solution as it comes out of
the capillaries* The throughput of each nozzle depends on the
size of the desired microspheres, the main controlling para-
meters being the heavy-metal concentration in the feed solu-
tion, the capillary diameter and the air stream flow rate»

10 g, 25 g and 40 g of end product per hour and per
nozzle are the average throughputs in the cases of microspheres
having respectively a nominal diameter of 300, 600 and 900
microns.

A new type of pulsed drip'per is at present in the deve-
lopment stage; the throughput of this nozzle is expected to
be ten times as high as that of the /dripper described above,
without this causing an appreciable deterioration in both the
sphericity characteristics of the final particles and in the
dimensional dispersion of the particles produced.

As shown in fig, 1, the droplets are collected in an
ageing column in which an upflow of ammonia solution is main-
tained. This prevents the microspheres from sticking and pro-
vides a weak fluidization of the bed without stirring. This
arrangement also reduces the ageing time to achieve a complete
precipitation of the heavy metals and a substantial dehydra-
tion.

The aged microspheres are then cashed in a column in
which deionized water flows upwards.

The transfer systems (ejectors, rotating distributors,
etc,) usually employed to vehiculate a solid in a liquid have
proved unsuitable for the purpose of transferring the micro-
spheres from the ageing to the washing column in a continuous
and controlled flow,
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This is due to their stability, to the difficulty of
controlling transfer rates and finally to the damage which
they tend to cause to the particles. A pulsed transfer system
vas therefore devised which offers none of these disadvantages.

The drying operation is performed by azeotropic distil-
lation in one of two Marcusson-type flasks, while the second
is being charged.

The removal of water by azeotropic distillation makes
it necessary to switch from an aqueous to an organic vehicle»
This problem has been solved by injecting with a second pulsed
transfer system the aqueous stream of particles into a ves-
sel containing a suitable organic solvent. The density of
this solvent is higher than that of water and lower than the
specific gravity of the particles, which therefore drop down
from the aqueous vehicles and collect at the bottom of the
organic phase.From this point the particles are pneumatical-
ly moved to the Marcusson flask.

The dried microspheres are discharged by suction into
a porous funnel, where a stream of air removes what is left
of the solvent.

The heat treatment of the dried product depends on the
properties of the particles (chemical composition, size, etc.)
and on the desired final properties (especially the required
final density). The reactions leading from hydroxides and
uranates to oxides and the removal of the organic thickener
take place during the calcination process.

The latter is carried out in air, in a vertical moving
bed furnace with a trapezoidal temperature profile and a maxi-
mum temperature of 700°C. Before calcination, the particles
may be mixed with spherical inert material, in order to bring
the furnace flow-rate to the desired value, independently of
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the residence time. Furthermore, mixing the microspheres with
inert material promotes a uniform distribution of the gas
flow in the moving bed. The furnace is discharged by means
of a vibrating system, which also separates from the product
the misshapen particles (less than 0.556). Inert beads, final-
ly, are removed by screening.

Pig. 2 shows the Pilot Plant for the production of
(0, Pu)0 particles with diameters in the t50 to 1,10O micron
range.

A high-density product is obtained by firing in a re-
ducing atmosphere (A - 4% H ) at 1350-1450°C. Lower densi-
ties are easily obtained by suitably choosing the temperature
profile and the atmosphere.

Figs. 3 to 8 show the ceramographic sections of micro-
spheres of mixed uranium-plutonium oxides with plutonium con-
tents ranging from 5% to 3050 by weight. As it can be seen,
microporosity is spherically shaped, uniformly distributed
and largely concentrated on the grain edges. The structure
also matches that of a solid.single-phase solution of uranium-
plutonium, well crystallized and uniform* Although deriving
from a coprecipitation process, the product is free from the
formation of amorphous phases in the grain interstices, as
it so frequently happens in the case of ceramic materials ob-
tained by the conventional co-precipation processes (oxalates,
hydroxides, etc.)

3» The Fine Microsphere Production Line
Fine-sized microspheres (from a few microns up to 150

microns) can be obtained, just like coarse microspheres, by
the method described above but using a pressure sprayer in
the place of the drippers. The use of sprayers in a continuous
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production plant requires the adoption of special transfer
systems, which are now being studied. This method, however ,
is now utilized on a laboratory-scale intermittent basis.

The size of the microspheres obtained ranges between
a few microns and 100 microns; the fraction under 40 microns
is in.the '.order of 10 to 15 per cent by weight»

Pigs» 9 and 10 show the microspheres obtained by that
method and their metallographic sections.

One method for the production of fine microspheres uti-
lizing sol-gel process (CNEN method) (3),(4) was scaled up
to the dimensions of a continuous-operating pilot plant*

A diagram of such plant is shown in fig» 11; fig. 12
shows a plant for the preparation of UO microspheres.

The starting ü-Pu sol is made up in feed adjustment
tank (now shown) by adding together appropriate quantities
of U(IV) and Pu sol (4).

The microspheres form by dispersion of the aqueous
phase (colloidal U-Pu solution) into an organic phase consis-
ting of a mixture of n-heptane-carbon tetrachloride; to pre-
vent sticking of the drops a suitable surfactant is commonly
used» At the end of the dispersion process, a small quantity
of Primene JMT is added which, on the one hand, by extracting
the nitrates present in the colloidal solution, starts its
gelling, and on the other also acts as a tensioactive agent.

The dispersion is then discharged into the column and
the dispersion chamber is thus ready for a subsequent opera-
tion* In the upper section of the column the gelling of the
drops is completed by means of a solution of Primene JMT in
n-heptane-carbon tetrachloride which flows upwards after en-
tering the column at an intermediate point. The length of
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the gelation region mainly determines the time of contact
between the two phases*

Finally, in the lowest section the gel particles are
washed by a carbon tetrachloride stream flowing upwards.
Washed gel particles are intermittently withdrawn into two
Marcusson-type flasks and water is removed by azeotropic dis-
tillation.

After drying, the particles are moved by suction and
transferred into a porous funnel where they are to be sepa-
rated from the organic liquid.Few minutes of exposure to a
nitrogen flow are sufficient to obtain a free-flowing powder»

The amine-bearing organic phase leaving the column is
continuously cleaned up by a counter-current wash in a pulsed
column with sodium dicarbonate solution» Subsequently» a dis-
tillation is performed and the condénsate is sent back to the
heptane-CCL make-up tank from which the bottom is recycled
into the amine stream.

Due to the presence in the dried product of organic
compounds equivalent to a few per cent carbon content, the
heat treatment adopted includes a first stage designed for
the removal of the residual carbon, and a second sintering
stage. In effect, if a single thermal cycle in A-H is used,
a sintered product is obtained with carbon contents ranging
up to a few thousand ppm.

The thermal cycle adopted is diagrammed in fig. 1.3 ; as
it can be seen, the first stage of this cycle is carried out
in an A~1Q% CO (alternatively, A - 1-2JÉ Og); sintering is
carried out in a A- 4% HL.

Pigs. 14 and 15 show some ÜO microspheres obtained
by the method described above and the respective ceraraogra-
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phic sections» The particles thus produced are satisfactori-
ly spherical, have densities in excess of 97% DT» U/0 ratio
under 2.001 and carbon contents under 50 ppm.

A» The yibrational Compacting of Microsj>heres
Many researchers have investigated the vibrational com-

pacting of microspheres in cylindrical containers; in parti-
cular, R.K. Mao Geary pubJished in 1962 a paper titled "Mechan-
ical Packing of Spherical Particles" (5), in which the follow-
ing main considerations were made:

—the most effective vibrational compacting technique to
obtain a high-density homogeneous packed material is
that of the successive infiltration of microspheres of
controlled size distribution;

—the compacting of spheres of one size in cylindrical
containers yields a packed material of density equaling
62.5% TD; this density decreases very rapidly if the
container diameter/sphere diameter ratio is under 10

—an effective infiltration of spheres through a bed of
precompacted spheres will take place only if the ratio
between the diameters of the two components of greater
than 7;

—the final limit density of packed materials with two
or three components equal respectively 86,7% and 93.55ÓT.D.

—-the final densities of the packed materials are practi-
cally independent of the sphere infiltration velocity;
in other words, the frequency and acceleration of the
vibrations applied to the container will affect the
rate at which the packed materials forms, but not its
final density.
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On the basis of the foregoing, and considering that the
typical diameter of the thermal reactor element rods is ap~
prox. 12 mm, the conclusion is that a dense and homogeneous
packed material can be obtained by using microspheres of
three sizes, with diameters respectively smaller than 1

70 XL and 23 /u. The fact should be taken- into account* how-
ever, that the fabrication Of the fine particles is performed by
methods which do not make it possible to obtain very narrow
particle-size ranges. Practically, in order to avoid the recycling
of an excessive quantity of product, it is necessary to use particles
in the 37-88 /u range. The vibra tional packing of excessively
fine particles also involves the disadvantage of increasing
the contamination of welds. On the other hand, the micro-
sphere fabrication methods by hydro-metallurgical processes
do not make it possible to obtain good spherical characteris-
tics with diameters ̂over lOOO-i200;u; furthermore, the infil-
tration of the fine fraction through the compacted bed of
coarse and medium-sized spheres is a long and delicate pro-
cess.

Because of all these considerations, we feel that the
fabrication of fuel rods containing vibrationally compacted
spherical particles should best be performed by using powders
of two particle sizes, the coarse fraction having the nominal
diameter of 80O XL and the fine one diameters from 40 to 10O AU

During the charging of the fine fraction, the coarse-
fraction bed is kept stationary by a sieve; by this method,
fuel smear densities between &2% and 83% of T.D. can be readi-
ly obtained»

The rate of infiltration of fine particles constitutes
the time controlling factor in the sphere vlbrational com-
pacting system. A rapid and complete infiltration of the se-
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cond component into a matrix of spheres is achieved at a 50-
Hz frequency and accelerations of a few g. using fine parti-
cles of over 37/u diameter, the risk is minimised of obtain-
ing a non-reproducible efficiency and compacting time» due
to the formation of a "bridge" of fine microspheres which
bars the way into all voids.

At CNEN, the sphere-pac processes described above have
been used to load fuel for a variety of irradiation tests*
In Table 1 are summarized the fuel loading data for the tests
relating to the irradiation of thermal-geometry rods. A de-
tailed description of our irradiation test program is con-
tained in another paper submitted at this conference.

It appears from Table 1 that in some samples (e.g. IFA
124), plutonium is distributed homogeneously throughout the
fuel; in other samples (IFA 170), plutonium is contained
only in part of the fine fraction as PuO , while the coarse
fraction and the remainder of the fine fraction are made up
by UO ; in still other samples (Kahl 2), the coarse fraction
having the nominal diameter of 800 x». and the fine one dia-
meters from 40 to 100 XL.

During the charging of the fine fraction, the coarse-
fraction bed is kept stationary by a sieve; by this method,
fuel smear densities between 82% and 83% of T.D. can be
readily obtained.

The rate of infiltration of fine particles constitutes
the time controlling factor in the sphere vibrational com-
pacting system. A rapid and complete infiltration of the
second component into a matrix of spheres is achieved at a
50-Hz frequency and accelerations of a few g. Using fine
particles of over 37 >u diameter, the risk is minimised of
obtaining a non-reproducible efficiency and compacting time,
due to the formation of a "bridge" of fine microspheres
which bars the way into all voids*
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At CNEN, the sphere-pac processes described above have
been used to load fuel for a variety of irradiation tests.
In Table 1 are summarised the fuel loading data for the tests
relating to the irradiation of thermal-geometry rods» A de-
tailed description of our irradiation test program is con-
tained in another paper submitted at this conference*

It appears from Table 1 that in some samples (e.g.
IPA 124)t plutonium is distributed homogeneously throughout
the fuel; in other samples (IPA 170), plutonium is contained
only in part of the fine fraction as PuOg, while the coarse
fraction consists of a solid solution (ü, Pu)02, the fine
one being made up by pure uranium oxide.

Nothing can yet be said about the differences of in-
reactor behavior of these different samples, since only one
(1FA 124) has been discharged due to a suspected and unproven
failure of the cladding tubes after a short period of irra-
diation; the remaining samples are still in the reactor or
are about to be irradiated.

-oOo-
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TABLE 1 - Fuel Pins Loadei by the Sphere-Pac Method for Irradiation Testing

-a
CO

Test

IFA 124

IFA 170

PV/TC

3 157

K 2

fuel
Test status composition

Complete U-1,8J6 Pu
solid solution

In reactor u-2% Pu
mechanically

mixed

In reactor U-4/í Pu
solid solution

Complete U-5% Pu
solid solution

In prepar, U-3»5/£ Pu
mechanically

mixed

Microsphere Number Fuel Sn
size ( /u) of Bed
T; — — — — — '" ••" » i/M^i-i» • pins Heicfht ti»Coarse Fine / \(mm.)

450-500 <37 2 700

500-550 45-63 8 700
U0_ iKL+PuO^2 2 2

840-900 < 37 2 150

700-840 37-88 6 70

700-840 37-88 6 1500
(S-4 6#'Fuj) 0 UO

solid
solution

tear Density
( % of

leoretical)

79-80

81-82

77-79

80-81

82-83



1-Drop forming device

2-Ageing column

3-Transfer device

4-Washing column

5-Two liquid-phases transfer
device.

6~0rganic liquid reservoir

7-Distillation f lasks

8-Liquid-solid phase separate»

9-Dried microsphere outlet

Fig. 1 - Flow-sheet of the Coarse microspheres production line.
( Wet section )



Pig. 2a- The Pilot Plant for production of (u, Pu)0
Microspheres of 150 to 1100 Micron Diameter
(Preparation of dried Microspheres)

Pig. 2 b - The Pilot Plant (Calcination in Air)
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Fig, 3 - Ceramographic sections of particles of mixed Uranium-
Plutonium oxide (4.6 v/° Pu)» 0°° x)»

Fig. 4 - Ceramographic section of a particle of mixed Uranium-
Plutonium oxide (4.6 /o Pu). (U Pu )0
homogeneous solid solution. °*954 °'°46 2'°°
Etched in HNO . (700 X).
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Fig. 5 - Ceramographic section of a particle of mixed Uranium-
Plutonium oxide (10V/0 Pu). (100 X).

Pig. 6 - Ceramographic section of a particle of mixed Uranium-
Plutonium oxide (10 to Pu). (U0 cEtched in HNO_. (700 X).
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Fig. 7 - Ceramographic section of a particle of mixed Uranium-
Plutonium oxide. (30w/o Pu). (100 x).

Fig. 8 - Ceramographic section of a particle of mixed Uranium-
Plutonium oxide (30 /o Pu). ("0.70̂ 0.30)01. 98 HOm°9ene°us•*• • / -*» vsolid solution etched in HNO . (700 X)
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Fig. 9 — Fine size UO particles produced by the gel supported
precipitation method.

Fig. 10 - Unetched ceramographic section of fine size UO
microspheres produced by the gel supported precipitation
method.
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1- U-Pu sol inlet

2-Gelation mixture

3-Washing solution

4-Marcusson-type flask

5-Dried microspheres separate?

6- - " out le t

7-Primene regeneration colurr

8-Distillation column

9-CCl¿;-nC7H6 to recycle

10-Primene recycle

Fig. 11 - Flow-sheet of fine microspheres production line.



Fig. 12 - The Pilot Plant for the preparation of UO microspheres
(fine size fraction). Capacity: 250 g/hr §f end pro-duct.

Fig. 14 - Fine size UO particles produced by the sol-gel
Process (CHER method).
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Fig. 13 - Sintering thermal cycle for microspheres of (1)^0)02 ( fine size fraction).



Pig. 15 — Unetched ceramographic section of fine size UO.
microspheres produced by sol-gel process (CNBN method)
(400 X).
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PROGRESS IN PLUTONIUM THERMAL FUEL PBLLETIZATION AT CNEM

V. Di Stefano, V. Lupparelli, G. Valerian!

Abstract

Pellet fuel is the reference design for plutonium utilization
in light water reactors*

The most frequently employed method for the fabrication of
(U, Pu)O fuel is based on the sintering of mechanically mixed
powers* Therefore, this method can cause the formation of localized
regions of hi/>h PuO concentrations» Such a difficulty can be over-
come by usinp an appropriate working cycle which yield» an acceptable
homogeneity even at thr» relatively low sintering temperatures (1Î5QO-
1700 *C) used* By this wav mixed oxide pellets were obtained with
a microstructure verv similar to that of the (U« Pu)O solid solu-
tions obtained bv co-w^c* irritation»

The nrocess d«»«!or*bed in the naper can produce mixed oxide
pellets with an acceptable homogteneity both with high and low pluto-
nium concentrations.

The CN15N Plutonitnn ï^bor*»torv at Casacc.ia, nearby Rome is ca-
pable of producing (H, Pu)0 fuel at the rate of about 80 K<% of
ceramic material per dav (in one shift} corresponding to 2O Tons
per year.

Le plutonium destiné aux réacteurs à eau légère est en général utilisé
aous forme de pastilles*

La méthode le plus souvent employée pour la fabrication de combustible
UOg-PuO- est fondée sur le frittage de poudres mélangées par voie mécanique,
On court donc le risque qu*il se forne des régions à forte concentration
de PuOg* On peut surmonter cette difficulté en recourant à un node
opératoire convenable qui assure une homogénéité acceptable même aux
températures de frittage relativement basses (l 500-1 700eC) auxquelles
on opère. On a pu ainsi obtenir des pastilles.d'oxyde mixte ayant une
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microstruoture très semblable à celle des solutions solides U02-Pu02

formées par coopération.

Le procédé gué les auteurs décrivent permet d'obtenir des pastilles
d'oxyde mixte d*homogénéité acceptable, que les concentrations de plutonium
soient fortes ou faibles.

Le Laboratoire du plutonium du CMST, à Casacoia, près de Rome, peut
produire du combustible à UO_-PuO_ à raison d'environ 80 kg de matière
céramique par jour (avec une équipe), oe qui correspond à 20 tonnes par an*

1. INTRODUCTION

Pellets are at present the reference form for the re-
cycling of plutonium as fuel for light-water thermal reac-
tors. Furthermore, the fuel for Italy's PEC fast-element
testing reactor will be in the form of fast-geometry pellets.

In order to meet the requirements of CNEN's programs
involving these, uses of plutonium, there is at present under
installation at CNEN's Plutonium Plant, Casaccia Center, a
line for the fabrication of mixed uranium and plutonium o-
xide pellets. The design capacity of this line is estimated
at 80 kg/day (one shift), equivalent to 20 tons/year*

This continuous line mil be capable of fabricating fuel,
both of high pluronium enrichment for fast reactor and of
low enrichment for thermal reactors, the above mentioned
capacity relating to the two different processes*

During the last two years, experiments have been con-
ducted at the Plutonium Plant for the purpose of developing
a fabrication flow-sheet making it possible to achieve the
following objectives:

1) obtaining dense pellets of well-defined geometry,
within predetermined specification limits, made of
mixed uranium-plutonium oxides, possessing charac-
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teristics of plutonium distribution homogeneity ac-
ceptable for use in both thermal and fast reactors,
and

2) obtaining such characteristics through a simple, pro-
cess» dispensing with costly and time-consuming pel-
let homogenizing processes.

The fabrication of pellets obtained from co-precipi-
tated uranium and plutonium powders meets objective 1) above»
However, it should be considered that the mixed uranium-
plutonium oxides obtained by mechanical mixing are more in-
teresting, especially from the standpoint of cost»

This paper describes a flow-sheet based on the mechani-
cal mixing of powdersf whereby a fuel can be obtained whose
structure is comparable to that of a fuel obtained by co-
precipitation.

The pellet fabrication flow-sheet is the following:
i) ceramic-grade PuO added to ii) ceramic-grade HO

<« . 4»

iii) oxide mixing and grinding
iv) mixing with binder and lubricant
v) powder pre-pressing
vi) crushing and grrarmlating
vii) pressing
viii) presintering
ix) sintering

As it can be seen, this is a conventional flow-sheet*

The stages of the fabrication process which have the
most marked effect on structural characteristics, and in
particular on the plutonium distribution homogeneity, are
the following:
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- the way in which the ceramic-grade plutonium oxide
is prepared» and

- the two stages in which the oxides are intermixed
and then mixed with the binder and lubricant»

2* PREPARING THE CBRAMIC-GHAPB PLUTONIUM OXIDE

In an initial stago the plutonium oxide required was
obtained by simple calcination under controlled conditions
(T « 800»c in an oxygen atmosphere) of commercial low-
temperature-calcined plutonium oxide.

The pellets fabricated in accordance with the flow-
sheet shown above showed signs of geometric distorsion
(misshaping), relatively low density, non-homogeneous plu-
tonium distribution» The greater the plutonium content, the
more marked these defects became»

Figures 1,2 and 3 show the ceramographic sections and
the alpha-autoradiographies of pellets containing 1.55»,
3.1J5 and 20% PuO .

As it can be seen from the pictures, in all three cases
we are confronted with a non-homogeneous matrix containing
zones with high UO concentrations and zones with high PuO

eL <•»
concentrations. The ceraraographs evidence these PuO -rich
zones, as large as 250 ,u, which resist the selective che-

mical etching used.
This out-of-equilibrium structure is affected both by

the sintering conditions, such a? maximum temperature, sin-
tering time and atmosphere, and by the atmosphere and ten»
perature gradients during irradiation. This alpha-autoradio-
graphs confirm these ctructural dishomogeneities of the ma-
trix, even though under gross examination the plutonium
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appears sufficiently well distributed through the entire sec-
tion of the pellet.

The plutonium dishomogeneities found, although falling
within the specification .limits usually accepted for the
use of fuel in thermal reactors, do offer certain disadvan-
tages during irradiation. Indeed, the zones of high pluto-
nium concentration in the fuel result in the formation of
solid-state diffusion and by processes of vaporization-
condensation. During operation in the reactor, such plutoium-
rich zones can produce negative effects on fuel swelling
and fission~gas release.

When the fuel: is used in fast reactors, the homogeneity
problem, due to the higher fuel operating temperature, is
in any case much more critical than when it is used in ther-
mal reactors.

We have found that the dimensions of the plutonium-
rich zones ranges from a few microns to some hundreds of
microns and it does not appear easy to be able to guarantee
compliance with the very strict specifications laid down for
the use of the fuel in fast reactors. Moreover, especially
in the case of high plutonium contents (over 20% PuO ), the
presence of these plutonium-rich zones causes an extreme
lack of uniformity in the size of the matrix grains*

Moreover, the plutonium solid-state diffusion process
causes pellet distorsions, particularly marked in diameter,
and the formation of porosities, with a resulting decrease
in density*

In view of all these considerations, research was car-
ried out with a view to eliminating, insofar as possible,
these zones of high plutonium concentration. It was found
that, to this end, one highly critical factor is the use of
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a plutonium oxide possessing well-defined and reproducible
characteristics «

The process adopted for the preparation of ceramic-
grade plixtonium oxide is the following?

- 100-g batches of commercial soluble plutonium oxide
are dissolved in HNO to mafre up a solution contain-
ing 25 g/1 of plutonium and an acidity in excess of
2.5 H/I;

- the plutonium is precipitated by O.55 M oxalic acid
at 5O°C; the rate of addition of oxalic acid is
50 ml/min and the acid excess 0.05 moles/liter;

- the precipitate is digested .Por 30 minutes;
- the plutonium oxalate precipitate is filtered and
washed;

- the filtrate is dried under vacuum at 15O«C for 8
hours;

- the plutonium oxalate is calcined in an oxygen flow
at 800°C.

The characteristics of the plutonium oxide thus obtaiiv-
ed are the fol louring:

rt- specific area : 5 - 7 m /g
o- bulk density : 2.9 g/cm

- avge* particle size : < 1 /u m

3» PELLET FABRICATION

3»1 - The Mixing and Grinding of Oxides
The plutonium oxide obtained as described above is mixed

in the desired proportions with conwercial ceramic-grade
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uranium oxide, whose main characteristics are:
o- specific area : 5-6 m /go

- bulk density : 1.9 g/cm
- avge. particle size : < 1 /u m
- O/U ratio : < 2.10
The parameters of the mixing and grinding process veré

suitably chosen to obtain the greatest dispersion of the plu-
tonium oxide in the uranium oxide«

We have found how important it is to define such para-
meters as: volume of the powders, type and time of stirring
and type of equipment used»

The standard procedure adopted is the following:
- grinding and mixing of 600 g of uranium and pluto-
nium oxide powders in a Siebtecnik "Vibratom" type
vibrating mill of 0,6 liter capacity, in the presence
of 14-mm steel balls weighing a total of 2,000 g;

- the power grinding and mixing time is 5 hours»

3.2. - Addijig ̂
Af£er the oxides have been mixed and ground, 0*4% by

weight of Carbowax and 0.4% by weight of zinc stéarate are
added* Mixing is continued for an additional 5 hours to en-
sure a uniform dispersion of the organic additives.

3.3» - Pelletiaing
The mixed powders undergo a pre-pressing process to ob-

otain pellets of a density between 5.4 and 5.5 g/cm . The pel
lets are then broken up in a jaw crusher and the fragments
obtained are granulated in a rotary granulator fitted with
a 600 m /u screen.
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The final pressing of the granulated powder is done in
a double-acting hydraulic press,, obtaining pellets with a
green density between 5» 7 and 5.9 g/cnt3,

3»4 - Heat Treatments

3. 4*1» Pre~sintering
The thermal cycle for the pre-sintering of pellets

calls for a lOO°C/hr heating and cooling rate and a 4-hour
period at the peak 800°C temperature» The furnace atmosphere
is a mixture of A-6% H with a 20O liter/hr flow rate.

3» 4*2» Sintering
The sintering cycle calls for a s\*> 250*C/hr heating

and cooling rate and a 4-hour period at the peak 1 ,600°C
temperature. The furnace atmosphere is a mixture of A-6% H
with a 200 liter/hr flow rate»

The sintering conditions, and in particular the water
content in the coverage gas, are determined with respect to
the 0/TT ratio of the mixed oxides obtained,

It has been shown that it is possible to obtain hypo—
stoichiometric mixed oxides with an O/ ratio contained
within definite specification limits by carefully control-
ling the water contents in the sintering gas.

4. CHARACTERISTICS OF THE PELLETS OBTAINED

Following the fabrication flow-sheet described above,
several batches of mixed uranium-plutonium oxide pellets
have been prepared, containing respectively 3.1» 15 and
20%

Plutonium enrichment was the only parameter changed
during the fabrication process.
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The pellet batches were examined for the purpose of de-
termining the characteristics o£ the material, above all as
regards the structure and the plutonium distribution homo-
geneity.

For comparison purposes , there were also prepared pel-
lets from coprecipitation-mixed oxide with a 2O%
Pu enrichment»

Pig. 4, 5, and 6 show the ceramographs of the pellets
obtained by mechanical mixing; fig» 7 shows the ceramograph
of the pellets obtained by coprecipitation*

The pellets illustrated in figs. 4 to 7 show the typi-
cal structure of a solid homogeneous single-phase solution.
Traces of segretations of plutonium-rich zones are not visi-
ble, even under strong enlargements (200O x). The grains are
well-shaped, of regular dimensions and show a low degree of
dispersion»

The structure shown in fig. 7, relating to the pellets
containing 20% PuO obtained by coprecipitation is practi-

<w

cally identical to that appearing in the preceding figures»
In order to obtain quantitative data on plutonium homo-

genity distribution, autoradiographs were taken of both the
pellets obtained by mechanical mixing and those obtained by
coprecipitation. As it can be seen from figs» 8. 9, 10, 11
and 12 no dishomogenity due to segretation of plutonium-
rich zones is detectable.

There is now in progress, in cooperation with the Insti
tute for Transuranium Elements at Karlsruhe, a quantitative
interpretation by.microdensitometry of the plates obtained
by alpha-autoradiography. it will thus be possible to ob-
tain quantitative maps of the plutonium content and distri-
bution through the entire section of the pellet.
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Finally, Table 1 shows for comparative purposes the
data relating to the geometric density of non-homogeneous
and homogeneous pellets and pellets with different PuO en-

tiivurtts, obtained by mechanical powder mixing and by co-
precipitation»

5» CONCLUSIONS

It was found that, using good-quality uranium and plu-
tonium oxide powders, and adopting an appropriate powder-
mixing method, pellets are obtained with a satisfactory plu-
tonium distribution, comparable with that achieved with co-
precipitation-mixed powders»
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Table 1
Geometric density of non-homogeneous and homogeneous pellets

1̂.5

3,1

20

3,1

15

20

20

Plutonium oxide

Commercial plutonium
oxide (800»c)

Commercial plutonium
oxide (800°c)

Commercial plutonium
oxide (800°c)
Bx-oxalate

(800»c)
Bx-oxalate

(800°c)
Bx-oxal

(800»C)
(u,Pu)o2 -

Co-precipitated powders

% T.D,

93,90

93,10

88,10

94,40

96,92

95,10

95,98
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FIGURE 1

Fig, 1 a " (U0.985PU0.015)01.99' Btched in H2S H2°The plutonium rich zones remain unetched. 400 X

Fig. 1 b - 0̂.985̂ 0.015)01.99« Matrix strengly etched.
White spots are plutonium regions. 400 X.

Fig. 1 c - ("0.985̂ 0.015)0u99- Autoradiography. White
and dark spots are respectively plutonium and
uranium rich regions. 5 X.
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FIGURE 2

Fig. - 0̂.969̂ 0.031 . 99' V
The plutonium rich zones remain unetched. 40O X.

Fig. 2b - (U0w969Pu0<(031)Ou99. Matrix strengly etched.
White spots are plutonium rich regions. 400 X

Fig. 2 c -
dark spots are respectively plutonium and uranium
rich regions. 5 X.
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FIGURE 3

Fig. 3a-
The plutonium rich zones remain unetched. 400 X,

Fig. 3 b - (Uo.gô ô Ô î B* Matrix strengly etched.
White spots are plutonium rich regions. 400 X.

Fig. 3 c - ^Q.9GPu0.20^°'\.9B autora|diography. White and
dark spots are respectively plutonium and uranium
rich regions. 5 X.
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FIGURE 4

Pig. 4 a - (U0̂ g6gPu0 031)°1 QQ« Homogeneous solid solution.
Etched in HNO . 400 X.

Pig. 4 b - . 969̂ 0. 031 ̂°1. 99'Hom°9eneous solid solution,
Etched in HNO . 700 X.
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FIGURE 5

Fig. 5a- (U l¿Vl 5>C
Etched in HNO,

Homogeneous solid solution.
400 X.

Fig. 5 b - (Un QKPun ._)01 OQ. Homogeneous solid solution.U.OD u.i:> l.yo
Etched in HNO. 400 X.
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FIGURE 6

Fig. 6a-
Etched in HNO .

gs* Homo£rene°us solid solution.
400 X.

Fig. 6 b -
Etched in HNO .

g. Homogeneous solid solution.
700 X.
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FIGURE 7

Fig 7 a -
Etched in HNO.

g. Homogeneous solid solution,
400 X.

Pig. 7 b - Û0.80PU0.20̂ °1.98* Hom°9ene0us solid solution.
Etched in HNO . 700 X.
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Fig. 8 - 0̂.969̂ 0.031 )01.99' Autoradiography. 5 X,

Fig. 9 - (U0.85̂ 0.1 5)01.98* Autoradio§raphy. 5 X.
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Fig. 10 - (U0080Pu0̂ 20)Oug8. Autoradiography. 5 X.

Fig. 11 - (U0-80Ptt0̂ 20)Oug8. Autoradiography. 5 X.
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GNEN'S EXPERIENCE IN PLUTONIUM FUBL ROD
FABRICATION ANDQUALITY CONTROL

G. Foâsati, R» Lanz and A. Recrosio

Abstract

The main activity of the CNEN Plutonium Labora tory v̂ at Casac-
cia, near Rome» has been concerned with the development of tech-
nologies to fabricate Zircaloy-clad fuel rods containing (U, Pu)0?
pellets for thermal reactors»

The fabrication experience is described that had been acquired
in the preparation of a prototypical fuel element for irradiation
in the Swedish Agesta reactor and two prototypical fuel elements in
the German Kahl reactor» The pellet fabrication flow-sheets and the
rod assembling processes, particularly the welding and the quality
controls performed during the whole fabrication cycle, from the in-
coming feed materials and components to the finished rods» are des~
cribed*

The main process pnrameters affecting the fuel characterizations,
as for example density, geometry, 0/Hfe ratio, water content, homo-
geneity, etc» are reported»

The data presented have been obtained during the fabrication of
about 180 Kg of (U,Pu)0 pellets by a statistical control method
and by usina; a. variable-based sampling plan to select the samples»

The data obtained from destructive and non~destructive tests
during the fabrication of about ÍOQ fuel rods are also reported»

L'activité principale du laboratoire du plutonium du. CHUÎ, à Casacoia,
près dé Rome, consiste à élaborer des techniques de fabrication pour les
éléments combustibles de réacteurs thermiques, formés de pastilles
de UOg-PuOg et gainés de ziroaloy.

Les auteurs exposent 1«expérience acquise lors de la préparation d*un
élément combustible prototype destiné à être irradié dans le réacteur
suédois de igesta et de deux autres éléments destinés à ôtre. irradiés
dans le réacteur allemand de Kahl, Ils décrivent les diagrammes de
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fabrication des pastilles et les procédés d'assemblage des barres, et
insistent sur le soudage et sur les opérations de contrôle de la qualité
faites au cours de 1*ensemble du cycle de fabrication, depuis les matières
premières y compris les composants jusqu'aux produits finis.

Ils donnent les principaux paramètres, comme la densité, la géométrie,
le rapport 0/Me, la teneur en eau, l'homogénéité, etc,, qui influent sur
les caractéristiques du combustible.

Les données présentées ont été acquises au cours de la fabrication
d1environ ISO kg de pastilles de UOg-PuOg» grâce à une méthode de contrôle
statistique et à 1*emploi d'un plan d1échantillonnage aléatoire.

Les auteurs donnent également les résultats obtenus par les essais
destructifs et non destructifs au cours de la fabrication d'environ
100 barres de combustible.

1. INTRODUCTION

The activity of CNBN*s Plutonium Plant, located at the
Casaccia Nuclear Research Center, started in November 1968
with work done on very small (< 200 g) quantities of plu-
tonium, for reasons of safety»

Having obtained from the appropriate authorities per-
mission to handle large quantities of fissionable materials,
the Plant was progressively run up to its design capacity,
corresponding to the fabrication of 3-4 kg/day of ceramic
product and is now in the process of increasing that capa-
city of 80 kg/day.

The work done in the field of thermal reactors in
these years was aimed at the following main objectives:

—the development of fuel-rod fabrication technologies;
—the fabrication of fuel rods for some prototypical
fuel elements,
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The first two prototypical fuel elements fabricated at
the Plutonium Plant have been operating at full power in the
oAgesta and Kahl reactors, respectively since January 1970
and March 1971.

The third prototypical element, now in the fabrication
stage» will presumably be fitted into the Kahl reactor in
September 1971.

A detailed description of the irradiation program is
contained in the paper: "Irradiation Experiments at CNEN for
the Thermal Recycling of Plutonium Fuel", also submitted at
this Panel.

It should be noted that, to this date, the available
facilities have permitted only work of the intermittent
type. However, the results achieved in the fabrication of
the first fuel elements have resulted in the acquisition of
the knowledge required for the conversion of the plant into
one capable of performing the continuous fabrication of plu-
tonium-bearing fuel on an industrial scale. This conversion
is now being carried out.

This paper reports the data concerning the fabrication
of a prototypical fuel element. In the following pages the
subjects listed below are taken up in succession:

- the approach to the quality-control problem
- the thermal-reactor pellet fabrication flow sheet,
with the results of a control plan "by variables"
developed during the fabrication of one complete
fuel element;

- the fuel-rod fabrication flow sheet and the related
quality controls.
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2« QUALITY CONTROL - THE CONTROL PHILOSOPHY

For any organization wishing to work in the fuel sec-
tor, it is essential to possess and use, in addition to
high-quality fabrication processes, control plans and raetho-
logies providing adequate guarantees of product quality. A
100JÍ inspection plan gives absolute assurance that the in-
spected characteristics fully conforra with specifications.
Such a plan, however, is time consuming, costly and often
impossible, as in the case of destructive tests, and it is
therefore preferable, in many cases, to carry out a sampling
on statistical bases»

At the Plutonium Plant, different criteria are used,
depending on whether or not the characteristics checked by
inspection are regarded as critical.

In the case of such parameters as :
- tubing thickness,
- tubing production defects,
- leaks from rods sealed by Yielding, and
- weld defects,

which may affect in operation the soundness of the fuel road,
or such others as:
- external dimensions,

which may make the assembling of the element difficult, and
- the transferable alpha contamination,

for safety reasons, the criterion followed is to carry out
non-destructive tests at a 10Ô , rate»
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In the case of other critical parameters relating to
the fuel, such as:

-water content,
-carbon content,
-chlorine and fluorine content,
-oxygen/metal ratio,
-pellet density,
-pellet geometry, and
-plutonium content,

destructive tests are carried out under an inspection plan
according to the standard deviation method, with 90% confi-
dence coefficients»

In the case of other parameters, also relating to the
fuel, such as:

-phases,
-grain dimensions and shape,
-inclusions»
-porosity in form and distribution,
-plutonium distribution homogeneousness,

the criterion is followed of carrying out destructive tests
under an inspection plan based on the standard deviation
method, with a 70% confidence coefficient. It should be
noted, however, that a statistical investigation following
a predetermined control plan will be significant with res-
pect to the parameters listed above if the result .does not
yield excessively dispersed values.

All other controls are carried out on statistical bases
but in less strict form or following particular criteria,
such as may be those contractually established, e.g. dimen-
sions and frequency in the case of acceptance tests on raw
materials and mechanical components.
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Of course, a quality control applied through a strict
sampling plan will be meaningful only if related to contin-
uous fabrication processes» or to intermittent processes by
lots or batches, provided that the latter comprise a suffi-
ciently large number of items»

For this reason the first quality control plan put in-
to effect at the Plutonium Plant was developed for the fabri-
cation of one complete fuel element for the Kahl Reactor»

Statistical controls» destructive or non-destructive,
are carried out through inspection "by variables". This
choice is dictated by the consideration that the results of
the control permit a defect evaluation which is not only
quantitative but also qualitative.

Furthermore» as compared to the inspection "by attri-
butes", the inspection "by variables" makes it possible to
substantially reduce the size of the sample, on equal guar-
rantee of correct decisions in the assessment of a given
quality characteristic»

The sampling programs adopted at the Plutonium Plants
are those of the U.S. Army Military Standards, which call
for sampling plans on strictly statistical bases for con-
tinuous or batch productions, with different inspection le-
vels.

Whenever possible, the control procedures conform with
the AS1M standards, while for the outer controls in-plant
standard procedures are used»
3. FUEL FABRICATION

3.1 The Fuel Fabricated
The fuel rods produced or under production at the Plu-

tonium Plant are:
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- 4 ¡rods of mixed U-Pu 5# oxide for a fuel element for the
oAgesta reactor» The four rods containing plutonium are
positioned in the center of the 4x4 square array ele-
ment, the 12 peripheral rods containing enriched uranium
oxide pellets;

- 36 rods of mixed uranium-plutonium oxide, of which 8 with
1,5% plutonium enrichment and 28 with 3«1/£ plutonium en-
richment, for use in the fabrication of a fuel element
for the Kahl Reactor;

- 36 rods (under fabrication) of mixed uranium-plutonium
oxide, of which 8 with 1,5 % plutonium enrichment, 22 with
3.1% plutonium enrichment, (one of these rods contains
gadolinium oxide at the rate of 20 mg/cc) and 6 rods with
3» 5% plutonium enrichment. Unlike all others', the latter
6 rods contain vibratory compacted microspheres of two
sizes, the larger (~700 ,u) of mixed ü-Pu 4»65# oxide
and the smaller (40 -80 XL) of natural uranium oxide»
These rods too are being fabricated for use in a fuel ele-
ment for the Kahl reactor.

For the fabrication of the first two fuel elements, the
Plant produced:

o
ss 20 kg of pellets (Agesta)
st Bo kg of pellets (Kahl I)

while for the third fuel element the Plant is in the process
of turning out:

« 70 kg of pellets n)
» 15 kg of microspheres

The above data .relate only to the pellets and micro-
spheres containing plutonium, without taking into account
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the fabrication of some 40 kg of natural uranium oxide pel-
lets, particularly used as a thermal barrier»

The fuel fabrication flow sheet, showing the controls
carried out, appears in figure 1.

It should be noted that fuel is fabricated by an inter-
mittent process, i.e. in batches» Bach batch consists of:

o« 2 kg of pellets for the Agesta fuel element
= 4 kg of pellets for the first Kahl fuel element
as 8 kg of pellets for the second Kahl fuel element

3.2 Controls Carried Out on the Fuel Eor the First Kahl
Element
As mentioned above, the first quality-control program

carried out at the Plutonium Plant was applied to the fabri-
cation of the first Kahl element»
3•2•1. Standard-Deviation Method̂ Controis

In conformity with the general control philosophy, an
inspection plan "by variables" was carried out for each of
the following quality characteristics:

« water content
» carbon content
» chlorine and fluorine content
« oxygen/metal ratio
» pellet density
ss plutonium content
The criteria adopted for such inspection plan are the

following:
a) guarantee, with 90% confidence factor, that 90% of the

pellets will be within specifications with respect to the
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quality characteristics listed above, and
b) use of Inspection Level Til according to MIL-STD-414

(Standard Deviation Method), which is a normal inspection
level-
In view of the size of the individual batches (approx.

250 pellets), the maximum allowable per cent error equals
0.716, to which corresponds a 2.11 quality index, and a
sample size of 10 pellets per batch,

In accordance with the criteria set forth above,
» 10 pellets were taken at random from each batch
» after checking for diameter and density, each pellet
was ground in an atmosphere of dry nitrogen, obtain-
ing the following particle sizes:

> 2 mm for the testing for chlorine and fluo-
rine impurities

1*41 - 2 ram for checking the 0/Me ratio, water and
carbon content

1.41 mm for checking the plutonium content
These particle sizes were chosen as<a result of the

standardization of control methods.
The results of the controls carried out are shown in

the tables 1-6 . The following information appears in
the tables: number of batch checked, average value of mea-
surements indicated by X, the standard deviation of measure-
ments indicated by S, the batch quality index indicated by
Og or QL depending on whether the specification limit is an
upper or lower one, the per cent defect in the batch.

The quality index was calculated by the following re-
lations:
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U - X X - L

in which ü and L are respectively the upper and lower speci-
fication levels*

The results appearing in the tables were also graphi-
cally translated into charts.

For each batch were considered the functions IL » f (Q )
and 1 « f(QT), expressed by the linear relations:i» ^a » x + SOYT i « x - so.

graphically represented by.straight lines meeting at point
(0,X).

The characteristics more or less directly linked to
each other, such as density, diameter, 0/Me ratio were
grouped into a single chart, while the other characteristics,
such as plutonium content, water content, and carbon content,
were considered separately.

In each chart were drawn two horizontal straight lines
corresponding to the specification limit values U and L, and
the superimposed vertical straight lines Q.. » 2.11 and
<X «2.11, which represent the maximum allowable per centii
defect of 0.716.

It can be seen on the charts that the within-specifica-
tions batches are represented by pairs of diverging straight
lines which intersect the QTT » 2.11 and Q. « 2.11 line in-U Jj
side the belt delimited by the specification limits u « U
and 1 = L. The charts clearly show, in the case of off-
specification batches, by how much the upper or lower limit
should be changed with respect to the determined values for
the batch to be/acceptable.
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A graphic control of this kind developed during a fa-
brication cycle makes it possible to check in time both the
consistency of product quality and the performance of the
various items of equipment used» showing the narrowest quali-
ty limits which, in a given fabrication line, can be guaran-
teed, (Figures 2 to 5)

3»2«2» Other Controls
As regards the structural characteristics of the fuel,

such as:
» phases
« grain dimensions and form
« inclusions
» porosity
« Plutonium distribution homogeneousness

a ceramographic and autoradiographic investigation vas
conducted on three pellets taken at random from each
batch.

15ie results of the checks made on the first two batches
of pellets have shown how little significant it was to per-
form a statistical investigation in accordance with a pre-
determined control plan, since the parameters analyzed were
found to be widely dispersed»

Indeed (as it appears from the photographic documenta-
tion, see fig. 6), the structure of the matrix is formed by
polyhedral grains of widely varying dimensions.

Distributed macro and micro cracks and porosities are
readily visible» Just as obvious is the structural dishomo-
geneousness due to the presence of agglomerates of plutonium
oxides of varying dimensions but never exceeding 250/u, with
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which are linked processes of UO - PuO interdiffusion pro-
cesses during the sintering cycle»

Chemical attack was found to be difficult since the ma-
iterial under test and its structurc.1 dfeshomogeneousness of-

fer a differentiated resistance to the action of chemical
reagents. The porosity appears to be greater than it could
be expected on the basis of density values. This may be due
to a widening of the pores during the sample cleaning opera-
tion.

At least three phases are always distinguished, con-
sisting of UO , PuO and plutonium-enriched zones, the po-
rosities being located in the latter because of the diffu-
sion of plutonium towards the UO matrix.

The autoradiographs confirm that the plutonium distri-
bution is that typical of a mechanical mixture, Plutonium,
while fairly uniformly distributed throughout the pellet
section, does show some local dishoraogeneousnesses (see
figure 7).

A study of the results obtained from the checks conduct-
ed on the fuel for the first Kahl element shows evidently
the difficulty of obtaining a homogeneous mixed sintered o-
xide. investigations conducted in parallel, with higher plu-
tonium enrichments (15 - 2O per cent) have actually shown,
magnifying the process, that all pellets obtained show de-
formations, relatively low densities ( ̂  91# D.T,) and
dishomogeneous plutonium distributions.

This has suggested that the plutonium oxide utilized
and obtained directly by calcining the commercial soluble
plutonium oxide does not possess suitable characteristics
for conversion into a homogeneous mixed sintered oxide.
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Based on this consideration, for the production of the fuel
for the second Kahl element, the commercial soluble pluto-
nium oxide was previously converted into a ceramic oxide by
precipitation of Pu as oxalate and subsequent calcination.

Following this procedure, which is discussed at greater
length in another paper ("Progress in palletization of plu-
tonium thermal fuel at CNEN")* pellets were obtained in
which dishomogeneousness is far less of a problem, as it ap-
pears from the photographs in figure 8»

As regards the checks for impurities, expressed as boron,
equivalent according to American STD, and for gas contents
(hydrogen, nitrogen, carbon oxide), tests were run on samples
obtained by grinding and mixing 10 pellets from each batch.

The BBC values obtained by spectrographic analyses have
always been under 1 ppm.

As for gas contents, hydrogen and nitrogen have always
been found to test between 2 and 10 N /u 1/gr, while no tra-
ces of CO could be detected,
3.3. Controls Carried Out on the Fuel for the Second Kahl

Elements
The quality control carried out so far during the fabri-

cation of the second element for the Kahl Reactor has shown
that, as in the case of the first element, there are no parti-
cular difficulties in keeping within specification limits as
regards quality characteristics, i.e. :

» water content,
» carbon content,
« fluorine and chlorine content,
» pellet density,
» plutonium content,
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K impurities content, and
« gas content
with respect to structural characteristics, and in

particular homogeneousness, the prior treatment of the solu-
ble plutonium oxide has already yielded, as indicated above,
substantially better results.

Finally, the pellet diameter problem will be solved by
the use of a centerless dry grinding machine, which is at
present being installed.

4. FUEL ROD FABRICATION

4.1» The fabrication of fuel rods involves both work and con-
trols on cold components (mechanical parts) and work and con-
trols in glove boxes»

The fuel-rod fabrication flow sheet appears in fig. 9*

4.2. Tubing Quality Controls
The quality of the tubing is checked by non-destructive

controls (100#) and destructive controls.
The non-destructive controls comprise :

4*2.1. Fault Detection
This is done by ultrasonic testing to detect longi-
tudinal and circumferential faults.
The reference sample fault used, of rectangular cross
section, has a depth of 1/1Oth the thickness of the
tubing, is 10 mm long by O.i mm wide.
The tests run on some 200 lengths of tubing have
shewn major faults in approx» 10% of the cases.
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4* 2*2* ¡Dimensional Checking for Tubing TSiicknessji.Internal
and External Diameter, Ovaliaation
Thickness is measured by ultrasonic testing. The o.d»
is measured by means of inductive feelers and the
i.d. by means of pneumatic plug gauges. Ovalization
is obtained indirectly from the above measurements.
No deviations exceeding specification limits veré
ever encountered.

The destructive controls comprise:
« chemical composition determination
» checking for hydride degree and orientation
» bursting and tensile tests
« metallographic testing.

4.3. Quality Controls on Caps and Other Mechanical Component.;
The quality of caps and other mechanical components,

such as springs, retainer discs, etc., is checked by non-
destructive tests (100%) consisting of dimensional checks by
means of gauges, micrometers and profile projectors.

Generally speaking it was found that contractor machine
shops experience difficulties in keeping within 1/iOOth iron
dimensions shown in the drawings»

Since the welding specifications adopted require very
close tolerances in the cap-cladding fit, it has proved ne-
cessary to purchase plugs oversized in the coupling area and
machine them .down to the correct dimension on a high-preci-
sion lathe in the Plutonium Plant.

4«4» Machining Operations
We have already mentioned the cap machining require-

ments. The cladding tubes are end-faced on a lathe. As the
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tubes do not possess a perfect axial symmetry, due to ever-
present ovalization and circumferential thickness variations,
they are lathe-turned internally at both ends in order to ob-
tain a force-fit with the cap, known and uniform along the
entire contact surface (1/100 mm).

This operation, although rather time-consuming because
of the need -to get the tube properly centered on the lathe
(so that, after metal is machined away, the tube wall thick-
ness will remain within specifications), does make it possi-
ble, during the welding stage:

- to keep the penetration uniform and under control,, and
- to keep within reasonable limits the dimensions of the
blisters in the weld bead.

As indicated above, the machining on the lathe of both
cladding-tube ends is costly and time-consuming. For larger-
scale operations, this problem will have to be reconsidered
with a view to reducing if not eliminating the machining of
both cap and cladding tubes.

4*5* Plugging
The pins are inserted into the cladding tube by cold

force-fitting on the lathe»
The cladding tubes, after both end caps have been

welded one (one final and one temporary) are autoclaved ex-
ternally. In order to prevent internal oxidation of the tube
during this operation, before the second cap is forced-
fitted, air is evacuated from the inside of the cladding tube
to a pressure of 10"" torr and dry helium is introduced un-
der .pressure.
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4.6» Welding
The welding of the cap to the cladding tube is of the

TIG type in an atmosphere of high-purity helium»
The sequence of the various welding stages is automatic,

following a pre'determined program.
The cladding tube rotates horizontally, while the verti-

cal electrode is stationary and can be positioned indiffe-
rently above or below the tube*

The welding parameters used are always determined pre-
viously by a combination of non-destructive and destructive
controls (radiography and metallography)*

Welding is done in batches»
Before and after each welding batch, and in any case

after every sequence of 20 consecutive welds, three speci-
men welds, identical to the others, are made and checked
for penetration, maximum grain dimension in the melting area
and for inclusions.

4»7« Welding Controls
Welding quality controls (100%) are non-destructive,

except for specimen welds»
Bach weld undergoes the following tests:

4»7»1» Leak Test
This is performed on batches of not more than 10 clad-

ding tubes»
The apparatus is calibrated and checked before and after

—7each batch by two calibrated leaks of 2*4 x 10 and<»2.6 x 10*" atm cc/sec.
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The "reject" level is determined as a leak exceeding
xv-8 ,10 atm cc/sec«

About 600 welds were controlled» No leaks were detected
exceeding the reject level.

Bach weld is checked by two radiographs» the second be-
ing taken after rotating the cladding tube by 90« from the
position in which the first exposure was made.

Immediately next to the weld is placed a penetrometer
which carries, staggered by 120°, three sets of holes of dia-
meter and depth respectively 150, 200 and 400 ;u.

This penetrometer, made of the same material as the
cladding tube and having its same geometry, is calibrated
against ASTM penetrometers and is capable,of a 1/6 sensiti-
vity.

The radiographie checking of some 6OO welds (including
also the welds of the second caps), a 10# reject rate was
found, due essentially to insufficient penetration and se-
condarily to the presence in the weld bead of blisters larg-
er than 20O AU

The machining of the cladding tube has resulted, in a
considerable rediiction in the reject rato*

All welds rejected because of the. results of the radio-
graphic test were subjected to metallographic examination,
in order to determine tho typo and extent: of the fault*

It was found that most of the Misters included in the
weld bead are located on a plane narwnl to the tube axisf
where tho cap tube» contact occurs,, en the circumference ha-
ving as a diameter the tube i.rt»
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This is duo. to an imperfect mating at that point of the
parts to be waded, during the capping operations,, despite
the accuracy of the machining*

4*7*3. Weld Bead Projection Checking
This check is performed with a micrometer on each veld*

It was found, in the generality of cases, that the project
tion measured 0.1 mm on a nominal 15*06 mm diameter* This
projection presents no practical problem during the assent- '<
bly stage.

4*8 Autoclaving
All fuel rods fabricated were previously subjected to

an autoclaving treatment in order to prevent an uncontrolled
external passivation during in-reactor operation»,

This operation- and the related controls have been done
in outside laboratories since the necessary equipment is
not available at the Plutonium Laboratory which, however, is
nov in the process of installing it*

4.9* Preparation of Cladding Tubes for Filling
After autôclaving, the cladding tubes are lathe-cut a-

cross the temporarily capped end, machined to length and
worked internally as indicated above. With the tube still
on the lathe, abrasive cloth is used to remove the external
passivation over a length of about 20 mm, to prevent the
presence of oxide in the melting area*

After machining the cladding tubes are washed with de-
mineralised water and acetone and then warm-dried with dry
helium.
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The machined terminal end of the cladding tube is fur-
ther cleaned with acetone in an ultrasound bath»

After the cleaning operations, the cladding tubes are
coated, up to a distance of about 15 cm from the open end»
with a paint film than can be easily stripped off, in order
to minimize metal contamination and facilitate decontamina-
tion*

Indirectly, the coat of paint also protects the surface
of the cladding tube surface during the various operations
and handling in the glove box,

4» 1O, Filling of the Cladding Tubes
The cladding tubes prepared for filling are introduced

into a glove box in which the fuel is located in the form ,
oj? stacks controlled by voicrht and height* The pellets are
introduced manually into the horizontally positioned clad-
ding tube*

After introducing the last pellet, the effective height
of the stack is chocked by difference using a gattge* The
mechanical componentsP such as spring and retainer disc, pre-
viously washed, are then inserted and a locking system is
positioned which prevents any movements of the pellet stack
during the subsequent operations*

4»11« Degassing and Filling with Helium
After filling,, thn cladding tubas are introduced, in

batches of to,, into an autoclave evacuated to icT torr for
a period of 12 hours. After cutting off the vacuum vnits,
the autoclave is subsequently filled with high-purity helium
at atmospheric pressure.
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4*12, Capping and Welding
The degassing autoclave is directly connected with a

helium-ventilated glove box, containing the equipment for
inserting the final plug into tie cladding tube and weld-
ing it. These operations are performed manually, one clad-
ding tube at a time. The welding is done by an identical
machine and with the same parameters used for the cold-area
welding of the first cap and of the temporary cap»

4.13. Decontamination
The welded rods, before being taken out of the glove

box, are subjected to careful decontamination» Each rod is
cleaned ultrasonically in a CCI bath, then further treated
with pads soaked with Atomil 128 and washed with dentinera-
lized water*

The reference level of the transferable contamination
acceptable on the rods removed from the glove box is
1(T8 A\c±/cm?\

4» 14* Finf 1 Checks
The final checks include:

4.14.1 Leak Test
4-14.2

desined to check the soundness of the last weld
done» 3&ey are performed on all rods using the same equip-
ment and methods described above (in paras. 4.7.1 and 4.7.2).
4.14.3 Radiographie Check of the Whole Rod

providing an overall view of all the components in-
side the road. It is performed on all rods and is designed
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to make sure that filling and capping operations have not
caused damage to the fuel pellets.
4.14«¿ Dimensional Checks for Length, Weld Projection,

External Diameter ( on two pairs of orthogonal
generatrices) and pyalization
These operations are performed on all rods. In parti-

cular, the diameter and ovalization checks are designed to
detect such localised defects as may have been caused after
acceptance tests.
4.14.5 Gammagraphy and Autogammagraphy

These checks, adopted essentially on the basis of
safeguard criteria, are performed in accordance with a plan
of inspection "by attributions", with a 95% confidence le-
vel»

In effect these checks serve to make sure that no
loading errors have been made, by substituting batches with
different fissionable enrichments.
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CHECK FOR PELLET DENSITY

TABLE N° 1

[Batch
fci°

1
2

3

4

5
6

7
8

9
10

11

12

13

14

15
16

X 3
g/cra

10.18

10.22

10.37
10.27

1O.27

10.36

10.21

10.23

1O.18

10.15

10.20

10.25

1O.16

1O.18

10.26

10.23

S

0.0115

0.011

0.013

0.009

0.02

0.09

0.04

0.03

0.01

0.01

0.15

0.02

0.02

0.01

0.02

0.01

°U

21.6

19

4.61

177
8.0

0.77

'5.50

6.66

25
28

1.53
9.0

13.5

25

8.5
20

% faults
in the
batch

0
0

0
0
0

22.48

0

0

0

0

5.45
0

0

0

0

0

OL

4.33

8.18

18.46

155
7.0

2.55
2.00

3.33

5.0

2.0

0.46

6.0

1.5

5

6.5
10

% faults
in the
batch

0
0
0
0
0

0.023

1.17
0

0

1.17

32.78

0

5.87
0

0

0

U - UPPER SPECIFICATION LIMIT »
L - LOWER SPECIFICATION LIMIT «
ALLOWABLE % FAULTS IN THE BATCH

10.43 g/cm3
310.13

- 0.716%
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TABLE N° 2

CHECK FOR PELLET DIAMETER

Batch
N«

1

2

3

4

5
6

7
&

9
10

11

12

13

14

15

16

X
iron

12.915

12.852

12.807

12.894

12.857
12.818

12.893

12.851

12.859

12.868

12.906

12.815

12.888

12.882

12.860

12.850

S

0.0087

O.0161

0.0057

0.006O

0.0057

0.033

O.O074

0.0042

0.0087

0,O093

0.0156

0.0126

0,0124

0.0041

O.O15

0.0016

%

- 1.72

2.98

10.31

1.00

7.54

2.48

0.94

11.66

4.71

3.44

- 3.8

6.74

0.967

4.36

a. 66
31.25

% faults
in the
batch

96.79
0

0

15.97
0

0.051

17.57
0

O

0

100

0

11.03

O

0.004

0

QL

10.91

1.98

- 2.28

12.3

6.49
- O.O6

9.86

7.38

4.48

5.16

5.51

- 1.19

5.48

16.01

2.66

18.75

% faults
in the
batch

0

1.27
99.74
0
0

54.0

0

0
0

0

0

88.54
0

0

0.004

0

U - UPPER SPECIFICATION LIMIT « 12.9O nrm
L - LOWER SPECIFICATION LIMIT « 12.02 rm
ALLOWABLE % FAULTS IN THE BATCH: 0,716̂
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TABLE N0 3

CHECK FOR OXYGEN/METAL RATIO IN THE PELLETS

Batch
N°

1

2

3
4
5
6
7
8

9
10

11

12

13

14

15
16

X

1*9874
1.9882
1.9921

1.9923

1.9929
1.9907
1.990?

1.9945
1.9957
U 9930

1*9996
1.9952
1.9941

1*9901

U 991 3

1.9948

S

0,00399

0.00364

Q.0022Q

Qe 00244

0*00119

0,00522

0.00587
0*00995
0.00918
0,00569

0.01199
0,00688

0.00667

0.00850

0*00789
0.00619

QL

5.66

5.96
8.10
8.10

14.32

3.69
3.28

1.55
1,56
2.98

0.86

2.14
2.34
2.34

2.36

2.46

% fault
in the
batch

0
0
0
0
0

0

0

5.18

5.05
0

19.81
0.61

0.175
0.175
0.151
0.063

Ü - UPPER SPECIFICATION LIMIT a 2.0100
ALLOWABLE % FAULTS IN THE BATCH; 0,716;
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TABLE N° 4

CHECK FOR WATER CONTENT IN THE PELLETS

Batch
N°

1
2

3

4
5
6

7
8
9

10
11
12

13
14

15
16

X
p. p.m.

9
11

6

5
12
15
11
15
11
9
8

14

13
9

8

S

5
3

4
4
2
8

3
5
3
2

2

4
6

3
2

Qo

2,20

4.66

4.75
5.00
6.50
1.16
3.78

1.75
4.51
6.66

10.62
2.68

1.87
4.44
6.80

% faults in
the batch

0.437
0

0
0
0

12.12

0

2.93
0

0

0

0.002

1.95
0
0

Ü - UPPER SPECIFICATION LIMIT = 25 p.p.m.

ALLOWABLE % FAULTS IN THE BATCH: 0.716%
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TABLE N° 5

CHECK POR CARBON CONTENT IN THE PELLETS

Batch
N°

1
2

3

4

5
6

7
8

9

10
11
12

13

14

15
16

X
P«P*RU

3

53
12

4

23

11

53

45

51

42

38

28

27
16

14

8

S

3.7

31

3.6
3.6

9

11

31

35

39

31

34

31

19

17

15

5.5

%

40

3.1

38
40

14

12

4.7
3.0

2.53

3.4

3.2

3.9

6.5

7.9
9.0

25

% faults in
the batch

0
0
0
0

0

0

0

0

0.029

0

0

0

0

0

0

0

U - UPPER SPECIFICATION LIMIT « 150 p.p.m.
ALLOWABLE % FAULTS IN THE BATCH: 0.?16£
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TABLE N° 6

CHECK FOR PLUTONIUM CONTENT IN THE PELLETS

I
Batch
N°

1
2
3
4
5
6

7
8
9

10

11
12

13
14

15
16

X
%

3.03

3.07
1.54
1.49

1.47
1.47
3.05
2.94

3.06

3.10

3.09

3.03

2.93
2.80

2.87
3.04

S

0.030

0.126

0.051

0.083
0.040

0.030
0.053
0.164
0.064

0.104
0.046

0.173

0.225

0.194
0.153
0.071

°u

9«00

1.82

3.13
2.53

5.75
7.66

4.71
2.19
3.75
1.92

3.75
1.53
1,64
2.57
2«81
3.66

% faults
in the
batch

0

2.32

0

0.029
0

0

0

0.46

0

1.62

0

5.45
4.06

0.017
0

0

QL

4.30

1.35
4.70

2.29
4.25
5.66
2.83
0.244
2.50

1.92
3.39
O.780

0.13
-0.51
-0.19

1.97-

% faults
in thé
batch

0

8.30
0

0.250
0

0
0

40.34
0.041

1.62
0

22.18

46.16

69
58

1.33

U - UPPER SPECIFICATION LIMIT = 3.30% PuO 1.70% PuO
L - LOWER SPECIFICATION LIMIT = 2.90% PuO,

£

ALLOWABLE % FAULTS IN THE BATCH: 0.716%

1.30% PuO,
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QUALITY CONTROLS

SPECIFIC AREA
PARTICLE SIZE DISTRIB.
BULK DENSITY
E.B.C.
SINTERABILITY
ENRICHMENT
METAL CONTENT

HOMOGENEOUSNESS

u2
CERAMIC GRADE»

r
I ru v/2PU Or

j———————_.._..-_,

¡ BINDER (CARBOWAX)

J AND LUBRICANT

! (ZINC STEARATE)

MIXING AND GRINDING

WITH THE ADDITION OF

BINDER AND LUBRICANT

GREEN DENSITY PRE-PRESSING

GREEN DENSITY

CRUSHING AND GRANULA!

I
PRESSING

I
PRE-SINTERING

WATER CONTENT
CARBON CONTENT
FLUORINE AND CHLORINE CONTENT
OXYGEN / METAL RATIO
DENSITY
DIAMETER
Pu CONTENT
PHASES
GRAIN DIMENSIONS AND SHAPE
INCLUSIONS
POROSITY
Pu DISTRIBUTION HOMOGENEOUS.
E.B.C.
GAS CONTENT

SINTERING

Fig. 1 - Pellet fabbrication and control flow-sheet.

795



FI6.2 Magnitude controlled vs. the quality index

a) Oxygen/metal ratio [ — _ _ — _]

b) Pellets diameter Imm )[------]

c) Pellets density (g/cm*) [——————]

•/. Diltctiv: m loi

U upper specification limit

L lower specification limit

allowable % faults in the batch . 0 716 %
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Fig. 6 - Structure of pellets obtained from soluble plutonium
oxide - 400 X
^0.969^0.03^.99 Etched in H SC) - H 0 - H O24 22 2
The plutonium rich zones remain unetched.

Fig. 7 - Autoradiography of a pellet obtained from soluble
plutonium oxide - 5 X.
(U0.969̂ 0.031 )0l.99-White and dark SpOtS are re-
spectively plutonium and uranium rich regions.
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FIGURE 8

Fig. 8a- Structure of pellets obtained from soluble plu-
tonium oxide. (400 X).
(U0.969PU0.031>°1.99 EtChed Ín: H2S°4 H2°2 H2°
White spots are Pu rich zones.

Fig. 8 b - Structure of pellets obtained from PuO from
oxalate. (400 X).
(U0.969PU0.031 .99 Etched in: HNO,
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Fig. 8 c - Autoradiography of a pellet obtained from PuO
from oxalate. (5 X).
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CHECKING THE TUBING CHECKING THE CAPS

MACHINING
OPERATIONS

PLUGGING

1

WELDING

WELDING CHECK

JL

AUTOCLAVING

PREPARATION OF
CLADDING TUBES

FOR FILLING

CLADDING TUBE
FILLING

JL.
DEGASSING

FILLING WITH HELIUM

PLUGGING
WELDING

DECONTAMINATION

FINAL CHECKS

CHECKING THE OTHER
MECHANICAL COMPON

MACHINING
OPERATIONS

PELLETS

Fig. 9 - Fuel-bar fabbrication and control flow-sheet .
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SPECIAL ASPECTS OF THE DESIGN OF FUEL ASSEMBLIES FOR
PLUTONIUM RECYCLING IN THERMAL REACTORS

A. Bizzarre, G.P. Call, P.L. Cerretti, P. Grille,
V. Marinelli, G, Mazzone and G. Testa

Abstract

Calculation methods and codes for the thermal, hydraulic and
mechanical design of mixed oxide fuel elements for water power re-
actors and the related supporting experimental programs are pre-
sented.

This general design problems posed by recycling plutonium in
thermal reactors, namely in EfflR's and PWRfs, are briefly review-
ed; in particular the design of the plutonium-bearing fuel bundles
is considered* Calculation methods and codes are described in de-
tail to design the f«el pin, the spacer, the end plate as well as
the whole bundle*

The tests on prototypical fuel bundles to supplement and veri-
fy the calculation methods for the thermal, hydraulic and mechanic-
al dosii»n are discussed. The experiments were performed with single-
phase and two-phase coolant in isothermal and adiabatic conditions,
as well as with a heat supply to the fuel pins.

A discussion of the experimental results is given with respect
to: a) the coolant pressure drop for the various components of the
fuel Itmdlej b) the vibrational modes induced bv the coolant on the
single pins and on the complete bundlt; c) the coolant mixing oc-
curring between bundle subchannels, especially with respect to the
two-phase cooling mode.

HB3UMB

Les auteurs présentent des méthodes et codes de calcul pour l'étude,
des points de vue thermique, hydraulique et mécanique, des éléments
combustibles d'oxyde mixte destinés aux réacteurs de puissance & eau,
ainsi que les programmes expérimentaux de soutien.

Ils passent en revue les problèmes généraux que pose l'étude du
recyclage du plutonium dams les réacteurs thermiques à eau, en particulier
l'étude des faisceaux combustibles contenant du plutonium* Les méthodes
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et codes de calcul utilisés pour l'étude de l'aiguille combustible .du
centreur, du sommier et de l'ensemble du faisceau font l'objet d'une
description détaillée»

Les essais faits sur des faisceaux combustibles prototypes en vue
de compléter et le vérifier les méthode? de calcul sont analysés* Les
expériences ont été faites avec un caloporteur à une .phase et un caloporteur
à deux phases dans des conditions isothermes et adiabatiques , ainsi qu'avec
apport de chaleur aux aiguilles combustibles «

Les résultats expérimentaux sont examinés en ce qui concerne :
a) la perte de charge du caloporteur pour les divers composants du
faisceau combustible; b) les modes vibratoires provoqués par le caloporteur
sur les aiguilles et sur l'ensemble du faisceau} c) le mélange du
caloporteur qui se produit entre les sous-canaux du faisceau, notamment
dans le cas du refroidissement à deux phases* :

1. INTRODUCTION

The recycling of plutonium in light-water cores makes
it necessary to determine the performance characteristics
of a fuel assembly intended for reloading, partial or total,
into an existing core*

TM design problems created by the conditions of compa-
tibility of a different fuel assembly, such as a plutonium
one, with an existing core, such as an uranium one, can be
substantially summed up as follows:
— the redistribution of the coolant upon entering the as-

sembly and between the latter and the adjacent assembly,
resulting from the load loss through the core,

— the determination of peaking factors, local and average,
with the resulting choice of the number of enrichments
in plutonium or of the different type of enrichments, in
plutonium in the center of the assembly and in uranium
in its periphery, and
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—r the optimization of the fuel cycle during irradiation and
the related evaluation of the performance factors.
These specific problems have arisen for CNEN under a si-

tuacion in which the activities, even of a general nature,
on oxide fuel assemblies for light water reactors had not
yet been fully started.

It therefore proved necessary» before tackling the pro-
blems outlined above» to acquire general knowledge in thermo-
hydraulic and mechanical design, as required for the reload-
ing of oxide fuel assemblies into light-water reactors.

These activities were concerned with:
— the development of original types of fuel assembly com-

ponents, with special regard to spacers,
— the optimization of the maximum power extractable from

the coolant, in relation to the heat-transfer capacity,
and

— the optimization of the geometrical-mechanical configu-
ration of the assembly.
The fact that these activities were addressed towards

the specific subject of plutonium recycling in thermal re-
actors has proposed certain approaches, which may be sum-
med up as follows:
a) raising to the technically most advanced possible level

the performance obtainable from the fuel assembly;
b) linking such performance with the progressive evolution

of the technical characteristics of the pressurized and
boiling cores, concerning:
- the thermal cycle of the coolant, with the resulting
limitations on the vapor contents of the exit from
the core, and
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- the type and nature of the materials forming the mech-
anical components of the assembly.

In this paper we shall therefore discuss, in addition to
che activities specifically connected with the characteriza-
tion of plutonium as a nuclear fuel, also certain aspects of
the general activities mentioned above, which were develop-
ed in accordance with the criterion of refining and improving
knowledge towards the designing of uranium oxide fuel assem-
blies» The considerations that will be developed concerning
both calculation methods and support experimentation, as well
as both the thermo-hydraulic and the mechanical parts, shall
be of a general nature and oriented towards the goal of im-
proving the present performance characteristics of the fuel
for light-water reactor cores.

Following these criteria there were planned the first
two experiments on prototypical fuel assemblies, at present

obeing irradiated in the Swedish Agesta reactor and in the
German Kahl reactor (see Table I).

2. CALCULATION METHODS AND CRITERIA

The fact that a fuel assembly is not something in itself
but rather the constituent part of a core has stressed the
necessity of determining the interactions between the assem-
bly in question and the surrounding ones.

In particular, as regards the coolant, it was analyzed
in detail under conditions of "local" boiling and of mass
boiling at a low steam quality (3 to 5 per cent) as regards
the operating conditions in pressurized cores, while the cal-
culation of the fluid-dynamics of water-steam mixtures up to
a 20% quality was developed with respect to the operating
conditions in boiling cores.
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Furthermore, as regards pressurized cores, the "open"
form of the elements has involved, for an evaluation of load
losses, the study of the redistribution of the coolant be-
tween adjoining fuel assemblies, resulting from thermal and
hydraulic elements, and consisting in determining for each
zone of the core the coolant velocity, enthalpy and static
pressure»

As regards boiling cores, the same problem has involved
the evaluation of the coolant flow into each fuel assembly
of the core, together with the analysis of the axial redis-
tribution among the sub-channels of a same assembly.

The related calculations were developed, for both steady
and transient conditions, through a series of codes, drawn
up in accordance with principles of self-consistency and com-
plete automation.

The detail criterion adopted, consisting in the evalua-
tion of load losses through the local coolant parameters in
each subchannel of the assembly, has made it possible to in-
terpret the "thermal crisis" process at the coolant-fuel
cladding interphase by means of correlations of a more sophis-
ticated type»

It has by now been sufficiently shown 1>2 that, under
both pressurized and boiling conditions, the critical heat
flux depends essentially upon the magnitudes of the portion
of fuel — specific mass flow rate and steam content —• which
cools the rod carrying the greatest heat flux, ra-
ther than on the related average values in the assembly*

The neutronic design was concerned with the calcula-
tion of the detailed distribution of the fissionable mate-
rial and of the related peaking factors, both local and ave-
rage.
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Based on the knowledge already available in the design
3area, there had already been developed , for enriched ura-

nium, neutronic design codes for the entire core. Such codes
were revised, towards the following two objectives:

a) introducing the different nuclear characteristics of
plutonium, i.e. different capture cross sections and
more negative reactivity coefficients, and

b) taking into account the necessary interactions between
the neutronic aspect and the thermo-hydraulic aspect,
in an open-lattice channel geometry»

Mechanical designing was concerned with the fuel pin and
the spacer grid.

The calculation systems developed for the analysis of
the fuel pin determine the température distribution (also
according to three-dimensional models), fission gas release,
heat expansion, changes in pellet-cladding gap, thermo-mech-
anical cladding strains and stresses and the peaking factors
resulting from the maldistribution of plutonium in the ce-
ramic matrix.

The most salient aspects, for the checking of which
characterization tests and post-irradiation tests have been

4 5run on mixed uranium and plutonium oxide pins ' , were con-
cerned with:
- the fuel-cladding interaction, under interference condi-
tions, for the purpose of both the heat exchange coeffi-
cient and the stresses induced in the cladding;

- the fuel swelling and its gradient in time?
- the model adopted for the restructuring of the fuel, for
the purposes of fuel distribution determination;
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- the correlations utilized for the evaluation of cladding
creep processes»

The spacer grid constitues a critical point in the de-
signing of any type of fuel assembly for water-reactor cores,
for it generally affects their entire design and all of their
performance parameters. The activities on this component for
the plutonium-fuel assembly were conducted with priority to
the goal of an advanced technical performance.

The calculation methods, developed with a degree of
flexibility to make them fit different geometries and design
alternatives, were concerned with:

a) the optimization, for stress and strain distribution
purposes, of the geometry of the elastic pin-restrain-
ing elements;

b) the analysis of the characteristics of the restraint,
in relation to the dynamic behavior of the pin as-
sembly resulting from fluid-induced vibrations;

c) the study and optimization, for the purposes of the
thermo-mechanical behavior of the whole assembly, of
the constraints between the spacer grid and the load-
bearing structure*

The CRISTINA Code was developed for the optimization
of the elastic pin-spacer contact elements. This code con-
siders an elastic element in the shape of a broken line con-
sisting of a generic number of rods, restrained at both ends
and possessing both geometric and load symmetry with respect
to an axis.

The structure is assumed to be working in the field of
linear elasticity, without taking into account the influence
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of strains on stresses. The cross section of the elastic e-
lement, moreover, can assume different shapes.

The code, starting from the basic equations:
= M± * ̂  (1̂ , «i, EJ) + Td £f2 (li, «fi, BJ) + H. * f 3
i,e(i, EJ) -f f4 (ii,0fi) * 5.*̂

i = Mi * £5 (li' BJ) * Ti * £ 6 t11'*1' EJ> + Hi * £ 7
(li, tfi, EJ)

in which:
Mi, Hi, Ti : bending moment, axial and shearing stresses

at the generic node of the structure,
f|i, v±, : shifting and rotation of the structure cross

section at each node,
li, o(i, BJ : length, inclination and bending stiffness of

the individual rods of the structure,
solves the twice-hyperstatic structure by imposing:

ri «o,- * o
^ * (3)

This means dictating the condition that the central
section of the structure neither rotates nor shifts orthogo-
nally to the axis of symmetry of the structure itself.

Substituting then the node stress equations in the con-
sistency equations, which may be expressed as the sum of
shifts and relative rotations, a system of equations is ob-
tained, the solution of which yields the two hyperstatic un-
knowns. The code will therefore calculate the stress and
strain components at all points of the structure.
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CRISTINA vas made convenient in the sense that it re-
quires few and easy inputs and performs calculations for va-
rious load values up to a limit value to which corresponds
the yielding of the material at a point of the structure.

The possibility of varying the number of rods in the
system, their angular position and the shape and dimension
of their cross section makes available to the designer a
convenient working tool for the optimization of the elastic
element in relation to the other parameters which affect it
also indirectly. The possibility is now being studied of fur-
ther improving this calculation code to allow for the effect
of stresses on strains.

7The ELENA Code was developed for the purpose of study-
ing the static behavior and the constraint action of a grid
with the rigid supports consisting of suitably shaped wires,
as in the case of a commercial-type BWR grid.

The code can vary within wide limits the geometry of
the grid, the number of fuel pins in it and loads transmitted,
via the pins, from the elastic restraint components.

This code takes into consideration the generic modular
grid element appearing in Fig. i, first determining all pos-
sible values of the loads P and P and of the angles °(
and ft in the grid. In the next stage, the code considers each
modular element as perfectly restrained and solves each of
these hyperstatic structures with the load as previously de-
termined. This calculation makes it possible to determine the
three hyperstatic strain components at the extremity of each
modular element.
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By the equation:

(4)
in which:
It : rotation of the node under consideration

*< : rotation of the adjacent nodes
EJ : bending stiffness of the rod
.Iri : length of the rods between one node and the nextr
is expressed the rotation of the generic grid node as a fun-
ction of the rotations of the four adjacent nodes. These
equations form a system of (n-1 ) (n-1 ) order, in which n
is the number of pins per grid size.

This code, by considering the constraint condition of
the pins and the related connection with the induced stresses,
provides the data required for the subsequent checking of the
constraint parameters under dynamic conditions.

For the study of the dynamic behavior of the pin assem-
Qbly, the VIBRA Code has been developed, which considers

the vibrational behavior, on a plane, of a fuel pin.
The actions taking place at the pin-spacer contact are

represented by a force resisting the radial motion of the
pin and a moment resisting the rotation of the respective
cross section.

The two ends of the pin, allowing for design alterna-
tives, may be considered as either free or fixed.

The code solves the equation:

•• <»
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in whichï
f « mass per unit length
EJ » bending strength
for each rod span, introducing the consistency and continui-
ty equations for each constraint.

The VIBRA Code makes it possible to determine the pat-
tern of rod deformation and therefore the maximum amplitude
minus a constant to be determined experimentally.

The problem of the interaction between the spacer and
the load-carrying assembly structure arises essentially in
the PWR assemblies, in which the said structure is a rigid
system, not attached to the fuel rod bundle. To determine
the strains in such a structure under operating conditions,
and thus optimize the geometric and mechanical arrangement
of the entire assembly in relation to the spacer, a code
has been developed which determined the strained configura-
tion of the entire assembly»

3. EXPERIMENTAL ACTIVITIES IN SUPPORT TO AND VERIFICATION
OF CALCULATION METHODS

To verify the thermo-hydraulic design codes, experimen-
tal tests were performed concerning:

a) the coolant load losses in a single-phase and two-
phase medium,

b) the thermal crisis, and
c) the flow redistribution between parallel channels,

resulting from thermal, hydraulic and fluid-dynamic
effects under single-phase and two-phase conditions.
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The measurements as per a) above were performed on test
sections representative of the fuel assembly for boiling
cores and under isothermal-adiabatic conditions.

Fig, 2A shows a diagram of the 16-pin test section used
for low-pressure (8, 15 and 30 ata) measurements performed
in support to the irradiation of a similar bundle in the

oSwedish Agesta reactor. The components involved are of the
conventional BWR type and were fabricated by CNSN.

Fig. SB shows the 36-pin test section, used for 70-ata
measurements performed in support to the irradiation in the
German Kahl reactor. The components were originally design-
ed and fabricated by CNEN.

The range of parameters investigated is the following:
2— specific coolant mass flowï 130 to 340 g/cm secî

— subcooling between 10° to a maximum of 120 °C, depend-
ing on pressures;

— steam quality between 0 and 20 per cent.
The results obtained have yielded information on the

continuous and localized load-loss values for the individual
fuel assembly components:
——• Fig. 3 shows the continuous friction factor values ob-

tained at the various pressures, versus the Reynolds
number, as compared with data predicted according to9Weisbach ;

—> Fig. 4 shows the overall load loss factor of the spacer,
for a single-phase flow, versus the Reynolds number to-
gether with the said predicted value;

— Fig. 5 again shows that factor versus steam quality, for
various pressure and mass velocity factors, as compared
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to the data predicted on the basis of some correlations
1 O 11 1 Pin the literature ' ' î

Fi§4 6 shows the friction factor multiplier coefficient
13according to Martinelli-Nelson at the pressures of

30 and 70 ata, versus steam quality, together with theo-
retical data;
Fig» •. 7 shows the values of the total load loss, through
the 16-pin bundle, versus the quantity of axial coolant
flow?
Pig* 8 shows the overall load loss factor of the bottom
end plate versus steam quality and a comparison with

1011 12the data predicted according with certain correlations '

— Fig. 9 shows, in like manner, the load loss factor of
the top end plate»
These graphs show that the calculation models usually

proposed in the literature for the estimating of load loss-
es do present, above all in the case of two-phase fluids,
considerable gaps, as the deviation between experimental and
calculated data is sometimes even in the order of 30J&-503É.

Based on the experimental results, we have developed
by interpolation the following calculation correlationst
— the continuous friction factor in a single-phase flow

is correlated by the equation:
f « 0.3 Re"0'242 M

with a maximum deviation of + 356 and for Reynolds number
values falling within the range of:

50,000 ¿Re $600,000
With the same deviation and for the same range of Rey-
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ñolas number variation, the spacer load loss factor vas
found to be thus correlated:

K » 8.6 Re-°'199 (7)
The continuous-friction load losses in a two-phase

flow are thus correlated:
¿P-1.72K10-6 M0'852 -A-fg. (8)

and being:
A P expressed in meters of water column at 25 °C;
De the equivalent diameter of the subchannel;
M the momentum of the two-phase mixture evaluated ac-
cording to the homogeneous model:

M = G2 |V X + (1 - X) V.J (9)

with:
G specific mass flow rate
V specific volume of saturated steamy
V specific volume of saturated liquid
X steam content by weight»

The maximum deviation is + 10%, the RMS deviation 5%
and the range of parameter variation the following:

pressure: between 8 and 30 ata;
vapor content: 2 to 20 per cent; ospecific mass flow rate: 135 to 270 g/cm sec*
The "thermal crisis" experiments were based directly on

pin bundles, large enough to reproduce the conditions really
existing in the fuel assembly.

Use was made of a 16-pin bundle, of the type of that
shown in fig. 2Af for the purpose of:
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a) determining the critical thermal flux under condi-
tions of uniform heat flux distribution;

b) determining, under the above conditions, the power
that can be extracted from each pin in the bundle,
for the purpose of optimizing the choice of lattice
parameters towards the total power extractable from
the coolant;

c) studying the effects of the non-uniform thermal flux
distribution.

The experiments have been completed in phase a), the
rest being now in progress in ClSE's CirCe Loop and in the
BOWL loop of Euratom*s Ispra Center.i

Pig. 10 shows the early results obtained of the cri-
tical thermal power versus subcooling at the test section in-
let, for various specific mass flow rate values, of applica-
tional interest for boiling cores.

As regards the flow redistribution between subchannels,
two experiments are now in progress, involving respectively a
single-phase and two-phase fluid.

Pig. 11 shows the 16-pin (electrically heated) test sec-
tion installed in the loop at the Studsvik Heat Exchange La-
boratory, for the performance, in single-phase condition, of
measurements of coolant flow rate and enthalpy at the exit
from each subchannel. These measurements consist in determin-
ing the temperature and velocity distribution at the exit
from the subchannels.

Provision has been made, at a 70-ata pressure and for
various thermal flux and coolant flow values, for about 100
measuring points in the central channels, 5O in the side
channels and 25 in the corner channels, as shown in Pig. 12.
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For measurements in a two-phase flow , the investigation
now in progress at the PRIL Loop of Euratom*s Ispra Center
concerns a test section with two side-by-side channels, the
longitudinal section of which appears in Pig. 13.

The "gap" between channels and the electric power supply
values are taken as variable parameters.

In support to the mechanical designing methods, expe-
riments have so far been performed on the vibrational behavior
of the pins as excited by the coolant, for the following pur-
poses :

— determining the frequency corresponding to the various
vibrational modes of the individual pins and of the
entire bundle;

— determining the amplitudes and phase of the initial
vibrational modes, so as to determine the resulting
strained position of the individual pins and of the
entire bundle.

The experiments have developed in the following sequence:
a) In-air measurements on individual pins and two bundles of

16 and 36 pins arrayed in a square lattice, as diagrammed
in Figs. 2A and 2B, for the purpose of:

— determining the basic frequencies and corresponding
strained positions of the individual pins, with a
varying number of intermediate supports;

— determining the basic frequencies of the various
pins;

— determining the natural frequencies and the strain-
ed positions corresponding to the vibrational modes
of the entire 16-pin and 36-pin bundles;
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— investigating the effects of the pin-spacer contact
forces on the dynamic behavior of the individual
pins and of the bundle;

— determining the type and extent of the sliding move-
ments at the spacer-pin contact points versus the
number of spacers, the pin-spacer contact force and
the vibrâtional amplitude corresponding to the natu-
ral vibrational modes of the pin and bundle»

b) Measurements in a 16-pin bundle, under isothermal-adiabatic
conditions, in single- and two-phase flow , at 30 ata,
carried out at the Atomenergi's Heat Exchange Laboratory
at Studsvik. These measurements were performed in support
to and verification of the design of the pin bundle irra-

odiated in the Swedish Agesta reactor.
c)Experiments of the b) type, performed at 70 ata, on a 36-
pin bundle, with components of original CNEN design» The
results of these experiments were used to design a fuel
assembly now under irradiation in the German Kahl reactor.

We shall discuss below the most significant data relating
to the experiments sub a), b) and c) above, together with
the main results»

The mechanical characteristics of the pin bundle and the
coolant parameters investigated are shown in Table II.

The instrumentation used, consisting of strain-gages
and electromagnetic extensometers, was positioned as shown
in Fig. 14: pins A, B and C are instrumented with "Microdot"

t.
strain-gages ; pins E and D and the spacers and end plates
are instrumented with differential shift transducers»

The measurement data were recorded on AMPEX magnetic
tape and subsequently processed in an analog-digital computer»
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Some initial tests were performed to determine the back-
ground noise of the devices forming the measuring train and
to assess the effect of the loop pump motion on the dynamic
behavior in the test section.

Pig. 15 is a block diagram of che measuring system used,
showing both the strain-gages and the differential shift
transducers»

It should be noted that:
— the presence of oscillographs has made it possible to

check each signal for the entire duration of the record-
ing;

— the presence of the high-pass filters used to eliminate
the slow signal drifting due to the instability of the
electrical parameters of the measuring bridge resulting
from the special environmental conditions under which the
sensors had to operate.

14The processing of data on the Hybrid computer has
furnished the power spectrum of each recorded signal, from
the interpretation of which the desired information could
be obtained. Fig. 16 shows, by way of example, the power spec-
trum obtained from the signal of the differential transducer
fitted on the second spacer.

An analysis of the power spectrum and of other data re-
lating to single-phase fluid conditions shows that the fre-
quency of the vibrational motion of the entire bundle is in
the order of 15 + 3 Hz. It is interesting to note that such
frequency also corresponds to the basic vibrational mode of
the entire bundle considered as a single girder.
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A graph, versus the average fluid velocity, of the
following quantity:

(10)î

in which:
P (f) represents the spectral function of the measuring unit

£ is the frequency,
yields the graph shown in Fig, 17» clearly showing the ex-
ponential-type dependence of the amplitude of shifts (in
this case in RMS form) and the average fluid velocity.

Fig. 18 shows another type of power spectrum from a
differential transducer fitted to a side pin.

Fig. 19 shows the data obtained from the analyses of
the spectra from the three transducers fitted to the same
side pin.

On the ordinates the parameter is the following quanti
ty:

(11)
meaning that the integral was extended to the entire range
of frequencies in which appear the power peaks relating to
the basic vibrational modes of the individual pin.

As it can be seen, in all power spectra there is more
than one peak around the basic theoretical frequency of the
pin, which can be explained by the following hypotheses:
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— spatial asymmetry ofthe end and intermediate constraints
(grids); .

—• position and number of the pin-spacer supporting points;
— influence of the contiguous pins, above all through the

spacers;
— tolerances in the machining of the end plates - pin mating

surfaces ;
—— possible pin detachments from one or more contact points

with the spacers.
Pig. 20 shows the power spectrum from a strain gage

fitted to a central pin in the axial position shown, in whj.ch
can be observed the power peaks in a 52-78 Hz range,. ,

Figure 21 shows other power spectra from strain-
gages located midway on each span of the same central point.

The RKS value of the strains was calculated, as usual,
in the 52 to 78 Hz frequency range, following the correlation:

(12)

The data thus obtained from analog - processing are now
being theoretically analyzed to obtain, the actual shift va-
lues relating to the strained configuration of thé pías.

4. CONCLUSIONS

Based on the foregoing, the following comments may be ;
made:
—• the .thermohydraulic and mechanical design, substantiál-

ly the same for plutonium and enriched-uranium fuel as-
semblies, .has been studied in its-most advanced elements,
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with a viev to improving the performance obtainable from
the fuel in the present-generation cores;

— the calculation codes were drawn up with proper consi-
deration to the interaction of the various neutronic,
thermal, hydraulic and mechanical aspects, and the
need for a continuous checking against experience of in-
dividual parameters and overall results;

— the knowledge gained needs to be supplemented in the
areas of the system for the regulation and control of
the power extractable from the assembly as a function of
the irradiation time and of the knowledge of the charac-
teristics (creep, fatigue behavior, elasto-plastic pro-
perties of Inconel, used for the elastic spacer compo-
nents) of the materials used for the mechanical compo-
nents of the fuel assembly and of their changes during
irradiation.
The activities required for the exploration of these
two areas have already been started.
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TABLE I
CHARACTERISTIC PARAMETERS OF FUEL ASSEMBLIES UNDER IRRADIA-

TION IN AGESTA AND KAHL REACTORS

Fuel type
Agesta

Enriched UO
Kahl

U02-

Fuel form Sintered
pellets

Sintered pellets

Rod disposi-
tion

Square lattice
4 x 4

Square lattice
6 x 6

Enrichments* 235U PuC-
= 3.1% 12 rods

U = 3.1% 28 rods
rot
Pu
Pu+U

= 5.0%4 rods PuO.
» 1.8% 8 rods

Total bundle
power

1260 1200 K\v

Spacer Finger type, con-
ventional design

Finger type, original
design

Fuel active
length

2,900 mm 1,463 mm

* At the beginning of the life-time.
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Average linear
heat rating
Maximum li-
near heat
rating
Minimum criti-
cal heat flux
ratio
Nuclear ra-
dial factor
Nuclear axial
factor
Fuel rod fa-
brication para
meters :
- for the heat
flux

- for coolant
enthalpy rise

Inlet flow mal
distribution
factor
Flow redis-
tribution fac-
tor between ad
jacent subchan
neis

8.9 Kw/ft

18 Kw/ft

1.8

1.4

1.3

1.03
1 .07

1 .07

1 .36

6.9 Kw/ft

13 Kw/ft

2.0

1.36

1.40

1 .03

1.05

1 .05

1 .28
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Flow mixing
factor 0.95 0.92
Burn-up** 8,000 MWD/HTU 4,000 l̂ WD/MTU

** At June 1971.

TABLE II

Cladding material
Pin filling material

Outer pin diameter
Cladding thickness
Number of spacers
Pin arrangement
Pin spacing
Hydraulic diameter
Coolant flow area
Pin length

Zircaloy-2
Brass and sintered na-
tural UO

15 « 06 mm

0.94 mm
5 (equidistant)
4x4 (square array)
19.3 mm

13.1 mm
75»8 sq. mm
3,000 mm
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Fig. 11- 16-Pin electrically heated test section for
mixing test with a single-phase fluid
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Fig.12- Division of the test section in subchannel
for mixing measurements.
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MAIN RESULTS OF ENEL GARIGLIANO BWR

PLUTONIUM DEMONSTRATION PROGRAM UP TO 1971

by

A.Ariemma, U.Belelli, M. Paoletti, L. Sani, B. Zaffiro

Abstract

ENEL is carrying out a. Plutonium Demonstration Program in the

Garigliano BWR, Under this program two sets of prototype plutonium-

bearing assemblies for a total of sixteen assemblies were loaded in the

Garigliano reactor, respectively during the 1968 and 1970 refueling

shutdowns.

In the framework of a contract with EURATOM for plutonium uti-

lization, open-vessels experiments on minimum critical arrays and

power distribution measurements on uranium and plutonium fuel as-

semblies were carried out in summer 1968 to verify the adequacy of

the nuclear design criteria adopted for the prototype assemblies,

In summer 1970, irradiated plutonium and uranium assemblies

were given a detailed gamma scan to determine the actual operating

conditions of the plutonium assemblies in the last months of operation.

The experiments brought to the fore certain aspectes that must

be taken into account for a better prediction of plutonium fuel behavior,

The paper reports on the operating experience with, a core contain-

ing UO_-FuO assemblies, which contributed about 10% of the total
¿a £t

core thermal output. By the end of May 1971, the first set of proto-

type assemblies had successfully reached 10, 000 MWd/MTM and the

second set—loaded in 1970-- had reached 3,500 MWd/MTM.

L*ENEL exécute -un programme de démonstration du plutonium ©n se servant
du réacteur à eau bouillante au Gariglianoe Dans le cadre de ce programme,
áeux jeux d'assemblages prototypes au plutonium, faisant un total de
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16 assemblages, ont été enfournés dans ce réacteur en 1968 et 1970,
respectivement.

Ban» î« cadre d'un contrat avec l'EUHATÛM sur l'utilisation du plutonium,
des expérience» en cuve-ouverte sur des arrangement» critiques minirtnim* et
des mesures de la distribution de puissance sur des assemblages combustibles
à uranium et au plutonium ont été menées à bien au cours de ltété 1968.
L*objectif était de vérifier la valeur des critères adoptés pour l'étude
nucléaire des assemblages prototypes»

Au cours de l*été 1970, les assemblages au plutonium et à l*urattium
irradiés ont fait l*objet d*un examen gamma approfondi visant à déterminer
les conditions réelles de fonctionnement des assemblages au plutonium
pendant les derniers mois de fonctionnement»

Les expériences ont éclairé certains aspects dont il faudra tenir
compte en vue de mieux prévoir le comportement du combustible au plutonium»

Le mémoire fait état de l'expérience de fonctionnement d*un coeur
contenant des assemblages de UOp-PuCU, qui représentaient environ 10 %
de la puissance thermique totale du coeur. A la fin d'avril 1971,
le premier jeu d*assemblages prototypes avait atteint sans incident un taux
de combustion de W 000 MWj/t de matière et le second ¿eu, enfourné en 1970,
avait atteint 3 000 SR?a/t de matière.

1. Introduction

ENEL in June 1966 started a program with the collaboration of

EURATOM on plutonium utilisation in thermal reactors.

In this framework a preliminary study carried out for the in-

vestigation of prospects of utilizing plutonium in the two ENEL water

reactors - Garigliano BWR and Trino Vercellese PWR - led to the con-

clusion that introduction of plutonium elements in the core might cause

a perturbation in the power distribution. In order to perform a Pluto-

nium Demonstration Program with plutonium prototype assemblies, Ga-

rigliano reactor appeared to offer an advantage over Trino reactor be-

cause of larger available design margins on the core. In fact in Trino

Station the conventional part of the plant was designed so as to allow a

power increase, which, if exploited, would reduce operational margins

852



on the core side without leaving the necessary flexibility for the execution

of the program.

One of the main objectives of the program was the development

and verification of design techniques for plutonium assemblies; in fact

the nuclear design of "all-plutonium" fuel elements has been performed

by ENEL itself, after an extensive tune -up of calculation methods.

A first set of 12 plutonium prototype for a total of 608 fuel rods

was inserted in the core of Garigliano reactor in 1968; a second set of

4 plutonium prototypes for a total of 252 rods was inserted in 1970.

By the end of May 1971 the first set has reached an average irradiation

of 10. 000 MWd/MTM.

2. Prototype Plutonium Assemblies

All the prototype assemblies have the same mechanical charac-

teristics as the reload assemblies, as they were all fabricated and as-

sembled with the same hardware supplied for the reload fuel. Each as-

sembly consists of 64 Zircaloy-2-clad rods of the straight-through type

arranged in an 8x8 square lattice.

The prototype assemblies of the first set are of two types. One

type contains only plutonium rods and is commonly called "all-plutonium-

type". The other centaines plutonium rods at the center surrounded by

uranium rods and is called "composite type".

The rods for the eight all-plutonium-type assemblies were fab-

ricated by the UKAEA to ENEL's nuclear design, whereas the four com-

posite-type assemblies were designed and fabricated by the General

Electric .

The fuel is in the form of cold-pressed and sintered pellets,

except for the four composite-type assemblies of which one includes 24

rods with hot-pressed pellets, one includes 12 rods with vibrocompacted

powder (VIPAK) and 6 rods with cold-pressed and sintered wafers, and

the other two contain 24 rods per assembly with cold-pressed and sintered

wafers.
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From the nuclear standpoint, these assemblies were designed
(2)

to have the same performance as the reload uranium fuel

The plutonium isotopic composition in these prototype assemblies

was:

Pu-239
Pu -240

Pu-241

Pu -242

88. 96%

9. 77%

1. 19%
0. 08%

On the basis of the design criteria assumed and of the isotopic

composition of the plutonium used, a three-concentration assembly was

adopted. The distribution of the concentrations is shown in Fig. 1.

The composite-type prototype assemblies, whose plutonium
' • . • ' ' . ' '

isotope composition is the same as for the all-plutonium-type assemblies,

have four enrichments, two for the plutonium and two for the uranium.
As shown in Fig. 2, twenty-four rods are plutonium and forty are ura-

nium. The selected arrangement of rods (all uranium rods at the pe-
riphery) leads to less power perturbation at the interface between a

normal uranium assembly and one containing plutonium, a higher

average content plutonium per fuel rod and more flexible variation in the

amount of plutonium deployed.

The rods for the four prototype assemblies of the second set ..

were fabricated by Alkem and. Belgonucléaire. The plutonium isotopic

composition used in these assemblies was:

Pu-239 83.32%

Pu-240 14.31%

Pu-241 2. 13%

Pu-242 0.24%

As will be noted, in the assemblies of the second set the con-

tent of Pu-240 is higher than in the previous one (14. 31% versus 9. 77%);

this higher content should have a negligible influence on the local power

peak factor. Therefore the fissile plutonium content in these assemblies
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was chosen equal to that already adopted for the all-plutonium-type as-

semblies of the first set (see Fig. I).

The main difference from those assemblies lies in the use of

an enriched-uranium capture rod as one of the four central rods.

This solution was adopted to simplify the fabrication process,

and because recent on-site rod gamma scanning measurements have

shown that plutonium causes power peaks higher than enriched uranium,

in proximity of the connectors of the spacer rod itself. The use of

the enriched-uranium spacer capture rod in a plutonium assembly appears

not to present inconveniences as to power distribution and its power

density seems to be more favourable than that of the same rod in a reload

fuel assembly.

3. Open Vessel experiments in the Garigliano Reactor during the shut-
down of 1968

To gather useful information on the main technical aspects as-

sociated with the introduction of plutonium in power reactors, exper-

iments were carried out in the Gairgliano reactor with prototype plu-

tonium assemblies* . The purpose of these experiments was to mea-

sure the criticality of different arrays of fuel assemblies, including

plutonium assemblies, and the power distribution inside uranium and

plutonium fuel assemblies. The results of these measurements were

used to verify the adequacy of the criteria followed in the design of the

prototype assemblies and to check the magnitude of technical difficulties

associated with the use of plutonium.

Since these experiments were performed on full-scale assem-

blies, they provide an integration of the experimental data previously

obtained on critical facilities. In particular, these experiments allow

an assessment of the accuracy of the calculations for the determination

of criticality conditions and power distribution in mixed lattices, as

well as the evaluation of the effects of water gaps and contiguity of plu-

tonium assemblies to enriched-uranium assemblies (power sharing).
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The experiments carried out, have already been described to

this panel together with a preliminary analysis of the results.

Therefore only a discussion on the main results obtained as well as the

comparison with the theoretical predictions will be presented here.

3.1 Experimental results

The experiments can be subdivided into two groups:
(a) Criticality experiments

(b) Measurement of the local power distribution through gamma-scan-

ning on slightly irradiated fuel rods removed from the assemblies.

The criticality experimente were performed in the reactor pres-

sure vessel starting from a critical configuration of all fresh enriched-

uranium fuel assemblies (2. 3% U-235) and subsequently replacing an ura-
nium assembly in different positions with a plutonium assembly so as to

progressively obtain five different configurations (Fig. 3).

The criterion of retaining the same geometry in all the critical

arrays permit any error in the evaluation of neutron leakage to be ap-

proximately the same, thus permitting sufficiently precise estimate of

the reactivity variations according to the type and location of the sub-

stituting fuel assembly.

It was possible to pass from one configuration to another with

the control rods at the same levels, so that the ¿5jK involved in a re-

placement has be assessed on the basis of the difference between the

related periods.

The K ,, value for the critical configuration formed by seven

enriched-uranium fuel assemblies and with all the control rods out was

estimated to be 1. 010910. 0050.

Table I shows the differences in K ,, values obtained from theeff
periods measured for the various configurations with the control rods

at the same level.
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TABLE I

C configuration

A B

II I

HI I

V I

III II

IV II

V II

V II

V II

v m
V III

V IV

V IV

AK=Ke££A"KeffB
pcin

246.1

229.7

189.4

-16.5

149.7

-41.2

-56.7

-46.3

-33.6

-40.2

-194.2

-190.9

±£
pcm

4.9
5.2

4,5

4.1

3.6

4.4

3.0

4.1

5.0

3.4

24.4

5.6

Control rod position
(notch)

F9 FIO ™™in~der

17 17 35

17 17 35

17 17 35

17 17 35

16 16 35

16 16 35

17 17 35

17 16 35

16 16 35

17 16 35
16 15 35
16 16 35

The power distribution measurements consisted in slightly ir-

radiating nine fuel assemblies in a small pile and in monitoring, by means

of the Nal-detector technique, the 1. 6-MeV gamma activity of the Ba-140/

La-140 chain on the individual rods after disassembly of three selected

fuel assemblies.
The La-140 gamma scan was preferred to the measurement of

the total fission product gamma activity because the correlation factor

between gamma activity and power can be calculated with fair approxima-

tion for different types of rods. Indeed, a few preliminary measurements

bf the total gamma activity, performed on short fuel segments previous

to the formation of the critical arrays, had indicated a substantial differ-

ence between the decay laws of the various types of rods.

Symmetry requirements led to the choice of a configuration of

nine fuel assemblies in a 3x3 array: four were enriched-uranium as-

semblies, four were mixed-type plutonium assemblies and the one in
the center was a standard-type plutonium assembly (Fig. 4).
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The four uranium assemblies and the central plutonium assembly

were housed in stainless steel rather than Zircaloy sheats, to limit the

excess reactivity of the assembly and thus the degree of control rod in-

sertion. The use of the stainless steel sheats lowered the K ..to 1.006.eff
Under these conditions it has been possible to obtain a sufficiently

flat radial power distribution at the level of interest without any distur-

bance from the control rod bank, almost fully withdrawn. The configuration

thus selected was characterized by a high degree of symmetry and by

the presence of all three types of assemblies in one octant. This per-

mitted the gamma scanning to be concentrated on the rods of an octant

and to disassemble only three assemblies. With the control rod bank

nearly all out (70 cm insertion, corresponding to ¿^K=0. 006), the 3x3

configuration reached criticality, thus confirming the theoretical prediction.

The nine-assembly array was irradiated at a neutron flux of about
9

10 nv for about one hour. These conditions represent a satisfactory com-

promise between the requirement of sufficient La-140 gamma activity for

the measurement, and the necessity of keeping the radiation level low

enough to permit rod handling without undue exposure of the personnel.

A set of specimens was placed near the boundary of the 3x3 configura-

tion in order to check the gamma activity decay laws; the use of speci-

mens was suggested by the requirement of reducing rod handling to a
minimum.

After a decay period of 14 days, three assemblies were decon-

taminated and transferred one at a time to the fresh fuel vault where

they were disassembled and gamma-scanned.

A total of 125 rods were scanned at two levels at the top of the

core in the uncontrolled region and at the bottom, in the fully controlled

region.

The measured La-140 counting rates were corrected for the

background and for the activity of the fuel rods before irradiation and

were all brought back to the reference time (14 days after irradiation)

by using the Ba-140/La-140 chain decay law obtained from periodical
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scanning of the three specimens over the whole duration of the experiment.

The resulting decay law is an exponential with a half-life of 12. ó days

versus the figure of 12. 8 days given in the literature.

The La-140 gamma activity thus obtained was converted into

power density by means of the conversion factors evaluated for each

rod on the basis of the macroscopic fission cups s-sections of the in-

dividual isotopes and the related fission yields. The cross-sections

were obtained with the calculation method used for the programming of

the experiment.

At the level not affected by the control rods, the 3x3 configura-

tion is characterized by a diagonal symmetry; in giving the experimental

distribution of the power density the data relating to each set of symmet-

rical positions were averaged. The values indicated in Fig. 5 are af-

fected by a standard deviation of ¿0. 7%, which includes the random

error, the error associated with the correction for decay and the error

due to engineering tolerances.
At the level influenced by the control rods, the gamma activity

of the fuel rods was very low because of the high depression in the neutron

flux caused by the control rod bank; consequently there was an appreciable

degree of uncertainty in these data. The values of the La-J40 gamma

activity compared to those of the total gamma activity showed systematic

discrepancy which appears to be mainly due to the uncertainty in the total

gamma activity data resulting from the strong component of the rod back-

ground.

As a result of carrying out the experiment on actual reactor fuel

and hardware rather than on ideal critical facilities, a number of interest-

ing fine-structure effects were observed. With regard to axial power

distribution, they included:

(a) The depression (>v 4%) noticed in all the fuel rods not adjacent to the

spacer capturing rod, due to the steel spacer grids (Fig. 6).
(b) Slightly pronounced peaks (<v 4%) (Fig. 6) present only in the rods ad-

jacent to the plutonium spacer-capturing rod; these peaks are caused
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by a thermal flux rise in the Zircaloy end connectors. The effect is

not visible in enriched uranium spacer-capturing rods where the

thermal flux increase in the end connectors is probably smaller and is

compensated by the absorption in the grids.

In the radial power distribution, the following was observed:

(c) The effect on rod power densities due to rod manufacturing tolerances.

This effect was evaluated by comparison of a significant number of

symmetrical rods. The value obtained (average: ±0. 5%) is net of the

standard deviation of the measurement.

(d) Strong effect of the neutron source on the power level of the corner

rod adjacent to the source (about a 15% local reduction) (Fig. 5).

(e) Power depression in the peripheral fuel rods closest to the aluminium

dummy assemblies (Fig. 5).

3. 2 Comparison between experimental and theoretical results

3. 2. 1 Calculation methods

The K , and power distribution of the critical assemblies waseff
estimated with the standard technique that ENEL uses, among the other,

for the design of plutonium elements. This technique is based on the

combination of the 5-group RIBOT^ ' and SQUKT codes already checked
(6)

by ENEL on experimental power distributions of other critical assemblies

A code, called BURSQUID, .prepared by ENEL consisting of a link of the

two above-mentioned codes, was used.

TheRIBOT code, developed by CNEN, performs a cell calcula-

tion for each type of fuel element rod, and provides 5-groups lattice con-

stants. For the bidimensional diffusion calculations, use is made of the

SQUID code which is characterized by a complete matrix of transfer

cross-sections. The BURSQUID code, characterized by the division of

the neutron thermal range 0^0, 625 eV in two groups with energy cut-off

of 0, 2 eV, permits a more accurate representation of the events affecting

the thermal component of the neutron spectrum, since it can take into

account the thermal spectrum changes near the water gap or near the
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contact areas between uranium and plutonium fuel rods, in addition, the

use of three non-thermal group permits a better evaluation of neutron

leakage. This is of special importance when the K ,, of small critical

assemblies is to be estimated.

The comparison was extended also to a more widespread calcula-

tion technique, such as the one based on the FORM and THERMOS codes.

Here againr the bidimensional diffusion code was SQUID used with three

neutron groups, of which only one was thermal (energy- cut-off at 5. 53 keV

and 0. 625 eV).

The lattice constants of materials not forming the fuel cells were

calculated with the GGC II. In the diffusion calculations, the control rods

were represented by special parameters, i.e. absorption cross-sections

for fast and epithermal energy groups, a,nd extrapolation lengths applied
to the external surface of the rod sheat for the thermal groups. These

data were calculated by means of the one-dimension transport code

DTK which was applied to a slab model utilizing a library with 18 energy

groups (four of which thermal) prepared by means of the GGC II code.

From the calculation with the DTK code, the control rod neutron

absorptions were obtained for the various energy groups. By employing

the same geometrical model used in the transport code, calculations

were repeated with the diffusion code SQUIDS in which guess values were

used as representative parameters of the control rods. By means of

iterative calculations it was possible to establish the values of the. para-

meters that used in the diffusion theory give the same neutron absorptions

as provided by the transport theory.

The calculations with the SQUID code were performed with three

and five neutron groups in order, to obtain the parameters to be employed

with the FORM-THERMOS-SQUID technique and with the BURSQUID code

respectively.

3.2, 2 Discussion of the theoretical-experimental comparison

Table II shows the K ,, values calculated for the various fueleff
element configurations and in the assumption of fully withdrawn control
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rods, together with the values derived from the experimental results.

Consistency with the experimental data appears to be satisfactory

for both calculation methods.

TABLE II

Configuration

I
II -III

IV
V

3x3

Experimental
K

eff

I. 01090+0. 00050
1.01328-1-0.00050
1. 014864-0. 00050
1.01280+0.00050
1.00560+0.00050

K from
eff

BURSQUID

1.00800
1. 01070
1.01375
1.0II30
1.00600

K from
eff

FORM-THERMOS-SOUID

1. 01560
-

1.02140
-

1.00900

A more stringent check is provided by the comparison of the

values arising from replacement of an enriched-uranium element

with a plutonium element in the all»uranium configuration (Table III).

TABLE III

AVm-i, "cm

AKIV_L Pcm

A^-tr T PCm

Experimental

238+9

388+10

191+7

¿±K from
BURSQUID

270

575

330

&K from
FORM-THERMOS

SQUID

-

580

-

$K firom revised
BURSQUID

210

445

267

This comparison evidences a tendency of the calculation

methods to overestimate the ^C resulting from the replacement of one

enriched-uranium assembly with a plutonium assembly. The ove -

estimate is less appreciable when the replacement is made in a corner

position of the configuration.

The fact that this tendency is common to both calculation

methods, notwithstanding the different number of neutron groups, might

indicate an overrating of the Pu-239 multiplication properties provided

by the code libraries.
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The calculation were repeated with,a reduced epithermal fis-

sion integral of Pu-239 of the R1BOT-5 library from 338 to 293 barns
(4)

according to a recent code revision . The related results shown in

the last column of Table III are in better agreement with the experimental

values.

Fig. 7 shows the percentag î deviation between the calculated

and experimental values of the power distributions for the level without

control rods.

The power density was calculated with a standard deviation

less than 2% more significant deviations being observed on the rods at the

border of fuel areas within each assembly having different characteristics.

The values obtained for the corner rods with the FORM-THERMOS-SQUID

three-groups technique show a systematic deviation in respect of the ex-

perimental data. This deviation cannot be found in the results obtained

with the first calculation method because of the adoption of the two thermal

groups.

At the level characterized by the presence of control rods, the

deviations between the theoretical and experimental values are greater,

as evidenced in Fig. 8.

From this figure it can be noted that the deviations are distributed

in a systematic pattern, the largest occurring in the fuel rods adjacent to

the control rods, with opposite signs on the two sides. This trend may be

due to off-center positiqning of the control rods, which is actually possible

also because of the 5-mm clearance between the control rod and the fuel

channel.

To confirm this assumption a theoretical evaluation of this ef-

fect was performed with the transport code DTK for a control rod in the

off-center position, that is, with one blade leaning completely on the side

of one qf the fuel assemblies.

On the fuel cells closest to the control rods, the effect determined

a variation of about+ 14% which is consistent with>the value deduced from

the deviation between theoretical and experimental values.

863



On the basis of the above considerations it seems that at the

time of the experiments, the control rods may have all been positioned

more or less eccentrically.

4. Gamma Scanning Measurements on the Garigliano Reactor Core
Containing Twelve Plutonium Prototype Assemblies

During the shutdown of the Garigliano reactor for refueling of

June 1970, a number of fuel assemblies sufficiently representative of

the core was subjected to gamma scanning in order to determine, among

the other, the actual operating conditions of the plutonium assemblies

in the last month of operation before shutdown, and compare them with

the design predictions . In particular, the power distribution through

the core was determined by detecting the La-140 gamma activity from 52

fuel assemblies by means of the very-high-resolution solid-state technique

(Ge-Li detector), which proved to have greater flexibility in respect to other

techniques for measurements to be carried out during plant shutdowns,

This technique was used in the Garigliano plant by placing all the

measuring instrumentation outside the fuel pool in order to avoid or

minimize interferences with refueling operations. To this end, a circular

hole was bored in the south wall of the fuel pool at about 2 m above the fuel

racks in which irradiated assemblies are stored. This permits the measur-

ing equipment to be located outside the pool on a platform, while only the

equipment to move the fuel assembly in front of the collimator is located

in the pool. This arrangement permitted also the elimination of the gamma

background effect due to the irradiated assemblies in the pool. Fig. 9

shows the equipment lay-out.

In the hole, which extended to the external surface of the pool

liner, a stainless steel blind pipe was inserted, anchored to the pool wall

and sealed. A first collimating system was placed in the pipe, consisting

of two cylindrical lead blocks that were rigidly held together by means of

stainless steel clamps. During the measurements a second collimator

was placed between the pipe and the detector.
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The detector was constituted of a Ge-Li crystal of an active
3

volume ,of 30 cm , equipped with a Dewar cryostat for temperature con-

trol; the instrumentation was calibrated by means of standard sources of
about 10 microcuries each.

, . The fuel assembly handling and positioning equipment was con-

stituted of a guide sliding on rails to move the assembly in the vertical

direction, ahd a motor-ope rated chain drive. The guide supports the

assembly also during its rotation around the main axis and during hori-
zontal movement.

4.1 Experimental Results

In preparing the power distribution.measurement, program,

the following conditions were borne in mind:

(i) :the time available for the gamma scans was obviously limited;

(ii) the core region to-be scanned was tb be sufficiently large to

provide meaningful experimental data for comparison with the

calculated values;

(iii) . -the region was to be located so as to include control-rod-affected

. fuel assemblies, all-plutonium and composite type assemblies

and groups of four assemblies with and without plutonium as-

semblies centered in respect of the positions of the normal in-

core flux monitors;

(iv) .the measurements were to be supplemented with a sufficient

. . number of gamma scans on assemblies in symmetrical posi-

tions in the core.

The simultaneous determination of the power distribution by

means of gamma scanning of the four assemblies referred to in (iii)

aboye and by means of flux wire readings permits a comparison of the

experimental values .of the neutron flux at the position of thef in-core

monitor with the theoretical values. : •: '

The additional gamma scans mentioned in item (iv) are re-

quired to ..check-the true symmetry of the core and to determine the
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difference between the power generated by the all-plutonium and

composite type assemblies. On the basis of the conditions listed

above, it was decided that gamma scanning should be performed on

fifty-two assemblies placed in the positions shown in Fig. 10.

The actual measurements were preceded by the preliminary

tests in conditions as close as possible to the actual working condi-

tions with an aim at obtaining an advance indication of the difficulties

that could be encountered in the measurements and to have a reliable

check of the accuracy of the measurements to prevent an undetected er-

ror on all the experimental data, thus impairing the significance of the

program.

The La-140 gamma activity was scanned at several elevations

and from the four corners of the assembly at each elevation. This pro-

cedure was preferred to continuous scanning along the assembly length,

as experience had indicated that scanning at an adequate number of eleva-

tions (eight for the Garigliano fuel assemblies) can give the assembly

power with better accuracy.

For the sixteen assemblies adjacent to the in-core monitors

for which a better knowledge of the axial distribution was desired, the

number of elevations at which the measurements were to be performed

was raised to twelve. These elevations were selected so that they would

be sufficiently far from the spacer grids to avoid the depressions pro-

duced by the grids in the power distribution. The magnitude of these

depressions referred to the total assembly power was subsequently as-

sessed by means of very fine axial scans (every centimeter) on an as-

sembly of the first-core load and one of the first reload.

The 1. 6-Mev gamma activity of La-140 was obtained by integrat-

ing the area of the corresponding peak, as supplied by the multi-channel

analyzer corrected for the background and for the Compton effect; other

corrections were made later to allow for the instrumentation dead times

and La-140 decay. The relevant values of each elevation of the assembly

were summed and converted to power by means of a factor that took into
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account the different concentrations of fissile isotopes, the respective

yields and the reciprocal shielding effect of the rods; the latter correction

(shielding effect) was very important because the scanned assemblies dif-

fered in enrichment» number of rods, fissile material, and burnup. .From

the power values relating to the various elevations, the overall assembly

power was derived. The macroscopic radial power distribution wa.s. .ob-

tained by normalizing the fifty-two experimental values to the correspond-

ing calculated value.

4. 2 Comparison between experimental and theoretical results
The consistency of the K values of this second experiment also- •

appears to be very satisfactory. The macroscopic radial power distribu-
(5)tion was obtained with the ERFLARE (ENEL revised FLARE code) cal-

culations that are regularly carried out to xxpdate the burnup reached by

each fuel assembly for fuel accounting purposes. This consistency con-

firms the validity of the theoretical evaluation of the K -ver sus -burnup

curve, and in particular the predictions of the fuel cycle length.
i >

The comparison between the predicted radial power distribution

at the end of Cycle 2 and the corresponding experimental values is shown

in Fig. 11.

The mean square deviation is HK2. 5%, value that is on the same

order of magnitude resulting from the evaluation of the other gamma

scanning experiments carried out on the Garigliano core. Table IV sum-

marizes the data relating to the different gamma scanning experiments

performed by ENEL since the beginning of Garigliano operation.
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TABLE IV

Comparison between theoretical and gamma-scanning data

Core irradiation
(MWd/MTU)

70

4920

3315

12020

Fuel cycle

1A

1A

IB

2

Calculated K „eff
0. 9956
0. 9921
0. 9970
0. 9945

Power distribu-
tion ff (%)

¿2.41
11.93
¿5.02

+2.50
In the gamma scanning at the end of Cycle 2 no particular bias

was noticed in the evaluation of the power of the plutonium assemblies.

5. Operating Experience with Prototype Plutonium Assemblies

The presence of prototype plutonium assemblies in the Gari-

gliano plant required a check of the activity due to these prototypes and

to adopt adequate precautions in handling them in order to prevent or to
limit the consequences of a spread of plutonium material, should an
assembly be dropped accidentally.

The results of the radiometría surveys, a description of the

precautions taken in handling the plutonium assemblies the main infor-

mation on the operation of the Garigliano core, and the performance of

the twelve plutonium assemblies loaded in the Garigliano core at the

beginning of Cycle 2, are briefly summarized.

5.1 Health Physics Aspects Associated with Prototype Handling
The handling of the prototype plutonium assemblies did not give

rise to any particular radiological problems. In fact, the average pluto-
nium concentration was less than 2%, of which only about 1% was Pu-241.
The radiological hazard of plutonium fuel comes mainly from the neutrons

emitted in spontaneous fissions and (d , n) reactions with the oxygen in

the pellets, and from gamma rays emitted by Am-241.
The neutron and gamma dose rates were measured on newly

fabricated prototype plutonium assemblies in different positions and the

results are given in Tables V and VI.
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TABLE V
Neutron. Dose Rate, mrem/hr

Distance
from assembly

(cm)
12, 5 (instrument con-
tacting assemblé

100

Mid-height of
assembly

(150 cm)

3

0.4

50 cm from an
assembly end

2

0.4

TABLE VI

Gamma Dose Rate, mrem/hr

Distance
from assembly

(cm)

5 (instrument con-
tacting assembly)

100

Mid -height of
assembly
(150 cm)

6

< 0.5

50 cm from an
an assembly end

6

4 0.5

The handling procedures called for checks for alpha, beta and

gamma surface contamination, and measurements of airborne contami-

nation. -Surface contamination was monitored by alpha and gamma count-

ing on swabs taken.on the external rows of fuel rods, whilst the airborne

activity was monitored by alpha and gamma counting of paper filters

used for the.'continuous and intermittent sampling of the air in the fuel

vault. During fuel handling, thanks to the strict fabrication specifica-

tions, no.alpha contamination due to plutonium was detected.

The greatest radiological hazard in handling the prototype pluto-

nium assemblies would be accidental dropping or violent impact of an

assembly such as would cause escape of the oxide fuel. In addition to

the strict instructions issued to the personnel handling these assemblies,

several precautions were taken during the operations, consisting mainly

in keeping the assemblies wrapped in plastic bags until they were loaded
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into the reactor. At any rate, the station staff was equipped with suitable

portable instruments for emergency action.

5. 2 Information on Core Operation

Since it was first placed on line in May 1964, the 160-MWe Ga-
9

rigliano nuclear power station has generated 6. 9x10 kWh as of 1 June

1971. The core is composed of 208 fuel assemblies for a total of 50 tonnes

of fuel; during the present Cycle 3, which begun in September 1970, in

the core there are 84 fuel assemblies of the initial load and 124 reload

assemblies, 14 of which are plutonium assemblies. The average and

peak irradiation of the prototype plutonium assemblies of the first set

were 10, 000 and about 10. 500 MWd/MTM respectively.

The assemblies of the first load, 9x9 lattice, have a design

peak heat flux in overpower of 99 W/cm (315, 000 BTU/hr-ft2) that is

12. 8 kW/ft whilst the reload fuel assemblies, 8x8 lattice, have a design
2 2

peak heat flux in overpower of 133 W/cm (420, 000 BTU/hr-ft ), that is

18.9 kW/ft.

The maximum values actually experienced in Cycle 2 at rated

power were around 7. 2 kW/ft for the 9x9 initial load fuel assemblies

and 10.4 kW/ft for the 8x8 reload fuel assemblies.

The maximum estimated linear- power density for the plutonium

prototypes was approximately the same as indicated for the normal

reload 8x8 assemblies.

The operating cycle ending June 13, 1970, was one of the longest

ever reached with boiling water reactors. The duration of this cycle

was equivalent to about 17 months of operation with a 90% plant capacity

factor.

The core operating conditions were analyzed periodically by

means of follow-up calculations with ERFLARE code; the value of K

obtained in all these calculations was systematically less than unity.

The deviation, albeit relatively small (<0. 006 /\ K) was practically

constant throughout the irradiation cycle. These calculations thus con-
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firm the validity of the method adopted to evaluate core reactivity-

depletion.

From the operational standpoint it is useful to point out that

during Cycle 2 generator tripping at full power generally scrammed the

reactor, by contrast with the experience in Cycle 1 when this very

rarely happened. Undoubtedly, the increased void coefficient associated

with a higher plutonium content in the core contributed to this situation;

the higher plutonium content is mainly due to higher fuel burnup and, to

a smaller extent, to the presence of the twelve prototype plutonium assem-

blies. It should also be noted that the void coefficient decreases between
the beginning and the end of the cycle as a result of the gradual with-

drawal of the control rods, and consequently the phenomenon was felt

more at the beginning of the cycle. At any rate, studies are under way

to take provisions to eliminate the incovenience.

Besides, during Cycle 2, the off-gas activity increased slowly

and constantly. The rate of increase averaged about 4, 000 microcuries/

sec per month, and before shutdown the off-gas activity reached a ceil-

ing of 35, 000-40, 000 microcuries/sec. From the examination of the

type of activity of these gasès, a slow change was noted from a "slow

diffusion" mixture (denoting leakage of fission products from, small cracks)

to a "recoil" mixture (denoting the pre sence of exposed uranium). After plant

shutdown, a sipping analysis of all the fuel assemblies was performed in the

reactor pressure vessel. This analysis showed a certain number of suspect fuel

assemblies in the initial load and reload. The sipping analysis was repeated in

the pool on all suspect assemblies and on a. certain number of assemblies con-

sidered unfailed; this analysis confirmed the previous .resuits.

The sipping signal for all the prototype plutonium assemblies

was well within the average value for the whole core; some of the pluto-

nium assemblies showed the lowest activities measured, thus confirming

the high degree of integrity of these assemblies after one cycle of opera-

tion. This integrity was also confirmed by the TV examination performed

on some of the plutonium assemblies and by the bore scope examination
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of a few pins of an assembly that was disassembled,for research pur-

poses.

6. Conclusion

As a general conclusion on the period of operation of the mixed

core in Garigliano reactor it can be said that no adverse effect of any

kind due to the presence of plutonium assemblies was noted, and in par-

ticular that both the macroscopic and the local power distributions were

very close to the expectations.

It can also be stated that the calculation techniques employed

for the mixed-core design have given satisfactory results when com-

pared to experimental measurements both for unirradiated fuel and for

irradiation in the order of 10, 000 MWd/MTM.

Although not checked at high burn-ups, it is reasonable to ex-

pect that adequacy of the techniques employed will be demonstrated

also with experimental results which will be gradually available from

the operation of the sixteen prototypes.
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o Rods containing 2.85 w/o of fissile plutonium

Rods containing 1. 40 w/o of fissile plutonium

Rods containing 0.74 w/o of fissile plutonium

Average fissile plutonium content : 1,827»

Fig. 1 DISTRIBUTION OF PLUTONIUM CONTENT IN THE "ALL-
PLUTONIUM-TYPE" PROTOTYPE ASSEMBLY
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O UO -PuO rods containing natural uranium and 2.89% of ft»»iie plutonium
** &

UO -PuO rode containing natural uranium and 1.80% of fissile plutoniumz z
V^y UO rods enriched to 2.41% 1» U-235

UO, rods enriched to 1 ,83% ia U-235

Fig. 2 DISTRIBUTION OF ROD ENRICHMENTS IN THE "COMPOSITE-
TYPE" PLUTONIUM PROTOTYPE ASSEMBLY
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Abstract

The advantages of using plutonium as an alternate fissile
source and of iîsprovinrç thé exploitation of the source material
are incentives to the recycling of plutonium in thermal reactors,
particularly in view of the large quantities of pintonium that
will become available in the aear future*

Thereforej in Italy the Government Agencies for Power Genera-
tion» ËNEL, and for Nuclear Research, CNEN, started substantial
and complementary programs to study the recycling of plintormim in
thermal reactors»

Tn 1966, ENEL, in cooperation with EÎJMTOM, launched a compre-
hensive research program to demonstrate the technical and practi-
cal feasibility of recycling plutonium in thermal reactors by means
of (U, Pu}0 fuel assemblies* The assemblies were manufactured to
standard fabrication techniques and were loaded in the Garigliano
MR reactor to test their performance under actual operating con-
ditions* The operational experience so far has proved quite satis-
factory. Moreover the results of oriticality experiments, of sanana
scanning and of other tests were instrumental in bettering the
validity of the design calculations»

In the same year, ONEN launched the Plutonium Program aimed at
acquiring know-how in the design and manufacture of ceramic-grade
plutonium fuel» To this purpose a plutonium laboratory was built
at Casaccia, nearby Rome* It is capable of producing pelletized or
vibrocompacted (U? Pu)0 fuel at a pilot plant capacity of about
80 Kg, of ceramic material per day (in one shift)s corresponding to
20 Tons per year» As part of the development work, an extensive se-
ries of irradiation experiments on plutonium fuel were performed
in both research and power reactors»

RfeigjUMB

Les avantages qu'offre l'emploi du plutonium comme produit
fissile de substitution permettant d'améliorer l'exploitation des
ressources d'uranium justifient l'intérêt suscité par son
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recyclage dans les réacteurs thermiques, surtout si l'on tient
compte du fait que de grandes quantités de plutonium seront dispo-
nibles dans un proche avenir»

I.-es organismes nationaux italiens de l'électricité (1HTSL)
et des études nucléaires (CîîEïî) ont donc établi d'importants
programmes complémentaires relatifs à 1* étude approfondie du
recyclage du plutonium dans les réacteurs thermiques.

En 1966, 1'EHSL a entrepris, en coopération avec SUBATOM,
l'exécution d'un vaste programme d'études visant à démontrer la
possibilité technique et pratique de recycler le plutonium dans
les réacteurs thermiques au moyen d'assemblages combustibles
de UO_-PuO_. Les assemblages, fabriqués selon les techniques
courantes, ont été chargés dans le réacteur à eau bouillante du
Garigliano pour éprouver leur tenue dans les conditions de
fonctionnement réelles»

De son côté, le CHEF a entrepris aussi en 1966 1'exécution
d'un programme sur le plutonium dont 1'objectif était d'acquérir
le savoir—faire indispensable pour étudier et fabriquer un combus-
tible céramique au plutonium. Un laboratoire du plutonium fut
construit à Gasaooia, près de Rome» II est capable de produire
du combustible U0_—Pu02 sous forme de pastilles ou vibrooompacté,

à l'échelle pilote, à la cadence d'environ 80 kg de produit
céramique par jour (en une équipe), ce qui correspond à
vingt tonnes par an. Enfin, dans le cadre des réalisations,
une longue série d'expériences d'irradiation du combustible
au plutonium ont été faites à la fois dans des réacteurs de
recherche et des réacteurs de puissance.

1 « Introduction

The advantages of the use of plutonium as a fission-
able material to replace enriched uranium in thermal re~

C «ï

Réf. 1, 2, 3]s diversification of the
«&

energy sources, lightening of the burden on the balance of
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payments, a more extensive ana efficient utilization of the
resources at present available, etc» This is particularly
true in the case of Italy, considering the substantial quan-
tities of plutonium that will become available in the near
future. In a farther future, instead, the advenr of fast re-
actors will make the use of plutonium more attractive in them
than in thermal reactors, provided however that proof will
be on hand of the competitiveness and industrial maturity of
fast reactors»

Under the present circumstances, therefore, it appears
logical that in Italy the State Agencies responsible for e~
lectric power generation (ENEL) and for nuclear research
(CNËN) should have undertaken extensive and mutually comple-»
mentary programs concerned with investigating and developing
in this country the recycling of plutonium in the thermal re-
actors already installed or to be installed in the near futurei

2. ENBL*s Activities on Plutonium Recycling
Réf. [1, 2, 3 and 4]

Further to a comprehensive analysis of the various
ways of using the plutonium produced in Italy's nuclear power
plants, ENEL initiated, in cooperation with Euratom, a "De-
monstration Program on Plutonium Recycling" in thermal re-
actors»

This program was carried out according to a scheme
of eight different tasks:

a) evaluation of plutonium fuel cycles for the
existing water reactors;
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b) development of a calculation method for pluto-
nium lattices;

c) minimum critical load with plutonium prototype
elements;

d) isotope composition measurements on irradiated
uranium fuel;

e) plutonium-prototype-element gamma-scanning;
f) detailed study of plutonium fuel cycles;
g) reactor safety analysis: plant behavior during

operating transients and accidents;
.h) conceptúa,! mechanical design of the fuel element

and technical specifications for the fuel procure-
ment»

The activities (tasks a through h) have so far been
developing and are noy being developed and continued with
complete regularity.

Between the two available reactors, the Garigliano
BWR and the Trino PWR, the former was chosen (task a) for a
number of reasons, the most important being the wider design
margin allowed.

In designing the (U, Pu)0 fuel assemblies, it was
decided to keep the same lattice and the same reactivity
life and to contain the local power peaks within the same li-
mits as the standard uranium fuel assemblies.

Two types of fuel assemblies were chosen: one with
all rods containing mixed uranium-plutonium oxides (mostly
pelletized) and one with rods of this type in the center and
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énriched-uranium rods around them; both kinds of fuel assemblies
were of the standard type used in the Garigliano BWR»

In the Summer of 1968 open-vessel reactivity measure-
ment tests «tter v̂ rried out (task c), essentially for the
purpose of verifying th'e adequacy of calculation methods and
criteria for nuclear design and the fuel rods were gamma-
scanned (task e) after being irradiated for one hour at 109
nvt for local power distribution tests. The results of these
tests have shown that the theory-practice deviation was 0,5
per cent for reactivity measurements, while for power distri-
bution measurements the standard deviation between theore-
tical and experimental data was.le«>s than 2 per cent.

In the Summer of 1970 gamma-scanning measurements
were performed (task e) on many fuel assemblies, including a
number of (U, **u)02 assemblies.

Provisions were made with Euratom* s Transuranics
Institute at Karlsruhe for t&e performance (task d) of
suitable chemical and isotopic analyses on some rods from a
standard enriched-uranium assembly irradiated up to 10 ,000
MWD/îfïM, for the purpose of verifying the methods (task b)
for calculating the plutonium build-up and the changes in the
isotopic composition of thé fuel, which had been used in de¿-
signing-the cores i containing {U, Pu)0 fuel assemblies»

G*

One of the enclosed papers, by A. Ariemma, M. Paolet-»
ti-Qualandi .and B. 2affiro, describes this verification j showi-
ing that rather Ŝ&nftwic predictions are possible*

Another enclosed paper, by A. Ariemraa, U. Belel-
U»- P« Paoletti, I¿. Sani and B. ,2affiro, reviews, the
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results so far obtained from the Gàrigliano BWR Demonstra
tion Program and stresses certain aspects that should
be taken into proper consideration in order to accurate-
ly predict the behavior of the (T-, Pu)0 fuel.
After the insertion o£ sixteen mixed uranium-plutonium oxide
fuel assemblies, some of which reached about 10,000 MWD/MTM
and some others 3,OOO MWD/MTM, the contribution of pluto-
nium to the total thermal output of the Gàrigliano
BWR core amounted to about 10 per cent.

The question of a possible industrial utiliza-
tion of plutonium in thermal reactors which may follow
the Plutonium Recycling Demonstration Program at
other I. *f R *s, requires obviously further study and
depends upon -both real economic profitability ( chief-
ly depending txpon: the costs' of fabricating plutonium
fuel ) and possible future requirements for the deve-
lopment of fast reactors.

3« CNEN*s Activities on Plutonium Recycling {Ref 5» 6J

CNEN's l-î anlum Program was aimed essentially at two
objectives: ( 1 ) acquiring as soon as possible the human
skills and the equipment required to handle plutonium,
and ( ii ) acquiring .plutonium fuel design know-how by
carrying out different sets of experiments, in and out
of reactors, with particular regard to the use in
thermal reactors*

3*1- The Plutonium Laboratory at the Casaccia Center

To achieve the first objective, GNBN made in 1966 an
immediate start on the designing (conceptual by Belgo-nucléaire
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and detailed by SORIK) and construction of a Plutonium Labo-
ratory measuring approx» 2,400 sq.m, of which about 1,400
sq.m of alpha laboratories» for use in testing and experi~
meriting with the technologies of plutonium-bearing ceramic
materials» During this period* in order both to immediately
train a first group of specialists and start experiments on
sol-gel technologies in the presence of plutonium, CNEN
leased a small laboratory at Mol, Belgium» In the summer of
1968, when the new Laboratory at the Casaccia Center near
Rome was ready* all activities were moved down to Italy»
where the first batch of plutonium was inserted into a glove-
box in November 1968»

To this date, the Laboratory has treated almost one
quarter ton of (U, P11)0̂  material, using the plutonium pur-
chased from ENEL and generated at the Latina gas reactor

íplant. While in ari initial stage the capacity of the Labora-
tory was typical of a small pilot plant and widely varying
from 1 to 10 kg/day (one shift), it is now being raised to
approx. 80 kg/day (one shift), or approx. 20 tons/year, i.e.
the typical u^ q̂i-ty of a big pilot plant capable of supply-
ing all information required f/=>r the construction of such a
future production plant as may become necessary in Italy.
The total cost of the Laboratory was around $ 2 million, on
plants and special equipment and about $ 500,000 on civil
works and conventional plants.

Different types of technologies are investigated and
tested at the Laboratory : pallatizing, vibrational compact-
ing of powders (but above all microspheres), almost always of
mixed uranium-plutonium oxides, with some scouting activi-
ties in the field of mixed uranium-plutonium carbides. The
plant covers the full range of plutonium-based fuel techno-
logy: from the chemical form in which plutonium leaves the
reprocessing plant (nitric solution, oxide or metal) to the
full-scale finished and assembled fuel element. The work,
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of course, includes all analyses or controls required on
both the products entering and leaving the Laboratory and
the intermediate processing products •

As regards the activities so far conducted by the Labo-
ratory, three papers are enclosed: (i) a first paper, by
G. Cogliati and A. Facchini, on the pilot plants for the
production and vibrational compacting of microspheres , de-
•scribes the extensive work done in cooperation with AGIP-
Nucleàre of the BNI Group for the development of certain
original Italian methods; (ii) another paper, by V. Di
Stefano, V. Lupparelli and G. Valeriani, reviews the pro-
gress made in the field of conventional techniques for the
pelletizing of plutoniúm-bearing fuel for use in thermal
reactors, concentrating in particular on the research de-
signed to yield homogeneous and acceptable products by
mechanical-mixing technologies; (iii) finally, a paper by
G. Possati, R. Lanz and A, Recrosio, discusses again the
pelletizing technology, but from a different angle, that of
material contro.ts*' and characterization.

3.2 - The Fuel-Design Know-How
Towards the achievement of thé second objective of the

Program, a substantial activity was started on calculation
methods, developing such codes as: (i) RIBOT, EuCLIDE,
TÁLETE, §nd HBA1* for fuel-rod calculations; (ii) DEMOCRITO,
ARGHIMEDBj LEUCIPPO and OLYMPIA for coolant analysis; (iii)
VIBRA, CRISTINA,. DüMOSj RGHT for the mechanical calculation

the fuel assembly; and (iv) BURNY and BOLERO for the core
analysis.The calculation activity was supplemented and verified
by three substantial series of experiments, in and out of
reactors and physics experiments, which confirmed the vali-
dity and reliability of the codes adopted,

The cost of the complex of all these activities of
calculation and of in-reactor and out-of-reactor experiments
since 1966 has amounted to a total of around $ 6 million.
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3.2.1 - In-ï
Numerous experiments, of progressively increasing dif-

ficulty, have been conducted on capsules, pins, bundles and
prototypical assemblies. The tests on single and multiple
pins were carried out in the Italian RS-1 Reactor at Salug-
gia, in the Swedish R-2 reactor at Studsvik and in the Nor-
wegian HBV/R at Halden. Tests on prototypical elements are
in progress at the Swedish Agesta reactor and at the German
Kahl i^actor. The enclosed paper by A» Bizzarro, A. Calnabini,
et al* reviews the present state and main results of these
irradiation experiments»
3.2.2. - Out-of-Heactor Experiments

•*>*•Several •ê er»in>e.n$:al tests have been conducted, with
coolant both in sinfle phase and double phase and under
conditions both isothermal and adiabatic, and with heat
delivered to the rocs. The tests veré carried out in the
following loops: CBI-B at the Casaccia, IETI-3 at Piacenza,
Karraen and Frigg in Sweden, Grosswehlzeim in Germany and
others• A progress report is contained in the enclosed paper by
<-A. Bizzaro, O.P. Cali, P.L. Cenetti et al.'disoussing in particular
the coolant load losses induced by the various components
of the assembly, the vibrational modes induced by the cool-
ant on -both rods sad Caadles, tha rrdxing o£ coolant between
sub-channels, etc*
3»2»3» - Physics Experiments

The Reactor Physcis Laboratory at the Casaccia Center
concerned itself with the plutonium neutronic design, in
cooperation with the Battelle Nortwest Laboratory, under
the U.S. - Italy bilateral agreement. The cooperative pro-
gram included:

i) a follow-up at Argonne on the performance of the
BBV7R plutonium core, followed by post-irradiation
measurements at Hanford;
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ii) a series of criticality, power distribution and Con-
trol rod worth measurements in the Hanford PORT
reactor, particularly for the investigation of Hf
control rods;

ill) a series of power distribution, spectral index and
reactivity measurements, with and without water
gap and with Gd-poisoned fuel cladding tubes,
shrouds and control rods in the RITMO reactor at
ttóe' cr-̂ ejcia Center, on mixed-oxide fuel rods sup-
plied by thê UsAEfr» Mos£ of theso* '.results proved
useful in planning the experiments at the Garigiiano
reactor, in which CNBN personnel also participated»
The enclosed paper by P. Pistella reviews the work
done in this area.

4. CONCLUSIONS
As we have seen* in .Italy the preparatory activities

towards the recycling of plutonium in thermal reactors, al-
ready installed or soon to be installed, are well under way
and can provide an excellent basis for the evaluation of the
real economic advantages of this recycling on sen. industrial
scale in the near future.
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Status report on the thermal neutron data
of the main Pu-isotopes and their fission-products

E.B. Lemmel
IAEA lu clear Data Section

ABgBACT

The paper gives a review of the present knowledge of the thermal
neutron cross-sections and fission parameters of Pu-239 a»d Pu-241,
of the thermal capture cross-sections of Pu-240 and Pu-242, and
of the yields and thermal capture cross-sections of the main fission
products following thermal fission of Pu-239 and Pu-241. Recent
evaluated and experimental data are presented and their discrepancies
discussed.

1. Introduction

The 1968 panel on Plutonium utilization /~Ba68_J7 agreed "that the
precision of the knowledge of the cross-section values for the
plutonium isotopej historically has been inferior to that of the
uranium isotope^ and stated severe discrepancies in the few
existing thermal data of Pu-239?240,241$242- The panel recommended
that "the Agency should continue its effort on the derivation of
best estimates of the values of the 2200 m/s constants of Pu~239
and Pu-241. The evaluation should be expanded to include the energy
variation of the cross-section".

In response to this recommendation, the present paper gives a
survey on the present status of knowledge of the thermal neutron
data of the main plutonium isotopes and their fission products.
Before doing so, a brief introduction to the work and services of
the IAEA Nuclear Data Section shall be given.
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In a worldwide activity of neutron data compilation, the IAEA
Nuclear Data Section shares the responsibility of data collection
and dissemination with three other centres. These centres and their
distribution of labour are as follows:

- The National Neutron Cross Section Centre (NNCSC) at the
Brookhaven National Laboratory (üpton, N.Y. 11973, USA)
services the USA and Canada, supplemented by the USAEC
Division of Technical Information Extension (P.O. Box 62
Oak Ridge, Tenn. 37830, USA) for the US CINDA operations}

- The ENEA Neutron Data Compilation Centre (NDCC) at Saclay
(B.P. 9, F-91 Cif-sur-Yvette, France) services countries
in Western Europe and Japan5

.. The USSB Gentr po Jaderny» Dannym (F.B.I., Obninsk,
Kaluzhskoj Oblast) services the TJSStj

~ The IAEA Nuclear Bata Section (Kftrtnerring 11, A-1010
Vienna) services all other countries in Eastern Europe,
Asia, Africa, South and Central America, Australia and
New Zealand»

Each of these centres compiles the neutron data originating from
its service area, exchanges them with the other centres by means
of a commonly operated computerised exchange-system **BXFORM and,
upon request, makes them available to scientists in its service
area. Besides the experimental neutron data exchanged through
5X901, evaluated neutron data are also available on request* The
most important evaluated neutron data libraries aré

- ENDF/B {bra ?o] , the US Evaluated Neutron Data File
maintained by the NNCSC. This library is not yet available
in countries outside the OECD.

- UK NDL {Par 63), the Nuclear Data Library maintained by the
British Atomic Energy Authority.

- KEDAK JHi 7l}> the evaluated data library for fast reactor
materials maintained by the Kemforschungszentrum Karlsruhe.
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These evaluated data libraries are specially designed for input to
reactor calculations} their limitation is that there is often a delay
of several years until new and more accurate experimental data are
evaluated and incorporated in the libraries* To bridge this informa tioi
gap between data users and data producers is the important function of
data centers and the various nuclear-data committees* This function is
twofold» to promote the use of recently measured data, and to inform
experimenters what data needs exist.
The four centers mentioned above publish, jointly or individually, the
following periodical publications»

- CINDA, the well known international bibliography to the
literature on microscopic neutron data ¿CINDA 7l| j

- the NNCSC Newsletters, and the NN CSC atlases of Neutron
Cross-Sections {BHL-325J and Angular Distributions (BNL-400JÎ

- the NBCC Newsletters containing data indexes for experimental
data tcCDN-NW/ll] and evaluated data JCCDN-NW/12̂  j

- the Catalogue of Numerical Neutron Data available from the
IAEA Nuclear Data Section fciNDU-9] j

- the Bulletins of the Centr po Jadernym Dannym (CJD-6]}
- .RENDA, a compilation of requests for neutron data measure-

ments (BMDA 70), JINDC(NDS)-20] . These measurement request .
lists serve the purpose of stimulating new and sufficiently
precise determinations of data that are insufficiently known
for reactor projects and other applications»

In addition to the compilation of neutron data, the IAEA Nuclear Data
Section performs evaluations of neutron data in some fields of special
interest, including four evaluations covering plutonium-isotopes:

1* An evaluation of the 22oom/s constants of U-233» U-235, Pu-239,
Pu-24f -and v» of Cf-252. This was first published in 1965
/Síes 657 a»* revised in 1969 &* 6$J '.

2. Energy dependent 9 -values of Pu-239» Pu-240, Pu-241 and other
fissile isotopes /Con 70/.

3» The Pu-239: capture- to-f i ssion cross-section ratio o((E) in the
keV energy range $on 71?» The resulting recommended values
have confidence limits of the order of ¿ 10 to 15 $.
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4. The Pli-239 fission cross-section and its ratio to the IT-235
fission cross-section in the energy range above l.keV ¿By TlJ»

The conclusions of the first mentioned evaluation are reported below,
as far as the plutonium isotopes are concerned. The latter three
evaluations cover the keV and MeV ene ?gy range and are therefore only
of marginal interest to this panel*

In the following a review of existing evaluated data is given for the
thermal energy range of Pu-239, 240, 241, 242 and for the main fission
products. The listed evaluated data are supplemented by some most
recent experimental data which were published after the last evaluation»

Unfortunately, some unpublished data of the EHDP/B-2 library, which
ha<? jeen updated and thoroughly tested in 1970, were not available for
this compilation, due to the restrictions imposed on the distribution
of this library.

The present compilation is based on CINDA JCIBDA 7ÍJ and data retrievals
from the four data centres. Information on evaluated data files was
obtained from S.TTalente (OCC), S.Pearlstein (HNCSC) and J.S.Story, who
computed some integral data from the UK library. The present paper
includes also up-to-date and still unpublished evaluations on fission-
product nuclides by J.Cook [Co ?l) and W.H.Walker («a ?l] • The fast
cooperation of all of them, and in particular the release of most
recent data before publica-ion, is gratefuMy acknowledged.

2g__fa» thermal deta cjf l*u-2:9 and

Most of the ezperijseatai nouti-ca fate. of Pu-2i9 and Pa-241 have
been measured relative to Ü-235 B-233 and, in the case of the
number v of fission neutrons . relative to Cf-252. Therefore,
these five isotopes most be evaluated simultaneously. Such ana
evaluation has been performed durit g the years 1968-69 by Hanna,
Westcott et al /jpi 6g7. The author* and some additional consultants
formed an international group of experts, which was convened by
the IAEA Suelear Sata Section, ïhe existing experimental data were
fed into a lesst-squares fitting program with 21 independent
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TABLE lî Thermal data of Pu-239
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TABLE 2: Thermal data of Pu-24I
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parameters and many mere dependant parameters to be fitted* Bach
experimental value was weighted by means of its experimental
uncertainty.* However, tae errors quoted by the authors «ere carefully
re-assessea to up-to-date knowledge of experimental theory, and
error-correlations between input data were analysed and allowed
for» The input included experimental data measured either with
monochromatic 2200 m/s neutrons («*) or in a Maxwellian neutron
spectrum («r) after correcting for aon-Maxwellian parts of the
spectrum. The g-factors (g » £/<?*) were also included in the
fit* The results are shown for Pu,239 *» table 1 and for Pu-241
in table 2» in the first column. These are the presently re-
commended values.

The accuracy» which has been requested for these data
fRBHDA 70| for reactor applications is 0.5$ in the case of Pu-239
and 1% in the case of Pu-241 (compare the second column in tables
1 and 2). It seems that the presently recommended values meet
these accuracy requirements, except for the capture cross-sections
which are less accurately known. However, it must be noted that
the given errors are meant as standard deviations and not as
confidence limits. The accuracy of the presently recommended
values is limited by a few severe discrepancies which showed up in
thé results of recent precision measurements. The main uncertainties
exist firstly in the half-life values needed for the sample-assay
in fission cross-section measurements, and secondly in the absolute
determination of the number 7 of fission neutrons from the
spontaneous fission of Cf-252, which is usually used as reference
standard for the 7-measurements of the uranium and plutonium
isotopes.

It seems, however, that the fission cross-section of Pu-239
is much less affected by half-life uncertainties than the fission
cross-sections of the uranium-isotopes. The Pu-239 «¿-decay half-
life of 24380 years í0.2# [fia 69, De ?o] is rather well known,
and experimental values are in good agreement. The recommended
PUT239 fission cross-section has recently been confirmed by two
independent absolute determinations at Geel [Be 70jand Bucarest
CBO 70] which are entered in the third column of table 1. (The
Bucarest result is still preliminary; the final result will be
available from the data centers under the accession number
¿arm *3oo897).
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Por v¿ of Pu-239 and Pa-241 no absolute measurement exists.
Measurements were made relative to Cf-252 and relative to v̂ .
of the uranium-isotopes which in turn have been measured relative
to Cf-252. Therefore, the knowledge of ve of the plutonium-isotopes
depends strongly on the knowledge of v̂ (Cf-252) which is still
rather uncertain* Experimental values range between 3.7 and .3.8,
which is a 2.6# difference, fhe Hanaa-Westoott evaluation yielded
a recommended value of 3.7̂ 5 ± 0*012, If this value would change,
this would have a direct influence on t?r of the plutonium-isotopes
and, to less extent, also on the recommended -̂values. Although
the Hanna-Westcott evaluation showed some evidence in favour of higher
vL-values, some arguments have recently been presented /DeV 73-1 that

r ifavour rather lower v,-values. At present, B.J.Axton [Ax 71J is per-
forming a new measurement of v(Cf-252)j his preliminary result, which
has an estimated accuracy of 0.5 to 1. $, is 0.5 $ higher than his
earlier result but still 1.2 % lower than the presently recommended
Hanna-Westcott value. - A recent experiment by Hesterov et al. (~He 70J

yielded a ratio of ^(Pu-239)/v^(Cf-252) » 0.7592 ± 0.0066, which is
0.7 in lower than the Hanna-Westcott ratio of 0.7648 ± 0.0025$ table 1
shows the Nesterov value normalized to S^(Cf-252) » 3»?65« - Por Pu-241
no new measurement is known since the Hanna-Westcott evaluation.

After all it seems possible, that the presently recommended ^-values
of Pu-239 and Pu-241 may have to be lowered by one percent.

Por thermal reactors not only the 2200 m/s values are important
but also the shape of the cross-section curves in the energy range
covered by a thermal neutron spectrum. The curve shapes cT_(E) and
cju(E) are shown for Pu-239 and Pu-24.1 in Pig. 1 and 2, where the most
recent evaluations are entered. A thorough study of these curve shapes
and their experimental uncertainties has recently been done by C.H.

Westcott (Wes 69» Wes 70j. The accuracy to which the curve shapes are
known, is directly reflected by the errors givjfen in tables 1 and 2
for the recommended g-factors, which Were the output of the least
squares fit of the Hanna-Westcott evaluation.

The remaining columns in tables 1 and 2 show the thermal values
of Pu-239 and Pu-241 presently used in the evaluated data libraries.
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The ENDP/B file uses the recommended values resulting from the Hanna-
Westcott evaluation: not only that the ENDP/B curves were normalized
to the Hanna-Westcott 2200 m/s values, but also the curve shapes were
adjusted as to agree with the Hanna-Westcott g-factors.

For Pu-239 a new evaluation by Ribon et al. /Bi llf has been entered^
in April 1971, in the British Nuclear Bata Library under the lata-
file number 404. Its values of Ŝ ° and 6S are in close agreement with.
the Hanna-Westcott evaluation, but the neutron yields \ and •? are
about 1$ lower.

Another Pu-239 evaluation, dated April 1970, is stored in the British
library under the data-file number 65A. This evaluationf which is still
undocumented /~Xx7o7 differs from the lanna-Westcott evaluation by
assuming a 2$ lower capture cross-section o

The KEDAK-file still uses a rather high V.-value evaluated in 1966.U
Since the KEDAK- library was mainly intended for use in faet reactor
calculations, only the higher-energy range was revised in the 1970
KEDAK revision, and the thermal values were left unchanged.

Por Pu-241 a new evaluation by I'Horiteau /Her 10? has bee» entered,
in November 1970, in the British library as Dîuï-403. Its values of G¡¿
and *f are in close agreement with the Hanna-Westcott evaluation, but
the other thermal data are one or two percent discrepant.

Another UK file for Pu-241 /M» 60/ dates back to 1967 1 due to its
age its thermal values seem to be as superseded as those of the
KEMK file, which were left unchanged since the 1967 evaluation by
Yiftah ©t al ¡J±t

Though the data for Pur241 are still less accurately known than those
for Pu -239 > their accuracy had markedly improved at the time of the
Hanna-Westcott evaluation, due to a number of new experiments» The
Pu-241 fission cross-section is still affected by the half-life
uncertainty. For the ft -decay, half-life of Pu-241 recent "accurate"
data are discrepant by - 3 % in the range of 14»5 ~ 0.5 years £ua 69j
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These discrepancies, as well as reactivity measurements led to the
suggestion that a long-lived Pu-241 isomer may exist (Êo 68} , or that
a short-lived isomerio state with a half-life of 0«34 years may exist
[¿Si 7QÎ, or to»* a high-spin isomer with a very high fission oross-
seotioh may exist. £by 7PJ. .Rone of these suggestions could-yet be
proven* "It was shown that, if such an isome? exists, no appreciable
spontaneous fission is associated with it (Êe 70j. (See also &a 69,p.33J»)

The delayed neutron yields for Pu-239 and Pu-241 are entered on the
bottom' of tablee 1 and 2. (The total neutron yield vC in the middle of»
the tables includes the delayed yield.) Table 3 lists the delayed
neutron groups from thermal fission o.f .Pu-r-239» a* .given in a recent
review paper by Amiel ¿Am 69! • FO? each group the half-life and the

•

relative abundance is given.

Table 3* Belayed neutron groups
from thermal fission of Pu-239
frm 69]

group

r 1

2

3

4

5
6

half-life
( sec)

54.28 ± 2.34

23.04 £ 1.6?

5.60 + 0.40

2.13 ± 0.24

0.618 +. 0.213

0.257 £ 0.045

relative
abundance

0.035 ± 0.009

0.298 £ 0.035

0.211 _+.0.048

. -0.326 £ 0.033

0.086 £ 0.029

0.044 ± 0.016

3. The thermal data of Pu-240 and Pu-242

Data for Pu-240 and Pu-242 are shown in tablea 4 and 5

3 and 4.
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The thermal capture cross-sections for Pu-240 seem to be quite discrepant,

The 2200 m/s values, both experimental (see e.g. the compilation in

(Pit 68] ) and evaluated (see tableé}» range between 2?6 and 297 barns,

with a preference for higher values in the íacssaes»? recent evaluations.

•i-iiL i V.QÍI ij&sasiatí&aeaap The best value seems to be the recent experiment by

Lounsbury et al, whose result- of 28$.5~ 1«4 barns appears to m*et

accuracy requirements listed ii> ÍOTÚLíeJ» F«*, th«f pma-lï
«*

fission cross-section at 22CO n/s the two recent evaluations'give quit*

discrepant estimates of 0.0077 barns (DÎN402) and 0.047 barns (DP77A).

AI o included in table ^ is the total neutron yield y. from thermalt
neutron fission as given in the various evaluations, and the prompt

neutron yield from spontaneous fission as given in the recent IAEA

evaluation by Kon1 shin and Mañero [kon 70] .

For Pu-242 there seems to be no more recent evaluation than the two

performed in 196? by Dunford et al [Dun 67J for the ENDP/B library,

and by Yiftah et ai fïif 67] for the KEBAK-library. In the UK library

data for Pu-242 are not tabulated below l.ke?. The loif-energy data

of the two 1967 evaluations seem to be somewhat superseded by newer

experiments. Both evaluations give capture cross-sections of

or, around 30. barns. Recent experiments yielded values around

20. barns. Young and Reeder j/ou 68Jare questioning whether their

result of 22. barns should not be reduced to 19*6 barns to account for

a possible water adsorption on their Pu0 sample* Such s. low value is

supported by the recent activation measurement by Durham and Mol son

|j)ur 70Q which yields<SL= 18.7Í0.7 barns, ff and fy should be approximately

equal, since the cj- factor of Pu-242 is close to unity IWes 62
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Table 4* Thermal data for Pu~240:=: as s= » ce s: :s: sa c: ix ec se ¡s: =z sa as œ sa==n: 22 SK

(Cross-sections in barns)

CO

o •

p-wm— mww

<

í-
<*

1NDP/B-2

feo 70]

290.

Recent QVJ
in the UK

(DM 402)
[He 70]

282.

0. 0077
2.95

iluations
Library

(DPN 77A)

296.9
305.32

Requested
accuracy

[RENDA70]

o.5)t

j
0.047
2.89 _____

Recent
experiment
[Lo70]

289.5 t 1.4

j

Earlier

ENDF/B
[Pit 68]

276.

2.08
0.053

evaluations j

1
KEMK
[Yif 67]

279 «
(

2.26 ;
0.052
3.0

!

prompt v from spontaneous fission « 2.150 + 0.015 [Kon?0]
of -decay half-life = 6760. years [Dun67]



Table 5t Thermal data for Pu-242
xrata«annnK:*tan*>B*N»B:BSM*a3Ba«

(Cross-sections in barns)

:

_

Açx̂
Í3*

4

ENDF/B-2,
[Dun67]

30.*)

7.1
37.1

KEDAK
[Yif67]

30.5

9.0
39.5 ± 0.8

Requested
accuracy
[RENDA70]

»

Recent
experiments

20. [Pol68]
22.-J-2. [You68]

(Ï9.6?)
18.7 ± 0.7 [Dur70]

38.9 +1.6 [Au66]
39. ±1. [You68]

prompt v from spontaneous fission » 2.141 + 0.011 [Kon70]
oí -decay half-life » 359 000. years [Dun67]

0 Being revised for EHDP/B-3 to a value around ?n. barns (Leo 71, Pe 7lJ
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4» Resonance-integrala of Pu-isotopes

Table 6 lists a number of recent evaluated and experimental values for

the resonance-integrals of plutonium-isotopes. The data are listed in

the sequence of their age, without giving recommended values. Prom

the evaluated data files, resonance-integrals are not easily accessible.

The cross-sections are stored either pointwise or by means of

resonance-parameters, and the calculation of resonance-integrals

requires special computer-programs. Por the KEDAK-file these were

presently not available. Only from the UK library resonance-integrals

were computed and communicated ¿JSto 7l} for this report. These

integrals were taken within the energy-limits 0.55 eV to 2.MeV, as

recommended by the European-American Nuclear-Data Committee (EANDC).

The other resonance-integral values listed in table 6 refer partially

to different energy-limits.

5. Fission-products from thermal fission of Pu-239 and Pu-241

Por the yields and cross-sections of the fission-products no evaluation

activity is done at the IAEA, but continuing evaluation», which are

undertaken elsewhere, can be summarized here.

The neutron absorption by fission products in thermal reactors is

being reviewed, since many years, by W.H. Walker, and a detailed

report was presented at the 1966 Nuclear Data Conference in Paris

{"Wa 66]. An up-to-date version is to be published [Wa 71], and the

author made kindly available some preliminary tables which are pre-

sented here. Table 7 shows a list of the most important fission pro-

ducts and their "effective absorption cross-sections" after an

irradiation of 1 neutron/kilobarn in a thermal reactor spectrum with

the characteristics of r/T/T = 0.04, where the epithermal index r
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Table 6î Resonance-Integrals of Pu-isotopes
«SSwWw&S™"™™^^™"™"^™^™:^:™^:^™^™;^—™^^";

Pu- 239 fission

Pu-239 capture

Pu~240 capture

Pu- 241 fission

Pu~241 capture

Pu- 24 2 capture

Iva

Emin
(eV)

0.55
0.5

0.45

Q.55
0.5
0,45

0.55
0.45

s

0.5
0.55
0.55
0.45 ii•
0.5
0.55
0.55
0.45

1

0.55
0.45 1í

l u a t i o n s
Resonance-
Integral

(barn)

279,51
300. £ 10.

324. ¿ 9.

171*33
l8l. ¿ 15.
195. ¿ 12.

8000.

8453. ¿ 600.

580. ¿ 40.

555.37
545-
541. _+ 14.

160. ¿ 30.
165.28
260.
166.

1150.
1220. + 200.

R (
Bxp «

1 .rain
(e¥)

t̂ «t««S!ltííWl»Wfc*J>ílBtais»5*>»

ca 0.5

ca 0.5

0.5?
0.5

s c e n t
s r i m e n t s

Resonance-
Integral

( barn)
iW^AH«)iíW^¥fc'«S*ifci«*SM*»-$BÉW^^

330. ¿ 30,

550. i 40.

1180.
1090. +_ 60.

i _____ i

Reference

taiatê teW'iiS *̂1**'1**'*»'»̂ 1*'̂ ^

[XxTOJ BW 65Á
[Ha 69]
[Bak 69]
[Ga 65}

[XxTO] SM 65A
[Ha 69]
[Ca 65]

¡tt*rt»«S3*We*«!#Wilî ^

[Pe 66l
[Ca 65]

[Bak 69]
[Ha 69]
[Doh673 DM 60
[P© 66]
CCa 65]

[Ha 69]
[DohóT] BFN 60
[Pe 66J
[Ca 65j

[Pol 68]
[You 683
tPe 661
CCa 65]

1
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TaWe f' 5 Effective absorption cross-sections' ( see text)
of the most important fission-product nuclides

from different fuels in thermal reactors iWa 71!

ïïucïi de

Xe135

Nd143

Sm149

Rh103

Xe131

Pm147

Rh105

Sm151

Sm152

Cs133

Eu153

^148,1481*

Eu155

Te99

Ag109

Nd145

Sm150

Eu164

La139

pr141

Kr83

Mo95

Fuel; u=«
16.70

6.23

3.84

1.70

1.40

1.87

0.32

1.70

0.82

1.29

0.44

0.84

0.24

0.76

0.02

0.87

0.49

0.21

0.25

0.23

0.39

0.25

Pu239

16.87

5.70

4.19

4.18

2.26

2.10

1.95

1.93

1.93

1.58

1.17

0.94

0.91

0.90

0.89

0.81

0.68

0.59

0.27

0.27

0.27

0.25

Pu241

16.11

6.28

4.92

5.08

2.07

2.52

1.93

3.54

2.65

1.67

1.77

1.14

1.57

0.97

2.49

0.91

0.90

0.93

0.32

0.27

0.20

0.27

Nat U

35.83

7.98

7.3'5

2.83

2.12

2.55

2.33

2.16
1.46

1.78

0.79

1.12

0.65

1.04

0.32

1.14

0.70

0.33

0.34

0.30

0.49

0.30

cfa&S
Ail fission 'products 44.76 54.90 78.88 79.49
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fable 8s Half-lives and yields of the most important fission products
resulting from thermal fission of Pu-239 an& Pu-241

COi—•
-3

Xe 135
' M 143

Sm 149
Rh 103
Xe 131
Pm 147
Rh 105
Sm 151

' Sm 152
c® 133
Eu 153
Pm 148
Eu 155
Te 99
Ag 109
Nd 145
Sm 150
Eu 154
La 139
Pr 141
Kr 83
Mo 95

total yield

— -«• — «— — — ————— ™»»««™™r
Half-Life
[Wa66] PT , __n
[Wa7l] [Llu70]

9.16 h 9.16 h
stable
stable
stable
stable

2.65y 2.61y
353a 36h
9Gy 84y

stable
stable
stable

40.6d 42. d
5. Oy 1 . 8ly

2 3C 105y 2.l4x!05y
stable
stable
stable

7.8y I6y
stable
stable
stable
stable

^am^fM^m^^^^^^^^^-SÎL

[Wa7l]

7.37
4.51
1.25
5.67
3.73

¿39 i

[Me68] |

7.21
4.52
1.30
5.6

Pu-241

[Me 68]

7.30
4.50
1.49
6.2

3.69 3.08
2.10 1.87 j 2.28
5.4 ! 5.47 I 5.8
0.77
0.59
6.84
0.38

—
0.15
6.1
1.2
3.05

_.
~

5.75
5-5
0.30
5.03

200. 02

0.76 0.959
0.57 1 0.741
6.6
0.36
0.3QG66
0.24
5.9
1.2
2.99
0.0230.0015
5.67
5.75
0.29
5.2

198.4

6.59
0.559
o.e
0.293
6.0
3.1
3.15
0.0021
0.00011
6.30
5.02
0.204
5.03

200.8



is as defined by Westcott [Wes 62], The effective absorption cross-

sections are given in barns per initial fissile atom, which is

equal to the product of effective cross-section (barns per atom) and

the fission product concentration (atoms per initial fissile atoms).

The "effective absopption cross-sections'" are given for the fission-

products from thermal fission of Pu-239 and Pu-241, and also of U-235

and natural uranium for comparison. The fission product nuclides are

sorted by their importance in Pu-239 fission.

The cumulative yields of the most important fission products resulting

from thermal fission of Pu-239 and Pu-241 are given in table 8. The

values were taken from two recent evaluations: the one is from 1968

by Meek and Rider [Me 68]; the other by Walker is still unpublished

fWa 71] and gives so far only values for Pu-239»

Por the cross-sections of the fission-product nuclides not many experimental

data exist, and nuclear models are utilized to compute unknown cross-

sections. When such data are applied to thermal reactor calculations,

the greatest uncertainty in the estimation is the 22oo m/s cross-section

itself. The situation is somewhat better in the resonance-région, and

only for the fast region predictions are quite reliable ¿Co Til-

lable 9 shows the thermal absorption cross-sections for the most

important fission-product isotopes. There are several recent

evaluations by Cook £co ?l3> Mu [làu ?o3 and Walker [wa 69]} , as well

as the various files in the UK-library whieb^ ac9$ for the thermal

energy-range¿Eased on the older evaluation by CookJCooSj. Por

Pah-147 there is a further new evaluation DFN903 in the UK-library,

which is still unpublished. In ¡some oases the 2200 m/s value $* is

given, and in other cases the Maxwellian cross-section sr
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Table 9: Thermal absorption cross-sections of fission-products
(in barns); i <r-

| fCo 71]
|

Xe 135 f 2, 660, 000,
Nd 143
Sm 149

325.642,050
Rh 103 149.2
Xe 131
Pm 147
Rh 105
Sm 151
Sm 152
Ss 133
Eu 153
Pm 148
Eu 155Te 99
Ag 109ÍNd 145
Sm 150
Eu 154
La 139

i Pr 141i i í. J.*-f-J-

! Kr 83
¡ Mo 95
1

110. 1
169.9

17,00015,050205.8
29.54

; ô-
' , [Ka 69]
j
! 3,500,000f 325
; 69,000
! 150
! 100
| 170
¿

; ^ . | ^ U K - L i b r a r^y

¡ f 2, 652, 000.
2,650,000 • f 13, 325tQOQ.335 + 10 323,541,000 to 69,000 j 40730.

146+3 151.8
110 + 20 ! 117.7

154 to 235 f H88.95
; 17,000 | 18,800 + 2400
j 14,000
i 206! 29.5>. 450
! 24,0004200

22
9545
100

15,000 + 1800 :
210 + 10 j
31.6 + 1.5;

390 to 639
22,000 to 30fOOO14,000 + 4000

22 + 3
89+452 + 297 to 102

1490 i 1500 + 400
9.0
11
200
14.5

8.2 to 9.2
12 + 3
205 + 30
14.5+ 0.5

¿126.3
14580.
15380.
222.2
2?. 95

3,105,300.
3872000.

329.1568640.
158.15
120,29
187.86
127.79

15088.
1415?»226.89

28.56

(4E) |
(750) !
(759) I(767) I
(727) 1
(743) 1
(903)
(763) I
(729) f(770)
(771)(746) 1————— •—-•*" ——— • —— • ———————— — -•• - • • --—-"- j

References for the UK-Library; 1
DFH 4E see [Su 62]
BPN 903 is a 1971 evaluation

to be published
BPN 727 - 771 evaluation by R.W. Smith

based on [Co68] and [Be66] j
A \0" was computed from the above files

by (Sto 71]

«5i—
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g-factor is in most cases close to 1. But for Xe-135» Sm-149 and a

few others the cross-section curve deviates at thermal energies from

a 1/v shape, so that the g-factor may be quite large and o* and o*

cannot easily be compared.

In general, the thermal cross-sections of the fission-product nuclides

are known with an accuracy of about lOfo or better. There are, however,

some exceptions where the uncertainty may still amount to 50$, due to

lack of experimental data. Por a detailed compilation and comparison

see FLÍU 70J or [Wa 69].

The resonance-integrals of the most important fission-products are

tabulated in table 10. The first column gives some new values from

the recent and still unpublished evaluation by Cook [Go ?l] • In the-

following columns the somewhat older evaluations "by Walker [Wa 6§] and

by Liu (closing date 1968} [Liu 70] are entered. In addition the

table shows the resonance-integrals calculated by Story [Sto 73j from

the relevant data files of the UK library, which are mostly based on

the evaluations by Cook (Co 68^ and Benzi (jBe 66j.

The remaining figures show graphical plots of the capture cross-section

curves Ou(E) of the most important fission-product isotopes. These plots

were taken from Liu ^Liu 70j> where also data for many more fission-

products can be found. Liu based his evaluation on the Cook and Benzi

data in the UK library [bo 68, Be 66J, but where possible these were

supplemented by new experimental data and "GENEX" calculations to obtain

Oy(E) from resonance parameters. The data for Xe-135 are exclusively

based on Liu's calculations; for more details see [lAu 70j. - Newer

evaluations of o*j(E) will mainly differ in the normalization of the

1/v cross-section range at thermal energies (compare the thermal cross-

sections in table 9)«
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Table lOî Resonance-integrals of fission products (in barns)

Xe 135
M 143
Sm 149
Rh 103
Xe 131
Pro 147

Rh 105
Sffl 151
Sm 152
Cs 133
lu 153
Pm 148
Eu 155
Tc 99

[Co 71]

7262.
64.5

3705.
1014.
790.

2179.

17000,
2178.
1770.

377.6

% 109 Í
M 145 1
Sm 150
Eu 154
La 139
Pr 141

f

;
5

Kr 83 !
Mo 95 ;

ni [Wa 69]

60.
«

1100.
830.
1150.
17000._
3000.
450.
1500..

\| 200.
| 1450.

250.
240.
11.

[Liu 70]
excluding 1/v part

4544.48.4400.
1175. + 60.768. -f 170.

1420. to 3220.
17000. + 3000.
3300. + 700.
3070. -f 100.
495. + 25.1833. to 3667.
* 44000.

5540.
60. to 200.

1207. to 1400.
130. to 255.
210. to 250.

549.
11.2 +• 0.6

13. : 17.6 + 0.0
150. ! 150.

UK Library 1
Emin * °*55 eV x 1

5892.8
57.5

3610.3
1193.4795.8
(2236.9
Î 1200. 4
54676.
2697.42290.2
386.4

(43) I
(759)(76?) ](727) i
(743) i
[(903)
'(763)
(729) I
(770)
(771)(746)

I s*M̂ f̂̂ <awa»a«aHnaai!tiSftJ5aiM̂ ^

References for the UK Library s
DFN 4E see [Su 62]
DFN 903 is a 1971 evaluation to be
published
DFN 727 - 771 evaluations

by R.W. Smith based on
[Co68] and [Be 66]

..1 ]_QO. l 100» H- 20. î ^k© resonance-integrals were corn-! ~ f putea from the above files by
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THERMAL REACTOR PHYSICS MEASUREMENTS USING Pu-BEARING FUELS

& H OTCHUÍ
I JOHNSTONE
3 G TÏROR

UKAEA
AEB Winfrith
DORCHESTER
Dorset

1 INTRODUCTION
A paper (SMH38/24 by & H Kinchin)' summarising UK experience in the physics of Pa

, in thermal reactors «as presented at the 196? IAEA Panel on the Use of Plutonium
as, a .Reactor, Fuel. .This: paper has now been updated in order to include work
which- .has taken place since that date, much of which was reported in Ref 13.
The basic structure of the original paper is unchanged.
Significant quantities of Pu will be produced in the UK during the 1970s. Thepossibilities for using this Pu were outlined at the IAEA Plutonium Panel in
1964 (Ref l) when, although it seemed likely that aost of the Pu would be used
in fast reactors in the UK, it was desirable to reduce the uncertainties inherent
at that tin» in the use of Pu in thermal reactors so that the feasibility and
economics of alternative programmes could be assessed. With the steady progress
in fast reactor development, the UK view on the use of Pu bas not changed though
it should be pointed out that conclusions on the optimum use of Pu may differ .
from country to country depending upon their reactor programmes.
This paper reviews the reactor physios studies which hare been made in the UK on
the Pu enrichment of AGRs and more recent work relevant to Pu recycling in SGHWRs,
The range of experiments required for checking data and methods for Pu enrichment
(involving enrichments of the order of 1$) is greater than that needed for Pu
build-up in U-enriched reactors but no distinction in thê  objectives will be
made*
2 PROBLEMS OF PLUTONIUM ENRICHMENT
It is worthwhile reviewing the differences which might be expected between Pu~
and U-enriched thermal reactors and commenting on the uncertainties which exist
in the absence of experiments with Pu fuels.
The kinetic behaviour will differ since the delayed neutron fraction for Pu*239
is much less than that far U-235, although this is offset to some extent by the
larger, delayed neutron fraction of Pu-241. The kinetic behaviour must of course
be studied, but the uncertainties are not very important.
In low enrichment reactors the replacement of U-235 by roughly the same weight
of Pu leads to similar reactivity lifetimes. As a consequence of the greater
absorption cross-Section *'of Pu it would therefore be expected that flux depres-
sions in the fuel will be more severe and that greater variations in powerdistribution over the reactor will be met during burn-up. Additionally a
greater number of control rods will be needed to give the same degree of
reactivity control*
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Although improvements in the nuclear data are continuously being made, the data
for Pu-239 are less well known than those for U-235. However, a more important
difference is due to the resonances in the cross-sections of Pu-239 and Pu-240
at 0.3 and 1 eV; neutron spectrum is not too important in U-235 systems where
most cross-sections exhibit a roughly 1/v dependence, but relative reaction rates
can be seriously in error if poor approxJ nations are used in determining the
neutron spectrum in Pu-fuelled systems. Such errors lead both to reactivity
errors and to even greater uncertainty in reactivity coefficients, such as the
potentially large moderator coefficient in graphite-moderated reactors and the
void coefficient in S&KW reactors.
The general approash to the problems of Pu-fuelled thermal reactors has been to
attempt to study separately the adequacy of data and methods of calculation, both
of which contain potential sources of error. Thus experiments in quasi-homogeneous
assemblies, which avoid or minimise fine structure problems, emphasise nuclear
data, whilst experiments in typical oxide cluster lattices introduce additional
features of neutron transport and thermalisation, and can demonstrate the adequacy
of theoretical models for lattice calculations. Finally, experiments in non-
uniform lattices demonstrate the validity of methods for obtaining power distri-
bution in real reactors which rarely, if ever, contain uniform lattices.
3 EXPERIMENTS

3»! Quasi-homogeneous
Experiments with plutonium-aluminium fuel in sub critical assemblies moderated
with light water (Ref 2) and graphite (Refs 3, 4) and in the critical facility
ZENITH (Ref 5) were reviewed by Askew and Sanders (Bef 6). It was noted that
the kinetic behaviour of the Pu-fuelled reactor agreed with expectations. The
measurements of neutron spectra have been extended to a range of Pu solutions
(fief 7) and to under-moderated graphite and beryllia assemblies (Ref 8) . In
the former case, time-of -flight measurements were made with a beam extracted
from the centre of a critical Pu solution reactor and a number of integral
spectrum measurements were also made. In the latter experiments, subcritical
assemblies using Pu-Al fuel were fed with neutrons from the NESTOR source reactor
and a beam for time-of -flight measurements was extracted from the assemblies.
Considerable attention was paid to possible perturbations caused by the beam
extraction,

3.2.1 Single Rod Lattice_s
A simple form of heterogeneous lattice is represented by Pu-U metal rods in a
graphite moderator. Experiments with such fuel containing 0.25/2 of Pu with low
Pu-240 content were reported by G-ibson et al (Bef 9). Sufficient fuel was
available to fill an exponential stack and buckling and reaction rate measure-
ments were carried out in the SCORPIO equipment at temperatures up to 400°C.
These experiments were restricted to a single fuel composition, and in order to
extend the range of information, bearing in mind the expense of fabricating
experimental fuels, a technique was developed for studying the properties of Pu-
fuelled lattices by making perturbation measurements with single fuel elements
(Ref 10), The method relies on having a satisfactory method of calculation
for U-fuelled lattices, checked against the many available exponential and
critical experiments and on coiaparing the reactivity changes produced by fuel
elements containing Pu. Some corrections are of course needed to account for
the finite length of the sample, and manganese reaction rates are measured on
the sample surface to give corrections for flux and spectrum changes at the
sample. The corrections are small, and their validity has been confirmed both

952



by comparison with the results of exponential measurements and by observing
that the results are independent of the nature of the environmental fuel. The
quantity measured is close to kœ-l and values of k̂ , can therefore be deduced
for different fuels. Samples with Pu contents of 0.25 and'" 0.5?» were measured,
the former giving a comparison with the exponential experiments and the effects
of Pu-240 were studied by comparing 2 samples with 0.2$$ Pu content, one with 3
Pu-240 end the other with 23̂  Pu-240 (fief 11).

3,2»2 Dispersed Fuel Rod L&ttiees
tmmritttwiHb**ií*» *»*»!«iJB»»M¿B»eiJg-Kâ imu»inŴ :j«aai¡6T̂  »«•*

More recently, measurements have been mad© in uniform lattices containing graphite
clad, coated particle fuel rods in a graphite moderator, She experiments used
particles containing 1.2$ Pu with 3.6$ Pu~240 and included reaction rate seasure-
ments in SÎ1STOE (cold) ana HECTOR (up to 40000} (Befs 12, 13), The fuel
available for this work was enough for 25 rods each about 2 m long. In each
case, detailed reaction rate measurements were ssaae in the centre of this array
of rods, the array being surrounded by an outer driver soné of identical u-fuelled
rods chosen to match the thermal absorption characteristics of the Pu (eg see
Pig 8), The methods of amlysis used involved a calculation of the centre pi»
reaction rates including any non-asymptotic effects end thus provided theoretical
estimates for direct comparison with the experimental results,

3*3 Cluster Lattioes
3»3«1

Moderation is introduced into the fuel element by the use of oxide fuel and the
additional complexity of cluster geometry requires further experimental verifica-
tion of methods of calculation. The distribution ©f power between the different
pins of the cluster is of importance in any cluster design. Exponential and
fine structure experiments have been carried out in the SCORPIOs with 3 batches
of Pu fuels (Kefs 14, 15) with the following coapositions:

Batch

1
2
3

Pu/tî

0,25$
Ü«8$
1.25?

ü-235/^
0.93$
0.43^
0.1,3$

Pu-240, 1?u

5.59f
9.5$
9.5$

The fuel, 0.4 inches in diameter, was clad in stainless steel to permit measure-
ments to be aade at temperatures up to 400°C<, Since the quantity of fuel was
limited, 2~zone exponential assemblies were used ana a separate study made of the
criteria for matching the test and reference fuels (Ref 16). It was concluded
that a 2-group analysis was adequate for interpreting the experiments and that
the uncertainty on the bucklings of the test fuels was not large, even when setal
fuel ms used as reference fuel.
The effects of Pu-240 have been studied by the same perturbation technique *s
was used for the metal fuel* Because of the greater effective diameter of the
clusters, end effects are more important and some care has been taJfcen to improve
the corrections which must be applied. In this case oxide clusters containing
0,2$ Pu with 3$ and 26$ Pu~240 war© compared (Bef 1?),
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Using the fuels containing 0.8$ and 1.2$ Pu, mixed lattices have been constructed
in the HERO reactor at Windscale to study reactivity and power distribution*Cores of various sizes, including vacant channels and absorbers as well as
channels of 0 and Pu enriched fuels, provide a good basis for comparison ofmethods of calculation (Ref 18)*

3,3.2 Steam generating Heavy Water Lattices
Studies for the SGHff type of lattice have been carried out using batches 1 and 2
of the 0.4 inch diameter Pu/EJ oxide which was used for the AGB studies. For
this purpose the fuel was encapsulated in aluminium and 74-rod clusters were
made up. Axial or radial zones of enriched ÏÏ fuel were used to give criticalassemblies in the JUNO reactor. The techniques of measurement have been
described by Campbell and Johnstone (Ref 19) and the lattices were similar to
the U-enriched lattices previously studied (Ref 20). The fuel cluster inside
its pressure tube could be submerged in a variety of * coolants' ranging from air
through D20/H20 mixtures to light water. Although the effect of the heavy
water must be included in any calculation, the mixture effectively simulates
light water of reduced density and was used in the determination of void coef-
ficients. Relative conversion ratios, fast fission ratios and reaction rate
ratios were measured, in addition to bucklings, in uniform lattices with the 2
batches of Pu fuel. Power distributions were studied in chequerboard lattices
(Ref 21) of Jfi enriched U and 0.8$ Pu/0 fuel and the effects of temperature
were examined with a heated loop in the centre channel of JUNO in which fuel and
coolant temperatures of 280°C could be achieved (Ref 22).

3.3»3 Light Water Lattices
Measurements have been made in the zero energy reactor DIMPLE (Ref 20) of the
power peaking adjacent to water gaps in a typical BIB lattice geometry. The
fuel modules contained 9*9 arrays of 10.2 mm diameter rods, approximately
700 mm long and canned in aluminium. The core consisted of a 5 x 5 array of
modules and for the later experiments the central module used Pu02/U02 fuel
with up to 3 different Pu contents (2.1%, 1.2$ and 0.8$). These fuels were
used to simulate the type of Pu pattern which might be used to flatten water
gap power-peaking effects withpartioular reference to the transition stage
between Ü and Pu enriched feed fuel. Attention was concentrated on the measure-
ment of radial power distributions and the variation of Pu/0 fission rate ratios
as a check on the adequacy of thermal spectrum calculations.
4 THEORETICAL METHODS
It is convenient to have relatively simple methods of calculation for design
purposes in which generality may be mcrificed for speed of computation by incor-
porating approximations valid for a particular range of systems. Por studying
Pu enrichment, an adequate representation of the neutron spectrum will be
necessary. Such programmes for lattice calculations are ARGOSY (Ref 23) which
has been used for AGR calculations and METHUSELAH (Ref 24) which has been used
for SGKST calculations. Por examining the limitations of the design methods and
the validity of some of the approximations, more sophisticated methods such as
the earlier codes TRACER (Ref 25) and THULE (Ref 26), and their development to
TOÍS (Ref 2?) have been used. A number of homogeneous and heterogeneous
methods are available for whole reactor calculations but for comparative pur-
poses the details of the methods are not important. In the homogeneous methods,
cells are homogenised and standard finite difference methods are used to solve the
diffusion equations whilst the heterogeneous methods represent the fuel channels
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as sources and sinks of neutrons in a uniform moderator structure. In both
cases the few-group cross-sections may, if necessary, be modified after an initial
calculation to take account of local bucklings. A brief description of the basis
of the methods follows.
ABGOSÏ: In the thermal region up to 4 eV, the thermalisation operator is approxi-
mated by a general second-order differential operator which is easy to handle butwhich will not follow the rapid changes of flux which occur at the Pu-240 resonance»
Pu-2W) resonance capture is therefore calculated separately. Neutron transport
is dealt with by a combination of diffusion theory in the moderator and collision
probability in the fuel. The resonance group uses effective resonance integrals,
corrected for spectrum departures from I/IE for both leakage and resonance absorp-
tion, to produce group cross-sections for the energy range k- eV to 10 keV whilethe fast group uses a collision probability calculation in 3 sub-groups.
KSTHDS3&AH; Por systems such as the SGHWR, 2 overlapping thermal groups are used
bellow 0*6*25 eV, one characteristic of the moderator region and one characteristic
of the fuel region. The slowing down source feeds the fuelspectrum in the fuel region and the moderator spectrum in the moderator region?
transfers from one group to the other are taken into account throughout the cell.
The resonance group in METHUSELAH extends from 0.625 eV to 5.5 keV and in this
ease the U-238 effective cross-section is normalised to fit the integral measure-
ments of Hellstrand. finally there are 2 fast groups divided at 821 keV.
TOMS; This programme is designed for studying a variety of reactor systems so
that questions of uniformity of nuclear data and calculâtional methods which
often arise in comparing conclusions from different types of lattice can be
readily resolved. WIMS uses a multigroup transport calculation in up to 69
groups. In the resonance region the unsatisfactory approach used in TRACER and
the time-consuming Monte Carlo treatment in THUIE are replaced by using a library
of partial resonance integrals deduced from very detailed slowing down calcula-
tions for mixtures of moderators and resonance absorbers. Equivalence theorems
are then used to obtain effective cross-sections appropriate to the particular
geometry being studied. In addition a number of options are available in WIMS
for alternative treatments of different lattice geometries. Becent extension
of the facilities of the code allows proper treatment of the rectangular lattice
geometry associated with light water reactors.

5 COMPARISON OF THEORY AND EXPERIMENT
5.1 Quasi-homogeneous Experiments

Fig 1. illustrates measured and calculated neutron spectra for an undermoderated
Pu solution (Ref 7) in which the distortion due to the Pu resonances is clearly
shown. In spite of the differences between measured and calculated spectra,
both give agreement with measured integral reaction rate ratios within the
accuracy of the measurements, and it may be concluded that although improvements
could be made to the Nelkin model, serious errors are unlikely to arise in
practical situations. The spectra from the graphite ana beryllia assemblies
(Ref 8) exhibit similar general agreement with calculation as indicated in Fig 2
and there seems no reason to suppose that basic data for moderators and Pu are
seriously in error, though the conclusion of Askew and Sanders (Ref 6) that r\o
for Pu-239 should be greater than 2.088 is unchanged.
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5.2,1 Single Bod Lattices
The experiments with rods of Pu/tl metal in graphite introduce heterogeneity,
although the system is a simple one. The analysis of these experiments was
discussed by Askew and Sanders and iras presented in more detail by Harper (Bef
28). Harper drew attention to deficiencies in the treatment of 0-238 resonance
capture in the TRACER programme and noted that there appeared to be fortuitously
cancelling errors. This problem is, however, common to U lattices with which
comparison was made and such common features will not be pursued here. Sone
discrepancies were found between observed and calculated Pu-239 and U-235 fission
but in general reactivity was predicted with an almost constant error at different
temperatures and lattice pitches relative to ü lattices, suggesting an error in
the normalisation of ̂  values for Pu-239 and U-235. Some of the systematic
experimental errors are eliminated by making measurements on the same assembly
at 2 different temperaturesj satisfactory agreement was noted between calculated
and observed temperature coefficients. The same experiments were reanalyzed by
Barclay and Wilson (Ref 29) using the WIMS programme which incorporates improved
nuclear data and which overcomes some of the deficiencies of group structure
noted by Harper in the TRACBR programme. Although the method of calculation
was shown to be sound by comparison with Monte Carlo calculations, difficulty
was found in the prediction of U-238 capture. Nevertheless, using an r\o of2.10 for Pu-239, good agreement was obtained for the relative reactivities of
Ü and Pu lattices» As shown in Fig 3, the agreement on fission ratios was
materially improved. Here ?9 is the ratio of Pu-239 to U-235 fission rates in
the fuel, normalised to the same ratio in a Maxwellian spectrum at the saoe
physical temperature. Thus it siay be concluded that for this Pu/li fueT the
details of the spectrum and reaction rates are understood and that the effects
of temperature can be well predicted.
Analysis of the HECTOR perturbation measurements of Bannerman et al (Ref 10)using the TRACER programme showed that the values of k̂  deduced for the 0.25$
alloy were consistent with the results from the exponential experiments at room
temperature. At 450°C the experiments gave a higher value of k̂  than that
predicted by TRACER but it is interesting to observe that WIMS predicts a larger
value of k_ than TRACER. Very similar agreement was obtained between experi-
ment and calculation for the alloy containing 0,5$ Pu.
A measure pf the adequacy of calculations of Pu-240 absorption is given by com-
paring observed and calculated differences between kro for fuels containing 3$and 26$ Pu-240, Not all of the Pu-240 absorption takes place in the 1 eV
resonance, but the results given in the following table show that within the
experimental error of about .+
good. ~"

of the Pu-240 absorption, agreement is very

Temperature
(*c)

20

430

Environment

Enriched U
Pu-U

Pu-U

k™(high Pu-240) - km(low Pu-240) m
kœ(lowPu-240} w";

Measured

-6.6 + 0.7
-6.5 + 0.7

-6.4*0.7

TRACER

-e.7

-6.4
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Thus although there aró soné unresolved discrepancies common to both U and Pu
enriched metal graphite lattices, the effects of Pu-239 and Pu-240 are well
represented by methods of calculation which rely on basic nuclear data.

5.2.2 Dispersed Fuel Bod Lattices
The reaction rate measurements referred to in 3.2.2 have been analysed by a method
based on the WIMS code. The results for the thermal spectrum sensitive reaction
rate ratios Pu/Ü and Lu/Mn are summarised in the following table:

Plant

NESTOR
-do-
HECTOR
-do-
-do-
-do-

Puel

uo2
PùOg/UOa
U02

Pup2/U02
002

Pu02/U02

Température
(°C)

20
20
45
45
427
427

Reaction Rate Discrepancy
with Experiment (̂ )
Pu/ff

+0.1 + 0.3
+0.4 + 0.4
-0.9 ¿ 0.6
-1.1 + 0.6
+4.6 + 0.6
+4.9 + 0.6

Lu/Mn
+3.7 ± 0.4
+2.6 + 0.5
+1.0 + 0.5
0.0 + 0.5
+4.8 + 0.5
+5.0 + 0.5

The indications are that the shape of the thermal spectrum is being adequately
predicted in the cold condition. At 427°C the results suggest that thermal
spectra are being less well predicted for these highly moderating fuels but the
results for IH>2 and Pu02/U02 fuels are very consistent implying that no additionaluncertainty is arising from the use of Pu,

5.3 Cluster tLattices
5.3»1 graphite Lattices

The previous experiments give some confidence in the understanding of the effects
Of Pu in graphite moderated assemblies, but it remains to consider for the Puenrichment of A&Rs the effects of cluster of oxide fuel. King (Ref 30) has
compared the exponential and fine structure experiments with AR&OSY calculations.
Pig 4 shows the calculated k-eff values as the fraction of fissions in Pu-239
increases. In considering the data used in these calculations, it was suggested
that an TJO value for Pu-239 between 2.10 and 2.11 would remove the trend in reac-tivity, so that the conclusions are not inconsistent with those drawn from the
analysis of the metal experiments. Both the spectrum-sensitive Pu-239/u-235
fission rate and the reaction rate distributions in the fuel cluster were well
predicted whilst fission ratios in the moderator and manganese reaction rate
ratios in the fuel and moderator were also in good agreement with calculations.
A WIMS analysis of the same lattices ('Ref 31) leads to a somewhat lower estimate
of the •% for Pur-239 which would give the best fit between experiment and calcu-
lation, but 2.10 would be an acceptable value. The fit of fission ratios is
almost as good as for the ARGOSY analysis but some significant discrepancies with
the moderator/fuel flux ratio are observed. The reason for the discrepancies
is not clear but may be associated with the particular model used for representing
the cluster in these calculations.
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The importance of corrections to the HECTOR perturbation measurements with oxide
fuels has been mentioned. The final analysis of these experiments has not yet
been completed but within the rather large errors of a preliminary analysis the
following table shows that the reactivity effect of Pa-240 is correctly predicted.

Temperature
(oc)

21
423

Ttm(26% Pu-240) - km(& Pu-240)

ARGOSY

-10.3
-10.8

Measured

-8.6 + 2.2
-9.5 ± 2.2

For uniform AG-R. lattices containing up to 1.2$ Pu (the level appropriate for Pu
enrichment) agreement with predictions based on the ARGOSY programme is very
satisfactory and the phenomena are thought to be well understood. In the case
of the non-uniform lattices, power distribution, is important and comparisons have
been made with manganese reaction rate distributions measured in the fuel elements
of non-uniformuattices. Deriving 3-group data from ARGOSY cell calculations for
a finite difference diffusion code with 4 mesh points per cell, it was found that
the maximum differences between calculated and experimental reaction rates for a
number of reflected cores were

Centre channel +HSfi>
Edge ÍU) channel -5$
Edge (Pu) channel -6$

Predictions for channels containing O.&̂ S Pu were 2 or 3$ low relative to predic-
tions for U-fuelled channels whilst for 1.2$ Pu the predictions were 3 or 4$ low.
By allowing local buck!ings to interact on cell properties or by improving the
spatial or energy resolution the naç/iitude of these differences could be reduced
to an unimportant level, although small trends still remained.

Pig 5 shows the power distribution measured by manganese foils in a HERO core
containing 1,2̂  Pu and 1.8$ enriched Ü fuel. Also shown are the percentage
differences between the calculated and measured distributions* The method of
calculation included a heterogeneous correction &nd a single buckling recycle
was used. Only minor systematic differences exist between the Pu and U fuels.
Thus from the point of view of assessing the Pu enrichment of AG-Rs, most of the
physics uncertainties referred to in section 2 have been resolved and a good
understanding of the processes has been achieved.

5.3.2 3SH1R Lattices
Experiments in JUNO with Pu fuels were aimed at studying the effects of Pu build-up
in SG-Hff reactors* However, there is less difference in this case between the
levels of Pu which are of interest for build-up and those of interest for Pu
enrichment than in the case of AGRs* The lattice had a 10e25 inch square pitehsimilar to that for which measurements were av&ilabl© with U fuel (Ref 20).
Buckling measurements with 0.25 and 0,8̂  Pu fuels gave the following agreement
with METHUSELAH II calculations:
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Coolant

0.

Water
Mixture
Water

Water
Mixture

1.004
1.006

1,002
0.990
0.991

where the misture cool&nt consists of Ïï£0 ana BgQ (Ref 32) « In t}o for Pu-239of 2.091 was used in these METHUSELAH calculations. Subsequent analysis
involving METHUSELAH III which uses 2200 m/s cross-section normalised to Westeott's
IAEA values (Kef 35) - ie an tfo for Pu-239 of 2.114 - yields very consistent
eigenvalues close to unity for both U and Pu lattices. However, similar analysis
using WIMS indicates discrepancies between Ü ana Pu lattices which are still under
investigation.
As in the case of Ü fuelled cores, METHUSELAH overestimates the thermal fine
structure in the fuel. Fig 6 shows the experimental and calculated variation
of U-235 fission rate across the cell.
METHUSELAH predicts & larger change of Pu~239/U-235 fission ratio with coolant
density than is observed in U-fuelled lattices (Ref 33)» and a similar trend is
observed with the Pu fuels. The variation of fission ratio across th© fuel
cluster is correspondingly not too well predicted» As expected, fast fission
ratios and relative conversion ratios show very similar agreement between
experiment and calculation to that observed on U-fuelled cores. The comparison
of kgo values for the 0.8$ Pu fuel deduced both from the measured reaction rates
and, by using calculated migration areas, f roía the measured buckling are in
reasonable agreement,
The change in void coefficient with increasing Pu content of the fuel is well
predicted by METHUSELAH, although there must clearly be compensating errors
which offset the incorrect prediction of Pu/U fission ratios.
Measurements in the heated loop in JTJNO indicate that the discrepancies in
Pu-239/U-235 fission ratios persist and ths variation of this ratio across the
cluster is no better predicted at high temperatures» There are discrepancies
in reactivity temperature coefficients in SGHWR lattices and similar discrepan-
cies have been observed in a number of liquid moderated systems. Subsequent
calculations using WIMS with its superior spectrum representation have not
significantly changed the METHUSELAH predictions. However, the discrepancies
are very similar for U and Pu fuels thus confirming that METHUSELAH describes
with sufficient accuracy the effects of introducing Pu into uniform enriched
SGHW lattices.
In the checkerboard lattice of 0,8$ Pu and "5% enriched U fuels, reactivity xs
predicted to be about 0.5$ low relative to the uniform cores, using METHUSELAH
cell data in the ZABOC (Ref 34) 2-group, 2-dimensioaal programme. Relative
channel powers are calculated to within 5$ which is comparable to the accuracy
achieved with non-uniform U fuelled cores. Fig 7 shows the ratios of calculated
and measured U-235 fission rates in the fuel for a quadrant of the JUNO core.
Many of the discrepancies indicated here ara âua to the coarse mesh, homogeneous
nature of the diffusion solution.
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5.3.3 Light Water Lattices
The experimental results from the BWR type lattices described in section 3.3.3
were first analysed using 5-group data from METHUSELAH (Ref 24) in the 2-
dimensional theory code GOG. A typical set of results from the core illustrated
in Fig 9 is shown in the table below.

Ratio of Theory and Experiment in PuOo/TÔ -fuelled Centre Module

1.007

M

0.992
0.992
1.000
0.992

0.952
0.932
1.023

0.963
0.931
1.035

0.954
0.920
1.037

1.022
1.001
1.021
0.990
0.998
0.992
1.015
0.997

JLfPll

1.020
1.005
1.015

Core Centre
Top Figures:
Middle Figures:
Bottom Figures:

0.999 1.014

Pu-239 Reaction Rates
Ü-235 Reaction Rates
Pu-239/&-235 Ratios

The results show that in the most highly rated pins near the water gap, theory
and experiment are in good agreement. In some of the inner pin positions dis-
crepancies of up to &$> are observed but further work has shown that such
discrepancies can be significantly reduced by the use of TOMS with its more
detailed spectrum representation to provide the input data for the GO& calculation.

The experiments outlined in this paper substantially reduce the uncertainties
associated with Pu enrichment of AGB and S&Hff reactors. It is demonstrated
that, provided that reasonable care is tafeen with the prediction of neutron •
spectrum, good agreement can be achieved with simplified design methods over the
range of experiments studied. Comparison with more sophisticated methods for
the graphite moderated systems suggests that the basic processes are well under-
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stood» Whilst the adjustment of T) for Pu-239 Is not.necessarily the only way
of removing discrepancies, it appears that a value between 2,10 and 2.11. would
give reasonably good agreement over a wide range of integral experiments.
Beoent work at elevated temperatures with highly moderating coated particle
Pu(>2/U02 fuels has shown small but significant discrepancies in the predictions
of the temperature variation of the spectrum sensitive Pu/\J and Lu/Mn reaction
rate ratios. However, the corresponding measurements in IK>2 fuels produce very
similar results thus showing that the discrepancies are not primarily due to Pacross-section data.
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PLOTOHIUM RECYCLE IN HEAVY WATER EE&CTOBS

B.P.Hastogi, K.R»Sriniva8an & H.K.Ehatia
Reactor uigitieering Division

Ehabha Atoroie Research Centre
Bombay, India

A B S T R A 0 0?

Plutonium is being produced from Tarapur Atomic Power Station
which could be used in thermal reactors. As a specific problem to
use this plutonium, studies were made to investigate whether it could
be used to run a 500 M!f(e) Heavy Water Reactoj? with boiling light
water as coolant. Some of the results obtained from this study are
presented in this paper.

la. centrale nucléaire de Tarapur produit du plutonium qui pourrait
être utilisé dans des réacteurs thermiques. On a étudié la possibilité
d'utiliser ce plutonium comme combustible dans un réacteur à eau lourde
de 500 Mir(e), refroidi à 1* eau légère bouillante* Le mémoire présente
certaine des résultats obtenus.

Tarapur Atomto Power Station consists of two BSR's of rating

190 mr(e) each. The reactors produce about 120 kgs of plutonium per

This plutonium could be used to set-up a low enrichment heavy water

moderated, boiling ligit water cooled reactor. The boiling lififct water

cooled systems are one of the advanced concepts belonging to heavy water

reactor family. They have potential cost savings from the CASfTO-PHW
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concept because of savings in the heavy water coolant inventory and

absence of losses due to leakages* The use of natural uranium in this

type of system gives a large positive void coefficient which could be

avoided by use of enriched fuel. The British SGEWR uses ÏÏ-235 enriehtnenr.,

tfce Japanese ATR is based on plutonium recycle concept and Canadian BIA/

uses natural uranium*

A survey tj^e study was made for a 500 MW(e) CANTO-BIS? 'type reactor.

The discharge bum-ups, the amount of plutonium produced end void coeffi-

cients of reactivity were studied for a 19 rod bundle which was very

similar to the bundle proposed in WASH-1086 for a 1000 MS?(e) HWBLW.

Another stud;,' was made for SGMR. The concept of plutonium recycle with

feed plutonium from farapur Station was investigated.

BOT -

The reactor rating was 500 WSf(e). The fuel was a 19-rod cluster

closely resembling the fuel geometry of a 1000 ÏC(e) HKBIS?. The details

of 1he fuel geometry and oltoer parameters are given in Table 1. The

parameters ehosen for ifee study were lattice pitch, plutonium and ÏÏ-235

enrichments. The discharge bumup, plutonium discharged in the first

cycle and initial void coefficients- were calculated, BOMLAC computer

code» tàiich is based on the four factor and two group leakage model was

used* Ideal discharge bum-ups using continuous fuelling scheme were

obtained. The average light water density was assumed to be 0.4 gms/cc*

The results of the calculations are presented in Table 2 and 3 aad *&«

same are plotted in Figures 1 , 2 and 3.

It is seen from the figures that for a self-sustaining system on

Plutonium, the total plutonium enrichment needed is 0.6$. The ideal

discharge burnup is 17,900 ITO/TeU for a pitch of 22 cms and the void
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coefficient is subtly positive. An enrichment of 0,6$ would require an
initial inventory of about 800 kgs of pltitonixxm which is equivalent to
first eight years' plutonios production in Tarapur Station. It is also
noted that void coefficient becomes negative or zero only when pitches
are smaller than 22 cms. This would put a severe design restriction.
One also observes from Figure 1 that so far bum-ups are concerned,
fissile plutonium is equivalent to U-?35 in this reactor system, hov?ever,
the two types of enrichments influence the void coefficient differently.
Por example, one obtains negative initial void coefficients in case of
0.4$ plutonium enrichment for pitch equal to 21 cms. The equivalent
1$ Ü-2J5 enrichment shows a positive void coefficients. If Tarapur feed
is used continuoxisly, one could have enrichments of about 0.7$ leading to
slightly hî ier bumups. But even with this enrichment, it is not
possible to have initial void coefficient negative for pitches of 22 cœs
and above.

Plutonium enrichment increases the fuel cycle costs, however,
increase in the burnup upto a level of -17 to 18,000 MD/TeU would not
put any undue penalty on fuel cycle costs.

Pa- HEOYCIE PT SGHWR

A 450 MW(e) SQEWR was considered. The lattice parameters for
this reactor were similar to standard SGHWH design. Investigations
were made to see whether laiis reactor could be run with plutonium
recycle and make up plutonium limited to plutonium production in TAPS.
This study was done in collaboration with UEAEA and HÈTOC and was carried
out at Winfrith. It was concluded from the study that it is possible to
run a SGHWE of 450 W(e), however, buraup of the fuel would be limited
to 8000 MWD/Teïï. Under a 9 batch refuelling scheme it was necessary to
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fuel the reactor every 50 full power days. The initial inventory of the
reactor was 900 kgs of Pu which could be produced by Tarapur in a period
of about 9 years. The void coefficient was negative. Low burnup in the
reactor and lower load factors attainable due to frequent refuelling
operations made the fuel cycle costs higher than one obtains from
standard ÏÏ-2J5 enriched SGHWR.
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TABLE-1

PARAJMETERS USED FOB 19-ROD CLUSTER

Net electric power MW(e)
Thermal Power to coolant MW(th)
Total fission power L7i7(th)
Net electric porer/fission power
Number of Channels
Channel hei^it cms
Number of rods in the cluster
Rod diameter, mm
Sheath Thickness, mm
Sheath O.D. , mm
Minimum distance between adjacent rods, mm
Minimum distance between pressure tube

and adjacent rods, mm
p

Cross-sectional area of U0~, cm
» <£

Ratio of coolant to UOg volume
Maximum J Kdo, W/cm

n
Nominal Max. heat flux BtU/hr. ft
Maximum channel power, MW
Axial Form Factor
Radial Form factor
Mass of Uranium in Core, tonnes
Average specific power to coolant Kff/kg
Pressure tube material
Pressure tube I.D», cms
Pressure tube O.D. , cms
Calandria tube material
Calandria tube I.D. , cms
Calandria tube O.D. , cms
Isotopic composition in fa

Pu-239
Pu-240
Pu-241
Pu- 24 2

Present
Study

500
1587
1664
0.5005
498
600
19
18.0
0.584
19.288
1.016

1.63
48.35
0.489
47.7
313850
3«75
1.64
1.177
135.7
11.9
Zircaloy-2
10.04
10.84
Zircaloy-2
12.44
12.70

62.69
29.62
5-47
2,22

1000 Mî7(e) H7/BLW
(from WISE- 1086

UC - 80)

965
3092
3242
0.2977
688
762
19
18,7706
0.4318
19.7358
1.016

1.73
52.58
0.491
48.8
313800
5.16
1.55
1.15
243.0
12.7
Zr-2.5$ Nb
10.3378
10*8204
Zircaloy-2
11.8110
12.0142

977



TABLE - 2

RESULTS POS TEE 19-ROD CLUSTER

Enrichment

Natural
Uranium

0.8 $
ÏÏ-255

0.9 #
ïï-235

1.<#
U-235

Square
pitch
cm

25*0
26.0
27.0
28*0

22.0
25*0
24*0
25*0
26*0
27.0
28*0

21.0
22.0
2J.O
24*0
25*0
26.0
27*0

21.0
22*0
25.0
24.0

TU/VF

10.31
11.56
12.46
13.60

7.59
8.5

10*31
11*36
12.46
13*60

6*50
7*39
8*32
9.29

10*51
11*56
12.46

6.50
7*39
8*32
9*29

Discharge
ljurnup
î/EïD/Teïï

6791
7640
8188
8566

6799
8695
9894

10705
11270
11663
11935

8713
10915
12559
13346
14025
14489
14821

12122
14078
15591
16290

Plutonium

Total

3*76
3.97
4.09
4.16

3.90
4*40
4.64
4.75
4*81
4*85
4.87

4.60
5*02
5.21
5*51
5*36
5.37
5*57

5*42
5.65
5*74
5.78

discharged
'Teïï

Fissile

2.71
2.76
2.77
2.77

2.91
3.05
3.07
3.05
3*02
2.98
2.95

3.30
3.35
3.31
3*25
5.19
5.14
5.08

5*61
5.55
3.45
3.59

Void Coeff .
mill! - K/
jcms/cc ,

94-38
100.08
105.76
109.91

59.55
73*13
83.68
91.98
98.59

103.93
108.29

56.67
55.11
69.28
80.31
88.99
95.92

101.52

31.58
50.69
65.29
76.84
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TABLE-3

RESULTS FOR TEE 19-ROD CLUSTER

Enrichment

0,4$Total Pu
0.273$fissile Pu
0.5$Total Pu
0.541$
fissile Pu
o;6$
Total Pu
0.409$fissile Pu
0.7$
Total Pu
0.477$fissile Pu
0.8$;
Total Pu
fissile Pu

Square
pitch
cm
21.0
22.0
23.0
24.0
21.0
22.0
23.0
24.0
21.0
22,0
23.0
24.0
21.0
22.0
25.0
24.0
21.0
22.0
23.0
24.0

VM/VF Burnup Pu fissile
MWD/TeU Discharge/Feed

6.50
7.398.52
9.29
6.50
7.398.32
9.29
6.50
7.398.32
9-29
6.50
1 ***?-?

9.' 29
6.50
7. '398.32
9.29

1187914052
15409
16288
14048
16184
17489
18313
1601117900
19400

. 20174
17929. 2,0057
21279
22004
19962

- . . 2208523246 ,
25911

1.4731,412
1.3531.304
1.240
1.171 ' <v1.1131.06?

. 1.073
•1.000
0.9470,904
0.950
0.8790.826
,0.787
0.854
0.7840.7330.696

Initial void
coefficient
milli-K/gm/cc
- 3.0 *+ 16.1
+ 30.9
+ 42.5
- 8.5
+ 11.1
•f 26.2
+ 37.9
- 12.9
+ 7.1
+ 22.5
+ 34.5
- 17.1
+ 3.5' -f 19.2
•»• 31.3
- 20.6
+ 0.2
+ 16.2
+ 28.8

BPRppv
14671
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UP V5 PITCH POR19:ROO CLUSTER
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RATIO OF PU F1SSH.F CHSCHARCED TO PU FISSILE
PEO V/S FtTCH FOR >» fiQQ CLUSTER
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INITIAL VOID COEFFICIENT Vg PITCH FOR 19ROD CLUSTER
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REVIEW OF PLUTONIUM TECNOLOGY WORK IN INDIA

by

V.K.Moorthy & B.P.Eastogi
Shabte At<®ie Beeesroh Ceirtre

Boajbay, India

A B S T R A C T

Plutonium bearing fuel elements are being fabricated at

for th* pulsed reactor, A programssss tof irradiation of low plutonium

•enriched ÏÏO. fuel elements is "being planned at" tfefe ooment.

«o$larl0ne«' -of plutonium fuel fabrication^ preparation of

twryllitœ'aourèèé1 «tnd an indication of low «nriola»nt fuel irradiation

proerawrae tfould be made in this papery

On fabrique actuelleir.ent des éléments combustibles ja plutcniura•• • •-'. * '•• }<•-••"' I: . :. • ••;.
pour le réacteur pulse. On projette en outre d'exécuter un programme
d*iiTadiaticn d^éléments ccitbustibles à U0g faiblement enrichi eh Pu.
Le n.émoire fait état de l'expérience acquise en Ir.de dans la fabrication
d*un combustible hautement enrichi en plutonium et donne des indications

Isur le programme dHrradiation du combustible faiblement* enrichio"

Since the last few years» the CIRÏÏS reactor has been operating end
have accumulated some amount of plutonium. Handling of plutonium in
sizeable quantities has now become r>ossible after the commissioning of
the Radiological Laboratories. It has been decided to set up a. Zero
Bieargy Past. Crlt5cal Assembly for reactor physics ejtperimente concerning
a Fast Pulsed. Reaetnoc . Fabrication of the fuel pins for this critical
assembly is non? on hand. Some experience on small scale fabrication
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for plutonium-aluminium alloys and plutonium-béryllium neutron sources

has also bean accumulated»

Construction and errection of CIROS L-5 Pressurised Water loop

has been completed* It hag been completely tested out of pile «nd is

to be Installed in the reactor shortly. An irradiation programme baa

been drann-rçp to utilize this loop which is briefly discussed in &i«

report*

FABHICATIOIf OF gTAZSLESS ^TEEIi CL&P JfofoOHIUM OXIDE FPKD
FOR PglSSj) PAST ^BITICAL ASSEMBLY.

fabrication of fuel elementa for -fee Past Critical Assembly ( -to be

comisslonea shortly) is in. progress. The fuel element contains sintered

plutonium oxide pellets of average density of $0$ theoretical, molybdenum
axial reflectors at the two tads of the fuel column and a stainless steel

spring At tiie top to hold Use fusl oolunsi in position. The stainless steel

clad tube is closed at both ends by top and bottom end plugs» About

such elements era required» Details of tile fuel element are given in

Table 1.

FABRICATION

Ofce ceramic grade PuOg powder is produced by the calcination of the

oralate at 650*0 for two fcours. 3he oxide povder is pre-cotrpasted at

2 «P/cm and granulated to - 10 + 20 BSS meeh siae granules in a granulator.

53i0 granules are compacted into pellets at 4 T/cm2 pressure in a double

acting press. The pellets having green density over $6$ T.D. are sintered

ftt 1500*C for 4 hours in a raolybdsston furnace. The sintering is carried

out under an atmosphere of &$ H^gon gas mixture. Generally, the pellet
density ie within ± 1$.
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The accex'ted sintsred pellets are chargea, to the steel clad tubes
sttoh that the average density of the pellets In &n elessnt is

ASSE?¿BLY OF TBB FUEL EIEIT37P

2?o the one end closed stainless steel clad tube is inserted the
'• 'f

spring- and the molybderaaa end reflector. The plutonium oxide pellets and
the "bottom reflector are charged in the clad tube in a partitioned
glove box.

fhe tube containing the fuel pellets is inserted into *- welding
' Íchamber which is evacuated and refilled with helium several times to*_

provide a helium gas binding between the fuel and the clad. The other
end of the tube is closed by welding of the bottom plug to the tube by an
automatic Tiff welding machine. After checking for contamination, each
fuel element iâ1 Subjected to the helium leak detection test and is also
radiographica] ly ' ¿

All operations involving plutonium oxide are carried out in leak
( * Í

tight glove boxes. 3n general, it has been possible to fabricate fuel
" \pins within specifications and with closer tolerances than indicated

In Table 1.

Í&J^ABATIOK OF PLÏÏTOTIUM-ALBMINIUM ALIiOYS

Small scele- fabrication of thin sheets of Al-Pu alloys have been

carried out to v***s± the requirements of BáBC. The steps involved were
•'il' , < ; •

(a) preparation , r u\e «aster alloys by alundnothermic reduction of

in preset'cfc of cryolite and excess aluminium, (b) reœelting and
dilution of te* master alloy, (c) precision casting of thin plates

*

(thickneae about 2.5 nm) in suitably designed mould» (d) heat treatment
of the eastings and (e) cold rolling to the desired sizes.
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Two master alloys containing 15# and 2006 plutonium were prepared
ty the aluminothermic method in « graphite crucible in argon atmosphere»
She remelting and dilution tras carried out in a graphite crucible in
argon atmosphere by induction heating. Casting tsas done by tilt pouring
into split graphite moulds. The alloy casting «as cold worked to some
extent and «mealed in a resistance furnace at 450*C for 8 hours. The
rolling was carried out in a two-high jeweller's rolling mill.

OF PIflTOHlUtf-BESYI»LIOM SRITBOST SOURCES

A number of -plutonium-béryllium neutrón sources ranging from 0.01

to 5 curies have been fabricated in the facilities at Troabay. The sources
•

«ere prepared by compacting a mixture of plutonium oxide-beryllium metal
^ i-

powders» followed by sintering at about 1260 - 1280*0 in argon atmosphère.

At about 1000eC, reduction of PuO- to Pu Estai and its subsequent alloying
with tiie beryllitjm metal to form Pa-Bo,,, takes place. Shis is indicated
by e. rise in temperature and a sharp rise in neutron output.

The compacts isere f icst sealed ia screw cap aluminium containers and
the final canning was done in stainless steel containers with leak tight
weld closures»

CIRTJ3 L-5 PHE55UaiZE3 WAmat TjQOP

The CïRïïS 1.-5 loop is being installed in one of the 4 inch experimental

position (B-19) of the reactor. The loop has been completed and out of ttile

tests have been found to be satisfactory, fhe loop is designed to circulite

¿c-iaineralised œater at a maximum temperatura and pressure of 550°? s&a-

2000 psig respectively over an experiaental fuel assembly and has a heat

removal capacity of 400 K v?atts, maxiisuni. The in-reaotor portion of Ifce

loop, trhich houses the test fuel assemblies, is nade of Zr-2 and has a

mariffium inside diameter of 2.28 inches . Handling equipment for transferring
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irradiated fuel specimens from the reactor into the shipping flasks are
being fabricated, fbe irradiated fuel specimens will b« transported to
Radiological Laboratories for post Irradiation examinations »

Irradiation, prograams to irradiate natural uranium fuel pins o.f
EAE? fuel bundle type and similar fuel pins with plutonium enrichment
has been orara. Average I kd6 of about 10 TÍ/CI& could be achieved for
natural uranivar» pins. An enrichment of 4 percent isith plutoniua gives
J k£Q equal to 44 v/cm, a rating which corresponds to RAPP realtor.
ïïpto 7 rod bur.dle cox'1-5 be accocstfioeatcd in the loop.

EFStppv

PuO? pellet diaaucter

Avera/5» «Sens sty of pellets

Total

Length of PuOg column-

(type 547)
steel fuel can

0.2).
Wall thickness

T.D.

t 140 +, 3 «»

: 123.4 + 2.6 «m

j 11.0 nm

t 0.5 on*
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Û PLOTONIUK
DANS LES BCACrnJRS A 3AÜ LSQ5HE

Situation actuelle dans la Conanunauta Européenne
et perspectives pour 1980

P. LAFOHTAINS

COMMISSION
COMMUNAUTES.

Direction Générale
dee Affaires Industrielles
Technologiques & Scientifiques

Résumé

Les problèmes technologiques fondamentaux liés au recyclage
du plutonium dans les réacteurs thermiques à eau légère sont
actuellement résolus; l'utilisation de cette matière fissile
dans les réacteurs à eau légère n'étant entravée par aucune
barrière technologique, elle sera régie par les lois de l'éco-
nomie du marché, dans le cadre des traités internationaux
réglementant l'usage des matières fissiles.

Sur le marché mondial* du plutonium, l'offre est restée
faible par rapport à la demande privilégiée (recherche, déve-
loppement, programme des réacteurs rapides) jusqu'en 197O.

Après 71/72, l'offre s'établira au niveau de la demande
privilégiée pour devenir nettement excédentaire vers 1975. On
peut estimer que l'excédent de l'offre, cumulé pendant la période
76/80 sera de l'ordre de 1OO tonnes de plutonium fissile.

S\ir le marché intérieur de la Communauté Européenne des Six,
l'offre en plutonium restera inférieure à la demande privilégiée
au cours des premières années de la décennie 71-BO et la
Communauté sera, probablement, légèrement importatrice en
plutonium. L'offre ne s'établira au niveau de la demande privi-
légiée que vers 1975 mais sera néanmoins excédentaire vers I960.
(Excédent cumulé pendant Ta période 76-80 de l'ordre de 3 à 7
tonnes de plutonium fissile).

*URSS et Chine exceptés; plutonium provenant des centrales
électriaues à l'exclusion des réacteurs plutonigenes (militaires;électriques
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Sur If marché mondial , excédentaire à t>artir des années
73-75» diverses possibilités s'offriront atix producteurs de
plutonium.

1. Si le prix de revient du plutonium est supérieur à la valeur
d'usage du plutonium dans les réacteurs à eau légère - commu-
nément admise énaJe à 7-8 $/g de Pu - on aura probablement
avantage à stocker les éléments combustibles non retraités
(cas possible du plutonium à extraire des éléments combustibles
à uranium naturel) et à attendre que de meilleurs conditions
technico-éconoraiques soient réalisées.

2. Si le prix de revient du plutonium est inférieur à la valeur
d'usage du plutonium dans les réacteurs à eau légère (cas
général du plutonium extrait des éléments combustibles à eau
légère) on pourra soit recycler ce plutonium dans les réacteurs
thermiques en fonctionnement à cette époque, soit le stocker
pour une utilisation ultérieure dans les réacteurs rapides,
(valeur d'usage communément admise égale à l4~l6 $/g de Pu).

Cette dernière hypothèse n'est pas absurde, car si on
espère obtenir 15 $/g de plutonium sur le marché potentiel des
réacteurs rapides en 1985, et si le coût de l'argent est pris égal
à 8%/an, la valeur actualisée de ce même gramme de Pu en 1975
est au plus de 7 $/0*, ce qui cadre bien avec les valeurs d'usa-
ge citées plus haut.

Il faut néanmoins constater que :

a) les producteurs d'électricité seront enclins à réaliser
immédiatement leur stock de plutonium plutôt que d'attendre une
dizaine d'années.

b) l'industrie désirera s'affranchir du problème du stockage
du plutonium.

* Le temps de dédoublement de la valeur du Pu est nettement,inférieur
à 1O ans si on tient compte des frais de stockage et d'un coût de
l'argent supérieur à 8%/an.

990



c) si tout le plutonitun disponible était stocké, on disposerait
en 1985, date probable de ]'apparition significative des réacteurs
rapides, de quelques 150 à 2OO t. de plutonium fissile. D'ores et
déjà, on peut prévoir que le marché potentiel des réacteurs rapides
n'est pas suffisamment vaste pour absorber tout ce plutonium; ce
stock permettrait en effet, d'installer dans le monde à cette époque,
de l'ordre de 45.00O MWe en réacteurs rapides.

De toute évidence, une partie du plutonium sera recvclée dans
les réacteurs à eau légère: le marché du recyclage sera néanmoins
incomparablement plus vaste aux USA que dans la Communauté Euro-
péenne.

La valeur marchande du t>Jutonium s'établira donc, sur le
marché mondial, à une valeur comprise entre son prix de revient
et sa valeur d'usage pour le recyclage dans les réacteurs à eau
légère.

Dans la Communauté Européenne des Six, la majeure partie du
plutonium produit par les centrales électriques sera absorbé
jusqu'aux environs de 1975» par le programme des réacteurs rapides.
Ce plutonium alimentera les unités pré-industrielles de fabrication
de combustible UO,. -PuO actuellement en cours de construction ou¿i* ¿î
en fonctionnement dans la Communauté. Ces usines étant bivalentes
- on peut y fabriquer des éléments combustibles plutonifères pour
reactexirs rapides et pour réacteurs thermiques - iï y a tout lieu
de croire qu'on y fabriquera également les premiers rechargements
en combustibles plutonifères des centrales à eau légère.

Ceci constituera l'amorce pré-industrielle du recyclage du plu-
tonium dans les réacteurs à eau légère.

Ce processus s'accentuera de 76 à 8O, période pendant
laquelle l'excès de l'offre en plutonium communautaire, par rapport
à la demande communautaire des programmes rapides, s'établira aux
environs de plusieurs tonnes.

Vers la fin de cette époque, la Commission de la Communauté
Européenne pense qu'il devrait être possible d'alimenter, dans la
Communauté Européenne des Six, une capacité de production de
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l'ordre de 1OO t/an en combustible plutonifèref cette étape
pourrait concrétiser dans la Communauté le caractère industriel
du recyclage du plutonium dans les réacteurs à eau légère.

On ne peut espérer accélérer ce processris du développement
industriel que si la Communauté Européenne s'approvisionnait en
plutonium sur le marché extérieur (au lieu d'uranium enrichi par
exemple) ou que si l'industrie de la Communauté parvenait à s'appro-
prier une partie du marché à l'exportation du recyclan*? du plutonium
dans les réacteurs à eau légère.

Le plutonium produit par les centrales nucléaires américaines
de 1970 à 1980 est représenté au tableau 1 ; celui pour l'ensemble de
la Communauté, au tableau 2 ; celui pour 1& Canada, lfEspagne, la
Suisse, le 'Royaume Uni et les autres pays, au tableau 3»

II y a lieu de considérer séparément la production en pluto—
nium des réacteurs à uranium enrichi de cello des réacteurs à uraniura
naturel ; en effet, le prix de revient du plutonium est très diffé-
rent 'd'une production à l'autre,

Le plutonium contenu dans los éléments combustibles irradiés
dans les réacteurs à uranium naturel peut, techniquement, être aussi
bien récupéré que celui des éléments corabustiblos irradiés dans les
réacteurs à sraniura enrichi ; mais? conme à lui seul, il doit sup-
porter le coût de cette récupération, (la concentration résiduelle
en U-235 étant trop faible pour avoir une quelconque valeur marchande),
son prix de revient est élevé. A -titre d'exemple, ce prix de revient
est de 1*ordre de 12 //g (6 //g) lorsque le coût du retraitement, du
transport des combustibles irradiés dans un réacteur graphite-gaz et
du stockage définitif des déchets est de l'ordre do 30 //kg (15 //kg).

Bien au contraire, le prix de revient du plutonium* contenu
dans les éléments combustibles irradiés dans les réacteurs à uranium
enrichi (réacteurs à eau légère) est faible ; ceci est dû à la con-
centration résiduelle élevée (0,6 à 0,8$) en uraniu-a 235 d.e ces com-
bustibles, qui de ce fait ont une valeur résiduelle non négligeable.

Quand on ne spécifie pas qu'il s'agit de plutonium fissile, il faut
comprendre plutonium total.
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Dans les conditions actuelles du marché (coût du retraitement, du
transport des combustibles irradiés et du stockage définitif des dé-
chets, de l'ordre de 30 //kg, prix de l'uranium enrichi à 0,8$Î9 à
20 $/1n£) le prix de revient de ce plutonium est de l'ordre de quel-
ques (l à 2) dollars au granrae.

Bans ces conditions, le plutonium produit dans les réacteurs
à uranittn naturel, n'alimentera le marché du plutonium que par temps
de pénurie, actuellement par exemple, lorsque la valeur marchande
(prix de vente) du plutonium est très élevée, ou si les installations
de retraitement travaillent au coût narginal (15 //kg).

La figure 1 donne 1*offre mondiale et' de la Communauté Euro-
péenne en plutonium fissile ; on y a représenté séparément le pluto-
nium produit dans les réacteurs à uranium naturel de celui produit
dans les autres réacteurs*

II.
Le plutonium sera utilisé en priorité pour les programmes de

recherche et de développement, pour alimenter en combustible les pro-
totypes de réacteurs surgénérateurs ainsi que les réacteurs surgéné-
rateurs "tête de filière".

I» Besoins £our__l£s_j?ro£raflime£ 2 — 2
Cetto categoría comprend les besoins pour i
- L'étude des combustibles au plutonium et les irradiations ex-

périmentales par lots de quelques éléments ou de coeurs de ré-
acteurs partiels ou même complets.

- Les assemblages critiques et Ifes réacteurs expérimentaux.
- Les études de physique et de métallurgie utilisant du plutonium,

la fabrication de sources, etc.
•

Les chiffres retenus (en tonnes de plutonium fissile) sont résumés
au tableau 4. Ceux des périodes 1967-1970 ot 1971-1975 ont été
estimés d'après ce qui a été publié des programmes des divers pays.
Pour la période 1976-1980, compte tenu de ce que cette catégorie
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3.

dfutilisation est peu destructive, on a admis arbitrairement , des
besoins égaux à la période 1971-1975.

On aurait ainsi en 1980 plus de 15 tonnes de plutonium fissile im-
mobilisées pour des programmes de R & J3, ce qui est déjà, considé-
rable.

2. ¿li.me,̂î.3.Î.̂°.n_eS Ŝ kust̂ ble £ie.E Er£̂ £̂ XP£s_̂ £ réacteurs
On a repris au tableau ̂5 les prototypes de réacteurs rapides qui
seront en fonctíonneraent au cours des années 70-SO.

iai tableau 6, on a indiqué les immobilisations en plutonium.

On a admis, pour le calcul du tomage en plutonium fissile immo-
bilisé qu'il faudra 3 kg de plutonium fissile par íFíe pour fabri
quer le coeur de chaque réacteur (l) et qu'on devra progressive
ment y ajouter C kg de plutonium fissile par B"e pour tenir
compte de l'imaobilisation dans lTensemble du cycle de combusti-
ble (2).

On a repris» également au tableau 5» les réacteurs "tête de fi-
lière" qui seront vraisemblablement en cours de construction pen
dant les années 70-80.

Au tableau 6t on a indiqué les immobilisations en plutonium.

On a admis, pour le calcul du tonnage >en plutonium fissile imno-
bilisé1! qu'il faudra 2 kg de plutonium fissile par l-Pîe pour fa-
briquer le coeur de chaxrue réacteur (l) et qu'on devra progres-
sivement y ajouter 2 kg de plutonium fissile par L?¿e pour tenir
compte de l'immobilisation dans l'ensotnble du cycle de combusti-
ble (2).

(1) Immobilisé 2 à 3 ans avant le début du fonctionnement de l'instal-
lation.

(2) Immobilisé au cours de la première année du fonctionnement de
1'installation.
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4 « Demandê  £riyi_l£gi,ee. ÍL°Ía.ee2:
Les besoins privilégies en plutonium fissile sont repris dans
le tableau J.

III. COMPARAISON SHTHE L'OFFIÏE HP LA DUiâKDE PRITILJGI-I
La comparaison entre l'offre et-la demande mondiale en pluto-

nium fissile est donnée dans le tableau suivant :

!Comparaison entre l'offre et la demande mondiale en plutonium
fissile (en kg de plutonium fissile)

Période

67-70
71-75
76-80

" * Offre

7.500
32.000 (2)
115.000 (3)

i

Demande privilégiée

• ! 8.000
' 12.000
20.000

Ce tableau fait apparaître trois périodett bien distinctes :

a) Avant 1970, l'offre en plutonium fissile est faible par rapport
'à la demande qui est fournie essentiellement par les programmes
de H & D. Le plutonium est une matière.rare et son prix est
élevé.

b) Après 1971» jusque vers 1975» l*offre sera supérieure à la.de-
mande. De 1971 à 1975, la production cumulée en matière fissile
des centrales aux USA sera à elle seule de 12 tonnes alors que

• la demande mondiale, pour cette même période, sera du même ordre
de grandeur..

(1) Immobilisé au cours de la première. annéte du fonctionnement dol'installation ' ' ' '" .. . -
(2) 13*700 îcg. provenant"des reacteufë à uranium naturel

18*200 kg. provenant des réacteurs à uranium enrichi
(-3) Dont 100 tonnes proviennent des réacteurs à uranium enrichi.
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c) Les écarts les plus significatifs entre offre et demanda n'appa-
raîtront néanmoins qu'ultérieurement, pour la période 76-80,
l'offre mondiale s'établissant à 115 tonnes alors que le, demande
pour les besoins privilégiés ne s'élèvera qu'aux environs de 20
tonnes. . •
L'offre mondiale en plutonium "bon marché" sera ainsi excéden-

taire par rapport aux besoins privilégiés à partir des années 1973—1975»

Afin de dégager les mouvements éventuels d'importation ou d'ex-»
portation en plutonium dans la Communauté, il est nécessaire de compa-
rer l'offre et la demande privilégiée en plutonium dans la Communauté.
Ceci est donné dans le tableau suivant.

Comparaison entra l'offre et la 'demande communautaire en
plutonium fissile (en kg de plutonium fissile)

Période

67-70
71-75
76-80

i

•
Pu provenant d
à eau légère

—
1.700
10.000

es réacteurs
gaz-graphite

700
3.700
4.400

Demando
privilégiée

1.000
4.500
7.000

'.. . . 1

Sur le marché intérieur de la Communauté Européenne, l'offre
en plutonium restera inférieure à la demande privilégiée au cours des
premières années de la décennie 71-80. C'est une des raisons» parmi
'd'autres, pour laquelle on récupérera, m§me si cola s'avérait peu éco-
nomique, le plutonium contenu dans les éléments combustibles des réac-
teurs gaz-graphite. Pendant cette période, la Communauté restera
-probablement- légèrement importatrice en plutonium.

L'offre ne s'établira au niveau de la demande privilégiée que
vers 1975 mais sera néanmoins excédentaire vers 1980.

L'excédent cumulé pendant la période 76-80 sera de l'ordre de
7 tonnes en plutonium fissile, si on considéra que le narohs est ali-
menté indifféremment par le plutonium provenant des réacteurs à ura-
nium enrichi et des réacteurs à uranium naturel ; cet excédent n'sst
que de trois tonnes s'il s'avérait plus intéressant de ne plus retrai-
ter -du moins momentanément— les combustibles à uranium naturel.
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IV. UTILISATION DU PLUTOHIIE!_gff]3ĵ Ujre SUH_L3 IIAHCHL KOHDIAL A PARTIR
DSS AMPS3SS 1973-1975. . '

' - Sur le marché mondial où le plutonium fissile sera excéden-
taire à partir des années 73~75t diverses possibilités s'offriront aux
producteurs de plutoniums
1.- si le prix de re/ient du plutonium 'est supérieur à la valeur

d'ussge du plutonium dans le? réacteurs a eau légère -communé-
ment admise égalo à 7-8 //g de Pu- on aura probablement avan-
tage à stocker les éléments combustibles non retraités (cas pos-

• sible du plutonium à extraire des éléments combustibles à uranium
naturel) et à attendre que de meilleures conditions technico-éco-
nomiques soient réalisées.

2.- si le, prix de revient du plutonium est inférieur à la valeur
d'usage du plutonium dans les réacteurs à eau légère (cas géné-
ral du plutonium entrait des éléments combustibles à eau légère)
on pourra soit recycler ce plutonium dans les réacteurs thermi-
ques en fonctionnement à cette époque, soit le stocker pour une
utilisation ultérieure dans les réacteurs rapides. (Valeur d'usa-
ge communément admise égale à"14-16 //S de plutonium}.

" ' ' . . . . < . ' : I . ' * . -

Cette dernière hypothèse n'est pas absurde, car si on espero
obtenir 15 //g de plutonium sur le marché potentiel des réacteurs ra-
pides en 1985t e* si le coût de l'argent est prix égal à 8$ l'an, la
valeur actualisée de ce même gramme de plutonium en 1975 est au plus
de 7 f>/s *t c® <iui cadre bien avec les valeurs d'usage citées plus
haut.

Il faut néanmoins constater qué :
&) les producteurs d'électricité seront enclins à réaliser immédia-

tement leur stock de plutonium plutSt orie d'attendre une dizaine
d'années. . . . .

b) l'industrie désirera s'affranchir du problème du stockage du
plutonium. - • '

•,#•. . - • ' ' ' . ' „ • . ' . . ~ . •". .- '- tLe temps de dédoublement de la valeur du plutonium est nettement
inférieur à 10 ans, si on tient compte des frais de stockage et
d'un coût de l'argent supérieur H 8$ l'an.
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o) si tout le plutonium disponible était stocké,' on disposerait en
1985t date probable de l'apparition significative des réacteurs
rapides, de quelques 150 à 200 tonnes de plutonium fissile. D'ores
et déjà, on peut prévoir que le marché potentiel des réacteurs

«
rapides n'est pas suffisamment vaste pour absorber tout ce pluto-
nium ; ce stock permettrait en effet, d'installer dans 1s monde
à cette époque, de l'ordre de 45»000 Hlie en réacteurs rapides.

. • De toute évidence, une partis da plutonium sera recyclée dans
les réacteurs à eau légèra } le marche du recyclage sera néanmoins
incomparablement plus vaste aux USA que dans la Communauté Européenne.

La valeur marchande du plutonium s'établira donc, sur le mar-
ché mondial, à une valeur comprise entre son prix de revient et sa va-
leur d'usage pour le recyclage dans les réacteurs à eau légère.

V. ETAT ACTUJ3. DANS LA COIJMOHAOTS BnaOPSanG.Pjg LA T3CIPIOLOQIS Dû 3ECY-
CLAŒ5 -SU PLUTONIUM DANS LES H?ACTú:URS /. EAU 1̂ 153

La raise au point do la technologie des coeurs UO_-PuO? des
réacteurs à eau légère a fait l'objet, tant aux USA que dans les pays
de la Communauté, de nombreuses études de R & B au cours des 15 der-
nières années.

Ces études ont porté d'une part, sur les méthodes de fabrica-
tion (combustibles compactés par vibration, combustibles frittes) ainsi
que sur le comportement en pile (irradiation et examens post-irradia-
toires) de ces produits, et, d'autre part, sur l'analyse du comporte-
ment des coeurs plutonifères(études de physique, densité de puissance,
coefficients de température) des réacteurs à eau légère.

Dans les pays de la Communauté, ces études ont été initiées
et_menées, en grande partie dans le cadre des accords entre Euratom
et l'USASC, par le OSA, la Belgonucléaire et Alkera, avec le concours
de divers producteurs d'électricité, notamment l'SNSL, en Italie.

On dispose actuellement dans les pays de la Communauté de di-
verses unités pilotes pour la fabrication des combustibles UO.-PuOg ;
on peut citer l'installation de l'Alkem, celle de la Belgonucléaire et
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celle du CŒ/1» Les principales irradiations ont lieu actuellement
dans les réacteurs- ao Garigliano, de Kahl*» de 1125*1? et B33 f d'au-
tres auront lieu incessamment dans les réacteurs de Dodewaard ;
d'autres enfin sont prévues dans le réacteur de KWQ (1973-1974) •

Actuellement, le calcul du comportement des coeurs UO
des réacteurs à eau, a atteint un stade de maturité presque compara-
"blé à celui des réacteurs à eau alimenté en uranium ; il reste encore
à éteyer les calculs théoriques par quelques campagnes de mesure de
densité de puissance de coeurs fortement irradiés. ¡

Le degré de développement technologique des combustibles ¡
mixtes UO-PuQrt sous forme do pastilles frittées, est, quant à lui,
semblable à celui des combustibles U02«

Les combustibles vibro-conpactés ont atteint un stade de
développement légèrement inférieur aux combustibles frittes j ils
présentent un potentiel économique supérieur à ceux-ci à condition
' d'installer une chaîne de fabrication de grande' capacité. Cependantti
à cause du caractère mixte des usines de fabrication d'éléments com-
bustibles plut cnif ères (combustible pour réacteurs à eau et pour
réacteurs rapides) et de la préférence des producteurs d'électricité
vis-à-vis des combustibles frittes, on peut prévoir que la technolo-
gie des combustibles frittes serr. prédominante.

Le coût de fabrication des éléments combustibles UO
• frittes est estimé être de 15 à 25/S plus élevé que celui des combus-
tibles U02, à capacité d'usino identique de l'ordre d'une tonne/jour;
tous deux sont très sensibles à la capacité de l'usine (voir Figure 3
pour l'évaluation des coûts partiels), tout au moins pour des produc-
tions inférieures à 1 tonne/jour.

Ce supplément de coût, que doivent supporter les combusti-
bles plutonifères par rapport aux combustibles uranifères, entraîne
une diminution de la valeur d'usage "théorique" (ou nominale) du plu—

. tonium par rapport .à l'uranium ; . la valeur d'usage réelle du pluto-
.nium, exprimée en % de sa valeur nominale e*>t donnée à la, figure 4

On provoit de ch'angor un co'eur entior enrichi au plutonium dan» le
• réacteur de Kahl, en 1972 et dans celui de .Garjgliano ultérieurement.
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en fonction de la capacité de lfusine de plutonium, l'usine de réfé-
rence d'uranium étant prise égale à 1 tonne/jour.

• Le tableau 8 indique les firmes qui sont intéressées à la
fabrication d'éléments plutonifères.

t • . . •

VI. WOLOTIOST PB LA H&TPRI73 INDDSTRISLL5 Pu H3CYCLAG3 PU PLÜTONIÜI! DANS
LA

La majeure partie du plutonium produit dans les centrales
»

électriques de la Communauté sore, absorbé jusqu'en 1975 P&? le pro-
grame des réacteurs rapides 4 Ce plutonium alimentera les unités
préindustrielles de fabrication de combustibles UOg-PuOg actuelle-
ment en cours de construction ou en fonctionnement dans la Communau-
té. Ces usines étant bivalentes -on peut y fabriquer des éléments
combustibles plutonifères pour réacteurs rapides et pour réacteurs
thermiques- il y a tout lieu de croire qu'on y fabriquera également
les premiers «chargement s en combustibles plutonifères des centrales
à eau légère» : . . . .'* .- . . . . •

Ceci constituera 1* amorce préindustrielïe du recyclage du
plutonium dans les réacteurs à eau légère.

Ce processus s! accentuera de 1976 à 1900, période pendant
laquelle l'excès de l'offre en plutonium communautaire, par rapport
à la demande communautaire des programmes rapides, s'établira aux
environs de plusieurs tonnes* ..

Vers la fin de cette époque, la Commission de la Communauté
Européenne pense qu'il devrait êtr*» possible d'alimenter, dans la
Communauté Européenne des Six, une capacité de production de l'ordre
de 100 tonnes/an en combustible piutonifère j cette étape pourrait
concrétiser dans la Communauté le caractère industriel du recyclage
du 'plutonium dans les réacteurs à eau légère»

On ne pout espérer accélérer ce processus du développement
industriel que si la Comauinutê 3uropéenne s 'approvisionnait en plu-
.tonium sur le marché extérieur (au lieu d'uranium enrichi par exemple)
ou. si l'industrie de la Communauté parvenait à s'approprier une partió
au marché à l'exportation du recyclage du plutonium dans les réacteurs
à eau légère. .

1000



TABLEAU 1
maatiatatmsnuan*

Plutonium fissile déchargé et récupéré
des réacteurs à eau légère aux USA.

Année

1970
1971
1972
1973
1974
1975
1976 "
1977
1978
1979
I960

Plutonium contenu
dans les éléments
combustibles irra~
'diés et déchargés

• (kg) *annuellement

810
1.000
2. 600
4.200
6.600
8.600
12.000
16.000
21.000
24.000
29.000

'

Plutonium fissile
récupéré (kg)

(3/4 du Pu total
1 an de délai)
annuellement

300
600

1.2'00
1.900
3.000
4.900
6.400
9.000
12.000
15.000
18.000

i

Plutonium fissile
cumulé

disponible
(kg)

300
900

2.100
4.000
7.000
11.900 '
18.300
27.300
39-300
54.300
72.300

*
"Réf. t US Atomic Energy Commission, Forecast of Growth

of Nuclear Power (3.96?)

N.B. Ce tableau nfa pas sensiblement varié suite à des publica-
tions plus récentes.
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TABLEAU 2

QUANTITES /NKUELL3S TC3 PLUTONIUM (en kg)
BECUPlin D^S COI-IBUSTIBLIS IRiLÎJ)ILS BAH£> LLS R¿iCTIU3S DU LA COZIÎUNAUF.

ïtype de réacteurs

Année

1971
1972
1973
1974
1975
1976
1977
1978
1979
1980

1981
1982
1983
1984
1985

Sau légère

Plutonium
fissile

210
210
270
400
700

1.100
1.500
2.000
2.500
3.600

4.600
5,800
7.000
8.400
10.000

Plutonium
total

300
300
380
570
980

1.500
1.800
2.800
3.600
5.100
6.500
'8,200
9.700
12.000
15.000

Graphite Gaz

Plutonium
fissile

530
620
780
850
8?0

870
8?0
870
870
870

870
8?0
870
870
870

Plutonium
total

• 750
900 1

1.100
1.250
1.300

1.300
1.300
1.300
1.300
1.300

1.3CO
1.300
1.300
1.300
1.300
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TABLEAU- 3

PaODOCTIOHS Dû PLOTOIÎIttî FISEIL'J (en kg)
C3HT3ALSS ÏÏL3CTRIQIT5S (l) ?A3 PAYS (AÜR'JS QUE USA & COMOHAOT2)

Poye

Ganada (2)
Espagne
Inde
.Japon . .„ ..... .
Royaume-Uni (3)
Suède
Suisse
Autres pays

de 1971 à 1$80
Product ion annuelle

. 1971

85
•30
40 .
70.

1.700
•M

* *. Í

*"*

1975

600
• --400 •• •

.300
.500...
2.400
200
,

150
- 250.

1980

1.400
700 •
900

. 1.800.
3.300
450
500

1.100

Total des
10

arr.ées

6.500
•-3.600
4.300

.. . 7.300 .
25.000
2.200
2.100
3.700

Cl) Ref: I, 1
(2) Production provenant de réacteurs à uranium naturel
(3) Production provenant en partie de réacteurs à uranium

naturel ; la tjuote-part de cette production 6et esti-
mée à 1.700 kg/an.
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TABL1AU 4

BESOINS TJN PLUTONIUÎ-Î POUR LES PSOGRAÏECS DS R & D
(en tonnes de plutonium fissile)

PAYS

U.S.A.
Royaume-Uni
Allemagne
France
Autres pays

Total

1967-1970

5
1

1,5

7,5

1971-1975

3
0,5
0,75

4,25

1976-1980

3
0,5
0,75

4,25

TABLEAU 5

REACTEURS RAPIDIÎS PROTOTYPES SP T3PS D3 PILIERS
(avant 1980)

Nom

PFR
Phénix
SKH
FHD
?
1

Localisation

Dounreay (U.K.)
Marcoule (F)
Kalkhar

7
7

Prance/Allemagne

Propriétaire

UKâEA
CjSil-EDP
EPA Benelux
USAEC
ÜKASA
T3SP/EÍU&

Date de
démarrage

72
73
76-77
77
77
79

Puissance
(M!ie)

250
250
300
500

600-1.000
800-1.000
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TABLEAU 6

IÎÏVSSTISSEKSNT an PLUTOHIUK FISSILE
(TOM2S) DANS L3S S3ACT3URS DS PUISSANCE

Année

PFR
Phénix
SHE
P3D
1000 àngl. .
1000 S3F/T?,S

TOTAL

70

0,375

0,375

71

0,375
0,375

0,75

72

2
0,375

2,375

73

?.

2

74

3,45

0,45

75

0,45
0,75

It2

76

2,4
0,75
I

4,15,

77

4
1
1
6

78

2
1

3

79

2

2

S P9WILSGI23 Id» PtOTOSIUK FISSILE (MOND3:)

(tóanos)

Années
Prograimne
R & D
Réacteurs'prototypes
et tête do
filière
Total(arrondi)

Total ar-
rondi , par
période

¿v* 70

7,5

0,375

8

8

71

0,9

0,75
•

1,6

7.2

0,9

2,375

3,3

12

73

0,9

2,0

2,9

74

0,9

0,45

1,4

75

0,9

1,2

2,1

76

0,9

4,15

5

77

0,9

6

7

78

0,9

3

4

20

79

0,9

2

3

80

0,9

-

1,0
- . .. , J
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TABLEAU 8

PIR2Î3S. SUB0PE3HSSB IMFTESSJ5SS D/JÍS Là
FABRIC ATIOÏÎ D'SLSHLMTS COIIHJSTIBLZS PLUTONIFSRES.

Pays

Allemagne

Allemagne

Belgique

Belgique

France

Italie

Angle-
terre

usine/Firme

Karl Si-une/Alkeia

Hanau/Qkera

Hol/Belgonucl êâre

De 8 se 1/Be 1 gonu-
cléaire

CZA

cirsK

ÎIKAJA

!• •

Capacité de production

2 à 5 t/an(unité pilote)

40 t/an
de comlsustible plutoni-
fère pour réacteurs à

eau légère

unité pilote

3t5 t/an de combustible
plut onif ère pour réac-
teurs rapides ou 30 t/an
de combustible plutoni-
fère pour réacteurs à

eau légère

unité pilote
essentiellement pour ré-

acteurs rapides

laboratoire de combus-
tible

unité pilote
essentiellement pour ré-

acteurs rapides

Année d'entrée
en fonctionnement

en opération
—————————— ~ï

1972

en opération

1972
x

en opération

en opération

en opération
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TABLEAU 9

PRODUCTION MOHDIALB ABMDELL3 D3 PLUTONIUK FISSIL3
(en kg) DUS CSKTHALES NUCL*IAIR3S SLSCTRIQU73S

Année
Avant 1967
1967 à 1970

71
72
73
74
75

76
77
78
79

à uranium naturel
production cumulée totale
production cumulée totale

2.300
2.500
2.800
3.000
3.200

3.300
3-50C
3.600
3-8<JC'

80 4.000

à uranium enrichi
estimée à 1.200 kg
estimée à 7.500 kg

1.000
1.800
3.000
5.000
8.000

11.000
15.000
19.000
24.000
29.000
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254' ran FIGURE I

PRODUCTION ATOnffiLL*3 BS PLUTOHIUK FISSILE

roonc iale
dans la Communauté

centrales à
uranium enrichi
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HOURS 2

cottt de
l'énergie

7-8//g 14 à 16 //g
valeur du plutonium

1. Coût de 1'énergie produite par un réacteur à eau légère alimenté
en uranium enrichi

2. Coût de l'énergie produite par un réacteur à eau légère alimenta
en plutonium

3. Coût de l'énergie produite par un réacteur à neutrons rapides
sans tenir compte d'un surcoût du coût de fabrication des élé-
ments plutonifères par rapport aux éléments à uranium.

1009



Fieme 3

200

100-

o
3
I

0,1 0,2 0.5 2

COUT PARTIEL B1: FABRICATION
5C FONCTION UT! LA CAPACITE
D;: paoiracTiow j)rs us

1010



FIGURE 4
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REVIEW OP NATIONAL FBOGRAM

V. MachaCek
Czechoslovak Atomic Energy Commission

The short and medium-term nuclear power program in
Czechoslovakia is based on power plants with pressurized
light water reactors of the Novovoroñezh type. In line with
the contract signed between our country and the Soviet Union,
a total nuclear power capacity of 17OO MWe will be installed
by the end, of 1980 in Czechoslovakia, in two nuclear, power
station» consisting of twin 425,MWe units scheduled for suc-
cessive year after year completion within 1977 ..--. I960. In
the project over the period 1980 - 199O, à further rapid ex-
pansion of the nuclear power program is considered with an
objective to achieve an increase of the nuclear power capa-
city €o 12.OOO MWe in 199O which represents a share of about
30 % in the total installed power capacity at that time. To
accomplish this objective, an intensified construction- of
light water 'reactor power plants in assumed to continue with
an emphasis on the introduction of 1.0OO MWe units, once they
will be proved and become available. The only ekception in
this concept allows for commissioning of a fast breeder reac-
tor power station with the output of l.OOO MWe by latter half
of 1980*s.

Assuming from literature data that, on an average, 23O -
24O g of fissile Pu are produced per MWe.year in this type
of LWR operating at an average load factor of 8O %, .and anti-
cipating a time lag of 2 years between spent fuel discharge
and Pu availability, from the afore-outlined nuclear power
program one can infer the Czechoslovak Pu stock of the order
of 2.OQ6 kg by Î9Ô5 and of ¿botít Ô.OOO kg by 199O if neither
consumption rior production of Pu in the fast breeder reactor
is taken into account.

Although any forecast beyond 10 years is beset w£th un-
certainties which dissuade from premature designs and conclu-
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slons, it is apparent that the quantities of Pu in question
are rather small to constitute a base for an economically
sound national program of Pu recycling in thermal power reac-
tors, in particular at that time when fast breeder reactors
are regarded by the most part of experts as becoming commer-
cially feasible facilities with a more promising power gene-
ration from Pu. However, even with no regard to the demand
of Pu for fast power reactors in case of their advent delayed
to early 199O*s, the accumulated amount of Pu would be insuf-
ficient to support thermal burning of Pu on such a scale of
operation as necessary for. economic reasons. Moreover, this
presumption may seem to be warrantable by the fact that our
country owns natural uranium resources large enough to cover
the need of uranium for the envisaged thermal nuclear power
system.

Nevertheless, in spite of the prospects appearing at a
<»cursory sight ill-disposed towards the utilization of Pu in

thermal power reactors in Czechoslovakia, it would be impro-
vident to foreclose entirely the eventuality that under cer-
tain conditions and circumstances this kind of recycling might
get advantageous there as well, even though for a temporary
period only. There is no detailed mode of action decided for
the case that a similar situation should arise. The general
approach, however, will consist in striving for the collabo-
ration with those countries which will have resembling condi-
tions or interest and'for the acquaitance with the experience
of countries advanced in this field. A small country like
.Czechoslovakia cannot master alone rationally the whole ex-
tent of the requisite research and development and cope suc-
cessfully with the operation scale effect, particulary in
this special case of a transient character.

As for the experimental studies at present, there are
several institutes in Czechoslovakia concerned with problems
pertinent to Pu recycling of that sort like spent fuel repro-
cessing by fluoride volatilization method, preparation of
mixed fuels by sol-gel process, various compacting procedu-
res for Pu bearing fuels, necessary analytical methods,
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health safety standards for Pu handling, and some others
of a minor importance. These problems are elaborated to dif-
ferent levels of solution front preparatory work to notable
laboratory results; their gradually growing scope and deve-
lopment towards technological applications are planned for
the coming years. In conformity with the mentioned necessi-
ty of an international collaboration, they are getting in a
steadily increasing extent a part of the cooperative rese-
arch and development plans which are agreed within the frame-
work of the Council for Mutual Economic Assistance of.socia-
list countries on both bilateral and mutilateral .bases. It
is true that the targets are set up without a special res-
pect of the thermal recycle of Pu» due to the very common
nature ôf Pu utilization in both thermal and fast reactors
no difficulties are expected, however, if the situation is
going to require an orientation suitable for this purpose.

The invitation of Czechoslovakia to the present Panel
has been accepted with appreciation. It is taken in such a
way that the Agency wishes to learn, on the topic in ques-
tion, also the views and recommendations of countries which
are starting to build their nuclear power facilities. For
the time being, our country has not yet established a firm
strategy for Pu recycling. Its crystallization in the future
calls for a continued analysis of results and experiences
acquired from own experiments as well as of those achieved
abroad. Therefore, in our recommendation to the activity of
the Agency in this field we would like to suggest the compi-
lation of the data pertaining to Pu recycling and a regular
organization of international meetings /panels or conferen-
ces/ on this subject} it is worth considering whether the
limitation to thermal reactors only is useful since in many
aspects the problems are common or require a comparison with
fast reactors. We do believe that the contribution of Cze-
choslovakia to some of the next meetings will be more active
owing to the progress in our research and development effort.
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Pu RECYCLING ECONOMICAL SfUfllES

Mr. Bairiot

1. INTRODUCTION.

In the next years, the Utilities equipped with nuclear power
plants will be faced with the growing problems of plutonium use. They
will have the choice between :
- the sale of their plutonium at the current market price,
- its temporary storage in the hope of a future higher market price or

better utilization,
- its direct use. in one of their reactors,
- the purchase of foreign piutoaium for use in one of their reactors.

The plutonium equivalence value concept, as defined and used by
Eschback and others, is an easy reference for guiding Utilities'choice :
- plutonium, if used immediately by the Utility, should be directed to

the reactor exhibiting the highest equivalence value,
- plutonium should be sold (purchased) if the market price is higher

(lower) than its highest equivalence value when used within the Utili-
ty's po'ver system,

- plutonium should be stored if the present worth of its future valu**,
less tho storage and related charges, is higher than the current mar-
ket price or than the highest equivalence value.

However, the method is efficient and accurate only if one proper-
ly accounts for the changes of plutonivim composition with burn up and
for the change of economic context with time.

2. PLUTONIUM COMPOSITION. .

2.1. Plutonium 242.

The plutonium produced from LWR enriched uranium generally
contains 60 to 70 % Pu 239 and a very small percentage of Pu 242.
When this plutonium is used as a substitute for U 235 in thermal re-

actor fuel, this fuel still contains a substantial amount of plutonium
after irradiation, if one substraéis from the recovered plutonium the
amount which woxud have been produced in the same reactor by the
equivalent quantity of xiranium fuel, one gets what can be called the
"residue" of the initiai plutonium ; it is this fraction, rather than the
full amount recovered, which is of interest for the economic analysis
of plutonium use. v

The fissl'e plutonium residue is generally between 40 andi>0 %
of the original amount and is therefore radier significant even when
present-worthed, for the evaluation of plutonium fuel economics.
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The plxitonium residue contains large quantities of the heavy plu-
tonium isotope?, Pu 241 and Pu 24?. Foi instance, calculations have
shown that when plutoniumx(Pu 239/ Pu 24C/ Pu 24l/ Pu 242} is used,
together with slight!/ enriched uranium, in the SENA reactor, the re -
sidue has the composition 0. 45/0. 25/0. 22/0. 8.

The difference in composition has an influence on the nuclear
characteristics of plutonium, that is on its value relative to uranium
235. The main parameter of the plutonium composition is apparently
the Pu 242 content ; for instance the report on the "Current status and
future technical and economic potential of light water reactors"
(WASH-1082, March 1968} states that the influence of isotopic compo-
sition on fissile plutonium value can be expressed by the penalty coef-
ficient (1. -0.6 P42) where P^z is the ratio of Pu 242 content to fissile
plutonium coûtent.

According to this rule, the reduction in fissile plutonium vaîue
from initial to residual plutonium in the SENA reactor example woui.d
be about 6 % corresponding to an increase in Pu 242 content of 0.10
gram of Pu 242 per gram of fissile plutonium. Obviously the exact
value of the residual plutonium will depend on the particular type of
reactor (e. g. BWR or PWR) and on the particular type of fuel (clad -
ding material, complementary uranium enrichments etc, . . ) -where
this plutonium is used. It will also be affected by the automatic blend-
ing of residual plutonium with that produced through U 238 conversion.

2. 2. Americium build-up.

The Americium build-up imposes a purification of the plutonium
after & storage period, thereby penalizing the storage relatively to
immmediate utilization.

The matter is complex, since the recycle of the plutonium will
increase the proportion of higher isotopes and thereby increase the
amount of Americium build-up during the fuel irradiation period. The
poisoning effect isnotincluded in the penalty coefficient mentioned sub
2.Í.

3. ECONOMIC CONTEXT.

Independently of the change of physical value and •§ increased
Pu 242 content, the value of the plutonium residue will also differ
from that of the initial plutonium due to modifications in economic
context which have occured in the meantime.

Particularly relevant are the possible modifications in :
- reference data for enriched uranium fuels (yellow c?ke or separative

work costs^,

* 0.71/0. 165/0. 11/0.015
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V- fabrication cost penalty (scale of production à.ad problems associated
with higher plutonium 241 content),

- market structure (supply and demand situation, projected installation
of fast breeders etc... ).

Obviously, the modifications in futureeconomic context will have
an influence on the initial value oí plutonium, i.e. on the value govern-
ing Utility's choice between scale, storage or use of plutonium in a par-
ticular reactor.

The change of future plutonium-value due to modifications in econo-
mic context could be of much larger emplitude than that due to increased
Pu 242 content. For instance the plutonium equivalence value in fast
breeders is generally estimated in the range of $ 15/g fissile compared
to about half this value in thermal reactors, and the latter could increa-
se by 20 - 30 % due to lower fabrication cost penalty and concurrent nor-
mal price escalation.

4. ECONOMIC ANALYSIS OF PLUTONIUM USE.

The value of plutonium for use in a particular reactor results
from the balance between the net uranium savings, the fabrication cost
penalty, the initial plutonium investment and the future credit for resi -
dual plutonium.

The interactions between initial plutonium value, residual plutoni-
um value and fabrication cost penalty have been plotted on Figure 1 ; the
analysis was carried out assuming that the standard enriched uranium
fuel and the mixed plutonium - uranium fuel are of identical designs and
capabilities, this meaning in particular that the amounts of fuel required
are the same in both cases.

Figure 1 shows for instance that, if the fabrication cost penalty
is $ 75/kg and the anticipated value of the residual plutonium value is
$ 7/g fissile, then the initial plutonium value is $6. 5/g fissile ; the
use of plutonium in this particular reactor is interesting only if its cost to
the utility is below the $ 6. 5/g mark. Conversely if the plutonium cost
is $ 6. 5/g and if the anticipated value of residual plutonium is $ 7/g,
then the maximum acceptable fabrication penalty is $ 75/kg.

The influence of the expected value of residual plutonium can be
seen on Figure 1 : when this value goes from 5 to 10 $/g» the intial
plutonium vah'e increases by $ 1.3/g for a given fabrication penalty»
Although this effect is no'c very large, it is by no means négligeable.
However, the particular influence of the higher Pu 242 content in the
residual plutonium i s small : a 10 % penalty on rcsidxuil plutonium va-
lue due to Fu 242 content results only in a 3 % reduction on initial plu-
tonium value.

& By fabrication cost penalty one means in fact all the additional ex-
penses associated with the handling of plutonium fuel (fabrication it-
self, conversion, transport, etc... )
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When Utilities are faced with the problem of plutonium use, they
might not have all the economic data nesded for a logical choice. Ob-
viously the residual plutonium value can only be guessed ; furthermo-
re» the decision may have to be taken some years in advance, when
the actual market price and, to a lesser extent, the actual fabrication
penalty at the time of the operation are not known with precision.

The zone of real interest to utilities in the graph of Figure 1
can however be delimitated on the basis of some logical arguments :

1} Initial plutonium value.

Even under unfavourable market conditions one may think that
the price of plutonium will not drop below a certain limit, áay $ 6/g.'
If the delay to effective plutonium use is close, one may have a mor-e
precise and possibly higher estimate. The minimum plutonium mar-
ket price is also the minimum cost which should be assigned to initial
plutonium. (Curve A on Figure 1).

2) Residual plutonium value.
-i

It is normally conservative to assume that the plutonium value
(not cost) .'won't drop in the future, except for the effect of the heavy
isotopes content. This gives curves B (to isotopic shift penalty) or B'
(10 % penalty) as cover limits of residual plutonium values.

On the other hand, an upper limit for residual plutonium value can
be set by equating the present worth of the future value,- at the time of
residual plutonium recovery, to the initial plutonium value ; the latter
value is then in fact that of plutonium for stock-piling. This gives
curve C on Figure 1, which, for reason of simplicity, does not account
for storage charges (other than interest charges).

If, at the time of recovery, the expected possible uses of pluto-
nium are the aame as the present ones (same reactivity and similar
fuel design and performance), the use in plutonium value is limited to
that associated with lower fabrication penalty (production scale) or
higher uranium price (rising price index). For instance, -an asympto-
tic fabrication penalty of $ I5/kg would result in a nominal equivalence
value of $ 9. 2 /g with standard economic parameters.. This is than
an upper limit on residual plutonium value and gives curve D on Figure
1. This upper limit adjusted to allow for higher Pu 242 content or high-
er enriched uranium price e. g. lines D' or D" respectively),

3)i Fabrication cest penalty.
As stated before, an asymptotic fabrication penalty might be es-

timated at around $ 15/k£, which gives line E on the graph. However,
this figure is more a tsi-pet than a reasonable near term estimate.
The fabrication penalty at the time oí actual plutonium fuel fz.brtcalion
could be estimated more accurately by extvapolation if price trends
or by consideration of variation in fabrication plant sizes. One might
then predict some years in advance that the minimum and the rnaxi-
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mum fabrication penalties which will have to be faced will be for ins-
tance 50 to 75 $/kg. This gives respectively curves E1 and E" on the
graph.

The above arguments allow to restrict strongly the actiial zone of in-
terest on Figure 1. If a reasonable estimate exists for the fabrication
penalty at the time of plutonium use it is possible to have a good esti-
mate of the economics of this operation since the possible variation in
residual plutonium value introduces an uncertainty of only $ 0.5/g
maximum on initial plutonium value,

5. CONCLUSIONS,

The economic analysis of plutonium use in a particular reactor
can be done on the basis of a graph such as that of Figure 1 which gives
the relation between the values of initial plutonium,of residual plutoni -
um and of fabrication penalty. This graph gives very easily the in-
fluence on initial plutonium value of a change in residual plutonium va-
lue due to a change in isotopic composition or in economic context.
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REVIEW OF NATIONAL FKOGRAM
Mr. Oeterlundh

MR. OSTERLUNBH: Mr. Chairman. The latest forecast on electric power

consumption in Sweden was presented by sample operation management last year»

Utilities are planning for rapid expansion which will more than double the energy

production by 1985. Various factors favour the introduction of nuclear power.

The first light-water power reactor will start operating later this year and

will be followed by another four units within five years. It is estimated that

by 1980 21% of the total installed capacity, or 7000 MW will be nuclear. The

corresponding figures for 1985 are y$> and 16 000 W. The amounts of plutonium

available from these reactors are estimated and the accumulated plutonium salt

appears to be about 3 tons in '1980 and 12 tons in 1985* ' In Sweden preparations

for the use of plutonium in thermal reactors are now underway on a moderate scale.

There are primarily two areas that are dealt with: one is physics calculations

and measurements, and the other is development of plutonium-enriched oxide fuel.

Physics programmes follows two main lines of approach. One is physics verification

which involves check-out of computer codes hitherto used for uranium-loaded

reactors. The most important codes are the books A 6ell and Cell Calculation

and a Porta Code which follows the three dimensional Capton neutron hydraulic

equation for a light-water core. Thèse computer codes are now checked again

published later as plutonium data. Power distributions will be in plutonium-loaded
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assemblies and power sharing between adjacent assemblies in power a reactor are

very important items in plutonium recycle verification programme. Work in this

jarea i» hnow underway*

The second line of approach to a Physics programme in Sweden is by
critical
tryjdtxaaci experiments at high temperatures* We feel that the missing piece in

the x plutonium physics paonizzle is the high temperature measurement. Sweden

has come to an agreement with USAC and BMWR to the effect that plutonium oxide
critical

rods will be aade available for txjgckxtadc measurements at 24j? in the Kritz

Facility in Stuzig. These experiments are scheduled to begin early in 1972.

Today Kritz already operates at 245° with the critical uranium loadings. The

Facility is very flexible, more or less fxira uniform pincells.ia±kxcx that is

of varying sizes and that are current loaded. Entire BMWR power assemblies have

been earlier loaded to form a critical core. Hot only act the activity levels

and temperature coefficient can be measured and have been measured in Kritz.

Accurate power distribution measurements have also been carried out with the

plutonium fuel gamma scanning on individual rods will be chosen as tha measuring

techniques» Void coefficients have also been measured and will be made by the

flashing technique at high temperature. The amount of plutnoium fuel available
for
adc Kritz will be large enoughito permit clean cliptical power cores to be loaded.

These cores will involve uniform arrangements as well as light~water reactor
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assembly mockups. In the latter case uranium-loaded light-water reactor assemblies

will be used as an annual driver.

The second area of work in Sweden I mentioned was the development of

plutnoium-bearing fuels. This work has been concentrated on pelatized oxide fuel.
/ the production of

Laboratory experiments are going on and a jdcfck pilot plant fo:r full-scale rods

is under construction. In the laboratory work has been concentrated on the

scintering process. Plutonium homogeneity, pellet density are 6he primarily

parameters studied. In the pilot plant experimental are now being made

with uranium for the trying out of our equipment. Special emphasis has been put

on |±H proteins for power preparations. The aim for this pilot plant is to gain

information on production procedures and to produce a number of test elements.

So far only small plutonium samples have been prepared in the laboratoryf and

irradiated in the R-2 reactor at Stuzig. Post irradiation procedures have been

tested including gamma-ray scanning, alpha-radiography and microprobe analysis.

Irradiations of long duration and full-scale element tests to demonstrate the
reliability experiments from

are anticipated in the long-range planning. From mpteri mnrhrrtui

full-scale irradiation experiments is available from irradiation experiments in

/reactorthe Auarbury/ which were carried out in collaboration with the UK and also

for Italy as was mentioned earlier this morning. Thank you, Mr. Chairman

1025



REVIEW OP NATIONAL PROGRAM
Mr. Duret

The plutonium utilization program in Canada is directed
towards establishing the technical and economic feasibility
of recycling plutonium in heavy water reactors. With the
present low price for uranium ore, heavy water reactors using
natural uranium fuel provide very low fuelling costs and the
incentive for extracting more energy from the fuel is low,
especially if all the plutonium which is produced can be sold.
In the event that it cannot all be sold, it is advantageous
to recycle it in CANDU heavy water reactor s , even at current
prices for uranium ore. Several methods of utilizing plutonium
are possible. It can be recycled in both CANDU-PHW and
CANDU-BLW reactor designs, either in the form of spikes,
partial core enrichments, or by uniformly enriching the whole
core. While we are not discarding any of these possibilities,
the reactor development program at Chalk River is primarily
concerned with uniformly enriched cores in CANDU-BLW reactors
since the economic benefits are expected to be most significant
in this case. Optimizing a PHW for plutonium recycle by
reducing the lattice pitch, and increasing channel power,
coolant temperature and pressure leads to a reduction of about
9% in capital costs, and a decrease in unit energy cost of
about 3%. For the BLW, with plutonium recycle, reductions of
about 10% in capital costs and 1% in unit energy costs are
possible. No additional prototype reactor is required for
demonstration or to prove out the technology of this system.
The prototype BLW plant at Gentilly and the facilities in our
laboratories will be sufficient.

One important cost entering into the economic assess-
ment is the fuel processing cost. Discharged fuels from CANDU
reactors have such a low 236u content that recovery of the
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uranium is uneconomic. Thus with a fissile Pu content of
only 2.7 to 3.0 g/kg U in the spent fuel, it is unlikely that
conventional Purex plants will be able to recover this plutonium
at a price sufficiently low for economic recycle. The objective
of the Canadian reprocessing program is therefore specific
removal of plutonium at the lowest cost and disposal of the
uranium with the fission products.

The process under development at WNRE is based upon
solvent extraction using a tertiary amine as the solvent. This
results in considerable reduction in process volumes and
eliminates most of the evaporation load of the Purex process.
Fully active laboratory experiments have demonstrated adequate
performance with a single cycle and preliminary engineering
studies confirm that the amine process will produce plutonium
significantly cheaper than the Purex process.

Another important cost entering into the economic
assessment is the cost of fabricating fuel containing plutonium.
To provide experience in this area, a pilot scale fabrication
plant is being built, capable of making up to 3000 kg of mixed
oxide fuel per year by the end of 1972. This plant will
fabricate only homogeneous fuel. Plutonium fuel elements in
which plutonium is dispersed in a non-fissile low cross section
matrix are also being developed. These high reactivity "booster"
fuel elements are used to help override xenon transients in
CANDU reactors and experience in fabricating and irradiating
fuel elements of this type will help in assessing the relative
economic merits of "spike" as opposed to homogeneous recycling
of plutonium.

We expect to require much higher burnups in plutonium
enriched fuel and an irradiation program in our experimental
reactors is under way, to test possible fuel designs. At the
moment most of these experiments are enriched U02> but fuel
containing plutonium will be fabricated for irradiation in NPD
starting in 1972. Reactor physics measurements will be made
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on this fuel before insertion into NPD. In the meantime,
reactor physics measurements will be made on fuel borrowed
from Battelle Northwest Laboratories, USA, to test calculation
methods. Calculation methods are also being checked against
measurements made on natural uranium fuel (NPD) and plutonium
enriched fuel (PRTR). We expect this program will allow us
to make reliable assessments of the feasibility and economics
of recycling plutonium fuel by about 1974.
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Activities on PlutoniumRecyclingin the Federal Republic of Germany,
W. Etzel, Kraftwerk Union AG, Erlangen
H.Ch. Breest, Bundesministerium fur Bildung

und Wissenschaft, Bonn

Plutonium produced in gerraan reactors became available since 19&7»
quantities obtained until today are still below 100 kg but will strongly increase
so that one can expect cumulative amounts of fissile Pu available of about 1*2 t
in 1975» 6.5 t in 1980, and 19 t in 1985.

Since only a limited portion of this amount is being utilized within the
frame of the german fast breeder development programme, the surplus amounts
have to be recycled into thermal light water reactors.

german programme on Pu recycling in thermal reactors was initiated
already in 1966. The small amount of available Pu and the high costs of the
fissile Pu relative to fissile U however have limited the extent of experiments
so far. Furthermore, Pu recycle elements had to be manufactured at high fabri-
cation costs in manual production lines in parallel to the fabrication of Pu
elements for fast breeder experiments. In spite of these restrictions it was,
however, possible to demonstrate that Pu can be recycled in thermal reactors on
a technically feasible basis without extra risks regarding safety and operation*

The major activities with respect to the handling of Pu and its processing
up to a closed form, .i*-e* mainly fuel pins for thermal and fast reactors, have
been conducted by Alkem; Alpha-Chemie und Métallurgie GmbH, existing, since 1963»
In 1969 Siemens and AEG each took over 30$ of the Alkem capital, the rest of 40$
remaining with Huken. Since then all activities of the german industry regarding
Pu handling and processing are pooled at Alkem.

Within the framework of several development programmes, Alkem so far has
manufactured Pu containing fuel for the fast breeder experiments in SNEAK
(Karlsruhe, Germany), Dounreay (U.K.) and Rapsodie (Prance) as well as for
irradiation in the thermal reactors VAK and MZPR (both Germany), Halden (fforway),
Garigliano (Italy) and Dresden-I (USA).
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In order to manufacture Pu fuel on a large technical scale, Alkem is
presently installing a completely automated production line which will be
commissioned by mid 1972. fhis line consists of a conversion plant, the pellet
and the pin fabrication steps. It will be very flexible for a wide range of
design specifications. The fabrication processes, the largely automated
fabrication control steps, the automated safe-guarding of fissile material,
and the data handling will be exerted by a process computer, the line will
have an annual capacity of 10 t of ceramic fuel for fast breeders or, alternately,
40 t of fuel for thermal recycling. This capacity can easily be extended.

The site of this new Alkem plant at Wolfgang near Hanau was selected in
view of the neighborhood to the two large U fuel fabrication plants of Siemens
and AEG/GE, namely, HBG Reaktor-Brennelemente GmbH (conversion and PWR fuel
fabrication) and KRT Kernreaktorteile GmbH (BUR fuel fabrication), respectively.

The design and construction of fuel containing recycle-Pu are carried out
by the reactor designers who also perform the fuel management in close
cooperation with the utilities concerned.

The german programme on Pu recycling in thermal power reactors was started
with the design and fabrication of a Pu-containing bundle of pins for insertion
into the VAK-BWR. Meanwhile the following activities in this field have been
conducted:

VAK Kahl 288 fuel pins (pellets)loaded into further 20 fuel assemblies
MZFR Karlsruhe 298 Fuel pins (pellets)loaded into 8 fuel assemblies

148 Fuel pins (vibrated particles)
loaded into 4 fuel assemblies

HBWR Halden 8 Fuel pins (vibrated particles)
loaded into 1 fuel assembly

Dresden I 110 Fuel pins (pellets)loaded into 10 fuel assemblies
Gargliano 49 Fuel pins (pellets)

loaded into 4 fuel assemblies
(jointly with Belgonucleare)

KHL Lingen 1 Fuel assembly using Thorium as
carrier in combination with Pu
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With exception of the MZFR Pu assemblies which will be inserted in 1971,
all other fuel assemblies have so far performed satisfactorily under reactor
operating conditions; their irradiation is being continued. Thorough post-
irradiation examination will follow*

It is intended to replace the entire core of the VAK reactor successively
by Pa-containing fuel assemblies in order to demonstrate the possibility of
operating a Pu-burning reactor in conjunction with several Ü reactors and thus
improving the economy of Pu recycling, ïhe VAK reactor - though comparatively
small (25 MWe) - allows favourably to study this possibility of Pu management
since only a relatively small amount of Pu is needed to obtain representative
results soon.

Another venture covers the design and fabrication of a prototype Pu fuel
assembly for insertion into the Obrigheim PWR in mid 1972. This assembly is a
pre-runner to a complete reload batch which will contain the full amount of Pu
(about 70 kg Pu fissile) gained from a regular discharge batch of U fuel
assemblies from this reactor. The prototype assembly has to feature all
characteristics re<juired for the U fuel assemblies concerning operational
performance and fuel management. Ihe loading of complete reload batches con-
taining Pu previously produced in the Obrigheim reactor will begin in 1973 and
will be conducted within the frame of the first contract placed by a german
utility on long-term fuel supply including Pu recycling based on purely
commercial considerations.

Further work besides the accumulation of more experience from the fabri-
cation and irradiation of Pu-carrying fuel has to be dedicated to the thorough
investigation of all those parameters which are relevant to the optimization of
the economic aspects of the Pu recycling in thermal reactors.

The german activities in the field of thermal recycling of Pu are
coordinated within a frame programme which is carried out by the industry in
close cooperation with the utilities, and is supported by the German Federal
Government.
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La Physique au Recyclage du Plutonium en PBanee

par M.Naudet (C.E.A.)

Je voudrais simplement dire quelques mots sur notre programme
d'expériences de physique sur le plutonium dans les réseaux à neutrons
thermiques» Ce programme est effectué depuis une dizaine d'années,
notamment dans le cadre de contrats avec BURATO!.'-. Il y a eu un rapport
EURATOM publié et il y aura un rapport publié à Genève - je n'ai pas
pensé que ctétait utile de redistribuer un papier ici; si quelques
personnes étaient intéressées, on pourrait donner des copies de ce rapport
de Genève. A3.ors je voudrais simplement rappeler un petit peu dans quel
esprit nous avions conçu ce programme» II s'agit d'un ensemble d'expériences
très systématiques^ assez complet, d'expériences faites dans des conditions
aussi simples et propres que possible, en essayant de séparer les différents
effets et avec de nombreux recoupements de manière à essayer d'atteindre
des données un peu fondamentales sur les sections efficaces» Autrement dit»
nous avons estimé qu'il existait des méthodes convenables pour calculer
des configurations compliquées comme on les trouve dans les coeurs de
réacteurs, mais il était utile de pourvoir'préciser les données numériques
qui interviennent dans ces codes, et pour cela il faut faire des expériences
assez simples et faciles à interpréter* Bous avons donc fait des ensembles
d'expériences critiques, également des oscillations avec une technique qui
a été quelquefois exposée, où on cherche à séparer la production de neutrons
et l'absorption de neutrons, également des oscillations de combustibles
irradiés et des analyses isotopiques de ces combustibles» II s'agit en
général de combustibles de forme simple qu'on place au sein de réseaux
réguliers où on ne considère que des petites variations.de composition par
rapport à celles du réseau nui entoure lorsqu'il s'agit de portions limitées,
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de manière à ce que les effets d'environnement ne soient pas très importants
et puissent être calculés et qui sont toujours comparés à des petits effets
standards - par exemple, on comparera une petite variation de teneur plutonium
à une variation d'uranium—35 ou de bore* Alors on a considéré ainsi des
combustibles avec toute une gamme de teneurs relatives uranium-plutonium,
également toute une série de compositions isotopiques du plutonium. Ces
expériences ont été faites dans des spectres variés, d'abord de modérateur
puisqu'elles ont été faites soit en milieu graphite soit en milieu eau lourde*
On a fait varier soit le pas du réseau de manière à faire varier la proportion,
en somme, de neutrons épithermiques dans un domaine assez large, et également
la température puisque dans les réseaux graphite on a été jusqu'à 450*0, et
ceci afin de vérifier en mène temps qu'on a développé en même temps des
méthodes de calcul détaillé des spectres et on a donc cherché à rassembler
toutes ces expériences, montré qu'il était possible par l'interprétation des
données détaillées de spectres de remonter aux sections efficaces elles-mêmes»
Effectivement, on a pu obtenir un ensemble très cohérent de données, donc tout
est interprété avec le même jeu de sections efficaces* Le programme principal
est à peu près terminé et nous avons donc pu, avec l'ensemble de ces résultats,
ajuster un jeu de sections efficaces qui donnent le minimum d'écart pour toutes
les expériences** L'ensemble des expériences critiques et d'oscillations nous
permet d'ajuster les sections de base des noyaux lourds, et puis lorsqu'on
considère plus particulièrement les combustibles irradiés, on a des informations
supplémentaires* Les oscillations nous donnent par exemple en plus la capture
des produits de fission, et dans les analyses isotopiques de ces combustibles
on a également d'autres informations sur les sections de capture-* Alors je
ne vais peut-être pas rentrer ici dans le détail des résultats! à partir d'un
jeu de base — par exemple, on a utilisé des bandes anglaises — on a donc été
amené à modifier un petit peu à la fois 3es valeurs à 2 200 mètres et
également, dans le cas du plutonium-39 par exemple, la courbe détaillée,
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la valeur relative du pic de résonance à 0,3 eV* Alors "bien sûr, on ne
peut pas estimer qu'on atteint ainsi des valeurs absolues parce qu'on ne
peut pas ajuster tout en même temps» par exemple, nous avons cherché surtout
à ajuster le plutonium, les sections du plutonium, par comparaison avec
celles du 35î si on changeait un petit peu les sections du 35» on serait
amené à rechanger aussi celles du plutonium — c'est la valeur relative
surtout que l'on atteint - et de même dans ces formes de courbes, bien sûr
on ne peut pas ajuster tout, donc on ajuste quelque chose en admettant que
les autres valeurs soient convenables» et puis il y a forcément aussi un
petit peu quelque chose qui dépend du code, ce sont les valeurs qui nous
permettent d'avoir les meilleurs résultats avec nos codes, bien qu'on pense
qu'ils sont aussi représentatifs que possible, il y a toujours un petit
peu d'arbitraire dans le code lui-même* Néanmoins, ce qui est intéressant
c'est que le meilleur système de valeurs s'inscrit assez bien à l'intérieur
des marges des meilleures évaluations actuelles* Autrement dit, c'est un
choix particulier, on peut dire, au sein des meilleures évaluations, qui
permet de réduire au maximum tous les écarts et qui donne donc quelque chose
de meilleur que si nous prenions simplement, indépendamment pour chaque
section, la meilleure valeur évaluée* Je signalerai simplement, par exemple,
si on prend pour i'Ti-5 la bande anglaise DPN 30, et pour le plutonium-39 la
bande 329, par exemple, pour ces chiffres-là nous avons été amenés à baisser
un petit peu la section de fission du 39j augmenter très légèrement — il s'agit
de quelques barns — la section d'absorption et qu'on a augmenté un petit peu
le pic de résonance pour à la fois la fission et l'absorption» 2t avec cette
modification-là, on peut rendre compte de la meilleure façon possible de
tous les résultats en variation de pas et variation de température lorsque
chaque fois nous avons comparé, en somme, une petite variation de 39 à une
petite variation de 35* Alors on a également modifié un peu le 40 et le 41
de la même façon-* On pourra peut—être à l'occasion d'un groupe de travail
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entrer plus en détail-. Je voudrais simplement signaler qu'actuellement ce
programme se continue, si on veut, par des expériences qui portent sur des
combustibles du type HTR dans César, qui sont un peu conçues dans le même
esprit et qui permettront donc d'étendre un peu le domaine vers des spectres
plus durs, également avec variation de température, donc vers dés spectres
qui sont ceux des réacteurs HTH, mais également qui recoupent ceux des
réacteurs à eau légère, puisqu'on a également plus de neutrons épithermiques
et qu'on a une gamme de températures allant jusqu'à 400* ou- 450"» C'est
tout ce que je voulais dire sur ce programme»
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Annex A

VII. Formally Proposed Topics for Panel Discussions

1. Problem s related to the physics of Pu fueled thermal power reactors
1*1* Nuclear oharaoteriatics of the nain Pu-isotopes in thermal

reactor spectrum
1.2. Nuclear characteristics of Pu-isotope fission products
1.3* Lattice parameter's measurements in cold and hot critical

assemblies
1.4» Physical measurements in power reactors and comparison with

calculated data

2. Problems related to the .technology of low Pu-enriohed fuel elements
2.1. Characteristics of untreated or reprocessed fuel and can materials
2.2. Physico-chemical property changes under irradiation
2.3* Progress in reprocessing and fabrication techniques including

scrap recovery
2.4* Safety regulations and quality controls
2.5» Economie studies on fuel cycles and fuel management

3. Spécifie problems relatedT to demonstration programmes
3.1. Terms of reference and objectives
3.2. Fuel assembly designs and core management
3*3* Reactor utilization and post irradiation inspections
3.4* National reviews of irradiation programmes

List of Topics Which Might be Included in the Above Paragraphs
1.
1.1. Cross-sections, «£ «parameters, spontaneous fission,

f-n reactions
1.2. Production rates, cross-sections, neutron emitters
1.3* Heaotor rates and spectra indices, reactivity, control-rod

worth, neutron energy spectra, flux micro-distribution,
neutron spectra at Pu-u and Pu-water boundaries
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1.4» Flux distribution, temperature and power coefficients,
control rod worth, reactivity and Pu isotopic composition
changes versus burn-up and type of reactors (PWR, BWE, AGE,
HTR, etc.), general description of calculation methods...

2.
2.1. Chemical and isotopic compositions, physical characteristics.
2.2. Grain—growth, creep, chemical diffusion rates and swelling,

gas release, can-fuel compatibilities...
2»3» a) Sol-gel process, coated particles, pelletization and

sinterization, extrusion, vibro compactization.
b) Optimized chain for mixed enriched fuel composition

and for highly activated fuels, mechanized and automized
techniques.

2.4- a) Safety regulations with regard to stocking, handling and
transport equipment (criticality, radio protection...)»
theoretical and experimental data, industrial procedures
and s tan dard s.

b) Control planning, destructive and non-destructive tests.
2.5» Influence of the number of cycles on the quality of Pu,

econometric model for Pu utilization.

3.
3.1. Experiment, demonstration or confirmation.
3.2. Limitations on specifications and tolerances due to Pu

problems and economical effects (on fabrication and/or fuel
cycles costs).

3«3« Appropriate fuel cycles.
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IAEA Panel on "Plutonium Recycling.in Thermal Power Reactors'*
Vienna, 21 - 25 June 1971

Annex B

Actual Agenda

Monday, 21 June 1971 9.30 a.m. to 9.40 a.m.
Opening Speech by the Director of the Division of Nuclear Power and
Beaotors, Mr. Rennie
Introduction by the Chairman, Mr. Dawson

Session I
9.40 a.m. to 9.50 a.m.

9.50 a.m. to 12.50 p.m.
Paper No.: PL/447-48 - 42 14.00 p.m. to 14.30 p.m.

4 - (14-23-29-30-31)12 - 50
52 - 51
46 2

Ĵ °]?PI?i.c_s'tud*es 14.30 p.m. to 16.00 p.m.
PL/447- 1 - 2211 - 49

47
Session II

Physics of Pu Recycling 16.30 p.m. to 18.00 p.m.

PL/447-10 - 34
43

Tuesday^ 22 June 1971

Session IlCcont'd)

9.10 a.m. to 12.30 p.m.

-44 - 106-53
5 - 35

14 - 33
— 3

14.30 p.m. to 17.30 p.m.

PL/447- 7 - 8
18-19 - 38-39
37
17

104Í



Wednesday» 23 June 1971
Session Il(cont*d.)

9«10 a.m. to 10.40 a.nr..
PL/447-20 - 36-40

2
6

Session III
£§Q?22e trat i on_ .Pro^acçme s 10.40 a.m. to 12.30 p.m.

14.20 p.m. to 17«30 p.m.

PL/447-32 - 24
9 - 3

41

Thursday ,_24 June J-97A
9.00 a.m. to 12.30 p.m.

14.00 p.m. to 17.30 p.m.
18.30 p.m. to 21.00 p.m.

Parallel Meetings of

Working Group I on Economic Studies/National & Demonstration Programmes

Working Group II on Physios and Fuel Technology

Friday, 25 June 1971

9.00 a.m. to 12.30 p.m.
14.30 p.m. to 17.00 p.m.

General Session : Discussion and Adoption of Conclusions and
. Recommendations to IAEA

Closing of the Meeting
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