





EUR 4434 e

COMMISSION OF THE EUROPEAN COMMUNITIES

EXPERIMENTAL AND THEORETICAL PHYSICS WORK
ON PLUTONIUM ENRICHED LWR’S LATTICES

by

L. BINDLER (BN)
L. LEENDERS and H. VAN DEN BROECK (SCK/CEN)

1972

EURATOM/US Agreement for Cooperation

EURAEC Report No. 2145 prepared by
BelgoNucléaire, Brussels - Belgium and
Centre d’Etude de I'Energie nucléaire, Mol - Belgium

Contract Euratom/BelgoNucléaire/CEN No. 001-64-1 TRUB



ABSTRACT

This report describes the first part of a programme of critical experiments in
UO,-Pu0,-H,O lattices and their theoretical interpretation; this work was
supported by EURATOM and realized in the frame of the joint plutonium
recycle study programme of the SCK/CEN (Mol) and BelgoNucléaire (Brussels).

The emphasis lies on the description of the installations, the measurement
techniques and the theoretical methods and codes, as well as on the discussion
of the results obtained for configurations containing UO, and slightly plutonium
enriched UOQO,-PuO, fuel. The calculations, performed with the PANTHER
code chain, appear to be in good agreement with the measurements, i.e. within
0.5 to 1 % on kesy, + 4 to 5 % on power distributions and + 10 %, on control
rod reactivity worth.

Since 1969 the programme is continued with the support of the Belgian
Government, the investigations being mainly directed towards higher plutonium
content mixed oxide fuels.
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CHAPTER I : INTRODUCTION

I.1.

I.2.

The Belgian Plutonium Recycle Programme was set up by Belgonucléaire
and by SCK/CEN (Mol). Its aim is to look for the best conditions of
recycling plutonium in thermal light water moderated reactors. In
order to allow a concretization of the studies, the well defined
case of an existing reactor had to be chosen. Quite naturally the
choice fell on the first Belgian (actually Belgian-French) large
nuclear power plant : the 266 MWe PWR SENA reactor.

The programme was carried out under Euratom contract (001-64-1 TRUB)
until 1968. Since then {t is supported financially by the Belgian

Government.

In the frame of the programme a wide range of problems is investigated :
mixed oxide fuel development and fabrication, fuel behaviour under
irradiation, fuel management calculations, dynamical phenomena, etc.,
one of the main parts being a reactor physics programme, comprising
experimental and theoretical work. The SCK/CEN has been charged with
the experimental work, whereas Belgonucléaire {s responsible for the
theoretical interpretation of these experimental results and for codes

development.

The present report relates on the reactor physics work done under
Euratom contract, with the exception of the studies made on sub-
critical lattices, treated in another final report. The other
subjects studied in the frame of the Plutonium Recycle Programme are

also discussed in separate topical reports,

Since several years the technological feasibility of recycling plutonfium
in thermal reactors has been widely established. However, opinions were
and still are much less uniform with respect to the economical interest
of such an operation. This interest depends in the first place omn the
general nuclear policy of each country, e.g. on the speed with which
fast reactors will become operational. In these circumstances {it is
necessary to perform with much care trustworthy economical calculations
when plutonium recycle operations are proposed. The basis for such

calculations is given by core design reactor calculations. The necessity
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of performing the latter as precisely as possible is thus clear.
Therefore well developed and well calibrated large size computer codes
are needed. For uranium fuelled thermal cores most of these codes were
able to furnish results with a sufficient accuracy in the early sixties.
The presence of plutonium fuel constitutes a serious complication, due
to the intricate resonance structure of the cross-sections of the
different plutonium isotopes and to the rather poor knowledge of the
basic parameters of these isotopes at the time when most plutonium
recycle programmes were started. In order to test the ability of the
developed codes for treating plutonium containing cores, experimental
data are needed, which can be used as references for correspohding

calculational results.

The codes used by Belgonucléaire for the considered core calculations
all belong to the PANTHER chain. The basic code (PANTHER) performs zero

dimensional calculations.

For the treatment of the thermal range the analytical secondary model
of Cadilhac is used ; the 2200 ms-l cross-sections are carefully
chosen recent values. A MUFT type library has been adopted to
represent the cross-sections in the non-thermal range. The thermal
cutoff was chosen at 1.855 eV, in order to include the two main low
energy plutonium resonances (0.3 eV in Pu239 and 1.05 eV in Pu240) in

the thermal range.

Code calibration has been undertaken in two important steps. The
first one did consist in studying a certain number of plutonium
containing lattices already measured in U.S. critical facilities. At
that time only the SAXTON and HANFORD critical experiment results were
available, so that a choice out of them was made in view of testing
the used theoretical tools. From this work several interesting

conclusions resulted, leading to some improvementsof the codes.

The second step in code calibration activities consists then in the use
as reference data of Belgian experimental results, obtained in
conditions much closer to the ones met in the reactor type to be

studied, than those for which the U.S. results were found.




- Io}. -

I.4. So an extensive programre of critical experiments was prepared.
The VeNUo facility in Mol, in which critical experinents had
been made during about two years in the frame of studies on the
Anglo-Belgian VULCAIN spectral shift resctor type, was transformed and
adapted to the needs of the new VENUS-Pu programme.With this
adaptation some quite substantial changes were involved, the most
inportant one being the design of a fast dump system to control
the reactor in emergency cases instead of using control rods.
This dump system, which allows to drain the water out of the
active part of the core in less thama second, has the advantage
that perturbations due to control rod guide tubes can be avoided

in the investigated lattices.

The new grids of the reactor installation are made for square lat-
tices with a pitch of 1.303 cm, equal to the one of the fuel pins
in the SENA assemblies.

An important number of fuel pins was fabricated in the frame of

the programme. Their geometry and their nuclear characteristics
were chosen in function of those of the SENA fuel and in function
of the results of a series of fuel cycle calculations made in the
hypothesis of a plutonium recycling operation in SENA. The UO2
fuel is 4 % enriched and pelletized. Mixed UOZ-PuO2 oxides with
various uranium and plutonium enrichments were used to constitute
the other fuel. Some of these plutonium containing rods were
pelletized, the great majority being however vibrocompacted.

Two different fabrication methods were used for this vibrocompac-
tion, yielding respectively so-called heterogeneous and homogeneous
rods. For the various enrichments a certain number of dismountable
fuel pins are available, specially designed for measurement pur-

poses. The active length of the fuel pins is 50 cm, and the overall
one close to 75 cm.

1.5. In the overall programme of the critical experiments, to be realized
in a period of something less than four years, three important

phases can be distinguished,

;f,r.'



- I.“ -

The first and largest one is devoted to the detailed study of
lattices in cold, unpoisored moderator conditions, the lattices
being alternatively constituted by the various available fuel
types, arranged in one or, more commonly, in two enrichment zones.
The investigated characteristics include both integral ones like
keff‘ and local ones, such as power distributions or spectral
index values.

The second phase of the programme will be relative to the study
of lattices with a boron poisoned moderator, the boric acid con-
centration being taken as a parameter. This work will be

done first in a UO2
of a UO_, and a UOE-PuO

2 2
temperature of the SENA reactor at nominal power will be simulated

lattice and then in a mixed one consisting

zone. In some cases the average moderator

by a moderator quantity reduction obtained by the introduction
of aluminium microrods between the fuel rods; these results will

allow to check the density coefficient treatment by the codes.

The last phase of the programme will consist in the study of some
rarticular problems in connection with possible difficulties in

the calculation of SENA or other reactor situations, when plutonium
is being recycled. Some of these situations will be simulated

as closely as possible in VENUS, In most cases the moderator will

be poisoned.

In order to determine experimentally the wanted characteristics,

such as keff and reactivity values, power or fission density
distributions, spectral indices or disadvantage factors, the
techniques and the equipment used in the frame of the VENUS-VULCAIN
programme were adopted, developed and extended. As for the development
work on the measurement techniques, investigations were mainly done
about the use of foils with a view to improve the precision obtained
with spectral index measurements. About this technique some
complementary work was started in the frame of close contacts

with Gulf General Atomic. In the GGA laboratories
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time of flight measurements were made in order to determine the
thermal neutron spectrum in an erbium nitrate solution - erbium
being chosen because of the analogy of its thermal resonance struc-
ture with the one of plutonium. In order to allow an interesting
coxparison between that differential type of technique and an inte-
gral spectrum measurement technique as the spectrus index one, fhe
erbium solution was put at the disposal of the Belgian programre.
Srectrum index measurements will be done in a container, filled

with the solution and located in the BR1 reactor.

In the frame of the programme considerable work was done on the
development and the automation of the counting equiprent. An
automatic, relatively high capacity Y-scanning installation for
fuel rods was designed and realized. The Y spectrometry laborato-
ry for counting pellets and foils was also further developed and
for tne manipulations of plutonium containing pellets and detec-
tors a special laboratory was orgenized in the ILMA building

(Laboratory for Mean Activities).

The present report describes the part of the programme, realized
under Euratom contract. This includes the preparation of the
reactor and the connected installations, the first phase of the
code calibration on the basis of other experimental results,

the experimental and theoretical work on an important part of the
first phase of the VERUS-programme, relative to the detailed study
of the & % UO2 fuel and of the mixed 3 % UO2 - 1% PuO2 fuel,

as well as the preparation of the measurements in the GGA erbium

solution.

This means that this report contains relatively much description
and a relatively few number of conclusions, the work being only
in its starting phase. The main conclusion to be presented is
that the theoretical methods and codes, after certain changes due
to a preliminary calibration on other experimental results,
appear to be able to calculate the investigated UO2 and slightly

plutonium enriched UO_-PuQ, lattices with & quite satisfactory

2 2
accuracy, notwithstanding the fact that the involved enrichments

are substantially different from the ones delt with in the preliminary
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calibration.

The remaining part of the experimental programme will furnish
results which will enable to check if this conclusion remains
valid for higher piutonium enrichments and for other moderating

conditions.
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CHAPTER 11 : DESCRIPTION AND OPERATICN OF THE INSTALLATIONS

II.1.

IT.c.

General Review

The VENUS critical facility was originally designed to perform criti-
cal experiments in the frame of the development of the spectral shift
VULCAIN reactor type. After a two year operation for that programme,
appropriate modifications were undertaken to adapt the reactor instal-
lation to a programme of critical experiments to be realized in the
frame of the general Belgian programeme on plutonium recycling in

light water reactors. In the same time the already existing counting

instailations were extended and automaticized.

Except for the glove box installations used for plutonium pellet and
detector manipulations, which are located in the IMA building, all
the involved installations are situated in the BR1 building. There
are two counting rooms, one for Y-scanning rods and the other one
for Y-spectromwetry, and there is the reactor hall itself, comprising

tnree parts :

a) the reactor room, containing the reactor tank, the fast dump sys-
tem devices and tne hydraulic circuit; this room is shielded with

heavy concrete and the access to it is allowed by a concrete door;

b) the control room, including the control desk and the racks with
all tne electronic equipment used for reactor control, health

physics control and certain nuclear experiments;

c) the fuel storage room, in which five concrete closets with lead

doors contain the fuel pins.

Reactor Description

I1.c.17. Fuel geonetry

As the physical characteristics of the studied fuels are detailed

in chapter 111, this paragraph only deals with their geometry.

The dimensions of the fuel pins were chosen in accordance to the
ones of the SENA reactor fuel, except for the active length which
was taken equal to 50 cm, instead of about 3 m; this change was made

in order to get a more compact core shape for the critical configu-
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rations in cold conditions and to have rore fuel pins with the
same amount of fissile material.
The fuel pins contain uranium oxide or mixed uranium-plutonium
oxides with various concentrations; they are clad with stainless-
steel AISI 304 - or incoloy 800 - tubes. Three kinds of fabrications
can be distinguished :
- the common pelleted fuel pins;
- the vibrocorpacted fuel pins : they are filled with oxide
powder, brought to a high density degree by vibro-coxpaction;
- the swaged fuel pins : they contain oxide powder too, but the
high density is obtained by filling somewhat wider cladding
tubes with powder and reducing then the diameter to the desi-

red one by a so-called swaging operation.

All the fuel pins have an active liengtn of 50 cm; at both extre-
rities plexiglass pieces of about 10 cm keep the active part at the
correct axial position. The neutron properties of the plexiglass
being equivalent to the ones of water, both lower and upper reflec-
tors are rather close to rure infinite water reflectors. The total
lengtn of the fuel pins is 74.45 cm. The radial dimensions of the
fuel pins are the following ones :

pelleted fuel vibroconpacted
and swaged fuel

Diameter of the fuel [cm] : . 890 .902 or .960
Inner diameter of the cladding [cm] : .902 .902 or .960
Outer diameter of the cladding [cm] : .978 .975 or 1.010
Thickness of the cladding [cm] : .038 .038 or 0.25

A certain nuaber of dismountable fuel pins are available for acti-
vation measurements; they correspond to the standard fuel pins

of different types. These pins consist of pellets covered with a
double airtight protection barrier to prevent any plutonium conta-
mination : stacks of five pellets are first clad with small air-

tight aluminiur tubes, after which the fuel column of 50 cm is ob-~
tained by loading ten of these capsules in a stainless steel tube,

which is then closed at both ends by removable air-tight stops.
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The internal dimensions of the dismountable fuel pins are stan-
dardized for practical reasons and the external sizes are the same
as for the corresponding standard fuel pins. They are summarized

in the following table :

.903
Inner diameter of the Al capsule [cm] : .906

Diameter of the fuel [cm]

Outer diameter of the Al capsule [cm] : .926
Thickness of the Al capsule [cm]) : .010
Inner diameter of the cladding [cm] : .940
Outer diameter of the cladding [cm] : .978 and 1.010
Thickness of the cladding [cm] .019 and .035

The various geometrical types of fuel pins used in the VENUS

programme are shown in figure I1l.1.

I1<Z.2. Reactor tank

The reactor tank and its internals appear in figure Il.Z2. It is
1.7 © high and has a diameter of 1.6 m. The upper half part of
the reactor tank includes the grids which allow to constitute the
reactor core by loading the fuel pins one per one. There are

two types of holes in the grids :

- the first type allows to load the fuel pins with a square pitch
of 1.303 crn. equal to the fuel pitch in the StzNA assemblies
(square pitcnes of /2 x 1.303 cm and 2 x 1.303 cn are of course

also possible)

- the other type allows the introduction of small aluminium rods
in the core in order to simulate a temperature of 286° C (nomi-
nal operation temperature of the SENA reactor) by decreasing the

water quantity and hence its average density in the cell.

There are three grids. Both the lower and upper ones are made of
stainless steel; they are as far as possible from the fuel region
in order to have unperturbed axial reflectors. For the same reason
Flexiglass has been chosen for the third grid, which is just above
the fuel region in order to guide the fuel pins to their appropriate

location in the bottom grid.
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The grids are provided with removable parts; they enable the possi-
ble location of the Ra-Be start-up neutron source, the neutron
generator used for the reactivity measurements by the pulsed neutron
technique and removable assemblies for activation neusurements be-

tween the fuel pins (disadvantage factor determination).

Fast dump system

A schematic view of the reactor tank and the fast dump system is
given in figure 11.3. The fast dump system allows a fast fall of
the moderator (water) out of the core at a scram signal. This
syster has been designed instead of the commonly used safety rods
in order to avoid all perturbations in the regular array of the fuel
pins due to the presence of the guiding devices and the holes for
the absorbing rods.

The fast dump system comprises a jacket located inside the reactor
tank and two dumptanks connected to the reactor tank and located
under it. Both dumptanks and the jacket are closed by safety valves.
During the normal operation of the reactor, the water is paintained
inside the reactor tank by adequate air pressures inside the dump-
tanks and the jacket,

At a scram signal, all safety valves open, the pressurized air gets
out and the moderator falls by gravity. Due to the important ope-
ning of the jacket,compared to the ones of the dumptanks, the water
enters very quickly into the jacket during the first moments after
scram; after this first jump the reactor tank is emptied in a slo-
wer way by the water lowering into the dumptanks, which are able to
contain all the water present in the reuctor.

Various alarms or scram levels are foreseen at the bottom of

the jacket and the dumptanks in order to guarantee a fail safe
working of the system. Three safety valves are conmected to the
jacket and two other ones are connected to each dumptank. This
repartition has the advantage that the speed characteristics of

the fast dump system are not modified if one of the valves does

not open.

Two schematic views of a safety valve are given in figure II.&4;
they represent the close and open positions. The valve works as
follows : during normal operation, the valve is closed by the force
exercised on the air-tight door by a pneumatic piston through an
electro-ragnet. On the other hand the door undergoes the air

pressure of tue jacket or the dumptanks. To obtain the water-scram,
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the voltage applied to the magnet is interrupted; the electromag-
netic force disappears, so that the air pressure gets the door
very quickly opened.

Resetting the valve goes as follows :

- the air pressure of the pneumatic piston is inversed so that
the magnet comes in contact with tae door,

~ the voltage is applied again to the magnet,

- the pneupmatic piston is actuated in tne normal direction to

close the pipe.

The valves are desigrned in order to guarantee a fail-safe operation.
The described fast dump system enables to empty the reactor tank
witnin about one second after the cut-off of the voltage on the
pagnets,

More details on the characteristics of the safety valves and the

fast dunp system are given in appendises 11.1 and 1I.<Z.

Hydraulic circuit

A schematic representation of the hydraulic circuit is given in
figure I1.5.

Inthe case of a critical facility such as VENUS,with a naximur power
of only about 0.5 kW, there is no cooling problem, so that the
hydraulic circuit is very simple.

It allows the following operations :

a) Filling of the reactor tank : three different speeds are pos-
sible derending on the position of the water level with respect
to the fuel loading :

- Fast filling up to the lower extremity of the active fuel
height

- Intermediate filling up to a level close to the critical
one

- Slow filling in order to adjust the level when approaching
criticality.

b) Dexineralization and filtration of the water.

c¢) Injection of a boric acid solution in the moderator or dilution

of this solution by water additionm.
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d) Mixing inside the storage tank or inside the reactor tank to

obtain a high homogeneity degree,

e) Filling and drain of the wnole hydraulic circuit.

All these operations are performed by setting the valves in the
adequate position by a sieple rush-button selection and by actuating

the corresionding purmp.

II.3. Reactor operation and control

The control room including all reactor operation instruerents is pre-

sented in fig. II.6.

I1.3.1. Reactor operation

For a well-known configuration, the reactor can be made and kept
critical in two ways; the choice depends or. the nature of the

measurement.

I1.3.1.1. Most of the time the reactor is operated by regulating the
water level in order to avoid control rod perturbations in the
configuration. The critical level is usually above the fuel re-
gion in order to reduce the reactivity effect of a water level
variation as muchn as possible and to obtain the keff value at
non.inal level by a period measurement (reactivity excess < 0.5‘%%§
for periods > 10 s). ‘
Due to its importance for precise measurements, great attention
is paid to a correct water level determination. Three water

level gauges are used :

- Two gauges give a level indication on the control desk of
the reactor. The first one gives a rather accurate indi-
cation (precision : 0.01 cm),but it cannot follow fast level
variations. The second one follows quickly all water level

variations, but gives only a very rough indication (+ 1 cm).

- The third gauge is used as a calibration one; it allows a
direct reading of the water level through a glass tube
connected to the reactor tank. A reading accuracy of 0.01 cm

is obtained by use of a vernier,.
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I1. 5.1.2. When axial buckling measurerents are nade, the upper reflector

1103020

has to be infinite, i.e. the moderator has to be at its norinal
.level; in order to make the reactor just critical in these con-
ditions, regulating rods are to be used. These are made of
cadrium clad with a stainless steel tube; they can be moved in
empty fuel claddings, which can be loaded in the core as fuel
pins. Their position is chosen so that they are not affecting
the measurement region.

Up to thirteen cadmium rods can be fixed to each of two avail-
able mechanisrs; tney can be noved at two different speeds :
0.1¢ cr./s and 1.2 cm/s,

When the regulating rods are used the criticality is reached in
two steps : first the water is raised to its nominal level and

then the regulating rods are moved up to their critical level.

For both reactor start-up types, a neutron source is used as well
to start the chain reaction as to have a flux level before the
water reaches tne fuel loading. The start-up source is a Ra-Q-Be
one with an activity of the order of 0.6 Curie. It is moved down
fron. and back in its container from the control desk; it is lo-

cated in the radial reflector.

Reactor control

The reactivity of the reactor being controlled by the moderator or
by regulating rods, the levels of botn are given at the control
desk in a digital way. For the flux level control , there are
6 control channels, all electronic devices being transistorized.
Two start-up pulse channels are used for the low flux levels during

7

the start-up of tne reactor (from about 102 up to 10 n/cm2 s at
the centre of tne core), Both consist of a 1" BF} counter, connec-
ted to a prearplifier, an amplifier with adjustable gain, a linear
ratemeter, a logarithmic ratereter and a periodmeter. They are fore-
seen with a '"Source level'" alarm adjusted at 10 c/s, a '"period"
alarr fixed at ¢5 s and an output for a pulse counting system,

Four ion chambers of tne '"non-corpensated'" type are located inside
the reactor tank under the bottorm grid (see fig. 1I.3); they are
sensitive to fluxes higher than 10“! /cm‘2 s at the centre of the
core. Two of these ion chambers are connected to a logarithmic
amplifier, a ratemeter and a periodmeter. These logarithmic safety

channels are foreseen with a period-alarm and a period-scram,
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respectively fixed at 25 s and 10 8. The two other lom chambers are
connected to a linear amplifier with a ratemeter working at four
decades corresponding to fluxes of about 5.106, 5.10", 5.10b and
)'.109

with a level~-alarm and a level-scram, fixed respectively at ¥5 %

n/cnd 8 in the core. The linear safety channels are foreseen
and 100 % of the scale. All the ratemeters and tae periodmeters
can be fbllowed on the control desk and may be recorded according

to the selection of the operators.

IT.4, Safety

IT.4.1. Reactor safety

The reactor safety analysis is based on the requirement that no
damage of the reactor core snould occur even in tue case of a
power excursion, It unas been denonstrated that this criterion is
more restrictive than the maximum irradiation dose admitted for
the personnel working in the reactor hall during the excursion
(12.5 Rewn.).

The reactor safet) is ensured as follows :

II.4,1.1. An analogous study nus been performed to define the nighest ad-
missible rate of reactivity insertion according to the perfor-
mances of the fast dump system, electronic devices included.

The criterion given above, which corresponds practically to a
maximum temperature at the fuel cladding of 100° C, yields

that the reactivity insertion rate has to be lower than 0.14 §/s
when the water is at its nominal level or 0.3%0 $/s when it is

at a reduced level. The difference between both values results
from the effectiveness of the wateyr dump with or without the
uprer reflector. More details on this study are given in

appendix I1l.3.

I1.4.1.2. A series of interdictions and limitations in the reactor control

system are imposed; the most important ones are :

- the opening of the reactor shielded-door causes an imnediate

water dump of the reactor.
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- No water can be pumped into the reactor tank if the fast dump
system is not operative; this means that all the safety chan-
nels must be working, all valves closed and the water below
the given levels in the dumptanks and the jacket,

-~ The filling of water above the safety overflow (at the bottom
of the fuel) is possible only through circuits with flows 1li-
mited according to the analogous study, if there are more

than 10 ¢/8 on the start-up channels.
- Adding water above the nominual level is not possible,

- Only one way of reactivity injection at a time is possible :

- punping,air injection or regulating rod raising.

A general. conmissioning of the installation did take place before
the beginning of tne experiments, in order to check that all
devices of some importance for control and safety fulfil the
specifications., Moreover, during the operation of tne facility,
several tests are to be made every two weeks and even every day

to check that the installation characteristigsremain unchanged.,

For all important changes of the core configuration, a 'core

certificate" has to be established; this is done in two phases :

- before loading the new configuration, pnase 1 checks that its
characteristics fall within the hypotheses and the conditions of

the analogous study. This phase is made on the basis of theoretical
predictions or of certain experimental results obtained with

sirilar configurations.

- after the first criticality in the new configu-
ration, pnase lI of the core certificate has to confirm the

first phase on the basis of actual experimental results.

Finally, adequately chosen personnel and procedures should

allow to minimize human errors.

ITH.c. Health Physics

The safety of the personnel presents two aspects :
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I1.4.2.1. The first one concerns the danger of gamma and neutron radiations,
lvooming fron the reactor core. )
Vinside the roacton room, there are three gamma monitors having
three differont sensibility ranges :10.1'mR/h to 1 R/h,
1 mR/h to 10 R/h and 10 mR/h to 100 R/h. They can put in action
a klaxon when the reactor room is open (in presence of personnel).
There are also two neutron monitors in the reactor room, respecti-
vely for thermal and fast neutrons.
In the reactor hall, outside the reactor room, there are two
gamma monitors of low range (0.1 mR/h to 1 R/h). An automatie
_scram of the reactor occurs when both indicate 10 mR/h. There

‘is also a thermal neutron monitor in the reactor hall.

II.4.2.2..The second aspect is the danger of contamination by plutonium. _
Very severe procedures are applled for the reception and the mani-
pulations»of the plutonium fuel elements. They have to be
helium-tight and they have to remnin so even in case of a mani-

pulation accident. Tests have demonstrated that the fuel ele-
ments, manufactured for VENUS, remain helium-tight after a fall
from‘a height of‘} m, a bending of more than 20° , or a shock
against a metal corner piece.
Daily checks of the surface of handled fuel elements and of the

..reactor moderator are made in order to detect any a-contamination.

ITI.4.3. Population safety

The consequences of an accident of the VENUS reactor, loaded with
plutonium fuel, were investigated for the residential area of the
CEN/SCK, which is situated at only 200 m from the facility.

The calculation of the maximum credible accident supposes an energy
release of 200 MWs and adopts very pessimistic assumptions concer-
ning the melting of the core, the dispersion of fuel and fission
gases in the atmosphere and the wind conditions.

From this study it appears that the most restrictive consequences
are the inhalation doses of a 6-month child, which are respectively
1.37 Rem of plutonium in the lungs for a wind speed of 85 km/h and
100 Rem of iodine in the thyr01d for a wind speed of 3.6 km/h.
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This plutonium dose is below the admissible one, but the iodine

dose is about 4 times the tolerated one. The superpositioa of beoth
doses should nof be considered, because of the great differeace
between the wind speeds. It is about cort.in‘thut the tolerated
iodine dose would not be attained due to the speed and the direc-
tion of the wind and the fact that the child would not permanently
remain in the axis of the plume. Anyway, shoud the doses become
higher than allowed, the residential area should be evacuated; thiro-

fore emergency plans exist.

(I .5..Instnllntions connected to the critical facility

I.s5.1. Y-scanning installation

A main part of the experimental programme is devoted to power
distribution determinations. Most of the time, they are obtained
by irradiating standard fuel pins and by counting their Y-activi-
ties; s0 plutonium amanipulation problems are avoided,

The irradiated fuel pins are counted in an automatic Y-scanning
installation controlled by a punched tape with a programme written
in function of the kind of measurement and the number of fuel pins.
A maximum of 22 fuel pins may be loaded on the machine. The decay
correction is applied by comparing all the activities to the acti-
vity of a monitor capsule, containing the same fuel. The results
are directly punched on tape, which can be introduced in a coi-
puter for data processing.

The mechanical part of this installation can be seen in figure 1I.7.
It consists of a shielded room containing two mechaniams : the
first one is a storage device, receiving the fuel pins and giving
them, one by one, to the second mechanism , which performs the

* translation of each fuel pin in order to allow its counting at
certain preset levels by bringing them before the collimator.

In the figure one sees the cylindrical counting device, consisting

of a Nal (T1) crystal, connected to a classical monochannel analyser,

4t
¥

oL
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I1.5.2.Plutonium laboratory

The power distributions can also be measured by counting activated
fuel pellets; they are completed by spectral index measurements, main-
ly with Pu-Al and U-Al foils.

For such experiments dismountable plutonium fuel pins have to be
prepared; this work is performed in collaboration with the Hot
Laboratory Service of GEX in a special laboratory, located in the

LMA building (Laboratory for Medium Activities), which has been
appropriately equiped and which is operated by people experienced

in handling plutonium material.

A general view of this laboratory is given in fig. I11.8; it contains
a manipulation glove box, a decontamination glove box and a
ventilated hood.

Fig. 11.9 presents an internal view of the manipulation glove box,

in which small plutonium capsules (containing 5 pellets) and activation
detectors are prepared. This glove box also contains a shielded

storage place for irradiated plutonium pellets.

In the decontamination glove box the tightness of the capsules is
checked and all pieces are decontaminated before they may be used

outside the glove boxes.

Finally, the ventilated hood is used for the manipulations of the
dismountable fuel pins; they mainly consist in loading and unloading

the capsules in and from the cladding tubes.

For the transport of the fuel pins and the detectors, between the
BR1 building and the LMA one, special air-tight and lead shielded

containers are used.

II.5.3.Y-spectrometry installation

For the activation experiments, the activities of pellets and foils
are measured in the Y-spectrometry installation shown in fig. II1.10.
It consists of four Nal Y-counters connected to monochannel analyzers;
they are located inside an insulated room at constant temperature.
The monochannel analyzers are connected to an automatic counting

system, situated outside the room. The results are punched on



tape to allow direct data handling by a computer,

For the power distribution experiments, the pellets turn around
their axis during the counting in order to avoid any effect of the
racroscopic radial gradient on the measured activity. This effect
is particularly important for the pellets irradiated close to a

perturbation or to the reflector.
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CHAPTER 111 : THE FUEL

III1.19. Introduction

I11.1. An important number of fuel pins was fabricated and put at the dis-
posal of the experimental programme, Not only the number of these
fuel pins, but also their variety should allow to study numerous
aspects of the presence of plutonium in light water thermal reactors
in general and intheSENA reactor in particular and to calibrate ac-

cordingly theoretical methods and codes.

As was already pointed out in the introduction of this report, both
the geometrical and the nuclear characteristics of the fuel rods
were chosen in function of those of the SENA fuel and in function
of the results of fuel cycle calculations made in the hypothesis of

a plutonium recycling operation in SENA.

As the geometrical characteristics were presented in the previous
cnapter (il.2.1.), this cnapter will be mainly devoted to a discussion
of the fabrication of the rods, the choice of the various enricnments
and thne presentation of some more details on the different available

fuel types.

I1l.2. Fabrication

All the U02 and a small fraction of the UO2 - Pu02 fuel was manufac-
tured in the form of pellets., Most of these pellets were made to
constitute standard, i.e. non-dismountable rods, so that for their
fabrication normal tolerances were to be satisfied. The other pel-
lets nowever were to be used in dismountable rods for measurement
purposes, so that for at least an important part of them rather
severe dimensional conditions had to be respected, which was not

always easy to obtain,

Most of tne PuO2 - UO2 rods were directly filled with powder.
In order to obtain a sufficient fuel density, two different proce-
dures were used : vibrocompaction and swaging (cfr I11.2.1.); both

kinas of operations do not lead to differences in the nuclear cha-

racteristics. Tnerefore a distinction between them is not necessary
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here, so that the swaged rods will be assimilated to the vibrocom-

pacted ones in all further discussions in this report.

Two different types of mixed UO_, - PuO, powders were used. In the

first type both the uranium oxise and ihe Plutonium oxide were con-
tained in all grain sizes, whereas in the other powder type the
Plutonium was only present in the finest of the three considered
grain size fractions. The corresponding rods will be called in

what follows respectively homogeneous and heterogeneous rods. As

a separate final report on fuel manufacturing will be issued soon,
we will not enter into details about it in this report.

Let ﬁs just remind the fact that the interest of the heterogeneous
rods lies in their sensibly lower fabrication cost. Physically the
plutonium is then however mainly concentrated at the periphery of
the fuel rods; this fact can have some influence on certain neutronic
and thermal characteristics and parameters. One of the aims of our
critical experiments was the investigation of this neutronic aspect

of the heterogeneous rods.

Some general considerations about the choice of the enrichments

One knows that the basic aim of the programme is to check codes and
methods to be used for plutonium recycling calculations for SENA.
For this reason the nuclear characteristics of this reactor's fuel
throughout a core lifetime were more or less taken into account
when choosing the enrichments of the fuel rods for the critical

experiments.

For the UO2 fuel, to be used in the experiments, the adopted UZ}S
enrichment was equal to the one of the normal fresh reload uranium
fuel in SENA, i.e. 4 % (notation : 4/0). As for the different types
of plutonium containing fuel rods, a relatively large number of rods
was available for two categories with sensibly different plutonium
contents, whereas for the other ones only a limited number of rods
were fabricated. The number of the former ones was deliberately
chosen rather high in order to be able to perform some parametrical
studies on configurations, or important zones in them, for which

the ratio between the plutonium and uranium contents increases gra-

dually.
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The first of these fuel types is the so-called 3/1 fuel, whieh is

a mixture of 3 % 02}5 enriched 002 with 1 % of fissile Puozc the
non-fissile content of the plutonium is less than 8 %. Very appro-
ximately, this kind of fuel is typical for & % enriched 002 irradiated
during more than half a complete SENA corecycle, the plutonium content
being in reality sensibly smaller at that stage.

The other fuel in question is the 2/2.7 one, a mixture of 2 % 02}5
enriched U0, with 2.7 % of total Pu0,, about 80 % of the latter

being fissile. The 2 % figure for the uranium enrichment corres-

ponds to the remaining uranium cont?nt in discharged 002 fuel,

whereas 2.7 ¥ of Puoz is an approximate value of the content at

which the plutonium could be recycled, when the discharged uranium

is to be reloaded and enriched with plutonium.

After the performance of detailed plutoniuam recycle calculations,
it was decided to fabricate on the basis of the obtained results
some other fuel types. A first type is the 1.75/3.2 fuel : 1.75 %
is the 02}5 enrichment of the discharged uranium in the fuel from
which the first plutonium to be recycled would be obtained; it 4is
only in the equilibrium cycles that this value becomes 2 ¥. The
Puo2 content of 3.2 ¥ was defined on the basis of fuel recycle cal-
culations. Another fuel is the 0.7/5 one, in which the Pnoz is
mixed with natural UOZ; the PuO2 enrichment of 5.05 % is also a
result of series of recycle calculations, carried out in the
hypothesis that the discharged UO2
The plutonium in both these fuel types has the same isotopic com=

position as the one used in the 2/2.7 fuel.

is not used anymore for reloading.

In order to allow a rather direct check of the theoretical treatment
of the PuZ“O resonance at 1.06 eV, it was decided to make a 0.7/x
fuel, having the same fissile plutonium content as the 0.7/5 fuel,
but containing only a very small quantity of Puzho » instead of

17 ¥ as the plutonium of the 0.7/5 fuel. For that purpose a cer-
tain amount of plutonium was used, reprocessed out of irradiated

BRY1 fuel and containing only about & % of Pu2~°. The enrichment x

was defined as 4.37 %.

Amounts of fissile material involved in the fabrication of the

VENUS fuel

The following table presents some information on the amounts of
fissile material involved in the programme.
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The weight figures are slightly rounded off.

MATERIAL AMOUNT OWNERSHIP

U enriched at 4 % U235 571.5 kg (U) | hired from USAEC

U enriched at 3 % ye? 162.5 kg (U) | hired from USAEC

U enriched at 2 % U23> 169 kg (U) | hired from USAEC

U enriched at 1.75 % US2? | ~ 22 kg (U) | owned by SCK/CEN
natural uranium ~ 30 kg (U) | owned by SCK/CEN
Pu contained in the 3/1 ~ 1.7 kg (Pu)|put at the disposal
fuel of the programme by
(isotopic composition : EURATOM

92.08/7.29/0.60/0.03)

Pu contained in the 0.45 kg (Pu)| owned by SCK/CEN
0.7/4.3 fuel

(isotopic composition :
95.65/4.10/0.24/0.01)

All otner plutonium 6 kg (Pu) | hired from UKAEA
(isotopic composition :

79.37/1714/3.05/0.44)

The uranium enriched at 4, 3 and 2 % was delivered in respecti-
vely 3, 2 and 2 batches; there exist very sprall differences
between the enricaments of these different batches for each fuel
type. In only one case this difference is not completely negli-
gible : the enrichment of two of the 4 % batches is between

4,008 % and 4,009 %, whereas the third one is &4.04 %; in this last
case however the density was slightly reduced in order to have the

same amount of fissile material as in the rods made with fuel of the

other batches.
Some more details about the different fuel tyres

In this paragraph some more details are given on tine exact comro-
sitions of the different fuel types, especially the mixed oxide
ones, the number of available rods and pellets, and tne rmanufac-
turers. Some figures given for the available number of rods or
rellets are still aprroximate, as all fabrication work was not

finished yet when this report was written.
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4/0 FUsL

510 pelletized standard rods 4.0086 % Manufactured by K43./8i.
505 pelletized standard rods L.ot % Manufactured by G /MIik
744 pelletized standard rods 4,000% % Manpufacturedby BH

1825 pellets for disrountable rods 4.C0d5 % HManufactured by K /Fi'N

3/1 FULL

- uraniur enrichrent : 3.0024%4 % or 5.000> %

- fissile Puo, content : 1 %

- total Puo2 conternt : 1.00 %

34 homogeneous vibrocompacted rods, nanufactured by the Mixed

Group 3CK/CoN - BN.

~ 400 neterogeneous vibrocorpacted or swaged rods, same manufacturer,

1350 pellets for disrmountable rods, ranufactured by ZURATOM-Karlsruae.

2/2.7 FUEL
- uraniuc enricarent : 2.0013 % or <.0021 »
- fissile PuO_2

- total PuO2 content : 2.7 %

268 nomogeneous vibrocompacted rods, manufactured by the Mixed

content : 2,22 %

Group 3Cn/Csiv - BN.
~ 200 heterogeneous vibrocompacted rods, sare ranufacturer,

379 pellets for dismpuntaale rods, manufactured by BN,

1.75/ 3.2 FUsL

- uraniun enrichrent 3 1.785 %
- fissile PuO, coutent : 2.61 %

- total PuO. content : 3.17 %
. < -

~ 65 pelletized standard rods, ranufactured by'BN.

C.72/2 Fisk

The PuO2 conterit is slightly different for the pelletized standard

rods and the pellets for disrountable rods.

58 peiletized standard rods :-fissile PuC, content : 4.15 %

~-total Puoa contert s 5.04 %
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256 pellets for dismountable rous : - fissile Puoz content : “4.24 %
- total PuO2 content : 5,14 %
All tuis fuel was nauufactured by bN.

Q0.7/4.5 FUEL

- fissile PuO2 content : 4.20 %

- total PuO2 content P 4.37 %
4 pelletised rods, manufactured by BN.

1168 pellets for diasmountable rods, manufactured by BN.

Still one more category of pellets for dismountable rods is avail-
able. They were manufuctured by EURATOM-Karlsruhe. Their charac-
teristics are not very different froz tnose of the 2/2.7 fuel :

- uranium enrichment : 2.0015 %

- fissile PuO_ content : 2.5< »

2
- total PuO, content : 3.06 »

e
80 that they can e.g. be used as filling pellets at the two extre-
mities of the 2/2.7 dismountable rods, at least for certain experi-
ments such as radial power distributions near the mid plane level.

The number of pellets available is 167c¢.

A global review of all the figures given in what precedes shows
that an important quantity of fuel is at the disposal of the pro-
gramme. Making the sum, one finds about 2800 rods, more than 1000
of which contain plutonium, and something less than 7000 pellets
for dismountable rods, amoag which almost 5000 are PuOZ-UOZ

To eonclude this cnapter devoted to tne VENUS-Pu fuel, a table is
given summarising for all the fuel types the linear density in
g/on (mean values) :

TYPE RODS PELLETS
4/0 6.33 & 6.36 6.40
3/1 6.60 6.52
2/2.7 6.0 6.07
1075/}.2 6-“} -
0.7/5 6.57 6.67
0.72/4.3 (6.43) 6.60
2 006 - .
/3 Il 6.10
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CHAPTER IV : THE PROGRAMME

Iv.1.

Iv.2.

Introduction

The general aim of the experimental programme has already been
specified in the first shapter: the determination of measurement
results, serving as reference data for the calibration of the
reactor codes and the theoretical methods and models, used for the
study of lattices containing plutonium fuel, more particularly
PWR ones.

It has also been seen in chapter II and III tnat the design of

the critical installation in general and of the fuel in particu-
lar did take into account certain SENA characteristics. This

was not always the case for the programme itself, for which it

was rather tried to give it a character as general as possible,
without leaving however the scope of the global project. It is in
this spirit that the almost four years lasting programme was (and
still is) established, continuously discussed and pessibly adap-
ted to take into account new aspects or particularities of the type
of lattices involved or all other new information of any interest
to the programme, Several programme changes were also induced by
conclusions resulting from already performed theory-experiment

comparisons,

Although the present final report covers only the experiments rea-
lized during somewhat more than one year, a period corresponding
to about one third of the total one, we thought it would be inte-
resting to outline in this chapter the structure of the complete

programme.

Some particular aspects

Before going into more details about the actual programme of cri-
tical experiments, some involved or related particular aspects are

to be put in evidence.
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[ ] Y the code calibration

Quite generally.it caan be said that the same precision is wanted
for the caleulatiea of plutonium recycle lattices as the one
waually required asd normally achieved for uranium lattices.
Prectically this means 0.5 to 1 % for k.ff.
tridations, 1 % for reactivity during burnup, 20 % on reactivity
coofficients and 10 % on comtrol.

Consequences for the measurement technigues

It is clear that ia order to be adble to control if tnese values

4 % for power dis-

ean be reapected by the calculations, it is necessary to dispose
of preeise reference data, i.e. accurate experizental results.
The experimental precisioa on the mentioned characteristics
.ott' power distribution, ete. should thus be much better than
respestively 0.5 to 1 %, & %, etc. It is not in all cases

and sircumstances easy te obtain such a good precision, and
further development of the used measurement techniques was

(er is) sometimes necessary,the more that the presence of plu-
teaium can also here comstitute a complicating factor,

It is in this scope of a further investigation of measurement
teehaique pessibilities that a small coaplementary programme

was started in close contact with Gulf General Atomic, aiming
at a cemaparison between an integral spectrum measurement tech-
nique (spectrum indices; measurements in MOL) and a differential
ene (time of flight; GGA measurements). This is done in an
erbiuma nitrate solution medium, the spectrum of which is of

the same nature as the one in a plutonium containing lattice,
due to the similar reacnance structure of plutonium and erbium
in the low energy range. In the period on which the present
doeument reports, the measurements were carefully prepared but
not yet realiszed. A description of this preliminary work is gi-
ven in appendix 1IV.1.
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¢) Subcritical measurements

For experiments on plutonium fuel lattices the availability

of tarustworthy subcritical measurement techniques can be

nuch more important than for uranium lattices, due to the

high cost and hence the geunerally restricted number of fuel
pins at the experimenter's disposal. Ilu the frame of our
Plutonium recycling programme a considerable effort has there-
fore been devoted since several years to the development of
adequate subcritical techniques, which would even allow the
study of hignly subcritical fuel loadings., Tnhe two first se-
ries of subcritical experiments were done on respectively 5 %
and 7 % enrichned UOE fuel rpins. Final reports were published,
snowing nhow and with which results various measurement and
interpretation tecnniques were investigated. [Ref. IV.1, 2].

A third subcritical programme, using the 4/0 VENUS-fuel, was
started at the beginning of 1969, its main aim being the in-
vestigation of the use of a long BF3 detector for reactivity
and prompt neutron decay constant (&) measurements. The final
intention is to use this technique in VENUS itself for large
configurations, which are subcritical due to the presence of

a large rurbter of absorbing rods in the lattice or due to an
important boric acid concentration in the moderator, or eventu-

ally for one zone Puo2 - UOZ fuel lattices,

d) Heterogeneous fuel

A particular aspect of tne Belgian plutunium programme being
tne deveiopnent cof the heterogeneous vibrocompacted fuel fa-
brication tecnnique, it was decided to look through certain
experinents for possible incidences of the difference between
hosogerieous and heterogeneous fuels on their nuclear characte-

ristics.

iv.3. The different phases of the programme

The experiments realized or still to be realized in VENUS can be
classified in three lurge phases.
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The firast one is relative to lattices with tane uao moderator at
20®° C and not containing soluble poison. This phuse - tue most
extended one of all three ~ comprises integral and fine structure
measurements on the different fuel types in several geometrical
arrangements, including the study of the presence of local lattice
perturbations. All the experiments reported in the present docu-

ment belong to this part of the programre.

The second phase will be devoted to tne investigution of lattices
with & boric acid poisoned HZO moderator (at various concentra-
tions), with a moderator simulated at SENA nominal power operation
temperature (about 285° C) by the introduction of aluminium micro-
rods between the fuel rods, or with a moderator combining both
these overall perturbations. Most measurenents will be of the

integral type (critical mass, buckling values), the main

keff'
aim being the check of temperature and boron reactivity coeffi-
cients. The experiments will be limited to tue 4/0 and /2.7

fuels and to geometrically simple configurations.

The last phase, finally, will consist in the study of a few
configurations in which tue characteristics of tne first and
second phases will be combined, i.e. the moderator will be poi-
soned and/or simulated at high temperature and tne configurations
will include local perturbations and various fuel types. It will
be tried to simulate as closely as possible a plutonium recycle
assembly, as designed for Skiva, witn its appropriate environment,
In a certain sense this part of the work can be considered as a
kind of a final demonstration of the possibilities of the codes,
calibrated on the basis of the experinental results obtained in

the course of the two previous phases.

At the moment of this report's redaction the second and third
phases were not started yet, the detailed discussion of their
concrete realization already well. About these phases we will how-
ever limit ourselves to what was said in this paragraph, wnereas

in the following one the complete first phase will be further
developed.
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IV.4., Experirents with unpoisoned, 20°® C nzo as anoderator

The first months of the experiments the already available amounat

of fuel was limited to about 500 4/0 rods and to the 3/1 ones.
Therefore it was convenient to start szeasurements in configurations
having a KZO/UO2 ratio close to the one of optimal moderation.

The VENUS grids allow lattice pitches equal to Pouna ® 1.303 om,
Pgina /2 = 1,843 cm and 2 Pspna ® 2.606 cm, the corresponding
H20/UO2 values being approximately : 1.6, 4.5 and 10; these are
Yeffective" ratios : this neans that the pure volumetric ratio was
corrected for the differernce between the actual and the theoretical
fuel density. In tnese conditions the 1.543 cm pitch was chosen
for tne first four configurationa, consisting of one cylindrical

or parallelepipedical zone for the two mentioned fuels. In all
cases k.ff near criticality and the axial and radial bucklings were
determined, the moderator being at the nominal level, i.e. the

upper axial reflector being infinite,.

The critical number of rods being still low for the 3/1 fuel in
tne case of the 2 Psiva pitch, one zone configurations of cylin-
drical, respectively parallelepipedical shape were realized and

k and B‘ were nreasured.
eff

After tuese experinents, tihe for the programme post important
lattice piten (pbdNA) was adopted for all other configurations,
When defin.ng tnese contfigurations, it was tried to separate and
insulate as pmucu &s possible the different characteristics or
properties to be studied; in other words, tne nature and tne geo-
netry of tne configuration were each time chosen in function of an
aspect of rarticular interest. As for the different fuels, it

can be said tnat tne three types 4/0, 3/1 and 2/2.7 are investiga-
ted rataer systematically, analogous measurenments being carried out
in all three. This is illustrated by the general schexe represen-

ted in figure 1IV.1, wnere the experiments are grouped in four parts.

The first one snows configurations mainly realized for checking

keff; tnerefore reactivity and buckling were measured; in those



- IV.6 -

with a square section, fission density distributions were deter-
mined too. The size of the plutonium zones was in the different
cases taken as large as the availibility of the involved fuel rods
did allow to. From one of the configurations the incidence of

the different powder properties ("homogeneous™ and "heterogeneous"
fuel) on the nuclear characteristics can be deduced for the 2/2.7
fuel. The same aim was pursued for the 3/1 fuel by a series of
substitution experiments with small zones (4 x 4 rods) in the cen-
ter of 3/1 zones; these experiments were carried out in lattices

characterized by three different pitches.

The determination of the distribution of the fission density
and of the evolution of spectral index values tarough a boundary
between two different fuel zones, more especially a UO2 and a

mixed oxide one, constituted a second kind of experiments.

The third one consisted in a systeratical study of the presence

of perturbations of varying importance (cnanging number of cells,
going from 1 to 7) and with very different nuclear cuaracteristics :
Buc rods, Hz

reactivity effect due to tne rerturbations was measured, whereas

O gaps and Al rod or plate. 1In all these cases the

the power distribution along tne axis perpendicular to the pertur-
bation was determined in the most important cases (mainly for all

perturbations of 1 and 7 cells respectively).

Some other configurations, finally, were conceived to study pertur-
bations of a particular shape (cross of HZO' cross of Buc-rods) or
combined perturbation plus boundary situations. Moreover a possible
geometry of a SENA assembly in the case of an eventual plutonijiur
recycle operation in that reactor was simulated, mainly to deter-
mine tne fission density distribution and to measure the reactivity
effect of inserted absorbing rods, simulating partially t.e cruci-

form control rods of the resctor,

The detailed description of the realization of this progrurne will
be presented in chapter VIi; it will however be limited to the
experiments carried out under the Euratom contract until 1960,
in a few cases completed by some work done afterwards in order to
enable a more logical presentation of results in both the present

and the ultirmate final report.



- V.7 -

Practically this means that all configurations containing 3/1 fuel
will be discussed in the present report, as well as those composed
of 4/0 fuel only, except for the 4/0 configurations with the B,C

crosses in their center.
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CHAPTER V : MEASUREMENT TECHNIQUES

In erder te determine the wanted charasterigtics, as well the integral
ones auch as .off and bucklings, as the mere local ones, such as power
diastributions near perturbations in the lattice, the measurement tech-
Riques develeped before in the frame of the VULCAIN critical experiment
were used agaim, some of them after having been more particularly adap-
ted for the study of cores with several zomes, containing plutonium.

The description of all these techniques and of the development work done
fer several of them will be presented in detail in a series of annexes
te this chapter. In this text itself we will only outline shortly the
sature of the differeat techniques, as well as the precision with which
they allow to obtain the studied characteristics; in general it can be
said that the experimental precision is sufficieatly good, compared to
what is required for testing the theoretical methods.

V.1. k

org 22d critical mass determimatioa (App. V.1)

Fer the kott determination the well known positive period measure-
ment teeshnique is used preferentially, as it yields a very good pre-
eision; reproducidbility tests, taking not only into ascount the
acecurasy of the period measurement itself but also the one associa-
ted with other aspects such as the correct water level determination,
have shown a precision on k

k
off
using subcritical countings; this technique is based on the knowledge

off of + 0.01 Ak.ff. In some cases the

is determined for very slightly subcritical configurations,

of the upper axial reflector value; the obtained precision, although
being somewhat less good than with the period measurement, is more
than sufficient for the code calibration purposes.

The determination of a critical mass, norzally performed for a
eylindrical geometry, is obtained withinm 0.1 % Ak.ff : the main
uneertaiaty ia these cases results from the approximate represent-

.ation of the cylindrical geometry in the reactor.
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The relation between the measured preriod and the associated reac-

tivity worth is given by NORDHEIM's formula (App. V.Z2).

One region power distributions (App. V.3)

Axial power distributions are obtained by the fission chamber tech-
nique or by the Y-scanning technique; in this last case the Y-acti-
vity of the fission products is measured above a certain energy
(425 keV). 1In many cases both techniques have been applied; a good
agreement has always been found; in general the dispersion of the
measurement points around a best fit curve is better with the

fission chamber technique.

Radial power distributions through a one fuel core or zone are ob-
tained by the same type of Y-scanning, choosing the measurement
points at the same horizontal level for all the rods. The precision
obtained derends on the axial homogeneity degree of the fuel pins;
heterogeneous fuel pins are normally not used for such measurements :
in such cases the corresponding dismountable pins are preferred,

while the achieved accuracy is much higher.

Buckling determination (App. V.4)

Both the axial and radial buckling values are obtained from a curve,
fitting respectively the axial and radial power distributions, dis-
cussed in the previous paragraph; in the axial direction, and in

the case of rectangular geometries also in the radial one, the
fitting curve is a cosine, whereas for cylindrical configurations,
the radial distribution is fitted with a J° Bessel function. 1In the
case of homogeneous fuel (either pelletized or vibrocompacted) the
precision on the axial buckling is + 1 %, the one on the radial
buckling + 2 %; this difference is due to the fact that in the se-

cond case the number of measurement points is sensibly smaller.
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V.4. Reactivity effects of perturbations (App. V.5)

These effects are obtained on the basis of a dp/3h eurve, h being

the moderator level; determining the critical water level for the

two situations between which the reactivity differenee has te de
found, this difference is obtained by integrating the 3p/3h eurve
between the critical levels. In general the obtained precisiea is eof
the order of 0.02 to 0.03 % Ak.ff.

V.5. 1"«2}9/02}5 spectral index determination (App. V.6)

The Pu2}9/02’5 spectral index is determined for different fuels
because it is very sensitive to spectrum variatieams ia the thormal
range, such as those due to the plutonium resoaances. Whea neagu-
red for fuel pins located in a zone where the spestrwa is the
equilibrium one, they can be compared with the theoretieal eaes,
found on the basis of cell calculation spectra.

Experimentally the index is determined By couatiag the activity

of 0235-A1 and Pu2}9-Al foils put between fuel pellets, placed in
the dismountable rods. 1In order to get an acceptadle precisiea,
the measurements are to be carried out very carefully and appro-
priate corrections are to be applied. Especially the perturbdatiea
created by the presence of the foil in the fuel column has to de
defined correctly. The preeision actually achieved lies dbetweea

+ 2% and - & %,

V.6. Power sharing between different fuel sones (App. V.?)

It has been seen in one of the preceding paragraphs that imside

each fuel sone the relative power distridution ean be found with

the Y-scanning technique or with the pellet activation eae. Ia
order to link these relative distributioans im differeat soaes te
each other, i.e. to determine the power sharing betweea these seaes,
it is necessary to count, either with pellets or pessibly with
pins, the activity due to the La''® peak at 1.6 MeV, at least twe
weeks after the irradiation. Kmowing the Ln‘“o fissioa yields fer

the different fissile uraniua and plutoaiuwm isetopes, and using the
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spectrum index for the determination of the relative importance of

the fissions in the uranium and the plutonium in each concerned fuel
type, it is possible to convert the measured activity ratios between
different types of fuel pins into fission density or power ratios.
Normally the resulting global experimental precision on the normalized

power distribution is of the order of + 2 .

Fission density depression inside fuel rods (App. V.d)

This depression can be determined with two different techniques.

The first one consists in counting the density of the tracks, created
by the fissiom products in mica foil detectors, put between the fuel
pellets. For this technique tne irradiation lecvel has to be chosen
carefully, in order to have an approrriate trasck density (5 105 tracks
per cnz). The precision on the individual points is about 2 %; this
precision results fronm an accumulated counting of 3000 tracks. The
other pethod is based on the activation of very thin concentrical
rings, forming together a section equal to the one of the fuel pin;
the individual counting of these rings gives a step fission density
distribution curve; an accuracy of about 2 % is reached on each

step result.
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CHAPTER VI : CALCULATIONAL METHODS

Vi.1.

Introduction

For the calculation of slightly enriched UO2 - HZO lattices, many
codes are available which allow a good evaluation of the nuclear
characteristics of these lattices and hence of thermal light

water moderated reactors. 1In these reactors all important mate-
rials have 1/v cross sections, so that the accurate knowledge of
the spectrum is not very important for the calculation of the vari-
ous absorption reaction rates and of the reactivity,

The situation is different for UO2 - Pan - HZO lnt?ices. due to
the important low energy resonances of Pu 39 and pu240 at respec-
tively 0.3 eV and 1.06 eV. When an important amount of plutonium
is present in the fuel, these resonances cause important distortions
in the thermal spectrum. This leads to a more important spectrum
dependence of tne various reaction rates and hence the reactivity.
For systems containing plutonium, accurate spectrum calculation
methods are thus required, methods developed for UO2 - HZO lattices
being not necessarily valid for UO2 - Pan - HZO ones,

When choosing and developing the calculational models, the follo-
wing five neutronic differences between uranium and plutonium are
to be kept in mind :

239 240

1. the existence of the two already mentioned Pu and Pu

resonances, affecting the thermal spectrum;

2. the difference in magnitude between the thermal cross sec-
tions of Pu239 and 0235;

3. the different reactivity worths of absorbing materials in

plutonium and uranium lattices;

4, the difference between thermal fission cross sections of
0235 and Pu239 lead to an important discontinuity in the
power distribution at the boundary between UO2 and UO2 - P'nO2
fuel zones;
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5. flux and power peaks are iacreased mear the reflector and
Rear water gaps when plutoaius replaces uranius.

The calculatioa codes

FPigure VI.1 gives an idea of the structure of the PANTHER code
chaia, allewing cell, one- aad two-dimensional calculatioas, if
wanted with burnup.

Whereas the detailed geometry of lattices and configurations is
accounted for in the 1, 2 or possidbly 3 dimensional calculations,
the basic.’. physical properties are obtained with the cell code
PANTHER, which calculates the spectrum and which determines on the
basis of this spectrum the few group constants to be used in the
dimensional calculations. The dimensional codes, mentioned in

the figure, were developed by Belgonucléaire, except for SQUID and
EREBUS (ref. VI.1 and 2); they solve the diffusion equation and
calculate the reactivity, the power distribution and eventually

the core burnup.

The spectrum calculation by the PANTHER code is based on the use
of Cadilhac's secoadary model in the thermal range,
coupled to a multigroup structure similar to the one of the
MUPT. . code (ref. VI.3). The internal structure of PANTHER and
the theoretical models at its basis are digcussed in detail in
Appeadix VI.1.

For the noa-thermal cross-sections the MUFT-library, normally
used ia the LEOPARD code, has been adopted. For the thermal cross-
sections analytical fittings of BNL 325 curves were chosen :

o/E-l+ V

o
i=1

¢y

bi + (E- o

¥
R

The 2200 m/s values of the fissile isotopes have been chosen as
follows (all values in baras) :
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isotope U235 Pu239 Pu241
(origin) | (BNL~Stehn) | (GfK-J.J. Schmidt) | (Westcott-1964)
o, 679 1031 1376,1
O 578 742 1012,7
a 0.175 0.39 0.3589
v 2.442 2.89 2.9779
n 2.078 2.0791 2.1913
For Puauo the following absorption croes—section is used :
Oa /E = LE (varns)

(Y+nV/E) + 4 (E - EO)Z

with : Y = 0.0296 n = 0.0024

K = 6250 E = 1.0575

For the few group calculations the following group structure is

normally used :

I. 10 MeV to 821 keV : in this energy range the inelastic
238

scattering and the fast fissions in U take place;

II. 821 keV to 5.53 keV : here the neutron removal is primarily

due to the important scattering cross section of hydrogen;

these two first groups contain the fission spectrum;

II1. 5.53 keV to 1.855 eV : in this range the scattering cross

section of hydrogen is constant, so that the flux varies
according to a 1/E law, except at the resonance positions;

IV. below 1.855 eV : thermal range, chosen intentionally rather
240

wide, in order to include the Pu resonance at 1.057 eV.
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241

isotope ge> pu?>? Pu
(origin) | (BNL-Stehn) | (GfK~J.J. Schmidt) | (Westcott-1964)
o, 679 1031 1376,1
o, 578 742 1012,7
a 0.175 0.39 0.3589
v 2.442 2.89 2.9779
n 2.078 2.0791 2.1913
For puZQO the following absorption cross-section is used :
Y K
o, /E = (barns)
. (Y +Q/E) + 4 (E - Eo)a
with : Y = 0.0296 n = 0.0024
K = 6250 EO = 1.057%

For the few group calculations the following group structure is

normally used :

I.

1I.

III1.

Iv,

10 MeV to 821 keV : in this energy range the inelastic
238

scattering and the fast fissions in U take place;

821 keV to 5.53 keV : here the neutron removal is primarily

due to the important scattering cross section of hydrogen;

these two first groups contain the fission spectrum;

5.953 keV to 1.855 eV : in this range the scattering cross
section of hydrogen is constant, so that the flux varies

according to a 1/E law, except at the resonance positions;

below 1.855 eV : thermal range, chosen intentionally rather
wide, in order to include the Pu240

resonance at 1.057 eV.
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Vi.3. Code calibration

VI.4,

The calibration of the described codes has been undertsaken in

two phases. First it was done on the basis of the experimental
Hanford-BNWL and Saxton results; the main results of this work
are presented in Appendix VI.2. Then the testing of the codes

was continued, using the VENUS results as reference data. This
work is the subject of the following chapters of this report. Let
us just remember here that tne final purpose is to obtain calcula-

tional tools allowing the achievement of the following accuracies

+ 0.5 to 1 % on k

eff
+ 5% on power distribution
1% on reactivity during burnup
20 % on reactivity coefficients
10 % on control rod worth

Calculation of the nuclear parameters

The various nuclear parameters are calculated by means of the
calculational tools indicated in figure Vi.1; for each of them

& calculational procedure has to be defined,

a) Multiplication factor : k

eff

In a first step, a cell calculation with the PANTHER code provides
few group constants, which can then be uaed for the calculations
with the one, two or three dimensional diffusion codes, by which
the reflector can be explicitly represented for the considered
directions. The multiplication factor can also be obtained by

a cell calculation, the leakage being taken into account through
an experimentally determined material buckling; this procedure
can of course only be used for single fuel region lattices.
Comparing both methods, the diffusion calculations (1D, 2D or
3D) seem to be mainly advisable for small systems with high
leakage. An important trend in function of the geometrical di-

mensions (Ba) of a series of different critical configurations
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appears when comparing the multiplication fuctors obtained by
a cell calculation and by one or twe dimensional diffusion cal-

culations : figures V1.2 and 3 illustrate this statement.

b) Power distributions

The comparison of the calculated local power peak values near
a reflector or near a water gap with experimental values and
also with values obtained with nore elaborated calculational
tools (e.g. based on transport theory instead of diffusion
theory) has led to the decision of using in the diffusion cal-
culations thermal MND cross-sections (ref. VI.4).

Appendix V1.3 summarizes the main differences between conven-

tional and MND thermal cross-section calculations.

¢) Control rod worth calculations

In order to nmeet the 10 % accuracy requirement, if posaible

with a not too expensive method, a few methods, chosen among

the nunerous ones described in the literature, were investigated;
although the work is still underway, it can be said that with

tne following two methods rather good results were obtained :

- BQC rod region few group constants, generated by a PANTHER

cell calculation;

- buc rod region few group constants, generated by Henry's

cethod (ref. VI.5),.

References

VI.1. 3¢UID : EUR-3682

Vi.2. &REBUS : FN-Z-86

VI.3. MUFT : WAPD-TM-2c4

VI.4. K.J. Bieh @ Nu Sc kng 9 (1961)
V1.9, &.F. deNRY @ #APU-c1b






- VII.1 -

CHAPTER VII : REALIZATION OF THE PROGRAMME

ViIi.1.

Vii.Z2.

Introduction

The aim of this chapter is to describe the coafiguratioams studied
in the frame of the Euratom coatract, to preseat the obtainmed
experimental results and the corresponding theoretical ones. All
these results were found using the experimental amd the
theoretical methods and techniques described in the two precediag
chapters. In this chapter we will limit ourselves to a mere pre-
sentation of results; the discussion on the agreement between eox-
perimental and theoretical results will be presented in the next

chapter. In a few cases only experimental results are given.

During the realization of the programme a reference number was
given to each type of configurationm, starting from 1. As in most
of these configurations minor variations were made several times
in order to adapt them better to each kind of measurement, sub-
numbers were introduced, the motation being e.g. 1/1. Not for
all these configurations a map has been included in this report;
only the most important ones were chosen. The configuration
numbers, mentioned in the present report, go from 1 to 10; table
VI1i.1 summarizes to which type of configurations they correspond.
Rather than discussing configuration per configuration, it will
be tried to group the different investigations in the most lo-
gical way.

k.ff and B2 for one zone configurationms

(involved configurations : 1, 2, 3, 4, 5, 6, 8 and 8 bis)

One zone configurations were realized for different fuels

(4/0 and 3/1), with different pitches (pSENA' PSENA /2, 2 pSEIA)
and in different geometries (cylindrical and rectangular confi-
guration sections). In all cases the nominal moderator level

was adopted.

For the cylindrical cases it was of course tried to come with
the actual configuration as close to the ideal cylindrical one
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as possible. Several measuremeats were done to study the influence
of the imperfect simulation of the cylimdrical shape; this was
doae by slightly rearranging the peripherical rods. It was found
that in the case of the SENA pitch the differences were almost
negligible, but for the p ... /2 pitch the effect was found to

be more important : the resulting possible error on the measured
k.ff due to this geometrical effect was estimated at : g:gg % Ak/k.
These different conclusions are due to the fact that in the case
of the SENA pitch the number of rods to get critical is almost

three times larger than in the other case.

For the rectangular configurations, it was tried to realise complete
rectangles, i.e, without incomplete rows at the periphery, and as

close as possible to a square,.

For the 3/1 fuel the case of the SENA pitch could not be done, as
the available number of rods was lower than the critical mass;

for the 4/0 fuel the 2 PsENA pitch was not considered, as at the
time of the measurements not enough of that fuel was available
and as, anyhow, the case of that pitch was considered as very se-
condary, the 3/1 configurations characterized by it giving already
a sufficient indication.

Table VII.2 lists for eight configurations the number of rods, the

experimental and calculated k. values and the experimental value

of a peripherical rod. This lzit value is only given in the case
of the cYylindrical configurations; they are average values, ob-
tained from reactivity measurements done on a few slightly super-
critical configurations. Actually the real value of the iadivi-
dual peripherical rods can be very different, due to the impor-
tance of their exact localization with respect to the configuration
boundary. This can easily be underastood when one looks e.g. at
the shape of configuration S5, represented in figure VI1i.1, or
even at the ome of configuration 8 bis (figure VII.2), where the
nuaber of rods is much higher. Pigures VII.3 and 4 represent the
two cylimdrical coafigurations with the p_... /2 pitch (coafigu-

ratioas 1 and 3).

Ia tadle VII.2 the just-critical awmber of rods is given for

the cyliadrical coafiguratioas, whereas for the rectangular ones
the experimental k.ff
plete rectangles are given. As these rectaagles' gecmetry is

values corresponding to the realiszed com-
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of course very simple, no plans are given ia this report.

The theoretical kott values were obtaimed with ome- or twe-dimea-
sional calculatioas, emabling a correct gecmetrical represeatatiea
of the radial reflector; axial leakage was accouated fer by using
the experimeatal axial buckliag value. The table shows a remark-

able agreemeat;

Buckling determimatioa

In six of the eight coafiguratieas axial buckliang values were
determined, as well as the extrapelatioa lengths. Table VI1.3
presentsthe primcipal results.

For all Bix measurements the two techniques (fissioa chamber amd
fission product Y=-scanning) were used; the results did agree very
well in all cases, s0 that average values were calculated. After
a small correction, applied to take into accoumt the differeamse
between the real fuel length (e.g. 49.50 cm) and the theeretical
one (50.00 cm), these average values did lead te the omes givea
in the first column of the table. Next to them are the corres-

ponding total extrapolation length values.

For five comfigurations the radial buckliamg and extrapolatiea
length were determined too. In the case of the rectaagular
configurations measurements were doame for that aloang two ortho-
gonal axes, as can be seen from the same table VII.3. The Y-ssan-
ning technique was used. Summing up Ii‘ and Biad and applyiag
a correction, when the kott of the ceafiguration was slightly
different froa uaity, the material buckling was edtained. Frea
these fimal results (last columa ef the table) appears clearly
that the error margin is seasibly higher for the 3/1 fuel thaa
for the 4/0 eme; this is due to the fact that that pluteaiws
beariag fuel was vibrocompacted, aad even of the heteregemocus

type in some cases.

A close loek to all the values givea ia the table allews several
interestiag coaclusions; one sees e¢.g. the agreeasat withia errer
nargias of the lfx aand lﬁ.t values fouad for the cyliadrical aad
rectangular coafiguratiens of the same type. Jurthorsere there
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is the fact that, at least for all the 4/0 configurations, the
axial and radial extrapolation lengths are found to be equal
(always within the error margins); this indicates that the pre-

‘"sence of both fuel ends in the axial reflector does not change its

reflective properties (cfr chapter II : fuel ends in plexiglass).

k.ff and Bz for two-concentrical-zone configurations

(involved configurations : 7 and 7 bis)

As not enough 3/1 fuel was available to realize a one zone con-
figuration with the SENA pitch, two-zone configurations, both
cylindrical and rectangular, were studied with a central 3/1
zone and a peripherical 4/0 one. They are represented in the
figures VII.S5 and VII.6. In the cylindrical one the central
sone was chosen as large as possible; as can be seen on the figure
it was composed of 332 rods. In the rectangular one, on the éon-
trary, a smaller number was chosen (a 14 x 14 = 196 square), in
order to allow a more straightforward comparison with later ex-
pPeriments with two types of 2/2.7 fuel, not to be discussed in
this report.

All the results are summarized in table VII.4; its presentation
is similar to the one previously used for the one zone configu-
rations. This means e.g. that again the Bix values were corrected
in order to be relative to an exact 50 cm active length.

It can be seen that these fo values are equal to the one found
in a pure 4/0 configuration with the SENA pitch (configuration 8).
In the radial direction, only the buckling for the central zone

was determined.

The theoretical k.ff values given in the table result from
criticality calculations done with conventional, i.e. non-MND
corrected, cross-sections. These values practically do not change,
when the MND cross-sections are used in the appropriate way, as

described in the previous chapter.



VII.b.

VII.5.

- V11 o, -

Radial fission demsity digtributioas im the one- and twe-eenseatri-
cal-sone coafiguratieas

(involved coafiguratioms : 1, 2, 3, &, 7 and 8)

For all the coafiguratioas for which the lﬁ.‘ was givea ia what
precedes, the corresposdiag experimeatal fissioa deasity distri-
butions are available, as they were used to find the lf.‘ values
through cosine or J° fitting procedures. Ia the case of rectaa-
gular configuratioms, the twe orthogonal axes were measured,
whereas in the cylimdrical omes two appropriate diameters were

chosen, in most cases making a 45° angle with each ether.

Some of the results are shown in figures VII.7?, 8 aad 9. Ia the
first and last cases the configuration was cylimdrical (eeafigu-
rations 1 and ?7) and the fitting did happea with a e funetion;
one can distinguish the two sets of points, measured aloag the
different diameters,

Figure VII.8 gives an example of a distributioa aloag aam axis of
one of the studied rectangular configuratioas, awmber 4/1; ia this

case a cosine fitting was made.

Small zone substitution studies

(involved configurations : &, 6 and 7)

Substitution experiments have been carried out in a relatively
small zone of 4 x 4 = 16 rods, located at the center of coafi-
gurations, essentially composed of vibrocompacted, heterogeneous
3/1 fuel rods. This has been done for the three different pitches.

In the substitution some not only 4/0 and 2/2.7 fuels have repla-
ced the reference 3/1 fuel, but it was also tried to determinme

the reactivity difference due to several fabricatioa procedures
used for some of the 3/1 fuel rods. The results are preseated

in table VII.5. The notation *™ O means that the measured results
did not exceed in absolute value 0.004 % Ak.ff. which was the
experimeantal precision. The k.ff values themselves are not given,
as they have no importance here; the configuration types used
correspond to the previously discussed cases 4, 6 and 7.
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It can be seen that for none of the pitches a difference was measured
between the twe types of vidrocompacted rods (heterogeneous and ho-
megenecus enes), this comclusioa remaining valid whea the vibrocoa-
pasted rods are cempared to the swaged omes with the same claddiag
thiekness. In the case of the swaged rods with a slightly thicker
claddiang (the same as the ome of the 4/0 and 2/2.7 fuels) a reac-
tivity decrease was of course meticed. As for the 4/0 results,
they shew that this fuel is mere reactive than the 3/1 ome in the
case of the SENA pitch and less for the other pitches; this coa-
elusiea is confirmed by the enes odtained froa the mecasurements
described ia the precediag paragraphs VII.Q amd VII.3.

Theeretical calculatioas, cerrespoading to these measurements,
were made, Special attemtiea was devoted to the comparisom bde-
tweea the heterogeneceus and the homegeneocus vibrecompacted 3/1
fuels. Ia erder to simulate the heterogeneity in the calculation,
a radial plutoaiwm distridutiea model was defined on the basis

of some radiegraphs. For the calculatioa itself it was neces-
sary to have cedes allewing the representatioa of the fuel sone
in the uait cell ia several regiens. Two codes were used :
PANTHER with its Bomalumi optiem and LASER [Ref. VII.1]. The

results fouad for the k_ values are the following ones :

PSENA Pgpua 72
VIS. HoM. | VIB. HET.| VIB. HoM. | VIB. HET.

PANTHER 1.3338 1.3344 1.3937 1.3955
LASER 1.3367 1.3370 1.4089 1.4107

It can be seea from these results that beth codes agree rather
well. Ia erder to cempare these results with the experimeatal
emes, the Ak _ values are to be reduced to ‘koft values, taking
inte aceount the relative weight of the 16 ceatral rods ia a

critical leading. Ian the SENA pitch case, Akoft
€idly mmall, whereas the case of the p ... /2 pitch leads to a

sere sigaificaat value. Further discussion on these results will

is found nmegli-

be preseated ia the nmext ehapter.
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VII.6. Upper reflector reactivity value

(involved configurations : 3, 4, 5, 6 and 7)

The knowledge of the reactivity value of the upper reflector can

be very useful, and is actually in some occasions even required,
during the measurements, e.g. when determining the k.ff of a
s8lightly subcritical configuration from counting rates at different

moderator levels in the upper reflector part.

This value can be obtained from the curve giving Ak/k as a function
of the water level; it was found that this curve practically does

not depend on the type of fuel or the geometrical shape of the
configuration, but in the first place on the lattice pitch. So it

was determined for the three considered pitches, using each time a
large number of period measurements, carried out in several configur-

ations with the same pitch.

The three curves are compared in figure VI].10. The three reflector

reactivity values deduced from them are

) J—— : 0.22 + 0.01 % Ak/k
Pgeya 2 ¢ 034 £ 0.01 % 8k/k
2 Pgpwna | 037 2 0.01 ¥ Ak/k

VIIi.7. Systematical study of local perturbations in 4/0 and 3/1 SENA pitch
lattices

The systematical study of local perturbations was done at the cen-

ter of configuration 8 for the 4/0 fuel and in the central slab of
configuration 10 for the 3/1 fuel. In both cases three types of
perturbations were considered : an absorbing one (B“C rods), an
overmoderating one (HZO gaps) and an intermediate one (aluminium

plate or rod); the length of the (always linear) perturbation

varied from one to seven equivalent unit cells. The study included

the determination of the reactivity effect of the perturbations, their
influence on power distribution, and, in some cases, their influence

on spectral index values.
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The choice of these three types of perturbations was deeided on

the basis of three particular situations which are met whea one
has to make design calculations for a power reactor. T7The th

rods correspoad of course to a situation "coatrol rod ia"; as
absorbing material n“c was chosen, rather than the e.g. in SENA
used Ag-In-Cd alloy, in order to be sure to test the formalism

for the treatment of heavy absorbers, the absorptioa cross sec-
tion kmowledge being much better for boron than for the elements
constituting the mentioned alloy. The B“c rods, replacing fuel
rods in the lattice, have the same characteristics as the 4/0

fuel rods : same active length and same cladding tube; their active
diameter is 9.02 mm and their density is equal to 60 ¥ of the theo-

retical one.

When control rods are removed out of the core and when they do not
have followers, water gaps are created. Although there are follo-
wers in the particular case of the SENA reactor, this type of per-
turbation has extensively been studied due to its importance in
connection with safety aspects : the correct prediction of power
peaking values near highly moderating local lattice perturbations
is very important.

A third type of lattice perturbation, met in power reactors is the
presence of metal channels surrounding the fuel assemblies; in

the case of SENA this metal is stainless steel. The important
point about this kind of perturbation however is not the presence
of the metal, but in the first place the local changes of the
moderation. Therefore an aluminium plate was realized (length =
seven pitches) with a thickness, determined such that the quantity
of water between it and the adjacent row of fuel rods is the same
as in the case of real fuel assemblies between fuel and channel.
This thickness was found to be equal to 9.05 mm; for the height

of the plate 50 cm was taken; 99.5 % pure aluminium was used.

In order to be able to complete a set of one cell perturbations
analogous to the one of seven cells, an Al rod of the same purity
as the plate was used; it had a diameter of 9.8 mm and a length
equal to the overall length of the fuel rods (74.4 cm).
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Before discussing in more detail all the results found in the
presence of these perturbations, a paragraph will be devoted

to the unperturbed reference configurations.

VIiI.7.1. Unperturbed reference configurations

The basic reference configuration is a rectangular one consis-
ting completely of 4/0 fuel : 27 x 32 rods. It is the one for
which the k,ff was given in paragraph VII.Z2; its number is 8/0.
Its width of 27 rods has been kept unchanged in all further
configurations to be discussed in this report (8, 9 and 10);
this 27 rod side is parallel with the X-axis, adopted for the
representation of the configurations on the maps. For the
power distribution studies, the rods located on this X-axis

are chosen, the perturbation direction cofnciding with the Y-axis.

The radial power distribution along the X-axis is represented
in figure VII.11; in fact it served for the determination of
the radial buckling in that direction, the result of which was

given in table VII.3 : (4230 + 160) 10.6 cn-z.

Whereas the just quoted 4/0 reference configuration was critical
very amear the nominal moderator level, configuration 10,
used for the corresponding measurements in the 3/1 fuel, was
frozx the beginning chosen large enough to be still critical
with 7 B,C rods (see figure VII.12), so that without perturba-
tion it is critical at a reduced water level, This does of
course not matter for the determination of the radial power
distributioa, which was obtained in the same way as ia the case
of the 4/0 fuel; the corresponding Bfad value was fouad to be
equal to (4000 + 80) 10.6 c--z. i.e. withia the error margins
practically the same as for the 4/0 fuel.

The radial distributioa im the 3/1 fuel is represeated ia

figure VII.13, where it is compared with two theoretical dis-
tributions, one beiag obtaimed with coaventiomal cross-sectioas,
the other ome with cross-sectioas modified accerdiag to the

MND formalism. It is clear that the power peak anear the reflec-
tor is calculated much better with the second method,
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Vii.7.2. Reactivity effects

Vil.7.3.

The measurement method of the reactivity effect due to the inser-
tion in the lattice of a perturbation has been described in a
previous chapter; it is based on the determination of a bp/bh
curve (reactivity variation as a function of water level varia-
tion).

The 4/0 configuration in which the perturbationswere realized
is represented in figure VII.14; its number is 8/4. One sees
at the periphery in the Y-direction two small 3/1 zones; they
were necessary in order to make the configuratiom critical
with ? B“C rods, the available number of 4/0 rods not being
sufficient at that moment. 1In the case of the measurements
in the 3/1 zone, a similar thing had to be done with 4/0 rods,

as can be seen on the map of configuration 10 (figure VII.12).

The results far all the measured perturbations in both confi-
gurations are summarized in table VII.6. The corresponding
theoretical values, given in the table, were obtained with
four group MND cross-sections, determined with the PANTHER
code in its SPECTROX version. For the Buc perturbations this
calculation procedure appeared to be the best one, as will

be shown by a detailed discussion, presented in the next

chapter,

Influence of local perturbations on power distributions

All power distributions were determined along the X-axis.
First it was checked in the absence of perturbations that this
radial distribution is completely independent of configuration
changes at the periphery in the Y-axis direction, such as e.g.
in the case of configurations 8/0 and 8/4, with respectively
(27 x 32) 4/0 rods and (27 x 33) 4/0 rods plus (27 x 6) 3/1
rods (figure VII.14).

The distribution was measured for six perturbations, namely
Buc. HZ

to one, respectively seven cells. This was done for both the

O and Al ones, each of them having a size corresponding

4/0 and 3/1 fuels. The results are represented in figures

VII.15 and 16, on which the experimental and tneoretical distri-
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butions can be compared. These theoretical distributions were
obtained with MND cross-sections, using the SPECTROX version
in the PANTHER calculations.

VII.7.4. Influence of local perturbations on the Pui’?[gi’s spectrum index

The radial evolution of the Pu§}9/0§}5 spectrum index has been
measured in the 3/1 fuel (configuration 10) in the absence and
in the presence of two extreme perturbations (7 HZO cells and

7 th rods). The results are given in table VII.7?. In the case
without perturbation, the spectrum is at equilibrium between
the positions X = -19 and X = +1; an average value of the spec-
trum index of 1.91 ¢+ 0.03 has been deduced. In the table one
can see the decrease of the spectrum index near a water region
(both the gap and the reflector) and its slight increase near

a Buc perturbation.

VII.8. A cruciform large H_O perturbation

2

A large H_O perturbation in the form of a cross has been realized

in a conffguration of type 8 : the rods on the two orthogonal
axes of a (27 x 33) 4/0 fuel configuration were removed (confi-
guration 8/5). The main aim of this type of experiment was to
check the power distribution near the cross. The comparison
between the experimental and the theoretical results (MND cross-

sections) is shown in figure VII.17.

The keff value of the configuration with this cross was also de-

termined and can be compared with the k value of the unper-

eff
turbed configuration {27 x 33 rods) and the ones of the same
configuration with a 7 HZO cell perturbation in its center and

the Al plate :
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Configuration k.ff
without perturbatiom | 1.0042 + 0.0002
with Al plate 1.0016 + 0.0001
with 7 H,0 cells 1.0068 + 0.0003
with the HZO cross 1.0143 4+ 0.0005

V11.9. Study ef the boundary between 4/0 and 3/1 fuel zones

Configuration 9, represented in figure VI1.15, is essentially
composed of two rectangular slabs of respectively 4/0 and

3/1 fuel. Their dimension im the Y-direction is sufficiently
important to assimilate the coafiguration for calculation
purposes to two contiguous infinite slabs, so that a one-dimen-
sional calculation model along the X-axis can be adopted. The
study was focussed on two important aspecta : power distribution
and Pu?’g/U§35 spectrum index determination. In paragraph VII.10
tne influence of local perturbations at the boundary on the same
nuclear characteristics will be described.

Vii.9.1. Power distribution near the boundary

For the determisatioa of the power distribution in each zone,
two experimeatal techaiques have been used, namely Y-scanning
of undismeuantable fuel rods and pellet activation counting.

The results were found to be in excellent agreement. The nor-
malizsatien of the distributions to each other was carried out
as described ia chapter V; the normaliszation factor was ob-
tained through twe measuremeat techniques : pellet (Ln1“° acti-
vity)and foil (Pu2>%/a1 and U2%/41 feils) counting; both tech-
aiques did lead to comparable results,

Pigure VI1.19 presents the resultiang, mermalized power distri-
butiea, as well as the calculated ome. On the figure the ra-
dial distribution ia the case of a one zone comnfiguration

(a cesine) is alse represeated, iam order to illustrate the dif-
ference betweea bdeth cases.
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Vil.9.2. 2!§’9£!§35 §pectrum Iadex values

The Pn:39/0§35 spectrum iadex has beea measured at several rod
locations alomg the X-axis, as is shewa ea figure VI11.20; ealy
the values corresponding to the equilibriuwm spestrum were sem-
pared with theoretical ones deduced from the respestive eell

calculations.
8 239 8 239 8 239
region | ( L3z ) (Fm3) (Em)
8 35 Py 35 Py
b 4 EXPER. 4 PANTHER ¢ aMms-1
+ 0.0‘0
3/0 1.92 _ 0.08 2.07 1.98
+ 0.03
4/1 2.19 _ 0.08 2.22 2.12

It can be seen that the difference betweean the twe fuels as
calculated with the two theoretical models (PANTHER on one side,
the GMS transport DSN code on the other) is only half as im-
portant as experimentally established.

VII.10. Local perturbations at the boundary betweea 4/0 and 3/1 fuel sones

The aim of this study was to combine two difficulties, imvestiga-
ted before separately. Only experimental results are reperted.

The measurements were done in configuration 9/1, which is the

saxe as configuration 9, represented in figure VII.18, except

that the number of fuel rod rows in the Y-directiea was larger,

in order to remaim critical with the B“C perturbatioas. The

chogsen perturbations were limited to the most importaant emes :

7 B“C rods, 7 IZO cells and the Al plate with a leagth of 7 pitches.

The resulting power distributions are given in figure VII.Z21,
where they can be compared with the distributioas ian the respes-
tively two zone and one zone cases without perturbatioas.

For the same perturbatioa cases, the evolution e¢f the spestrum
index Pu§39/0§35 was determined., The results are summarised
in figure VI1.22, where the deviatioa near the perturbatieas
can be seen; again the case of the water gap shews the mest
importaant effect.
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Vii.11. Pissien density depressions inside fuel reds

Ia the econtral part of the twe senes (4/0 and 3/1) of cemfigura-
tiea 9, descrided in the preceding pearagraphs, speeial measure-
asais were deme in order to determine the fissiea deasity depres-
siea iaside a 4/0 and a 3/1 fuel red, beth thus beiag located ia
@ sene where the spestrum is at equilidriwm.

oo setheds were used : the track countiag methed, usiag amica
foile, and fissile (022%/a1 and m2¥9/a1) feils, out iato seve-
ral ceasceatrical rimgs. The results odtaimed for bdeth fuels with
theoe twe motheds are givea in figure Vii.235; the curves are
givea ia a disceatinueus ferm, due te the nature of the riag re-
sulte; the track seuatiag results did eof ceurse lead to a ceati-
nMIOus eurve. Twe sets of theeretical results are alse preseated.
One of them was odtained with a GMS-calculatien (a DSN traamspert
sode) uaing GNS-1 lidbrary coastants, whereas the ether one
"as obtained with a WDEN cede usiag THENNIOS caleulated cross-
sections; these last result was kiadly made availabdle dy CNEN
(1a Casassia).

Frem the figure eae can ceaclude that the two types of experi-
aeatal results agree rather well with each other, as well as
with the WDEN-THEINOS results. The ether theoretical results
are less satisfyiag; it is believed that this might de due to
an waserrect thermal scatteriag matrix for hydrogea in the
@Ms-1 lidbrary.

!‘ SroRees

VIi.1 C.G. PONCELET : Buraup Physics of Heterogemeous Reacter
lattices; WCAP-6009 (June 1965).
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TABLE VII.1 : REVIEW OF THE DISCUSSED CONFIGURATIONS

Bumber Pitech Puel Geometry

1 Psena /2 &/0 6yliadrical

2  — /2 &/0 rectamgular

3  — /2 3/ cyliadrical

b L 3/ rectangular

5 2 Pgmua 3/1 c¢ylindrical

6 2 ygrma 3/1 square

7 T 3/1 and 4/0 | two comceatrical somes,
cylindrical geemetry;
3/1 in the ceater

7 bis 3/1 and 4/0 | two comceatrical sonmes,
square geometry;
3/1 ia the ceater

8  — k/0 rectangular

8 bis ) J— &/0 cylindrical

9 PsEua 3/1 and 4/0 | two ceatiguous rectaa-
gular slabs of
3/1 and 4/0

10  J— 3/1 and 4/0 | rectaagular 3/1 soame,

cempleted with two
lateral 4/0 sones




TABLE VII.2 : ONE ZONE CONFIGURATIONS

ﬁ::;i:: Pitch Fuel | Geometry :2“:::; k.ff. exp. k.ff. theer. ,.:Eisgézsgz:i.‘
8 bis PSENA 4/0 CYL 824 1.0000 1.0021 0.018 % ‘xs

8 PsENA k/0 RECT 27 x 32 = 864 1.0002 1.0004 -

1 Pogns V2| 4/0 CYL 351 1.0000 0.9973 0.043 % &%

2 PSENA /21 4&/0 RECT 17 x 22 = 374 1.0007 0.9977 -

3 PSENA /21 3/1 CYL 299 1.0000 0.9994 0.063 % ‘k!

k PSENA /2| 3/1 RECT 15 x 21 = 315 0.9974 0.9982 -

5 2 Pgena 3/1 CYL 363 1.0000 0.9907 0.028 % e

6 2 Pgpua | 3/ RECT |20 x 20 = 400* | 1.0017 0.9985 -

The actual configuration was composed of 18 x 18 = 324 rods of 3/1 fuel,

plus 76 rods of 4/0 fuel at the periphery.

-°94°1IA -



TABLE VII.3 : ONE ZONE CONFIGURATIONS

(BXP) (EXP) (xxP)
CONFIGURATION CHARACTERISTICS [ BS_ 2 xif” ) Be g 2 xf_f:") )i. R
(pitch - fuel - geometry) 6 =2 -6 =2 - =2
(10 " om °) (em) (10" om ) (cm) (10 " ea °)
4/0 - RECT {27 2435 + 10 | 13.67 + 0,14 |{ 4230 £ 160 | 13.10 + 0.93 | o9, | 499
Psmna /0 - 3 35 s 3.67 2 ©. 3200 3 30| 13.48 s 0.24 :
Pgpma Y2 - 4/0 - CIL 2569 + 7 [ 11.98 + 0.15| 872k + 4O| 12.20 + 0.12 | 11418 &+ &1
17
5236 s+ 6h | [ 12.09 s 0.27
Pggua /2 - 4/0 - RECT {sz 2564 » 11 | 1180 4 0.8 | { 3202 20 1{ 15:Q3 £ 0:3T [ 11 o
Pgpua 72 - /1 - CIL 2582 + 19 | 11.82 + 0.26| 10710 &+ 300| 10.54 + 0.54 | 13300 + 300
15 6158 + 147 | [ 12.39 + 0.47
Pggus /2 - 3/1 - RECT {;1 2603 s 24 | 11.58 5 0.30 | { 4335 % 150 [ 1 '9:02 5 o.85 | 12980 2 240
2 gy, - M1 - CIL 2590 + 23 | 11.73 + 0.28 - -

=*4V°11A -



TABLE VI1.4 : TWO CONCENTRICAL ZONE CONFIGURATIONS (pSENA)

Experimental
ggﬂgig' égggggg& CENTRAL ZONE OUTER ZONE keff' exp. keff’ theor. value of a
peripherical rod
7 CYL 332 3/1 rods 580 4/0 rods | 1.0009 1.0049 0.016 % %?
7 bis SQUARE 14 x 14 = 196 3/1 rods | 704 4/0 rods 0.99065 1.0025 -
(30 x 30 rods)

. (EXF)
CONFIG.| ZONE 2\ EXP) (EXP) 2
* Bax e Xax Brad
(1076 cn"2) (cm) (10-6 cm™%)
7 3/1 2438 + 18 13.62 + 0.18 | 5780 + 140
7 4/0 | 2399 &+ 16 | 14.14 4+ 0.32 -

- QL°TTA -



TABLE VII.5 : SMALL ZONE SUBSTITUTION STUDIES

(b x & = 16 rods sone ia the ceater of 3/1 configurations; the

results are Ak.

values in %; the experimeatal precision

44
is + 0.004)
= | o
SUBSTITUTION ZONE Pspaa  — /2 2 Pooua
Enrichm, | Fabrication Cladding EXP Theery | EXP Theery EXP Theory
* thickness * * °

3/1 VIB. HET. 0.25 0 0 0 0 0 0
3/1 VIB. HOM. 0.25 =0 =0 - 0,006 | - 0.000|*™0

3/1 SWAGED 0.27 -0 - 0.016 | - 0047 |™ O

3/1 SWAGED 0.38 - 0.058 - 0.182 | - 0.228 |- 0.177

k/0 PELLETS 0.38 + 0.094 « 0.237 | - 0.270 | 0.566
2/2.7 ViB. HOM. 0038 L‘ 0.092 - - o 00090

=*6L°1IIA -



TABLE

VII.6 : REACTIVITY EFFECTS OF VARIOUS PERTURBATIONS IN 4/0 AND 3/1 FUELS

4/0 FUEL (configuration 8/4)

3/1 FUEL (comfiguration 10)

PERTURBATION
NATURE EXPERIMENT THEORY (MND; 4 groups) | EXPERIMENT THEORY (MND; & groups)
1 B“C rod - 0.59 4 0.01 - 0.52 O.44 + 0.02 - 0.42
4 B,.c rods - 1.38 + 0.02 - 1.30
5 B,C rods - 2.03 + 0.02 -2.1 1.66 + 0.03 - 1.59
6 B,C rods - 2.35 4+ 0.03 1.92 + 0.03 - 1.87
? ’hc rods - 2.?0 .0- 0003 - 2.80 2019 .t 0.0} - 2.1“
7 nzo cells |+ 0.190 + 0.010] + 0.25 0.283 + 0.013 + 0.33
1 Al rod - 0.016 + 0.005 =0
1 Al plate - 0.200 + 0.010 0.105 + 0.013

=°02°IIA -
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TABLE VI1.7 : Pu229u%3% sprcraum 1MpICES

(Configuration 10 : 3/1 fwel, ’BIIA’

";:'."i"t'i‘:_‘“ No perturbation | 7 K,0 cells| 7 B,C reds
reflector
+ b 1.65 + 0.03
+ 3 1.86 + 0.03
+ 2 1.84 + 0.03
+ 1
0 1.90 + 0.03
-1
-2 1.91 4+ 0.03| 1.88 &+ 0.03
-3 1.93 + 0.03
- & 1.89 + 0.03| 1.93 + 0.03
-5
-6 1.92 + 0.03] 1.90 + 0.03
-9 '
-8 1.81 4 0.03| 1.95 + 0.03
e SRR I 4
-9 1.96 + 0.03 PERTURBATION POSITION







CHAPTER VIII : COMMENTS ON THE COMPARISONS BETWEEN THEORETICAL AND
EXPERIMENTAL RESULTS

VII1I.1. Introduction

In this chapter we will shortly comment on the various compari-
sons between theoretical and experimental results, presented in
the preceding chapter. This will be done systematically for
each parameter. As was stated before and as can be seen e.g.
from table VII.1, only the 4/0 (UO,) and 3/1 (U0, - Pu0, with
about one third of the fissions in the plutonium) fuels are

concerned in this discussion.

VIII.2. Multiplication factor calculations

The procedure adopted for the calculation of this parameter

has led to very satisfactory results; this appears clearly from
the results listed in table VII.2 : the agreement is always better
than 0.5 % Ak.ff. except in one case, where the disagreement re-
mains however acceptable. This set of results gives us a parti-
cular confidence in the ability of our methods to calculate the
k.ff of configurations, constituted by the considered fuel types.
Moreover it is quite important to stress that the various lattices
are relevant to quite different moderator to fuel volume ratios,
80 that the confidence is not limited to the case of PWR lattices,
such as the SENA one, but can be extended to BWR lattices. The
very large moderator to fuel ratios allow a severe check of the
events taking place in the thermal energy range, as in those

cases the heterogeneity degree in the cell, i.e. the disadvantage
factor,is increased. The one fuel zone lattices constitute of
course the best check of the k.ff calculation procedure; table VII.4

illustrates however also that the k. calculated for two zone

44
configurations, are close to the experimental values.
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It should be outlined furthermore that the lattice with 4/0
fuel and the SENA pitch is a very important one in the scope of
our programme; from table VII.2 it appears that for both the
rectangular and the cylindrical geometries the agreement is

very close.

Power distribution calculations

Although the procedure applied for power distribution calculations
has been described in chapter VI, it is worthwile to summarize

here the essential stepa :

- the power distribution is calculated by means of diffusion
calculations (1D, 2D or 3D), using 8 few group scheme (4 neu-

tron groups);

- the few group cross sections are generated by a cell calcula-
tion taking into account the leakage by means of a total mate-

rial buckling;

- the few group cross sections attributed to each region corres-

pond to the equilibrium spectrum of the considered region;

- the MND formalism is used for the thermal cross sections, because
this formalism leads to a better prediction of the power near

water gaps and near the reflector.

The purpose of the various experiments leading to comparisons
between experimental and theoretical power distributions is to
check how well the methods described previously are able to pre-
dict this important nuclear paraneter in situations which normally
occur in power reactors, in situations specific to the recycling
of plutonium in power reactors, and also in more complicated
situations, constituting still more severe tests.

A first situation to be investigated is met in lattices with
different fuel regions, especially when one of them contains
Plutonium and another one does not. The study of the power sharing
in such cases is quite important for the recycling of plutonium

in light water reactors.
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Due to the difference in magnitude of the fission cross sections
of U235 and Pu239

bution occurs at the boundary between the two kinds of fuel.

an important discontinuity of the power distri-

The study of configuration 9 is representative of this problem.
The calculated distribution is in good agreement (fig. VII1.19)
with the experimental distribution, but one should keep in mind
that in the 3/1 fuel only one third of the fissions occur in

the plutonium; therefore the further check of this kind of situa-
tion in the case of higher plutonium enrichments remains -neces-

sary. . - : _ oL =

The power distributions near various perturbations, created in

regular lattices, such as e.g.:local B,C rod or H.O gab zones,
4

constitute another important problem for the theoseticgl tools.
Their ability to predict accurately such power values should

be ensured, as in a power reactor various lattice perturbations
exist. Therefore the power distribution has been measured and
calculated in presence of various perturbations in the two
considered fuels (4/0 and 3/1). From fig. VI1.15 and VII.16

it appears that the agreement is satisfactory, except in the
presence of the BQC rods. Fig. VI1.17 is relative to a confi-
guration constituting a very severe test of the power distribu-
tion calculation procedure; it was more particularly intended

to prove the validity of the MND cross section method.

As can be seen, all the calculated local power values are in

the range of the required accuracy (5 %). It is important to.
pay attention to the sense of the disagreement : the calculation
overestimates the power peaks near water gaps so that, as far

as safety considerations are concerned, the results can be con-

sidered as conservative,

Control rod worth calculations

Table VII.6 summarizes the various results obtained for lattices
where a certain number of fuel rods were substituted by th rods.

The 10 % accuracy goal for contral rod reactivity worths is
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reached for the listed cases; on the other hand it has been
seen that the power distribution around the B“C rods is not
precise enough., As both characteristics are linked in the calcu-

lation, further work remains necessary.

VIII.5. Comparison of the neutronic characteristics of homogeneous and

heterogeneous fuels

The small zone substitution experiments having shown no reactivi-
ty effect when substituting 16 homogeneous vibrocompacted 3/1
fuel rods by 16 heterogeneous ones, a theoretical investigation
was carried out to explain this fact. Table VII.5 illustrates
that the global theoretical conclusion is the same. Frox the
analysis of the theoretical results it appears that in the case
of the heterogenecus fuel, where the plutonium is preferentially
located at the periphery, the plutonium isotopes have a larger
disadvantage factor than in the case of the homogeneous fuel.

The formula

r
I anr Ni(r) Qi(r) dr
' o

i~ °r
I Ni(r) 2nr dr
o

shows the importance of the spatial dependance of the concentra-
tion on the mean flux in the rod for each isotope i. It is
clear that the isotopes which are at the periphery will have a
larger mean flux value than the unique mean flux value corres-
ponding to a homogeneous fuel. Furthermore it is clear that

in the case of heterogeneocus Pu0O_, - UO2 fuel, the change of the

disadvantage factor for the fourZPu isotopes will have a reac-
tivity effect depending on the Pu composition. This means that,
if for certain plutonium compogitiomscompensations occur so that
no reactivity difference between heterogeneous and homogeneous
fuels is resulting, this will not be necessarily so for other

types of plutonium fuels.



CHAPTER IX : CONCLUSIONS

As pointed out in the general introduction to this document, the described
results do not constitute a final account on the complete reactor physics
programme set up by Belgonucleaire and the SCK/CEN in the field of plutonium
recycle studies, but only on the activities until 1968. The present
conclusions drawn about the ability of the theoretical methods and codes

are limited to fuels without plutonium or with a relatively low plutonium
content. Therefore these conclusions have to be considered as incomplete
and provisional, when referring to the entire problem of reactor design
calculations in the case of plutonium recycling. In order to be able to
make a complete and final judgement, higher enriched plutonium fuels,
poisoned moderator configurations including plutonium fuel zones, as well as
certain particular local features of power reactor cores, will be studied ;

the end of this programme will fall in 1971.

Nevertheless, the work reported here has led to conclusions, which are in
general very satisfactory and which allow already to have a certain confidence
in the results to be obtained further on. In fact, it can be mentioned

that, at the moment of the editing of this report, the results obtained in
1969 for the 2/2.7 fuel tend to confirm rather well that confidence. |

Basing ourselves only upon the results, discussed in this report and thus
relevant to the 4/0 and 3/1 fuels, the following specific conclusions

can be drawn :

1) the effective multiplication factor is calculated with a precision
better than 17 A k;

2) in almost all cases the requested 4 to 5% accuracy on calculated power
distributions is achieved ; in some specific situations the use of
more developed calculational tools seems to be advisable, such as
3 D diffusion codes instead of 2 D ones or codes allowing to

take into account the spatial spectrum variation (e.g. near
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absorbing perturbations), such as THERMOS or P_MG codes ;

1
the control rod worth determination should equally be studied

further on the basis of other experiments ; the importance of the
correct evaluation of the mutual shielding between adjacent absorbing
rods in the case of cruciform arrangements is obvious ; on the other
hand the newer type of reactor control, the RCC one, has to be ‘
investigated too, both for reactivity worth and local power distribution.
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APPENDIX II.1 : TECHNICAL CHARACTERISTICS OF THE SAFETY VALVES

The air-tightness of the door is obtained by pressing a glued rubber disc
OR a cireular kaife with a diameter of 13.5 ¢m, which penetrates the rub-
ber by 0.5 mm. The pressure is chosen to have a good air-tightness
witheut damaging the rubber : the nominal pressure is 15 kg/cnz. the leak-
age degimning at a pressure of 10 kg/clz.

The eclectro-magnet is made of "perminox"; its force is comprised between
50 aad 60 kg for a 120 mA curreat. Thepesmanent magnetism force is lower
thar or equal to 7 kg. During the normal operation, the actual traction
force on the electro-magnet is between 21 and 33 kg, thus lying between
the magnetic forces with and without current.

Extensive tests have been made using microswitches mounted on the valve
and a pulse generator giving 1000 pulses/s. A complete scram circuit

has been reproduced on a dbench making the following measurements possible

- the delay time between the scram order amd the door opening start
- the delay time corresponding to the complete opening of the valve.

The measuremeats have bdeen made for dumptank-connected valves and jacket-
sonnected omes in three typical comditioms :

= The "operating” coaditioa, characterised by a rubdbber pressure of
] 3 kcluz.
« The "leakage™ coaditioa, characteriszed by a rubber pressure of
10 l‘/‘lz.
- The "extreme™ condition corresponding to ne pressure oa the rubber,

The results are given in the following table :



Water level in

Rubber pressure

Valves of the jacket(1)

Valves of the dumptanks

the rotzzar tank (kg/cx?) Door %;farturo of::ﬁn‘ Door E:farturo Of::ﬁng
15 b1 e 7 (2) |93+ 2 29 + 7 66 + 7

168 10 b6 « 6 100+ 3 33+ 5 70 + 1
(nowinal) 0 70 + 14 129 +10 bs + 7 85 + 8
15 b6 + 8 108 + 3 30+ 8 71 + 6

118 10 68 + 13 133 +13 bo + 7 82 + 4

o 85 + 11 155 + 9 55 + 11 100 +10

(1) The difference between a valve connected to a dumptank and one connected to
the jacket is due to different air pressures resulting from the corresponding

water heights.

(2) The results are the mean delay times for all the experimental valves and the
deviations give the range in which all values are comprised.

- 2°11 -ddy-



« App. II.3 -

APPENDIX II.2 : TECHNICAL CHARACTERISTICS OF THE FAST DUMP SYSTEM

The fast durp system has been designed in order to get the reactor
under control with & spesdcomparable to the one obtained with safety
rods. ’ ' ' ‘
The'duﬁp system has the advantage that there remains no ériticality risk
after the scram, the moderator being out of the core. The design of the
fast dump system had to take into account some characteristics of the
already existing installation; for this reason it consists of two im-
portant parts : the dumptanks, which do not let the water fall at a
sufficient speed but which are ahies to receive the complete water content
of the reactor tank,and the jacket, which cannot receive the water of
the reactor tank, but enables a fast jump at the beginning of the scram.
This fast jump is mainly necessary for a quick elimination of the upper
reflector which has a relatively small reactivity effect.

Checks of the effectiveness of the fast dump system have been made in
the presence of several configurations consisting of different numbers
of dummy rods in aluminiux. These rod numbers did more or less corres-
pond to the numbers of fuel rods in the critical configurations to be
constituted during the experimental programme.

The reactor control being possible by the water level, checks of the
effectiveness of the fast dump system have been made at different
levels. Moreover, all the measurements were performed at the center
of the core to take account of the fact that the bottom grid delays
the water present in the core. A comparison between the fall law in
the reflector and in the core illustrates this effect(see fig.IX.11).
In order to determine the delay times accurately, electrodes insulated
from the reactor structures are loaded at the place of some fuel pinms.
They have contacts with the water at different levels. Am electrical
contact between the electrodes and the reactor tank is obtained when
the water reaches the contact levels.

A pulse generator giving 1000 pulses per second is connected to the
reactor tank.

When the water is at its start level, the pulses are collected by

some sCGalers. At the same time, the scram button cuts the voltage

of the scram line and starts all the scalers. The indications of the
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scalers give respectively the delay time before the water starts moving
and the time needed to reach the different water levels during the
water dump. The results are given in fig. 1I1.11.

It can be seen that in the worst conditions the delay time to empty the
cere is smaller than one second and that the fall law presents only

small differences when the amount of rods or the start level change.
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APPENDIX I1.3 : CALCULATION OF THE HIGHEST ADMISSIBLE REACTIVITY IN-
SERTION RATE.

1. Some core parameters used for the safety analysis

The choice of these parameters was made on the basis of the plammed

experimental programme.

1.1. Neutron life-time and delglod neutron fraction

Parameter Fuel 4/0 | Fuel a/zfﬂ
1 (s) 15.107° 12.10"°
Bors (%] 0.75 “ 0.5
1/Byse {s]]| 20.10 22.10
1.2. Temperature coefficient
Range of temperatures Fuel 4/0 Fuel 2/2.7
< 40° C - o.9.1o'§/oc - 1.1.107%gpeC
from 90° C to 150° C | - o.7.1o'bs/°c - 0.8.10"5o/°c

1.3. Form factor

The highest form factors to be considered for the different
fuels are 1.5 axially and 2.4 radially.

1.4. Relation between power densiﬁ: and neutron density

Fuel 4/0 ¢ 1 W/cn3 of cell corresponds to 7.89.105 n/c-3 of cell.
Fuel 2/2.7 : 1 W/cm’ of cell corresponds to 6.}8.105 n/c-3 of cell.

(*) The exact definition of these fuel enrichments is given in
chapter III
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1.5. Reactivity in function of decreasing water level

Water level [cm] |Fuel 4/0 (8] | Fuel 2/2.7 (8]
168 (nominal) 0 0

165 - 0.1 - 0.2

160 ' - 0.5 - 0.5

155 - 1.7 - 2.2

145 - 5.8 - 7.7

135 -13.3 -17.5

2. Analogous calculation

The calculation is performed on the analogous computer of the CEN/SCK.
It consists in finding which linear reactivity increase is necessary
to reach a temperature of 100°C at the outer cladding surface of the
hottest fuel pin. The used calculation model is conservative with
respect to the actual situation. Indeed, both logarithmic channels
are assumed out of service (no period scram) and the thermal model
is based on the ropresohtation of an adiabatic single cell of unit
length, in which the heat transfer takes place only by conduction.
For the kinetical neutron treatment, a point model is used with six
delayed neutron groups. In these circumstances, an energy of 300 W.s
per cm fuel pin is calculated to be necessary to get such a tempwature.
The calculation has been performed for both 4/0 and 2/2.7 fuels; the
results for the 4/0 fuel are somewhat more restrictive than the other
ones and are the only ones considered hereafter.

Two water fall laws, corresponding respectively to the nominal

level and a reduced one, are combined with the reactivity in function
of water level law to give the reactivity decrease in function of

the time elapsed after the scram signal (fig. I1I.12.).

For the analogous calculation, these curves are simplified into

a delay time followed by a linear decrease of the reactivity, in
such a way that the delay time includes successively : the ampli-
fier delay time, the relais delay time, the fall law delay time and
the time at the beginning of the water level decrease when the reac-
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tivity change remaians mmall.

The iaitial flux and the scram levels are used as paremeters of
the preblem; the mest restrictive of all the considered cases corres-
ponds to am imitial flux ef 10° an/em’s and a seram level of 10°° A
(= 5.109 -/cnz s) and the ocorrespeading highest admissidle resetivisy

iacreases are feouad te de

0.1% §/8 at nexisal 1lvel,
0.30 §/s at reduced level,
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APPENDIX IV.1 : SPECTRUM STUDIES IN CONTACT WITH GULF GENERAL ATOMIC

A.

B.

Introduction

Already in 1965 several contacts took place between staff members of
Gulf Gemeral Atomic, Sam Diego (USA), and some members of the Belgiaa
plutoaium project team. In that period G.G.A. had just prepared a "pro-
posal for program to perform experimental and analytical reactor lat-
tice physics studies™ [see : GACP=52-225, May 1965], for submissioa te
the USAEC with a view to its realisation in the frame of the Joiat
U.S.-Euratoa R and D Programme.

The main objective of that programme was described as '"the systematic
measurement and calculation of neutron spectra and transport im typi-
cal lattices of direct interest in light water design". As ome of
the aims of the Belgian plutonium programme was the study of meutroa
spectra in plutoaium fuelled thermal lattices, both theoretically amd
experimentally, it appeared that a certain collaboration between both
programmes could be interesting. The idea was approved by the USAEC
and by Buratom in 1966.

The work on the "Lattice Physics Studies" programme started at

San Diego on May 1, 1966. Three moaths later, Dr J.L. Russell Jr

of GGA visited Mol during a few weeks. At that occasion the practi-
cal collaboration possibilities were discussed and some actions de-

cided. From then onwards regular contacts between both sides of the
Atlantic were maintained and at the occasion of mutual vigits the

progress of the work was discussed.

General survey and principal aims of the programme

Since many years before the start of the mentiomned "lattice Physics
Studies" programme, time of flight spectrum measurements were being
done in the GGA laboratories, so that the experimenters there had
acquired quite a lot of experience in the field. Om the other hama,
the experimental study of neutron spectra was im Mol always done by
means of spectrua index measurements with activation detectors.
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It was felt that, when both techmiques (the differential and the inte-
gral one) could be applied im the same or in very similar physical
conditions, the comparisoa aad the analysis of the results might lead
to interesting conclusions on both of them allowing eventually certain
improvemeats. Furthermore it was hoped that through such comparisons
a more precise knowledge of the nuclear characteristics of some fre-

quently used activation detectors could be achieved.

First the possibility had to be created to realize measurement condi-
tions in San Diego and im Mol in such a way that the obtained results
would be completely comparable. Duriag Dr Russell's visit to Mol,

the design and fabricatioa of two ideatical cylindrical coantainers
with borom contaiaing walls were decided; these containers would be
filled with 1liquid solutioms, the equilibrium spectrum of which was

to be studied. One of these containers was to be used for the time

of flight measurements, the other one would be put in a thermal column
of the BR1 reactor in Mol for the activation measurements; in the
latter case the neutrom source would be a highly enriched uranium plate,
located just outside the comntainer, on its axis. The originally plan-
ned contaimer dimensions were modified later on, due to the fact that
they appeared to be too small to allow accurate parallel theoretical
spectrum calculations, which GGA wished to carry out; so a new, larger

container type was designed in mutual agreement.

As for the programme of the experiments, it was decided to start
with measurements in plain water as a reference case. The main mea-
surements would then be done in an erbium nitrate solution in water.
The choice of erbium as resonant absorber was justified by the fact
that its low energy resonance structure is very similar to the one

of plutonium, thus yielding spectra of the same type. The time of
flight measurements were done by GGA in this erbium solution, after
which this solution was sent to Mol for the activation measurements :
in this way it was made sure that the properties of the solution were

the same for the two types of measurements.
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C. Status of the work at the expiry of the Euratom TRUB-coatract

At the end of the period, covered by the Euratom TRUB~cemtract, every-
thing was ready to start the experiments: the measuremeat equipmeant
(centainer and fuel plate), the detectors, the erbium solutiea and
seme codes needed for the interpretation of the measuremeat results,
This preliminary work will be described very shortly ia what follows.

C.1. Measurement equipment

The most important part of the measurement equipment is of course
the cylindrical container itself; it is represeated ia figure

1V.2, which shows also some other details about the whole of
the "Integral Spectrum Facility" .sush as the fimel location of the coam-
tainer with respect to the BR1 reactor and the positiea of the
0235 fission plate. The outer radial dimeasion of the coataimer
was chosen so that it could just be iatreduced into the !6 chanael
(a horisontal thermal columa in BR1); prelimimary measuremeats ea the
relative importance of the reactor bdackgrouad coatridbutiam te the
activities measured imside the coataimer did 1ead te the
conclusioa that the best localisatiom of the coataimer was just
outside the grephite , as represeated ia the figure. 7The l"c layer
all around the coataimer allows only the fast fissioa neutreas,
coming from the fissioa plate, to enter ia the coatainer; those
coming from the reflecter are absorbed. The eateriag fast
fission neutroas are thea moderated inside the comtaimer accordiag
to the properties of the selutiea it is filled with,

Figure IV.2 shews the positioaming device of the detestor foils,
to be put inside the coatainer; in the case represented ia the fi-
gure, the detectors are arraanged for the measuremeats of twe radial
flux distributions; analegous pessibilities exist for axial distri-
bution determinatiens.

C.2. Detecter choice

It was decided to use an importamt number of detectors, all dased

on (n,Y) reastions, at the exception of the fissile emes, feor whieh
the 0235 and Pi2’9 (a,f) reactions were te be counted. These astiva-
tiea detectors imclude Ma, Dy, Au, Ian, Lu, Ir, Eu,
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For mest of them an oxtemsive evaluatiea work oa their muclear
characteristics, esseatially resemance parameters, was doae ia

1967 [8CK/CEN repert BLG 421].

These detectors have their main resoaances at differeant energies,

se that differeat eaergy ranges of the spectrum cam be investigated.

C.3. Caleulatien tesls

C.b4.

Alse in 1967,a cede was writtea ia Mel (CROCUS), allewing the
assurate calculatiea of the cross sectieas of detectors with im-
pertaat thersmal aad epithermal resomances, as well as their res-
poase fumnetions ia givea spectra. Oa the other haand the avail-
ability eof a cede, alleving spectrum unfoldiag frem measured reac-
tiea rates, was prepared through coatacts with the CNEN-Center of
la Casaccia.

orbi ut

An erdiwm aitrate solutiea of abeut 105 g/l was prepared by GGA.
The time of flight measuremeats in it were dome in San Diego in
the course of 1967. Taea it was seamt to Mol for the activation
measurements, as vell as the time of flight results. At GGA these
results were already cempared with the ones calculated with the
GATEER cede; the differeace foumd was assigned to the cross sec-
tiea paremeters used for the calculatioa, a comclusion that should
be coafirmed by the activatieam results.

D. Conclusiea

At the memeat of this repert's redactioan an important numbder of acti-

vatiea measuremeats have already bdeem performed and a good part of
them has beea analysed. Encugh results are already availadle to coa-
clude that this spestrum study programse, a relatively modest part

of the whele pluteniwm pregramme, will allow to obtain some iateres-

tiag and ceasrete results.
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APPENDIX V.1 : k. AND CRITICAL MASS DETERMINATION

b ¢ 4

A. Gemeral method

Most ef the critical checks are made once for a cylindriecal geemetry
and once for a rectangular one.

After the appreach to criticality, performed by progressive subcriti-
cal countings, the k.ff or the critical mass determimatien is geaeral-
ly done in the supercritical state in order to get a better assuraey.

When the configuration has to be purely rectangular, it is prastieally
impossible to find a just eritical core; indeed, the appreach can oaly
be done by increasing the core sisze by steps of one rew of fuel pinms.
The problem is thus to find a rectangular core which is somewhat super-
critical, the reactivity excess being sufficiently small to enmable a
period measurement.

In the case of a cylindrical geometry, the approash to criticality

is much easier; indeed, the core size can be increased by steps of

one fuel pin (in fact, steps of four fuel pims are made for symmetry
reasons). The final critical mass is obtained by a supereritical
approach on the basis of two period measurements for two slightly dif-
ferent supercritical configurations. In both cases, the reastivity
excess is obtained by measuring the asyamptetic positive peried predm-
ced by rising the water from its critical level up to its aemimal
level(complete upper reflector)

Practically, the counting rates induced by the neutroa flux ia a II,
proportional counter are puached at successive time intervals ia a
form directly suited for computer analysis.

After disappearance of the transients, the results obey the law :

#(t) = oc..‘/T

where T is the asymptotic period.

The value of the period is calculated by a least square fittimg of
the experimental data corrected for the dead time of the couamter
(S.C.K.-C.E.N. programme PA 112).
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The associated reactivity excess is then calculated on the basis of

the NORDHEIM equation as will be described in appendix V.Z2.

Particular cases

When it is not possible to find a core with a sufficiently small
reactivity excess, use is made of one of the calibrated curves
giving the reactivity excess as a function of the critical level

(see fig. Vv.1).

From a lot of experimental results for different configurations

and fuels, it appears that the reactivity excesses for critical
levels above the fuel height and the reactivity effect of the upper
reflector depend only on the pitch of the core. Such curves are use-

ful to obtain the ke of a configuration only by a critical level

ff
determination.
On the other hand, it may happen that the suitable configuration is

slightly subcritical. In that case, the ke is obtained by perfor-

ming subcritical countings in presence and ii absence of the upper
reflector. The inverse counting rate being proportional to the sub-
criticality, the same kind of extrapolation, as performed in a criti-
cal approach, but using the reactivity effect of the upper reflector,
gives the magnitude of the subcriticality at nominal level.

An example of such a ke determination is presented in fig. V.<2.

fr

Accuracy discussion

C.1. Accuracy of a direct ke measurement

ff

Reproducibility tests carried out on a well-defined configuration

show an accuracy of + 0.002 % Ak/k on a period measurement.

In general however, the reproducibility of a keff measurement does
not depend only on the period, but also on the critical level de-
termination, the water temperature, etc. An idea of this global
reproducibility is given by the dispersion of the points around

the curves of figure V.1. Most of the points are close to the cur-

ves, within 0.01 % Ak/k.
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C.2. Accuracy of the critical mass determination in a cylindrical geometry

The advantage of the cylindrical geometry is that it allows a one-
dimension calculation. Experimentally however, the cylindrical
geometry can only be approximated by a broken line. In most cases,
several rather close approximations of a circular section are pos-
sible, resulting in small differences; tnis effect can be important
for small cores.

Systematical tests have been made for the smallest configuration

of the programme, i.e. configuration 3 with about 300 3/1 fuel
pins, pitch = /2 x SENA pitch.

Several cylindrical configurations of 307 fuel pins, different by
their approximation of the circle, have reactivity excesses vary-
ing within + 0.036 % Ak/k. Due to the fact that all these confi-
gurations have a perimeter rather different from the ideal circular
one, a systematical error of the same order (i.e. 0.04% % Ak/k) can
affect the final result,so thiat the total uncertainty due to geometry

+ 0.0lf o
2 0.08 % bk/k.

Moreover, during the supercritical approach, the reactivity value

is estimated to

of the peripherical fuel pins depends on their exact location at
the periphery. This effect leads to one rnore uncertainty of

+ 0.01 % Ak/k.

The greater the critical rod nurber, the smaller tliese errors be-
core. The following table summarizes the global error, associated

with critical nrass determination.



TABLE V.1 : ERRORS ON CRITICAL MASS DETERMINATION

Configuration type

Critical number

Reactivity effect

Global error

Global error on

(fuel, pitch) of fuel pins of a peripheric on the kerys the critical number
fuel pin tsken equal to 1 of fuel pins
Ak Ak

[* %] [* %) ()
4/0, SENA pitch 824 0.018 + 0.01 - 0.1
- 0.03 + 0.2
k/0, /2 x SENA pitch 351 0.043 + 0,03 - 0.2
- 0006 + 004
3/1, /2 x SENA pitch 299 0.063 + 0.05 - 0.3
- 0009 + 0'5
3/1, 2 x SENA pitch 363 0.028 + 0.02 - 0.2
- 0.0‘0 + 0.‘0

- ”QA odd' -
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APPENDIX V.2 : RELATION BETWEEN THE ASYMPTOTIC PERIOD AND THE REACTIVITY

The relation between the reactivity and the asymptotic period is obdtained
for each configuration on the basis of the NORDHEIM equation, using six

groups of delayed neutrons :

6
A T Batr *4 _
S e I ; T X T
i=1
where -] is the reactivity excess in the form of bkgff/kgff
T is the period
Beff is the total effective fraction of the delayed neutrons
a; is the relative fraction of each group of delayed neutrons
and Xi is the corresponding decay constant.

Due to the great differences between the studied configuratioas from the
point of view of geometry and fuel composition, p.ff. a, and li are to
be calculated for each configuration. This is done in the following way :

a) the racroscopic neutron constants of the elementary cell are obtained

by the PANTHER code (see chapter VI), for four energy groups;

b) the 8;» a; and Ai being to be weighted over the whole configuratioa,
tne needed flux distributions are calculated with a diffusioa ecode :
use is made of the one-dimension PANOPLIE code ia the case of a cylim-
drical configuration and of the two-dimension codes PANDA aad SQUID

in the case of a rectangular configuration.

The indices i, j and k referring respectively to the delayed ameutron
group numbers, the fissile isotopes and the energy groups, the following

expressions are used :

L. B.. S
J "di 4
b1 ® I,
where S, is the total source of neutrons produced by each isotope j :

J

LY
8y = Lyq Vel by v
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The effective total fraction of delayed neutrons is then obtained by

a second diffusion calculation, with the same codes, but where three
more groups are introduced in order to calculate separately the flux
distributions of the prompt neutrons and the delayed ones. The trans-
fer cross sections relative to the neutrons going frorm each of these
groups to the other ones are calculated taking into account the frac-
tion of the delayed neutrons produced in the corresponding energy range.

The Beff is then obtained as follows :

£/ s
Bers = 27= sk
=1 "k
where Sk is the total source of neutrons produced by all the isotopes
in energy group k : 5, = ?j V'zfjk'ék'v

Tables V.2 V.7 and figure V.3 sumnarize the results obtained for four

typical configurations of the experimental prograrme related here :

1)

2)

3)

4)

a cylindrical configuration of &10 4/0 fuel pins loaded according to
the 5NA pitch;

a cylindrical configuration of 365 4/0 fuel pins loaded according to
the /2 x ssla pitch;

a cylindrical configuration of 261 3/1 fuel pins loaded accordiing to
the /2 x 5uNia pitch;

and a cylindrical configuration of 365 5/1 fuel pins loaded according

to the 2 x OcliA pitch.
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: ABSOLUTE FRACTION aji PER GROUP AND ISOTOPE

gfoup

U-235

U-238

Pu-239

Pu-240

Pu-241

Pu-242

NV EWN 2

0.000215
0.001424
0.001274
0.002568
0.000748
0.000273

0.000204
0.002151
0.002543
0.006092

0.003533
0.001178

0.000074
0.000626
0.000443
0.000685
0.000181
0.000092

0.000091
0.000775
0.000549
0.000848
0.000224
0.000114

0.000091
0.000775
0.000549
0.000848
0.000224

0.000091
0.000775
0.000549
0.000848
0.000224
0.000114

0.000114

TABLE V.3 : WEIGHTED ABSOLUTE FRACTION ﬁi FOR THE CONSIDERED

CONFIGURATIONS

I’total

group [configuration 1 |configuration 2 |[configuration 3|configuration &

1 0.000214 0.000215 0.000160 0.000162
2 0.001467 0.001445 0.001135 0.001137
3 0.001350 0.001310 0.000988 0.000983
4 0.002778 0.002668 0.001938 0.001919
5 0.000914 0.000827 0.000607 0.000580
6 0.000327 0.000299 0.000229 0.000220

0.00705 0.00676 0.00505 0.00500




TABLE V.4 : RELATIVE FRACTION a

i
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FOR THE CONSI1DERED CONF1GURATIONS

group

configuration 1

configuration 2

configuration 3 Iconfigurntion L

(=AW N RN o VTR \ VR

0.030398
0.208106
0.191423
0.394031
0.129663
0.046379

0.031740
0.213589
0.193694
0.394496
0.122310
0.044170

0.031640
0.224518
0.195347
0.383206
0.120092
0.045198

0.032405
0.227360
0.196596
0.383750
0.115971
0.043918

TABLE V.5 : DECAY CONSTANTS A

h]

4 PER GROUP AND PER ISOTOPE (s™

group

U-235 | U-238

Pu-239

Lo AT L e O I

0.0124
0.0305
0.1114
0.3014
1.1360
3.0140

0.0132
0.03e1
0.1390
0.35680
1.4100
4.0200

0.0128
0.0301
0.1238
0.3254
1.12¢0
2.6970

TABLE V.6 : WEIGHTED DECAY CONSTANTS Xi

FOR THE

CONSIDERED CONFIGURATIONS

group

configuration 1

configuration 2

configuration 3

configuration &4

NV FEwWN =

0.0125
0.0306
0.1130
0.3048
1.1523
3.0740

0.0125
0.0306
0.1122
0.3030
1.1438
3.0426

0.0126
0.0304
0.1170
0.3123
1.1384
2.9202

0.0126
0.0304
0.1164
0.3112
1.1351
2.9119
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TABLE V.7 : EFFECTIVE ABSOLUTE TOTAL FRACTION ’.ft FOR THE CONSIDERED

CONFIGURATIONS

Configuration 1 | 0.00762
Configuratioa 2 | 0.00750
Configuration 3 | 0.00570
Configuration & | 0.00542
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APPINDIX V.3 : ONE REGION POWER DISTRIBUTIONS

A. Axial power distributioa

The axial power distributions are zeasured by two different techniques :
the fission chamber one and the Y-scanniag one.

A.1. Fission chamber -dthodb'

This method consists in measuring the counting rates of a fission
shasber moved step by step along the height of the fuel loading.

In VENUS a 20°® CENTURY-U23 fission chamber is used; it has an
external diameter of 3 ma and an active length of 1 cm. It is
fixed to a regulating rod drive mechanisx, which allows to move

the chamber from the reactor control room. The active part of the
chamber is guided inside a tube (identical to a fuel pin cladding),
which is loaded in the reactor just as a fuel pin. The installa-
tion of the fission chamber and its vertical movement inside the
core are illustrated im figure V.4,

During the measurements, the reactor is kept critical and stable by
small movements of a regulating rod, compensating the small reac-
tivity effects due to the shifts of the fission chamber itself.

The countiag rates of the fission chamber are normalized by means
of the couatiang rates of a BF}
during the measurements, so that the small neutron flux variations
indueed by the reactivity adjustmeants are taken into account.

A great offert has been devoted to obtain the precise positioning
of the chasber iam the core : the chamber is located with an accu-
reey of + 1 am with respect to the fuel mid-plane and its axial
sevemeats are reproducible within + 0.1 mm,

proportional counter, which is fixed

Whea doing the measurements themselves, the reactor power is chosen
ia erder teo have a statistical accuracy better than 2 & for the fis-

sioa ehambder and 1 % for the B, moamitor.

3
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A.2. Y-scanning method

A fresh fuel pin (i.e. a pin having a natural or residual activity
which is negligible, or low but well-known) is put in the configu-
ration at the position of interest and irradiated. The irradiation
is performed at a constant flux level of about 108 n/cnzg :

the irradiation time is always the same (arbitrarily chosen as one
hour), in order to have always the same fission product Y=-spectrum
and the saﬁe Y-activity decay law., A few hours after the irradiation,
the Y-activity is measured, the irradiated fuel pin being moved step
by step in front of a 2" x 2" Nal (Tl) crystal, which "sees" the

rod through a collimating window in a lead shielding; this shiel-
ding protects the crystal against the Y-activity of the rest of the

fuel pin. The resolution of the collimator may be changed : resolu-

tions of 1 cm or 2 cm are generally used,

In order to get results independent of the radial distribution of
the fission products inside the fuel pin (due to a macroscopic
radial flux gradient and eventually to a heterogeneous radial dis-
tribution of the fissile material), the fuel pin turns slowly
around its axis during the measurements.

The relative positions of the fuel pin, the shielding and the

crystal are schematicly given in figure V.5.

As it has been seen in chapter I1, the Y-scanning installation is
completely automatized. The translation mechanism is designed so
that it gives a positioning accuracy of the fuel pin with respect
to the collimator of about 1.5 mm, the reproducibility of the lo-
calizations being better than 0.5 mm.

The Nal crystal is connected to a classical Y-spectrometry analyzer
and an automatical counting system with punch recording.

As there is generally no modification of the self-absorption along
the axis of the fuel pin, the gross Y-activity measured above

0.425 MeV gives directly the axial power distribution without any
error. Except for the heterogeneous fuel pins discussed hereafter,

the Y-scanning method gives an accuracy of the order of 1.5 %.
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Renark about the influence of the heterogeneity of the fuel om the

measured axial power distribution

Figure V.6 compares the distributions of the Y-activity measured
respectively for a 3/1 vibrocompacted heterogeneous fuel pin and

for a 4/0 pelleted one (considered as homogeneous). Both have

been irradiated closely together in an axially constant flux in the
BR1 reactor. The results for the 4/0 fuel give an information about
the statistical counting accuracy, whereas those for tne 3%/1 fuel
show clearly the heterogeneity incidence.

The following comments can be made :

- the Y-activity of the heterogeneous fuel pin does not show any
global variation indicating a systematical error on tne r.easure-

ment of the axial power distribution;

- especially for the low energy Y-ray activities the deviations due
to the heterogeneity are nuca nore important thnan the statistical

ones (4/0 results);

- these deviations decrease for Y-rays of higher energy : this is due
to the facts that self-absorption is smaller for Y-rays of higher
energies and that the heterogeneity concerns the plutonium wnich

is mainly present at the radial periphery of the rod.

It has to be noted that the fast decreuse of the Y-activity at both
extremities of each fuel pin does not correspond to a variation of
the fission density (or of the fuel density), but is due to tie uc-
tual resolution of the collimator. Indeed, although the collinator
window has only a width of 2 cm, experinents performed with a point
source show tuat 70 x of tne measured activity corresponds to tne
considered 2 cm: of the pin, the otner 22 % coming from the 2 cr
next to it, 1 cn at each side. This explains the decreasing values
at the fuel pin ends. This phenomenon does not affect however thne

axial power distribution further than 4 cr fron both extrerities.



A.5. Coppurison of both methods

Figure V.7 gives an example of a comparison between axial power
distributions obtained by both methods; it can be useen thut the agreement

is very good.

B. Radial power distribution

As for the axial power distribution,two experimental techniques are
used, but both are based on fuel activution : Y-scanning of irradiated

fuei pins and counting of irradiated fuel pellets.

B.1. Y-scanning nethod

The metnod is just the same as for the axial power distribution,

but instead of counting several points of one fuel pin, one has tc
count one point of several fuel pins choosing them on the same level.
for the saxe of rrecision, especially in the case of neterogeneous
fuel, eacn fuel pin is neasured at three different levels near the
fuel mii-rlane and the values are averaged in order to find a unique
radial distribution.

in general, it is again tae gross Y-activity above C.425 MeV waich

is reasured, as for tne axial neasurerents. The advantage of thnis
netnod is tne low irradiation level, enabling the use of the saxe
fuel pins aiready two weeks later with reasonable residual activities.

it is particularly interesting for repeated irradiations, when tne

+

anount of available fuel pins does not allow to store a lot of fresh
fuel pins for tne neasurements.

The data are runcaed by the Y-scanning installation in such a way
that they can be introduced directly in the computer for analysis.
Tne reasured Y-activities are reduced to a relative power distri-
bution norralized to a given ponitor fuel pin, taking into account
all counting corrections, such as background, dead time, decay,
residual activity, etc. (J.C.h.-C.E.N. computer programme FA 157).
An accuracy of tne order of 1.9 % is obtained, as for the axial
power distribution; this precision is less good in the case of

heterogeneous fuel.
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B.2. Pellet activation methed

The method consists in the measuremeat of the Y-ictivity of a given
fission product produced by activation of fresh fuel pellets con-
tained im dismountable fuel pimns. These dismountable fuel pins
being designed to have physical characteristics as close as possible
to the omes of the standard fuel pins (see chapter II), the use of
this method does not disturd the power distribution of the inves-
tigated configuration.

The following decay-chaina is used :

Pissien=Xe'™0 L g0 L 0 '™ L ce'O(stable)
(16 s) (66 s) (12.8 4d) (1.67 d)
The Ln1“° is produced with a yio;d of about 6 % per fission and it

enits 0.94 Y-ray of 1.6 MeV per disintegration.

Thirteen days after an irradiation of two hours at a flux of about
9 = 2 140 140

10° a/cm s, the Ba - La

libriums and the Ln1“o decreases with an effective half-life of

chain reaches its radicactive equi-

12.5 days. The pellets are counted on a Y-spectrometry installationm,
composed of four counters with Nal crystals, using a threshold adjus-
ted just below the 1.6 MeV Y-ray. The certainty, that only the LA1“°
is lialurod, in this way, has been achieved by checking the half-life
of the Bn1“° during a loag time : a value of 12.86 days, in agree-
ment with literature, has been obtained.

A cycle routime is followed for counting, so that the punched results
can .directly be analyzed on a computer (S5.C.K.-C.E.N. programme

PA 114)., This programme calculates the relative Y-activities of

the pellets and the errors oa these values after applying a statis-
tical rejection criterion to the results corrected for dead time,
background, matural activity, decay and pellet weight.

An error of the order of 1 % is generally found for this kind of
measurement; this error is confirmed by the dispersion of the points

around the best fitted curves, when bucklings are calculated,
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B.3. Comparison of both methods

The two different ways applied to measure the radial power distri-
bution are compared in figure V.8. Two series of 7 atandard fuel
pins and 7 dismountable ones have been irradiated at both sides of

a water gap. The results allow to conclude that the relative ac-
tivity distribution does not change, neither between pellets and
different types of fuel pins, nor with changes in the counting method,

such as a different Y-ray energy discrimination.
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APPENDIX V.4 : BUCKLING DETERMINATION

In the one-region configurations, the power distribution is generally
measured in three orthogonal directions, in order to obtain the axial
buckling (Bix), the radial buckling (Biad) and the total buckling

(Biot
the total buckling is equal to the material buckling (B:). The axial
buckling is always obtained by a cosine fitting, the radial one by a

), which is the sum of the other ones. At the critical state,

cosine or a J° Bessel function, depending on the geometry (respectively
rectangular or cylindrical). For these fittings a computer programme has
been written (RA-51). This programme carries out a least square fitting
to find the best set of parameters to be introduced in the formulas of
the flux distribution:

o
-2
o
~
o
[

x is the abscisse in the investigated direction

’max is the maximum of the distribution

x, is the eventual deviation of the maximum-position from

the reactor axis

- Bx = %%- is the square root of tue buckling in this direc-

tion and X is the corresponding extrapolated size.

- for a J -distribution : #(r) = ¢ . J [B (r-r )]
------- 0-===c-tao2aa max olL'r [

r is the radius along which #(r) is measured

o
-2
[
s )
o
[}

- .nax is the maximum of the distribution

T, is the eventual deviation of the maximum-position from

the reactor axis

Br = %2 is the square root of the radial buckling for

the cylindrical core and R is its extrapolated radius.
In order to avoid any influence of the reflector peaks, the analysis
is carried out in successive steps by reducing the number of experimen-
tal points symmetrically, starting from both extremities. After a few
number of steps, the buckling value remains constant and its statistical

error reaches its minimux value.
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Figure V.9 illustrates the different steps of the buckling determina-
tion for an axial power distribution of 50 points. 0f course, the
results are not significant anymore when the number of points becomes
too small (< 10).

The accuracy of an axial buckling measurement is usually < 1 %, inde-
pendent of the used technique, and the accuracy on a radial buckling
measurement is < 2 %.

The accuracy is of course less good in the case of heterogeneous fuel

pins; then the precision is respectively < 3 % and S.M %.
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APPENDIX V.5 : REACTIVITY EFFECT MEASUREMENT

A.

Introduction

The reactivity effect of a perturbation is defined as the k. varia-

tion of a reactor loading induced by the introduction of thizfpertnr-
bation. If it is esmaller than 0.3 % Ak/k, it is always possible to
determine it by a positive period neasurement as described in appen-
dix v.1.

For greater reactivity effects, the subcritical techniques cannot
always be used or are not accurate enough to allow a check of the
calculated reactivity effects. On the othuer hand, performing the
check with critical mass determinations with and without the pertur-
bation has the disadvantage that the neutron leakage is changed simul-
taneously with the perturbation insertion.

Another possibility is to start with a perturbated configuration, cri-
tical at a reduced level, to extract the perturbation by small steps
of ™ 0.3 % Ak/k, to determine the corresponding reactivity effect by
period measurexent and to sum all the results between the critical
level with the perturbation and the critical level without it.

The "3p/3h method" deacribed in what follows is in fact a more practi-
cal form of this method.

B. Method

First the variation of the reactivity effect associated with a small
increment of the water level is measured in function of the critical
level. The variation of the critical level is obtained by introducing
an increasing number of perturbations and the water level increment

is given by plunging a constant volume in the reactor tank (a sealed
tube moved by a regulating rod mechanism).

A relatively small number of measurements is enough to define the
3p/3h curve with a good accuracy, due to the fact that the results

can be fitted by an analytical curve. Indeed, applying the one neu-
troa group theory to a given loading, the reactivity can be described

as follows :
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k
— 4
kg =1 1 + MBS 1 + M°B°
* Tk = 1 k
eff @ ©
1+ u2B° '

The reactor height (or immersed fuel) can be introduced through the

axial buckling :

2
2.2 2 ™ :
1+ MB + M

Working always at critical levels below the upper limit of the active
part of the fuel rods, i.e. not changing A, one obtains by derivation
of the preceding formula :

Sp _ 2M2 ﬂ2 X 1
oh ke (h+X)3

)]
The complete 3h

fitting of the experimental points and the best values of

= f(h) curve can thus be obtained by a 1east25quare

M2 nl
= and A

are determined. ®

The axial extrapolation length A can also be defined on the basis of
axial buckling measurements; but, up to now, the fitting has always
been better with a smaller extrapolation length than the one given

by the buckling determination. The only explanation of this fact
seems to be the lack of precision due to the one group theory approxi-
mation.

An example of such a measurement is given in figure V.10,

The curve being known, the reactivity effect of a given perturbation
is easily obtained by measuring the critical levels with and without

this perturbation and by integrating the 3p/3h curve between both :

HZ n2

.lh 3h K,

[(hi + X)-z - (ho + X)-z]
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C. Accuracy

The precision on each measured point, used for the %ﬁ fitting, depends
mostly on the knowledge of the water level increment; it is of the
order of 5 %.

A %ﬁ curve is genera%ly fitted on about 15 points; tuis reduces the

uncertainty on the parameter to 1.5 %.

k

o«
The final uncertainty on the reactivity effects is usually found between
0.015 and 0.035 % Ak/k; it depends mostly on the water level measure-

ments for small perturbations and on the

m parameter for greater

[ J
ones,



- Appov.21 -

APPENDIX V.6 : SFECTRAL INDEX MEASUREMENTS

A. Introduction

We define a spectral index as the ratio between the reaction rates of

two isotopes irradiated in tne same spectrum. It can be expressed

as follows : Io #(E) Gi(E) dE
¢#(E) o.(E) dE ¢(E) dE
[oawawa | o,
!‘. #(E) 0.(E) dE = #(E) o.(E) 4E 3:
Jo oj E Jo oj
JF $(E) dE
(]

where : - #(c) is the neutron spectrum;

- ai(E) and g,(E) are the differential cross sections of tne

J

considered isotopes for the nmeasured reactions;

- 51 and 35 are the effective cross sections for the given
spectrum according to the WESTCOTT notations.

The most ixportant spectral index for uranium-plutonium fuel is the

ratio between the Pu239 and U235

fission rates, because most of the
fissions are induced in those isotopes and because this ratio is very

sensitive to spectrum variations in the thermal energy range.

B. Experizental method

The measurement is based on the activation of two kinds of fissile
foils :

- a U/Al alloy with 20 % uranium, enriched at 63 % of 0235. The
uranius content of the foil is 7.65 mg/cm2 and its thicxness is
0.127 mm.
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- & Pu/Al alloy with 20 % plutonium, containing 97 » of Pu239. The

plutonium content is 4.55 mg/cln2 and its thickness is 0.076 mu.

The experimental metnod consists in comparing tne foil activities af-
ter an irradiation in the investigated spectrum with tne activities
of the same foils irradiated in a pure Maxwell spectrum, which is
available in the graphite thermal coluann of the BR1 reactor.

The spectral index is obtained by the exyression :

( o N
2239 235 239
<°f N Ao R .7 SN
235 /_ 236G \\ 235 /
af R e ‘o N O¢ T
A Aodgs /T

under the following conditions

a) the same foils are irradiated successivel) in the investigated spec-
trum (R) and in the thermal column (T), so that it is not necessary

to take into account eventual weight differences;

b) the activities Ao correspond to zero thickness foils, i.e. they
are corrected for the perturbations due to the presence of the
foil as well in the investigated medium (the fuel) as in the ther-
mal coluxmn; this important point will be discussed below;

c) as the foils are irradiated between fuel pellets, the measured
activity contains a parasitical activity of about 5 % due to
the fission products coming from the adjacent pellets. The correc-
tion is made on the basis of the activity of an aluminium foil,

irradiated in the same conditions as the fissile ones;

d) the Y-activities of the foils are measured through a B-shielding
made of a 5 mm thick aluminium plate and with a threshold adjus-

ted at 0.765 MeV to avoid any self-absorption effect;

e) both types of foils are irradiated simultaneously and are counted
between 2 and 7 hours after the end of the irradiation.

During this period, their Y-activities follow the law :
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-a
t N\
A(t) = A(to) x <€ J

where @ is a constant for a given fuel. The a's of Uz)5 and Pu239
being somewhat different, all the activities have to be reconver-

ted into activities at a well-defined roment after the irradiation.

f) the Y=spectra and the decay laws are assumed to be independent of

the neutron spectrum in which the foils are irradiated.

3239
- The (_—533 ) ratio is obtained on the basis of the best values of
af T the fission cross sections (ref. V.1) and of the neu-

tron tenperature of the thermal column, which is practically equal

to the graphite temperature

-1 8§57
Isotope dg (2¢00m 8 ') |g (293 °K) af (293 °x) (2—35>
N P
pus>? (743.1 + 3.5) b 1.049 (779.5 + 3.7)0

235 1.351 + 0.008
U (578.3 + 1.6) b 0.976 (564.4 + 1.6)b

C. Foil perturbation

C.1. In the tnermal column

In order to estimate the perturbation of an absorbing foil in a
moderator, the following formula is used, according to the work
of SHOOK et al. (Ref. V.2) :

1 - 2E.(1)
_
_ actual activity 2 (1+¢)
' zero thickness activity T = 2E (1)
1+———L-8
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where <« is the optical thickness of the foil

¢ is a correction taking into account the edge effect on
the self-shielding in the foil;

g is another correction taking into account the edge effect

on the external flux depression.

The spectrum of the thermal coluxn being maxwellian, the perturba-
tion calculation performed at one energy is sufficiently accurate :
a value of 0.956 is found for the U/Al foil and 0.955 for the

Pu/Al one. This proves that the prostnxe£8§ the foils in the ther-

mal column does not modify the ratio . 3

\;2—35- /T; this is mainly
(]

due to the fact that both types of foils have the same optical
thickness.

In the fuel

Irradiated between the fuel pellets, the foils create a perturba-
tion depending on the difference between the macroscopic cross sec-
tions of the foils and the fuel. Due to the complexity of the neu-
tron spectruxr and the cross sections, a calculation in function

of energy is necessary :

- ¥(E)
#(E) foil . (E) dE
" v e o,

actual activity
zero thickness activity '

J. #(E) of(E) dE
[+

where - #(E) is the mean, unperturbed neutron spectrum inside the

fuel pin, as calculated e.g. by a theoretical code;

- of(E) is the differential fission cross section of the

considered isotope UZ}5 or Pu239;

¥(E)
I 163

foil is the flux perturbation induced by the foil.
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For the fuels and the foils considered here, calculations have been

made for the four following cases :

actual activity Correction
Type of foil |Type of fuel zero thickness activity factor
U/Al 4L/0 0.989 1.011
Pu/Al 4/0 0.930 1.075
U/Al 3/1 0.998 1.002
Pu/Al 3/1 0.948 1.054

Due to the importance of the perturbations created by the Pu/Al
foils, an experimental check of the calculation method was made

for the most unfavourable case : a Pu foil inside the 4/0 fuel.

For that purpose, a special 4/0 capsule was filled with Pu/Al foil
sandwiches of increasing thickness, aluminium foils having been
introduced in order to allow for the correction for the fission
products coming from the adjacent pellets or foils. The correct
position of the foils has been checked by radiography; indeed a
good contact between the detectors themgelves and between the foils
and the pellets is very important to avoid streaming effects.

The internal arrangement of the capsule is given in fig. V.11,
where the macroscopic gradient, obtained by counting the pellets,
and the mean activities of the foil sandwiches are shown. After
correction for the macroscopic gradient, these activities ¢an

be compared to the calculated results (fig. Vv.12).

The calculated curves are normalized to unity for the actual thick-
ness of the foils, so that the reading of the curves for the zero
thickness gives directly the correction factor. On the other hand,
the experimental results are normalized so that the mean theory

to experiment ratio is equal to unity.

¥(E)

foil thickness x
The ratio 3E)

zero thickness

has been calculated in function of

energy by two methods :.
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a) the "DUNN" method

In reference V.3, the author shows that MONTE CARLO calculations
are necessary to perform a correct interpretation of disadvan-
tage factor measurements; this is particularly due to the fuel
discontinuity introduced by the foils. He shows however that

a simplified calculation method allows an adequate estimation
of the perturbation, assuming an isotropic flux and neglecting

the edge effects :

Act.(x thickn.) - Act.(O thickn.) .
Act.(x thickn.)

- . D
x [Zabs.(fuel)-Zabs‘(f01l)]Log -

where D is the foil (or fuel) diameter and x the foil thickness.

Comparisons between the simplified calculation and the MONTE
CARLO one shows that the first one is sufficiently accurate for

perturbations below 10 %.

b) the "SHOOK" method

Shook's formula (see 3.1) has also been used, even for the fuel.
Indeed the authors of reference V.4 show that the use of this
calculation method may be generalized to moderators containing

absorbing or multiplying solutions.

As it can be seen in the figure, both methods give the same results
above 0.1 mm of Pu/Al; moreover their shape is in good agreement
with the experimental points. Below O.1 mm however they give diffe-
rent results; unfortunately there are no experimental results in
this thickness range to allow the choice of the better method.

The '"SHOOR" method being in fact only intended for situations where
the foil is more absorbing than the medium, the "DUNN" method is

to be used in general. The small disagreement between both methods

is taken into account for the experimental error estimation.

D. Experimental accuracy

The experimental error has to be estimated on the basis of the follow-

ing items :
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the knowledge of the fission cross sections for the reference

spectral index calculated for the thermal column : + 0.6 %;

the accuracy of the ratio between the foil activities has been
estimated by reproducibility tests : + 1 %;

the accuracy of the perturbation calculations is estimated at + 1 %;

an additional uncertainty has to be added to take into account

the choice of the calculation method : : g ; . 8259
4
According to these figures, the experimental value of the 335 spectral
index is obtained with a global uncertainty of +2% af

-4 g
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APPENDIX V.7 : POWER SHARING DETERMINATION

A.

Introduction

In a core with fuels of various compositions, the distribution of

the fission density or of the power density has to be measured in

two phases, when the activation technique is used. 1Indeed, the pro-
portionality coefficient between the investigated density and tue
Y~activity of the fuel differs from one fuel to another one. The
first phase is an individual measurement of the Y-activity distri-
bution in each region and the second one is the determination of the
so-called power sharing factor, which allows the normalization of the
Y-activity distributions. The power sharing factor can be obtained

by two practically independent methods.

Activation of fissile foils

When the reactor core is composed of two fuel regions, the simultaneous
irradiation of two couples of U/Al and Pu/Al foils in each region allows
the determination of the ratio between the fission densities for each

u

isotope in the two regions as well as the : spectral indices in

U235
each region,

The ratio of the total number of fissions in ihe two regions can easily
be obtained by combining these ratios with the corresponding atomic
densities. 1In the case of a 3/1 fuel region adjacent to a 4/0 one

e.g., the total fissiom ratio is expressed as follows :

p235 , ge38  p239  L2ko 2k

z RS AREE AL A AN
Fe39 230
T4/0 Fuzo * Fuzo

w3 (625),, W2 (8535)5/1 <259>
627

235 7gesey ¢ N255 (235\
u/o Ot Ju/0 i4/0
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where : <~ F is the fission density [fiss./cmjl.
- N is the atomic density [nt./cm}].

- and C a correction factor taking into account the contri-
butions of the isotopes otner than Udjb and Pu£j9:

238 24o 241
r1*fé/1+F}/1+F}/1]
L F235 . 239

3/1 3/
P27
_4/0
AR 7235 ]
4/0

The first factor is experimentally obtained and the C factor is
established on the basis of theoretical data; it leads to a correc-
tion of about 3 .

In order to obtain the power density ratio, the energy yield per fis-
sion of each isotope has to be introduced in the preceding expression.

The following values are adopted (ref. V.i) :

pa}b = p235 = (201.7 + 0.6) MeV/fiss.

241 o 240 o 239

P P = (210.7 + 1.2) MeV/fiss.

Activation of fuel pellets

Pellets of the different fuel types are simultaneously irradiated in
the corresponding regions and the Y-activity of the La1uo produced

in each pellet is neasured after a cooling time of at least 13 days.

Again, taking thne example of a 3/1 fuel region and a 4/0 one, the

fission deunusity ratio is obtained as follows :

140 £
3/1 4/0 A

F: : Y-Acte
F ' . G0 * T X B
4/0 Y-Act.“/o 3/1
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where : - -ELQ is a small correction factor to take into account the

f

3/1
different flux depressions in the fuel pellets and their
influence on the self absorption of tae Ln1*o Y-activity;

this correction factor is of the order of 0.5 » and has

been neglected.

A is a correction factor, which accounts for the difference
between the La''C yields for the U<>°
U235 ones in the 4/0 fuel :

fissions anda the

235 .
N2 Y s
235 (235
4/0
F238
1 »+ —L'LQ
§230
4/0

- B is a correction factor equivalent to A but for the isotopes

of the 5/1 fuel :

1 N?ﬁ ?9 N ¥ Fooo x ¥¥20 LB x v2 40 52Tk y2Y
[ 235 235 w3 235 235 , p239 259 ;
2 }/1 Y +F
B - 1239 5‘9 ;58 L 20 *2L‘u1
[1+ 25 = (: I+ 22— YA ]
235 .235 /3/1 235 . pe39
N3/ 371 * T3/

In the expressions A and B, the fission densities of Ua}5

239
the other fission densities are established theoretically.
Y239
225
per fission of the corresponding}gsotopes. is taken equal

to 0.826 + 0.011 (ref. V.5). Y= has been measured for
238 235 238
U > fast fission and U 255 thermal fission : —333

(ref. v.6). Y

and Pu are experimentally obtained by foil activation;

The ratio, where Y239 and Y235 are the La1“0 yields

= 1,055
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2ho and Pu2u1 isotopes

being small, it may be assumed that YZ‘*1 °'Y2“o - Y239.

Finally, the contribution of the Pu

The %% ratio corresponds to a global correction of about 9 % in the
case of the 3/1 and 4/C fuels. - | b '

As for the foil activation method, the power densit& ratio may be
obtained by introducing the yields in energy per fission in both

235
238 o p 35

expressions A and B, Here too, it may be assumed that p

and p241 o p2’+0 o p239.

Accuracy

For the foil activation method, the power sharing ratio is the result of
combining atomic densities and spectral indices; the global uncertain-
ty is thus obtained by combining the corresponding uncertainties.

This leads to a global experimental error of about 5 %.

For the pellet activation method, the most important uncertainties
are the statistical counting error, which is usually reduced to about

0.5 %agg accumulating a great amount of countings, and the error on

the r=- ratio. A global uncertainty of about 1 % is generally obtained

235
with this method.

Corparison of both methods

The foil activation method has two important disadvantages : relatively
large statistical errors and possible systematical errors due to the
perturbations introduced by the foils inside the fuel. Nevertheless

it is interesting to do,in parallel with the pellet activation measu-
rements, a few foil activation measurements in order to make a

cross check between both types of results. Both methods are indeed
practically independent, because the spectral index, obtained with

the foil activation, enters only as a correction factor in the pellet
activation analysis.

A lot of power sharing ratios have been measured in a slab configura-

tion with 3/1 and 4/0 fuels, including several perturbations at the
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boundary between the fuel regions. All the results are given in

fig. V. 13 : an asymptotic worth of the power sharing ratio appears
when the neutron spectrum reaches its equilibrium at both sides of
the boundary. The figure shows also that the results obtained by

the two techniques are equal within their error margins.
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APPENDIX V.8 : RADIAL POWER DISTRIBUTION INS1DE FUEL RODS

Two different techniques are used for the determination of the radial

power distribution inside fuel pins :

A. The track detector technique

A.1. Method

This method consists in inserting mica foils between the fuel pellets.
During the irradiation, the fission products emitted by the pellet
sides are collected by the mica foil, in which their mean path is

of the order of 10 y. After irradiation, the fission product tracks
are enlarged by putting the mica in fluorhydric acid, so that the
counting with a microscope becomes easy. The irradiation and et-

ching conditions have been optimized so that :
- the counting precision is good,
= the tracks are sufficiently distant from each other,

- the track sizes are great enough to avoid any confusion with

eventual damages of the mica foils.

A track density of 5.105 tr/cnz is found to be the best one.

. The track counting is carried out with a microscope which enables

A.2.

the measurement along the diameter of the foil with a resolution of
O.3 mm. Each time the mean result of two opposite radii is adopted

in order to avoid any influence of macroscopic flux gradients.
Precision

The precision on each measured point is about 2 %; therefore a total
counting of about 3000 tracks is needed; for central points the
precision reaches 1 %, due to a greater number of counted tracks.
The influence of the fuel discontinuity, due to the presence of the
mica on the measured fission depression, seems to be negligible.
Indeed, for the involved mica thickness, which is of the order of
0.05 mm, the thermal flux peaking for both the 4/0 and 3/1 fuels

is only about 2 %, assuming for the calculation that there is no

neutron absorption in the mica foil.
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It bas to be noted that this technique allows also the absolute
measurenent of the fission density when a calibration is carried

out in a well known thermal flux (Ref. V.7).

B. The ring activation technique

B.1.

B.3.

Method

This method consists in irradiating, between fuel pellets, U/Al

and Pu/Al foils of the same kind as those used for spectrum index
measurements, but cut into small concentric detectors : a bentral
circular one and several rings. ,

The relative Y—actiyities of these detectors are a measure of the
radial distribution of the fission density for the activated isotope.
If these radial distributions are normalized by means of the spec-
trum index measured inside the fuel, it is possible to obfain the

radial variation of this index through the fuel pin.

Calibration of the counting device

The measurements are performed with a Nal well crystal. Due to the
different sizes of the rings, it had to be checked if the sensitivity
of the crystal does not change with the diameter of the detector.
Therefore, a large square U/Al foil has been irradiated in a flat
flux, the size of the foil being large enough to avoid any edge
effect. After having checked that its specific activity was really
constant by counting small detectors cut along the diagonal of the
square foil, a series of concentric detectors was cut and counted
in the same way as for a depression measurement. The specific
Y-activities of the concentric detectors did not show any radial
variation of the crystal sensitivity within the experimental error

(about 0.5 %).
Precision

An estimation of the experimental accuracy has been made on the
basis of reproducibility tests; an uncertainty of about 2 % has

been obtained for each ste} value.
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A test of an eventual streaming effect, due to a bad flatness of
the concentric detectors during the irradiation, has been carried
out by'comparing the sum of thé activities .of a series of concen-
tric detectors with the one of a complete detector irradiated close

to the first ones. An agreement better than 1'% was found.

C. Comparison of the two techniques

The differential curves given by the track detector technique, have

. been integrated between the different ring diameters to enable a com-
parison of the techniques. The agreement is very good for the 4/0
fuel and somewhat less good for the 3/1 fuel, but remains in any case

within the experimental uncertainties (se® Chapter VII).
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APPENDIX VI.1 : THEORETICAL METHODS USED 1IN PANTHER CALCULATIONS

A. Thermal spectrum calculation [3] [4] [5] *

The treatment of the thermal energy range in the PANTHER code includes
the thermal spectrum calculation on the basis of CADILHAC's method and
the averaging of the thermal group constants over the cell spectrum;
the cut-off energy can be chosen from 0.625 eV to 1.855 eV. The hete-
rogeneity of the lattice is taken into account : three formalisms are
available.

Adequate numerical methods have been proposed by combining the multi-
group approximation and PN or SN transport methods but they lead to
excessive running times for routine calculations for thermal spectrum

calculations,

In the stationary case, with no external sources, and assuming an iso-
tropic emission density, the Boltzmann transport equation can be writ-

ten in the integral form :

T
i(?.E):IdV[n(;,E). _1_2exp<-I z‘.ds>] (1)
bn|r-r'| ¢
r'
i'(;, E) is the scalar flux and x (r, E) the isotropic emission
density.

If the system can be divided in N homogeneous regions where the flux
can be considered as constant, the relation (1) can be replaced by
the N relations

N P.i(E)
’j (E) = ?:ﬁ -Jtzrﬁy- li(E) j=1,N (2)

* Numbers between square brackets refer to the bibliography, given
at the end of this appendix.



B.

- App. V1.2.-

.j and nj are the volume averaged flux and emission density and Zj
Pj i(E) is the probability that
9

a neutron uniformly and isotropically born in zone j, collides for

the total cross-section in zone j.

the first time in zone i

, T
exp < - IJ p> ds>
r

L (E) B ! >
Pj‘i(E) == i S vy dvy (3
J bnr, - r.l
i

: where ry denotes a point in zone i and rj a‘point in zone j.

The reciprocity relation is an immediate consequence of this expres-

sion and reads :

TP, . V. =L P._ V. , . (4)
174, 17 %5 75,400 -

The study of neutron thermalization will establish a relation between

the slowing-down density q and the neutron flux ¢, whereas the study

of the geometrical heterogeneity will define the collision probabili-

ties. The fundamental equations to be solved are :

L. ¢. V., = Sum P. . n, V. j = 1,N (
I T Ea etk U Tie S b 2

Treatment of thermalization : the Cadilhac model

Let us consider, in an infinite horogeneous system, the function

d /¢ (E)
0@ = 5 Gy

M(E) being the Maxwellian flux at the temperature T of the system and

K the Boltzmann constant.
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M(E) = (K:)z exp ( - %)

The flux being Maxwellian in an infinite non absorbing medium, the
function C(E) can be interpreted as the departure, due to the absorp-
tions, of the neutron distribution from the equilibrium Maxwellian
spectrum. By using the principle of detailed balance, q is related
to C by an integral Hermitian operator. The idea of Cadilhac was to

consider the inverse operator J [7] :

d ¢ (E)
c--&Cm = J q(E) (6)

J is an Hermitian positive definite operator. 1In the synthetic model
proposed by Cadilhac, J is a differential second order operator. As
it is self-adjoint it is written :

J(E) = j(B) - dis (k(n) :—E (6')

This form of J is shown to be rigorous in two extreme cases; the mono-
atomic hydrogeneous gas and the heavy free gas, and it can represent

with a very good approximation all usual moderators,

In the "Generalized Heavy Free Gas'", model of Horowitz the operator
J(E) reduces to :

J(E) = 3j(E) (6™)

This is called the primary model.

In the secendary model, j(E) and k(E) are non zero functions related
to the scattering law S(a, B) of the system. The relation however
is not univocal and Soulé has studied the best way to adjust j and k
on the physical model. In order to take into account the asymptotic
behaviour of j(E) and k(E) at high energies, two new functions are

introduced :
H(E) = § EB(-) . M(E) . k(E)

(?7)
G(E) = § 8'(-) . M(E) . EXT . j(E)
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For high values of E, G and H have finite limits; besides, the rela-

tion between & and q becomes :

[ a(e) LB . g(g) S0LE) (8)

Treatment of heterogeneity

The knowledge of collision probabilities in each spatial homogeneous
region for the neutrons born in every region which cross the other

regions without colliding, can be simplified in a periodical lattice
by congidering an elementary cylindrical cell preserving the area of

the moderator according to the Wigner - Seitz model.

By combining flux boundary conditions with the collision probabilities
for the lattice cell effective collision probabilities can be obtained
as proposed by Clayton [8). When considering an elementary cell with

3 Pik can be considered as the
probability that a neutron borm in Vi. or in any of its images V: in
the lattice will undergo its next collision in Vk :

a certain number of regions of volume V

+ Sum l:"l (9)

P = P
m>1 ik

(%
ik ik

where F,, is the collision probability in Vk for a neutron borm in

ik

V. and P:k is the collision probability in Vk for a neutron bora in

i‘ in the absence of lattice,
Then :

N
L (E) V, .Q(E)-Sunp (E) - 8, (E) v, + ®_(E)
J J im1 J
where :
8 (E) = sum <:Sun P:J L ) (10)

a > 1

is obviously the contribution to the collision density from eamission
in the images of the lattice cell. This contribution may be consider-
. ed as the collisions in the cell due to the boundary flux,
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The salculation of these effective collision probabilities is quite
different whether the fuel is surrounded by a large 'onkiy absorbiag
moderator where the diffusion approximation is valid, or if the cell
dimensions are small and the fuel strongly absorbing, where the tran-

sient solutions of the transport equations are prevailing.

When the outer moderator is weakly absorbing the collision probabili-
ties method may be applied to the remainder of the cell excluding the
moderator, and Gj is interpreted as the collision im V. due to neu-
trons leaving the moderator. Another type of cellieion is used in
the moderator and therefore the specificatiorn of uj constitutes the
boundary conditions for the inner region of the cell. This is the
basis of the SPECTROX method proposed by Leslie, which is a genera-
lization of the Amouyal-Benoist moderator treatment and which gives
good results for light water moderator cells, despite the arbitrari-

ness of some of its calculational prescriptions.

As indicated by Sauer [17] the success of the Amouyal method, repla-
cing the extrapolation distance into a black body found by diffusion
theory by the extrapolation length derived by means of tramsport
theory of the cylindrical Milne problem with sources at infinity, is
due tho tiie Bt that the artificial boundary condition used at the fuel
boundary approximately compensates for the error caused by cell cy-
lindrization.

In the other case, an approximate boundary condition on the flux must
be specified and effective collision probabilities can then be defined.

C.1. Treatment of hetorosonoitl with weakly absorbing outer moderator
(Azopyal and Bemoist : SPECTROX)

The fundamental equations (5) can be written :

N
zj VJ .j = i:: Pij “i Vi + SH o Iy PBJ

where J; is the inward current per unit area at the moderator imamer
surface SH' and PBJ
derator inner surface to collide for the first time in Vi. according

the probability fer a neutreon crossing the mo-

to a given angular distribution.
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Beside these N fundamental equations (N being the number of regions
inside the moderator), the conservation equation in the moderator

’ .
Nl "H }:sM " > Vu = zan Vy by ¢ S 3y(E) (1)

and the global conservation equation in the inner region

N
i:’: Tax Yk .k-i"_':<"k-£sk.k>vk’snjn (12)

a last relation between j". j; and .H is needed for the solution

of the N+3 unknowns .i (L = 1, 2,...,N) 'H’ jM and j;.

Leslie [4] has developed the SPECTROX method based upon a successive
collision probabilities treatment of the fuel and the use of diffu-
sion approximation in the moderator. The method has been generalized

to include many similar treatments. If r, is the fuel radius, r

and r} the imner and outer radius of the moderator, the SPECTROX

assumptien for the spatial dependence of the neutrom flux, justified
by the Tretiakoff [9] expansion of the moderator flux in terms of

2

buckling eigeanfunctioams, leads to the moderator energy dependent

mean flux :

r b of
0"(1:)-0(:2.:)[1+-§h<;§>] (13)
with
2 2
a(y) = ;31_ , [ yal_ ; ln y - é + 4‘;2 ] (14)

The uaderlying assumptions are, beside the treatment of moderator

by diffusion approximation, the boundary conditions :

%% ( r = r3 ) = 0

§<r=r2>-—i—i(r2)
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A relation between Ju and J; is provided either by the diffusion
theory or by the blackness comcept leading to

3;--£—<Attrn+x>.1" (15)

with H = 2/3 in diffusion theory (16)

= K < r, Ztr ) ia Kushaeriuk's method for a gray body
M

= —%— - A,, ia Amouyal - Benoist's method (5); A, is the

extrapolation length of a black body im an infinite medium.

With the help of Fick's law the desired supplementary equation is

found :
r r
B = = 48+ [ £ uE) - fn (;ﬁ ) ] 3® (17)
n

The treatment of a void between fuel and moderator will not increase
the complexity of the problem if the probabilities PBi can be related
to the corresponding probabilities for a neutron coming to the sur-
face 81 of the fuel rod, which have been extensively studied and
tabulated.

The flux shape in the moderator near s“ has been defined by the

extrapolation length A. The parameter of the anisotropy is then

35
5 H X ir XM is the moderator mean free path.

The current of neutrons entering the rod per unit height is writtem

as
- - n
2 m r, j1 = J1 = —=-r, ‘H + X J1 (18)

with

xegra(2)-ma(2)
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According to Newmarch's treatment with linear anisotropy [6] the

expression for n(x) is :

r T 2 J1/2
(). (s 230 (2]

while Amouyal and Benoist find with the assumption of isotropy :

r r

n(.l\.._
1‘2) l‘2

Two cases are to be distinguished in the determination of P11 and

P_. according to whether 21 . T

B1 is smaller or greater than 1.

1
In the first case, the spatial uniformity of the flux can be as~-

sumed.

Stuart and Woodruff [12] showed that the anisotropy of the incident
neutrons can be ignored, as different angular distribution laws

lead to quite similar results. Moreover as the fuel does not con-
tain light elements the anisotropy of the scattering can also be ig-
nored in the calculation of PB1 and P11 which are thus known. It
should be emphasized that neglecting the anisotropy is only a sim-

plification which is thought not to produce any appreciable error.

Expressing the fundamental equation for a non absorbing rod immer-
sed in a homogeneous infinite medium with the same composition we

have the condition that

PB1=2<1'P11>21'r1 (19)

In the second case the use of numerous spatial homogeneous subre-
gions can be avoided by considering the successive collision pro-
babilities Pk in the rod for a neutron entering the rod according

to a given angular distribution.

By equating the total collision rate in the rod to the sum of succes-
sive collision rates, the mean flux in the fuel and the current enter-

ing the fuel are related by :
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(-;—-Kz>21 v, 01-J;+042[p° (P1-P2)*{p1z (p, 37)

-2 (P, P, J;) ]+ } (20)

with

L1(§) = Zs (E' - E) 61 (E') dE' - ):81(1-:) 61(2)

1

M O
-

L
1 a
Zz?—-
1

-

=
"

P
O
Ga <.P1 + 2P1 P2 + 3P1 P2 P3 + ...)

G = Po <.1 + P1 + P1 P2 + ...)

The assumption has been made that the operator z is sufficiently weak
to neglect its powers. This assumption can become inaccurate at

resonance peaks.

If all P, (1 > 1) are equal or if z can be permuted with P, (both

conditions proving rather well fulfilled), equation (20) reduced to :
1 -
(T-Kz>81 v, b = J] (21)

The same procedure leading to equation (19) gives now :

G = 2r, ):1 (22)

Equation (21) requires all probabilities Pj' Practically one equals
all probabilities PJ (j 2 M) to a probability Pﬁ defined so as to
fulfil equation (22).

When M - », K tends to a limit which can be considered as the exact
limit. Owing to the fact that transport theory entails K = 2/3 when
L, r, = 0, Leslie found the following analytical form for K (81 r,) :

x(x)--;—+1‘26-x+[6+2.81u.u (1-(’2")]-1
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The flat flux approximation corresponds to the assumption

P, aP

1 2=F

} oo e

The system to be solved is then :

- ”w
Jy= 2Ty by s X, b
- 1
Jy= <:'§‘ - Kz ) L,V 4y
(23)
V1u1=21v1§1-J1
Vg M = Oy Yy By 9y
P
One finds
Tr 9
2T Tl T I T e A T S
-GHMQH-PG‘]H.‘]
KTy
ERLILEC TSI I CI S I o 3o AL Tl Y

A system of two coupled differential equations is to be solved, with

the boundary conditions :

i=1,M

In the generalized heavy gas formalism :

L=§5% é% { Ef%? [ EKT o= + (E - KT) ] }

the system can be solved by the integration method proposed by
Leslie (4] .
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In Cadilhac's formalism however, the introduction of new functions

is suggested :

CEH, ' |
Uy ii[1¢z—%s—z<gki~‘f+gii>] (24)

= .i Bi

and the system to be solved is (y = E/KT) for i = 1, k = M and
i=M,k=1 | A 7 '

d:yi*_(y'1)°i:|}

dly, { Gi‘(|y). [ y

1 1
= —g.. U, +=—g . U
B, 8i1 "1 T B_Bri 'k

According to the definition of Ui’ an iteration procedure is ne-
cessary here in secondary models of thermalization, i.e. when H ¥ O,
but could be avoided by a different definition of functionmns Ui' as

shown in the next section.

Treatment of.heterogeneifl with isotropic boundary flux (Bonalumi)

If J~ is the current of neutrons entering the cell and-PBi the pro-
bability that such a neutron will suffer a collision in Vi, Gi S'J-*PBI

As the net current entering the cell :

N
N
J-§::<Zi§i-ni)vi . (25)

rmust be zero, one finds the following expression for the effective

collision probabilities :

o (1 - Pl‘:)

[} —————
Pei = Pxi * 7 Ppi

Sum Py

J=1 3

N
where Pi = Sum P°. is the non escape probability for V,.
i=1 ki i
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An additional assumption is to be made on the angular distribution
of the boundary flux for the calculation of PBi' Askew and
Brissenden [13] have proposed a general boundary condition in which
a fraction { of the neutrons reaching the boundary are reflected as
from a mirror, the rest being scattered back into the moderator with
a cosine distribution in the azimuthal direction which is indepen-

dent of the path of the neutron before it strikes the boundary.

A "white" boundary condition at the outer cylindrical cell boundary,
corresponding to ( = O, has been imposed, corresponding to a situa-
tion in which the neutrons reaching the cell boundary recoil in an
inward direction, all such directions being equally probable or in
other words that the cell boundary flux is isotropical.

In this case it is proved by Case [14] that

4y, .
Pps =5 %3 <.1 - % )

where S is the surface area of the boundary.

As the approximate method to calculate collision probabilities in
annular systems proposed by Bonalumi [15] and improved by Jonsson [16]
does not entail explicit integrations but leads to accurate results
by an elaborate procedure easily adapted to machine calculatioas,

use has been made of it.

The first step is the calculation of transmission probabilities
(1 - Gij) in Vj for a neutron entering the inner boundary of this
region with an angular distribution corresponding to uniform birth

inside r <r,

i i=-1°
Assuming the radial isotropy of the virgin flux the neutron balance

leads to analytical formulas in terms of V., and Zi for G

i ij°

P,, in the central cylinder is tabulated {9] and P1j are obtained
by recurrence.

Considering Cadilhac's equation the 2N equations to be solved are

then written as :



N ’ dqi N
’J ZJ. anfl:: pij\zsi .i*TE>vi
L J = 1,N
47 AN, R 4 ’
dE\Hj/'Jj'q;j dE(kJ'qu:j> )

or, in matrix form with u

u'=Jq - (Kq")’

The capital letters denote square matrices, whereas the smaller re-
present vectors. The elimination of the slowing-down densities q
leads to a system of N differential equations, which can be easily

solved numerically in the case of two media, by writing :

2
qi = Sum Gij ’i
J=1 .
d = 1,2
| I - ' [ - rye
uj = J; 9y - ki aj - k;(qj)
and introducing the new functions :
2
U, = Sum B_, ¢,
i J=1 i1
with
Gi' N
B, =6 H
137 "1 TN Ve
i=1,2
2 2
Sum g.. W, = Sum G ]

therefore, the problem is reduced to solving a system similar to (23).
When the number of regions becomes larges an iterative method is pre-

ferred.
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D. Non-thermal spectrum calculation [1] [2]

The basis of the calculation procedure is the P1 or B1 approximation
to the Fourier transform with respect to space of the one-dimensional

Boltzmann equation.

The moderation is accounted for by hydrogen and non-hydrogawau;compo-
nents. Within the given approximations (P1 or B1), hydrogen moderation
may be treated either generally or according to the Selengut-Goertzel

(S.G.) approximation.

Non-hydrogeneous or heavy element slowing-down may be computed by either

the Fermi (F) or Greuling-Goertzel (G.G.) approximations.

Five equations are simultaneously solved : .
s - . o
[ 22w + 2 () ] #) - ) & B 4 3(w)

u

‘ . . .21 2
= fo (u) + Jo zin(u ,u)‘. * §(u) du' - aJu' -S—'& | (26)

Dy *z@) - s *#72 ]* o = - 2w - L *6, * 32 @)

" 3 3 1 3u
g—e = - n(u) + ZSH * §(u) - ' (28)
6, * 52 = - 2 o) + =X * gu) (29)
by *A* 3= - qw 4 s gh e Edt e aw | (30)

ifH
The different approximations mentioned previously can be obtained

by forcing various terms to assume certain values according to the

scheme :



5 v(u) _ Y(u) 1 1 -
B.1. P.1.
62 = O SOG. boGo
F F
0
B.1. P.1.
62 = 1 SQG- "SQGQ
G.G. G.G.
B.1. P.1.
62 =0 F F
1
B.1. Pq1o
P G.a. 6.a.

The "two step search" defined by Strawbridge is included [18].

The various cross-sections for each nuclide are tabulated from S4 MUFT

groups.

The multigroup MUFT calculations are reduced to few group results

(three groups or one group).

The cut-off energy between the fast and thermal eﬂergi fangés is

variable.

The burn-up equations [1]

PANTHER considers only these groups of related elements :

a.
b.
c.

d.

uranium-238 through plutonium-242;
promethium-149 and samarium-14G;
iodine-135 and xenon-135;

one pseudo-element accounting for all other fission products.

An exact solution for these:nuglide chainsis used based on laplace

transforms of the set of differential equations.



U-238 CHAIN

- App.

The first nuclide chain is linear (I isotopes)

X,

dt i1 i-

i-1

1-1'1

A = I a:(E) #(E) dE + A*

c, = I o:(E) #(E) dE + AL

Using the Laplace transform :

- CI P + AI

and the Cramer rule :

i

Ni(p) = }Z
1=1

hence, the time-solution is :

i 4
Ni(t)sz z 1

o
Ny

i=1

I c
r

r=)

i

J=

(oeny)

i-1

1=1 usl I

)
N 0 c
i r=l r
N
A, = A
jer S~ J U /

iAu

01

01

VI.16 -
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FISSION PRODUCTS

The fiasion product chain differential equations are :

dN1
T "M, u-238
chain

gﬁg m - A_ N, + C_ N

dt 2 2 171

dNF

at = " Ap Np * Cpoq Npoy

dN

—Bdt = - ‘p Np + BFP NF

0o ceesvsonocoe ’ ris.ion

dN products

—BE L 4 N . scC N + B N

dt p+k T p+k p+k-1 " p+k=-1 Fp+k F
Using the Laplace transfora :
P+A, 5 Noq
- C1 P + AZ
= Cpoq Pt Ag

- Bp, P+ Ap N = | Nyp
= Bpps1 ~ Cp P+ AR, N, Nop
- BFp+k - cp+k-1 P+ ‘p+k Np+k NOP+k

the following transformed equation results :




n-1

Nol

A} rs

liH n <.p + A >

The time solution

is
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p+k—1
P+k B ﬁ C

} {gp P+k<p+A>

}

N H C. exp ( - A, t >

F F
F _ ¢ U r
Np+k(t) L L
1=1 u=1 ﬂ ( A. - >
i=1l
iu
p+k=1
p+k 1 C.
* r=1 >
( Bpl X
1=p -H < Ai - Au >
i=1l
P+k-1 _ .
P+k P+k B i C_ exp < - At )
. Fl r=l r v
L K
1=zP v=1 .Il <Ai Av >
ifv
F-1
F N 1 i Cr
» (. Y‘ ° r=1 )
L F

i=1

N
i A. - A
izl ( 1 v /

The criticality search can be performed using buckling, boron-10 or

H20/D20 ratio adjustment.
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APPENDIX VI.2 : PANTHER CALIBKATION ON THE BASIS OF AMERICAN EXPERIMENTAL

RESULTS

In order to test the validity of the PANTHER code and to compare its
different options, it has been used for the calculation of an important
number of uranium and uranium-plutonium configurations, experimentally

studied in the USA (Hanford and Saxton). These configurations include :

3 UO2 cores enriched to H.74 %
6 Pqu-an cores, with a Pu0O
S Pan-an cores, with a PuO

content of 1.5 %
content of 6.6 %.

2
2

More details about these configurations are summarized in tables I and II.

The results obtained with the PANTHER code have been compared with the
available experimental results and also with the results calculated with
rore powerful codes like LEOPARD and the transport code LASER. These
comparisons were relative to the overall disadvantage factors, the dis-
advantage factors at certain energies, the average and effective micros-
copic cross sections, the thermal absorption balance and, mainly, to the

effective and infinite multiplication factors (ke and kc).

ff
All the results obtained for both these factors are presented in table
App. VI.3; all configurations were experimentally determined to be just
critical. It can be seen that in almost all the cases the Bonalumi op-
tion of the PANTHER code gives the best results.



TABLE APP. VI.1

: FUEL CHARACTERISTICS OF THE STUDIED HANFORD AND

SAXTON CONFIGURATIONS

vo, (5.74 %)

Pu0,-U0, (1.5 %)

Pu0,,-U0,, (6.6 %)

(Westinghouse) (Hanford) (Westinghouse)
Rod diameter (cm) 0.906 0.945 0.856
Uranium enrichment (w/o) S.74 0.2 0.7
Puoa content (w/0) - 1.5 6,6 |
Pu-239 91.5 90,49
Pll-2l+0 7.8 8957
pu-241 [ 18 (w/0) - 0.7 0.89

- 22°IA *ddy -
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TABLE APP. V1.2 : LATTICE CHARACTERISTICS OF THE STUDIED HANFORD
AND SAXTON CONFIGURATIONS

VOLUMETRIC RATIO PR

FUEL PITCH (in) (HZO/FUEL) EXP. B (m °)
0.52 1.50 117.6
vo, (5.74 %) 0.56 1.93 127.1
0.792 5.07 136,.8
0.55 1.10 48.0
0.60 1.56 65.1
Puo, - UO, 0.71 2.71 78.5
(1.5 %) 0.80 3.79 14.9
0.90 5.14 60.9
0.93 5.58 55.2
0.52 1.68 108.8
Puo, - U0, 0.56 2.16 121.5
1.04 10.80 128 . 4




TABLE APP.

VI.3 :

MULTIPLICATION FACTORS k_ AND k.

£

Lattice Pitch SPECTROX with Amouyal & Benoist Bonalumi Results
(in) therrmalization in | without thermalization | without thermalization | LEOPARD or LASER
the fuel in the fuel in the fuel

Weatinghouse k k k k k k k k

UOZ (5.7 %) eff - eff - eff - off -
0.52 . 1.,0020 1.4233 | 1.0037 1.4259 | 1.0026 1.4244 | 0.9936 1.4235
0.56 1.0127 1.4532 | 1.0151 1.4567 | 1.0135 1.4545 | 1.0012 1. 4486
0.792 1.0083 1.4339 | 1,0140 1.4421 | 1.0068 1.4325 | 0.9968 1.4287

Hanford
PuO2 - 002 (1.5 %)

0.55 1.0013 1.2082 | 1.0032 1.2106 | 1.0029 1.2102 | 0.9932 1.2080
0.60 1.0050 1.2640 | 1.0069 1.2663 | 1.0057 1.2649 | 0.9954 1.26k2
0.71 1.0103 1.2916 | 1.0126 1.2943 | 1.0093 1.2904 | 0.9990 1.2916
0.80 1.0092 1.2644 | 1.0119 1.2677 | 1.0065 1.2612 |1 0.9974 1.2638
0.90 1.0084 1,2090 | 1.0117 1.2128 | 1.0034 1.2032 | 0.9976 1.2074
0.93 1.0087 1.1893 | 1.0122 1.1933 | 1.0030 1.1827 1 0.9961 1.1831

Westinghouse

Puo, - UO, (6.6 %)

0.52 1.0020 1.3990 | 0.9968 1.3911 | 0.9964 1.3906 |0.9932 1.4018
0.56 1.0170 1.4460 | 1.0123 1.4390 | 1.0113 1.4373 | 1.0048 1. 4494
0.735 1.0117 1.5209 | 1.0138 1.5223 | 1.0071 1.5131 | 1.0043 1.5241
0.792 1.0138 1.5157 | 1.0180 1.5201 | 1.0091 1.5079 | 1.0072 1.5189
1.04 1.0162 1.4101 | 1.0283 1.4251 | 1.0077 1.3983 | 1.0106

1.4133

- 42°IA *ddy -
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APPENDIX VI.3 : THE MND FORMALISM

The diffusion equation for the thermal neutrons can be written in the

two following ways :

-D Vz [ I Ea =V Ef ¢ (conventional)

DM z v Xf
-8 gn . -2 n . n (MND)
) (1) &)
v 'Max v v

where the various symbols have their usual meaning (cfr ref. VI.4).
The comparison of both formalisms has indicated the following differences

A.

Influence on the thermal spectrum

The MND (Mixed Number Density) formalism leads to a softening of the
spectrum in the fuel regions and to a hardening of the spec-

trum in regions with 32 < 0 (water gaps, reflector).

Influence on the leakage

In a fuel region the leakage is mainly due to fast neutrons; the sof-
tening of the spectrum due to the use of the MND cross sections leads

to a decrease of the leakage in the fuel regions.

In the moderator regions, on the contrary, MND cross sections lead
to an increase of the fast leakage and a decrease of the thermal

leakage,

Influence on the multiplication factor

From the comparison of the two group formulation of the multiplicatiom

> .
factor for both formalisms it can be concluded that (keff)HND (koff%nnvi

indeed, with conventional thermal cross sections we have :



D.

- App. VI.26 -

v I T v?T

" £1 . R1 2
eft © 2 2 . 2
D1B + 2.1 + 2R1 D1B + za1 + 2R1 2&2 + D2B
and with MND thermal cross sections :
« v I, . L v I,
oft * 2 2 . v
D1B + 2‘1 + 2R1 D1B + 2‘1 + 2R1 Eaz + D Max BZ
Max v

Influence on the boundary conditions

Both formalisms have different boundary conditions; between two zones

1 and 2 they are :

with the conventional formalism : ® =9

D —-a w“ | = D ——a °2 |
1 dr N 2 Oor N
and with the MND formalism : n1 = n2
D v E_El | =D v Eﬂg
1 Max 1Max dr N 2Max 2Max dr

It is seen that with the MND formalism, the flux continuity condition
at the interface between the two zones is replaced by the neutron
density continuity condition. The flux discontinuity which appears
then with MND cross sections will be particularly important, when

the difference between the neutron velocities, characteristic for

the equilibrium spectra in the two regions, is important.

Iy
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Fig.II.1. VARIOUS TYPES OF FUEL PINS USED IN THE VENUS CRITICAL EXPERIMENTS



Fig. T 2. TOP VIEW OF THE VENUS REACTOR TANK AND ITS INTERNALS.
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Fig.II.4. SCHEMATIC VIEWS OF A VENUS SAFETY VALVE.
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Fig. I 6. VIEW OF THE VENUS CONTROL ROOM.




Fig. IL 7. INTERNAL AND EXTERNAL VIEWS OF THE 8-SCANNING INSTALLATION




- Fig. TI 8. GENERAL VIEW OF THE PLUTONIUM LABORATORY ASSIOCIATED WITH

| ; THE VENUS CRITICAL FACILITY ( LMA LABORATORIES).

j (manipulation glove-box on the right, decontamination glove-box on the left
with ventilated hood in front of it.)
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Fig. II 9. DETAILED VIEW OF THE MANIPULATION GLOVE-BOX
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Fig. I 10. INSTALLATION FOR 5-SPECTROMETRY MEASUREMENTS.
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PHYSICS OF PLUTONIUM RECYCLING
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Fig.- IV 3 . POSITIONING DEVICE OF THE FOILS USED FOR THE MEASUREMENTS
OF RADIAL FLUX DISTRIBUTIONS.
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Fig.¥5: AXIAL POWER DISTRIBUTION BY B-SCANNING.
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Fig.Yy 9: BUCKLING DETERMINATION

BUCKLING Buckling value in function of the number of points.
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Fig.¥ 11: PERTURBATIONS INDUCED BY Pu/At FOIL SANDWICHES
IN THE 4/0 FUEL.
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Fig.Y13. POWER SHARING DETERMINATION

COMPARISON OF THE FOIL ACTIVATION METHOD
AND THE PELLET ACTIVATION METHOD.

CORE CONFIGURATION :

REGION 4/0 REGION 3/1
0000000000006 0000000000000
N PERTURBATION

Na : v ASYMPTOTIC VALUE: 0.84 * 0.04

PANTHER CODE CHAIN

MUFT-BN THERMAL
LIBRARY LIBRARY
DISK ON DISK
(ON DISK) DATA ( )

|

l

|

PANTHER : THERMAL AND FAST
SPECTRUM CALCULATION : keff:

BURNUP

y

y

MACROSCOPIC
CROSS SECTIONS

MICROSCOPIC
CROSS SECTIONS

..'o.a A A v
1.2 FOIL PELLET
SITUATION ACTIVATION | ACTIVATION
i No perturbation o °
-||.| \ 1 Al plate D [ ]
; \ 7684Crods A A
7 cells v v
H10 \. H20
i % \
z \ \ ASYMPTOTIC VALUE: 0.8720.0t
L.o"i- \\¥ 4 [ J 4
g —+%
& R N
! YMMETRICAL POSITIONS REGION 3/1
osy SYMMET POSITIONS R EGION /0

o1/ 42/-2 «3F3 eh/h +5/-5 +8/-6 +7/-7 +8/-8 +9/-9 «10/-10 +1V/-11412/-12413/-13

PANOPLIE | [ souip& | [PENDULE

— || TRepaN | | | | EreBUS

1D. 20. 10. DIFF. | | 2D. DFFF.

DIFFUSION| |DIFFUSION| | +BURNUP | | +BURNUP
DATA |

FIG. YL



o
Fig JL2: kyyWITH DIMENSIONAL CALCULATIONS
Akgty= (i p)-!) = F (B2
o 1DM.
o 20M
(¢]
®
®
[}
o (o]
(o]
82 (em?)
30 70 10 (164
Blgyy
(%1 Fig J[3: keyWITH CELL CALCULATIONS
Akgyysikegypjle F (B 2)
(-]
o

(-]
° .

o

N B2 (crid)
30 i 70 110 oY




FORM. N® 115-1

-

C.E.N-S.CK | VENUS CRITICAL EXPERIMENT

4

FIGYILS CHEMATIC VIEW OF THE CORE LATTICE

B ol n » - LhLll-ll;—llI'EIIIIEIIIII:'l‘jIIIEIIIIEII
@ by b (3) ! | | l I ® Critical Mass Deterininati
@ | | | | I | | | | | i EXPERIMENT ; _Critical Mass Delerinination
F—t—-1r- JI_ — 1 : | | | DATE : -05.10.67
I ! i
1|_ L | , LEEH | | LY | CONFIGURATION N°___S
' | r { : ¥ ! | | DENSITY RODS : __No
Lo L il 1 T | BORON CONCENTRATION (p.p.m): _N°®
| ' I i masaaar | I START-UP SOURCE @®—=. ... |
Fyui H inus muas | NEUTRON GENERATOR ®_Ne. |
-4 - il 52 iEXEHE i imii8) mmanE | ABSORBINGROD & RORMNo . |
| T ]
4 } 1 1 11 I
T} — f : : Fe | FUEL REGIONS
l H - I COLOUR | NUMBER EQ.RADIUS| INVES -
HIH el DESIGNAT, | RUS/ %Py OR or OoR 11GATED
SYMOBOL |[FUELPINS] X . Y CELL
- & 3/1VIPAK 290
# 3/1swW6 75
- ; T (0.27mm}|
AT i E eI TOTAL 365 |28,09cm
2 t { ] 1
EENEENENES i MEAS UREMENT DETECTORS
_ h DESIGNAT, OIAN!T.ISVNBOL Ne LOCATION] LEYEL | CHANNEY
i 1l I! —
= PROPOR- ’ B8
i i s i radon | va | [€] | 38 |uie/-16[midpl] ©
-~ Il 1] u COUNTER
FISSION
—_— CHAMBER
HHHH CONTROL DETECTORS
E DESIONAT. | DIAMET, | SYMBOL Ne LOCATION| LEVEL | CHANNEL
PROPOR-
g — — — — roror-1 1 | A A 32 |midpt| A
counrer | 17 8 B 14 |midpl] B
- — e — —_— —_ — n CN|A°M“BER
—————————— : PITCH: 2xp =2606mm
@ Sena

VERIFIED BYW APPROVED BY: fleunds

REMARKS : THE 3/1 swG 0.27, FUEL PINS ARE LOADED AT THE BOUNDARY OF THE CORE.

v



FORM. N° 1181

38
3

C.E.N-S.CK | VENUS CRITICAL EXPERIMENT

EXPERIMENT : _CRITICAL MASS DETERMINATION

®®

I I
I .
L I
- .:_ -1 = | — = DATE : 10.12.69.
. L | : E ,' CONFIGURATION N° 8bis
11_ | I} : + } DENSITY RODS : No
L : 1 1 BORON CONCENTRATION {p.p.m ): __No
— = t 1
| : i n START-UP SOURCE (®
| { NEUTRON GENERATOR (N)_No
m}- - + - , S H ABSORBINGROD ® R ORM_No
I ! 1 T
T} — : : : FUEL REGIONS
l T 1 COLOUR | NUMSER EQ.RADIUS] INVES -
1= T DESIGNAT, | RUS/ %Py OoR oF OR TIGATED
SYMBOL [FUEL PINS X . ¥V CELL
] 1 4/0 |WHITE| 833 |[21.22cm
= S SR SE Sk Al ;— SR f }
1 i 1 1 M 1
2 A e T e
EARERAREREEH INESEESNEESNNR " MEAS UREMENT DETECTORS
] B DESIGNAT. | DIAMET, | sSYMBOL Ne LOCATION| LEVEL | cHANNEY
PROPOR-
TIONAL BFy
— 4 COUNTER
FISSION
1 —_ CHAMBER
k CONTROL DETECTORS
DESIONAT. | DIAMET, | SYMBOL Ne LOCATION| LEYEL | CHANNEL
PROPOR- P a1 NT
S ———= TIONAL ! @ A our “E A
counter | 1 B B 32 |mid-pl] B
0 — - — — — - CulA‘::‘!ER L
————————— PITCH:p =13,03mm
sena

FIGYI2:5 CHEMATIC VIEW OF THE CORE LATTICE

|

VERIFIED BY: APPROVED BY: \

REMARKS :



4
"
2
S

VENUS CRITICAL EXPERIMENT

C.EN-SCK

EXPERIMENT : _Critical Mass Determination

R |
e T TTTT i !
e e el e o u nma e s £t anasss BN o DATE - 12.06.67
| l T : = . | ) ,
oL | i S e R e 2=k = ARE T ! | | CONFIGURATION Ne__!
-— a— —_— : N . i N 1
| | T : SeunTEsaResn: ] ) , DENSITY RODS : _No
tr+ dy——s R
L L i T - e nspaases N ! BORON CONCENTRATION (p.p.m }: No
- HH- S St i b s shnaaanans NN | START-UP SOURCE ]
I { % + tr— ‘ﬁ‘ - 44 "
: ; : = N : RS
5 08y B SEsusE .8 IS ANGEEIRS i NEUTRON GENERATOR (§) No ]
— 4 - et aEIESE Ty DS SHRNUEES a ABSORBINGROD ® R ORM No )
f bt e ; o - fasifeptosginss '
IERRSRRES L T " TETITIIa
] — penna; ; ' Tt l FUEL REGIONS
I ~ti ' = - et i COLOUR | NUMBER | £Q.RADIUS] INVES -
i I DS DD 7 DESIGNAYT, | RUS/ %Py OR OF OR TIGATED
T : e : syMsoL [FueLPins x . v | CELL
7 " b : TR - 4/0 - 353 | 19536 -
t 1 — RIS &
1 R S " :- —
- ; : : - +
1 4 - +
SEZF H== Tl -
2 7 0 SRR
A+ T T -t ! I
1 IBSEN. % 1R MEASUREMENT DETECTORS
L SEISEUCSESE ESES s -
s - Jﬁ DESIGNAT | DIAMET | SYMBOL Ne* LOCATION] LEVEL | CHANNEL
HE ! e +-t
N T M DI G RS PROPOR- “ B - id ol
. i o T oo 14 3B 1.16/-18 |midpt| €
- T BIRAREES COUNTER
- : : it FISSION
: _ . ’ S S CHAMBER
T ; — ; A T -f-‘ E-r
— - Ho ——— Beadue Fidnene s CONTROL DETECTORS
T — — ] RS S ANSSRERE P SPEEN ;
- 1 i e :'f.“‘-r st DESIGNAT |DiameT |symMsoL| Ne  [rocaTion| LEVEL | cHANNEL
; MR it ! R DI B
—+ +— M anshas s u . . N
- - — — — T 1 — gt Bastbhans et IR A A 14 [midpl] A
— T et m
1 — N = - e COUNTER 1 g B8 32 8
(&) + ' e e oW ~ )
- — — = — — i + 1 CHAMBER
| 1 ‘- Kett measured by a positive period equals: 1.0008.
i
———— = — - — = ‘ PITCH. V2 Xp__  1843mn]
9 L sena’

FIGHI3.SCHEMATIC VIEW OF THE CORE LATTICE

N

APRROVED BY:

REMARKS :

VERIFIED evgv/}%? 2



FORM.N® 1161

3s
3

C.E.N-S.CK | VENUS CRITICAL EXPERIMENT

EXPERIMENT : Critical Mass Determination.

@

| !
b l_ |
= +|--—1—— T = DATE 19.09.67
| L | - CONFIGURATION N° 3/1bis
o 1|__ l 1 : n DENSITY RODS : No
L L L BORON CONCENTRATION (p.p.m): _N©
— - f 1
| ; . START-UP SOURCE (5
L -t
| NEUTRON GENERATOR () N°
-+ - f H ABSORBINGROD ® R OR M__No
| 1 1
- - n FUEL REGIONS
| ' COLOUR | NUMBER | £Q.RADIUS] INVES -
DESIGNAT, | %US/ %Py OR oF OR TIGATED
SYMBOL |[FUELPINS| X . ¥ CELL
] 1 |3nviPaf WHITE| 229 - -
I [3nswe| GrRey | 172
_] 0.27
I ANEEEEEBEEEEEEE TOTAL 301 [18.04cm.
1 1 }
2 PO S e
I ESEnEEEEEnEE RN MEAS UREMENT DETECTORS
| DESIGNAT. | OIAMET, | sSYMBOL Ne LOCATION| LEVEL | CHANNEY
PROPOR- « B -
: oL wer | [c] | 3B [e16/-16|midpl| C
—_ COUNTER
FISSION
. CHAMBER
i CONTROL DETECTORS
+ DESIGNAT. | DIAMET, | SYMBOL N* LOCATION| LEVEL ] CHANNEL
PROPOR - [
—_———— horor- | (A | a 32 [midpy A
COUNTER 1" B B 4 |midpll B
ION
______ CHAMBER
————————— PITCH;JZ_xp 218 43mm
Se

FIGWIl4SCHEMATIC VIEW OF THE CORE LATTICE

VERIFIED BYM APPROVED BY: flade

REMARKS :




FORM.N® 1151

8 2 ol | w 2 CEN -S.CK VENUS CRITICAL EXPERIMENT
| I l | | ' ;
@?D' I | l | I | 3 , I : | l |@ EXPERIMENT C'itical Mass and Radial Buckling Measur.
= 4|— — T - JI_ — T/ I | | : DATE : _ we
| L I Ses=Eaen | | @ | CONFIGURATION: N° 711
1'— | T } n | | | DENSITY RODS : ___RO
L ! 1 | BORON CONCENTRATION (p.p.m): _NO
B _l ) | P | | START-UP SOURCE (8
; | NEUTRON GENERATOR (®)__N°
-+ - i FAESESEDN | ABSORBINGROD ® R ORM_N°
| 1 mn |
— e n FUEL REGIONS
] T : l COLOUR | NUMBER EG.RADIUS| INVES -
e g g e DESIGNAT. | RUS/ %Py OR OF OR TIGATED
R SYMBOL |FUEL PINS| X . ¥ CELL
] = 1 [3nvipak| wHiTE| 260 13.35¢m
T TREGIONT BASWGA2TWHITH 72 )
- i 50 a8 I 4/0 | GREY 580 |22.20cm
i ERESSNRNSLanE NN eEENSuSEaEs. Frhin- TOTAL 912
2 B G A, aEEE 1
. n n RN . . i 7 MEAS UREMENT DETECTORS
N r R ERES HHFTF T+ H FP 3 g
. DESIGNAT. | DIAMET. | SYMBOL N* LOCATION] LEVEL | CHANNEY
4 PROPOR- | (o 8
Gy T THE ‘ proror,| e | [c] | 3B |-20/20{mid-plf ¢
—_ gk ++ v 3T WH COUNTER
S T NANER YT RS - FISSION
_ e EXE CHAMBER
CONTROL DETECTORS
DESIGNAT. | DIAMET, | SYMBOL Ne LOCATION| LEVEL | CHANNEL
5 PROPOR- ]
- ___t honor- | A | a 32 |midpl| A
) counren [ 1° B 14 |midpl] B
______ CH|A°NNBER
@— ———————— PITCH:p  ~=13,03mm
4 o
FIGYI5.S CHEMATIC F_THE CORE LATTICE . VERIFIED Bﬁ@ APPROVED BY: fasd

REMARKS :



FORM, N® 1161

& 2 o e e 2 | C.E.N-S.CK | VENUS CRITICAL EXPERIMENT
| !
@DGD' | } I | } | | : |@ EXPERIMENT : _CRITICAL MASS DETERMINATION.
=~ - {I— -1t - -i— — = | | : DATE ; 05.12.68.
| s | Aa=3=E=En i | | CONFIGURATION N° 712
, J{— | T : } | | | DENSITY RODS : __No
b L L L | BORON CONCENTRATION (p.p.m ): _No
B - ; n | | START-UP SOURCE (%)
| | NEUTRON GENERATOR (N)_No
—+- ESESESEaS | ABSORBINGROD ® R OR M _No
| ] T |
T ma s FUEL REGIONS
| e | COLOUR [ NUMBER | E0.RADIUS| INVES -
Y X s - DESIGNAT. | %US/%Pu OR OF OR TIGATED
] " SYMBOL |[FUELPINS| X . ¥ CELL
7 8 ’ T I [BVIPAK|WHITE [ 196 [18.24x18.24
% AER ; ; I 4/0 [OGREY | 704 [e.09x3904
7 Sy BER * ! TOTAL 900
iaBRastisnaEsliamans HEHAEE !
- 1 1 N 1 - N
2 P Hs e, HEH ‘ ‘ 1
NSRS ERA R EEEENEEEREF i i MEAS UREMENT DETECTORS
e 11; i T DESIGNAT. | DIAMET, | symsOL| Ne LOCATION| LEVEL | cHANNEY
= iy mmEwn: 1 5 PRO POR-
B K AMBE — ‘ TIONALBF3
- TS f}f ==d COUNTER
i -5 — — L FISSION
—_ . — T % CHAMBER
; 5 ; ' L T e
; - ——n — CONTROL DETECTORS
ey DESIGNAT. [D1aMET, [ SyMeoL| Ne  |iocaTion| LEvEL | cHANNEL
i L] —
NN PROPOR- 1]
$ _———— t—— I|— TIONAL 1 u A 5 lmld.pl A
‘ counter | 1 B8] | B 32 Jmidpl| 8
o —— — — —_ — CH‘AOMN!ER
: (&)
@‘ __———— = — = PITCH:p“n 2313,03mm

FIG YII6S CHEMATIC VIEW OF THE CORE LATTICE

APPROVED BY: Ao

VERIFIED evM

REMARKS :

v



Fig_Vii 7: CONFIGURATION 1/1(4/0 FLEL,’SENAVE.)
1‘ Measurement of radial buckling; comparison with 4, (2_"15..,)
4 , R
4
\
Measurements along Y=0
Measurements along Ys-X
FISSION DENSITY . — 3 (2495 ¢) ithRe(19.648+8.10 )cm.
(Arbitrary unit) i ° R
1.0
0.9
0.8 1
0.71
0.61
0.51
0.41
0.34 R OR
REFLECTOR EQUIVALENT DIAMETER= 2x 19.846cm (—) \ REFLECTOR
0.21 : }
LOCAL DIAMETER=2x18 351cm( o
014 i i
0 v v } - y
-20 -10 0 +10 «20 (cm)
FIG. VI 8 : CONFIGURATION &1 (3N FUEL, pgepaV2)
Measurement of radial buckling ( axis Y=-X);
comparison with m(-’—'Hﬂ).
—o—— MEASURED POINTS
FISSION DENSITY ——a— €OS (TR ) WITH He(27.648+12.390)cm
(Arditrary unit) H
1.01
091 !
081
0.7 1 ' / 1 \
/ \
08 / \
/ ! \\
054 / \
/ \
0." . \
0.31 ! \\
/ \
0.21 \
/ ! . \
014 & \
d REFLECTO REACTOR K 27.684% cm) REFLECTOR = |
’ \
0 s ————r— —r—r—r e e Ly
-30 -20 -10 ] +0 +20 +30(cm)



1.0
09

Qa8
Q7 1

0.6

1PSFLECTOR / REGION 4/0

0.2 1

0.6
0.3

0.1

FISSION DENSITY
(Arbitrary unit)

FIG. VII 9: CONFIGURATION 711 (DSENA)
Radial buckling determination ; comparison with

3 Measurements along Ys0
Measurements along Y= X

2.408
Jo( R )

-1

‘ — o (2405 1) with Rx (1339 + 18.24) cm

IREACTOR AXIS l,

REGION 3/t VIPAK
EQUIVALENT DIAMETER =2x13.38em (—) REGION 4/0

\m-:necron

LOCAL DIAMETER = 2x1303cm(o)

LOCAL DIAMETER = 2x12.90 an(m)

-20

v T

-1n 0 +10 02'6

RADIUS (em)




FIgTI.10 , REACTIVTY EXCE®S AT NOMBAL LEVEL |
AS A FUMCTION OF THE CRITCAL LEVEL.
REACTIVITY
Ak
IAk)
os
(0:372001)% |
(0.342001)%
—9—  Confgurations with SENA pitch
03 ; —e—  Contigwations with V2 x SENA pitch
{ —o—  Configurations with 2xSENA pitch
|
(0.2:0011% ‘k
02 |
|\
l v
| \4
0 i
} |
FEL | \ UPPER REFLECTOR
I
o — EVEL o
1950 1900 50 180

FIG. VII 11: CONFIGURATION 8/0

Radial fission density distribution
along the X - axis ( with cosine fitting)

——o— MEASUREMENTS

FISSION DENSITY | —=e— cos lTH—" with Ha(35.181+13900) em

(Arbitrary unit)
1.0 1

09 1
0.8 1
0.7 1
08 -
Qs 1
04 4

0.3

0.1 1




FORM.N® 1151

2 e - 2 C.E.N-S.CK | VENUS CRITICAL EXPERIMENT
|
@: I } | I : . (3) ! : | ! 1€) EXPERIMENT . PERTURBATIONS EXPERIMENTS
C2 I
-1 - ll_ - A L : DATE : 20.05.68
I
| L | A | | @ ' CONFIGURATION N°___10
T_ l r i } | | | DENSITY RODS : __No
L_L f , | BORON CONCENTRATION (p.p.m): _NO
—r | | START-UP SOURCE (%)
| Gy | NEUTRON GENERATOR (N)_No
m}- — -+ - < J 153ES | ABSORBINGROD ® RORMNo === |
T
| 6 S (E ]
T _ ; FUEL REGIONS
| >3 9 ] COLOUR | NUMBER EQ.RADIUS] INVES -
15 OESIGNAT. | %US/ %Py OR OF OR TIGATED
RE m SYMBOL |FUELPINS| X Y CELL
- : 1 1 [snvieak|wHiTE | 405 psisxnass| ®
I [el0 GREY [2x 459 hsmsx221s
TOTAL 1323 psmxsasy
ia e e s B e B v Ul e e e ol § el B el B ol Tl Tire =T
I : : l l
2 H A A, . 1
SESNSNESSN INSNSNSANSNES SENNSNERSEEN MEAS UREMENT DETECTORS
] H:Eﬁlm oesienaT. | DiameT. | symeoL| we LocaTion| LEvEL | cHANNEY
i PROPOR- [
= rionaters| 1 (4] A 32 |midpl| A
- - EEsSaNaE. counrer | 1° B 14 |midpt| B
‘ - FissioN
. : > - CHAMBER
1 L L
‘ CONTROL DETECTORS
2 —_— jE'Ghlm :
.. DESIONAT. | DIAMET, | SYMBOL Ne LOCATION| LEVEL | CHANNMEL
i — — — — e | " | [€) [ 38 |+16/-18|midpl| c
COUNTER
10N
o — e — — — - CHAMBER
————————— PITCH:p 213,03mm
@ sena
4 — \
FIGYI)2S CHEMATIC VIEW QF THE CORE LATTICE VERIFIED BY: APPROVED BY: fund
N~

REMARKS : The btack cellsindicate the location of the perturbations.
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Arbitrary unit FIG. VII 19: CONFIGURATION 9. Experimental and theoretical power
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Fig Y1 23: FISSION DENSITY DEPRESSION INSIDE FUEL RODS
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