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tion : the corresponding neutron density modulation was interpreted in terms
of a Fourier analysis.

The results of the experiment form a consistent set of data, which can be used
as test values for refined reactor burn-up calculation codes. The overall experi-
mental error, typically 4 0.015 pcm, 1s considered remarkably low, in view
of the massive and complex experimental set-up used.

The rcport contains a detailed description of the experimental work; particular
evidence is given to the peculiar aspect of the measurement, i.e., : oscillation
of heavy load, complex geometry fuel elements in a D,0O moderated reactor,
for high precision reactivity determinations.

A chapter devoted to the error analysis, which is based on the results of an
extensive series of tests, puts in evidence the flexibility of the experimental
technique, in view of its use under more severe conditions for the determination
of minor differential reactivity effects (as temperature coefficient of Pu vs. U
fuel, etc.).
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ABSTRACT

The reactivity worths of synthetic Pu-U clustered fuel elements, in a D,0O
moderated assembly, have been experimentally determined using the reactor
oscillation method.

Five different test-fuel compositions have been investigated, representing
varying degrees of fuel burn-up and burn-up distributions; two uranium samples
with different U%% enrichment have been used as standard.

The technique selected was aimed to establish ‘“clean’ experimental condi-
tions, so as to effectively simplify the analysis of the results. Basically, it
consisted in oscillating, according to a square-wave pattern, a 6 m long fuel
element containing a 50 cm high test section with the investigated fuel composi-
tion : the corresponding neutron density modulation was interpreted in terms
of a Fourier analysis.

The results of the experiment form a consistent set of data, which can be used
as test values for refined reactor burn-up calculation codes. The overall experi-
mental error, typically 4 0.015 pcm, is considered remarkably low, in view
of the massive and complex experimental set-up used.

The report contains a detailed description of the experimental work; particular
evidence is given to the peculiar aspect of the measurement, i.e., : oscillation
of heavy load, complex geometry fuel elements in a D,0O moderated reactor,
for high precision reactivity determinations.

A chapter devoted to the error analysis, which is based on the results of an
extensive series of tests, puts in evidence the flexibility of the experimental
technique, in view of its use under more severe conditions for the determination
of minor differential reactivity effects (as temperature coefficient of Pu vs. U
fuel, ete.).
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GENERAL CONSIDERATIONS *)

INTRODUCTION

The evolution of the fuel composition during operation
conditions the core life of nuclear power reactors.
Fissile isotopes are progressively consumed, forming

fission products which cause parasitic neutron capture,

while fertile isotopes (U238, T 32

fissile isotopes (Pu239. U233)

) generate additional

. The knowledge of the
corresponding variation in the multiplication factor is

of fundamental importance for the 1life prediction of

power reactor cores. Due to the complexity of the problem
the theoretical work must be supported by extensive

experimental effort.

It is generally preferable to simplify the investigation,
by separating the effects of fission products accumulation
from those of fissile isotopes build-up by a two step
procedure. The first phase involves consideration of
fictitious fuel consisting of a known mixture of fissile
and fertile isotopes (e.q. U235, Pu239, U238) with a
range of compositions extending over the fuel evolution
of interest. Having determined the reactivity of this
"simplified" fuel, consideration of the real fuel with
different degrees of burn-up (second phase), allows to
appreciate the reactivity effects of the fission products
content. In consideration of the very high cost (base
material and fabrication) of such fuel elements, it is

imperative to use experimental techniques which require

the lowest amount of Ffuel.

*) Manuscript received on 31 March 1970
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0.2. The report describes an extensive series of measurements
of the reactivity values (also referred to as : reactivity
worths, reactivities, etc.) of synthetic Pu-U fuel
elements of known composition, performed in the D20
moderated critical facility ECO by the reactor oscillation

method.

The fuel element geometry considered was that of the fuel
forming the basic lattice of ECO, i.e. : a cluster of

19 natural U metal rods, each 12-mm-dia, clad by 1-mm-thick
aluminum and cooled by organic liquid ("diphyl"

26.5%, Ci H, g, 73.5% c12H1Oo) (1).

The nominal compositions of the four Pu-U test-elements
(also referred to as : test-samples, test-sections,

test-fuels, etc.) investigated are listed in the Table below.

weight % ratios

identification Pu/U Pu24o/Pu239 U235/U
Pu I 0.05 8 0.714
Pu 1II 0.30 8 0.20
Pu III 0.05 25 0.714
Pu 1V 0.30 25 0.20

The reactivity values of the Pu-U fuels were determined
relative to the reactivity of the natural U fuel element
of the ECO basic lattice. The reactor oscillation method
was selected because of its high intrinsec accuracy, in
view of the small relative reactivity values of the test-

elements.
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The overall experimental error obtained, typically
i0.015 pcm, is considered remarkably low, in view of
the massive and complex experimental set-up, and is in
fact close to the lowest limit of error reported for

reactor oscillation type experiments.

The results of the measurements form a consistent set
of data, which can be used as test values for refined

reactor burn-up calculation codes.

The report contains a detailed description of the
experimental work, but no reference is made to the
results of theoretical calculations which will be
presented in a later report. Particular evidence is
given to the peculiar aspect of the experiment, i.e.:
oscillation of heavy-load, complex-geometry, fuel
elements in a D_O moderated critical assembly, for high

2
precision reactivity determinations.

MAIN FEATURES OF THE EXPERIMENT

Schematically, the experiment consisted in oscillating
with constant period a 50-cm-long section of the fuel
investigated, inserted inside an extended-length natural U
fuel element of the basic lattice of ECO, in-out the core
of ECO along the reactor axis. The oscillation pattern

approximated a square-wave function.

The corresponding modulation of the neutron density popu-
lation, detected by an ionization chamber placed inside
the reflector and recorded in digital form on magnetic
tape, was analysed to obtain the amplitude of the first
harmonic of its Fourier series expansion divided by the

mean value ( = Am ).
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Provided that the requirements for the validity of

the linear reactor kinetics equations were met, Am M

was proportional to the reactivity value of the test

fuel section in the selected reactor position. The
normalization factor was obtained by measuring "reference"
test-sections of U enriched and, respectively, depleted

235, whose reactivity values could be calculated with

in U
adequate precision from basic nuclear data. The composi-
tion of the reference fuels was chosen so as to cover the

range of reactivities under study.

1.2. The main features of the experimental method are briefly
outlined in the following paragraphs; more detailed
information is presented in the appropriate sections of

the report.

1.2.17. The quasi-square oscillation was performed between the
extreme positions : "test-section midplane at the maximum
of the thermal flux axial distribution in the core"
(position in); and "test-section completely above the
D2O free level" (position out). As a consequence reacti-
vity effects from neutron scattering by the test section

were negligible.

The experiment was essentially a substitution measurement,
using the reactor oscillation method to increase the
accuracy of the results (in fact in a D2O moderated

assembly substitution measurements carried out by static
methods on test-sections having reactivity worths of few
tens pcm, as those considered, would not yield precise
results, mainly due to the presence of delayed photoneutrons:

see chapters 3 and 12).
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The square-wave function was closely approximated by the
actual oscillation function (typically 2 sec transit
time vs 28 sec rest time). This feature reduced the
importance of the reactivity signal originating during
the transfer of the test-section (e.g. the spurious
signal generated by the joints of the test-sections),
contributing to "clean" the data of the measurement (see
chapter 11). It also avoided systematic errors arising
from the neutron spectrum variations close to the

boundaries of the core (see 2.4).

The insertion of the 50-cm-long test-section in a
geometrically identical fuel element of the lattice
minimized the "end-effects" to be considered in the
analysis of the data (conversely, the interpretation
of measurements made with the same test-section in the
empty oscillation channel would have required the
evaluation of important end-effects in order to infer

the test-section reactivity from the experimental result).

The oscillation of an extended-length (6 meters) fuel
element, allowed that the reactor core and bottom
reflector were completed (i.e. : filled) by the element

at all times during the oscillation.

Thus the reactivity signal generated by the oscillation
closely approached that caused by an ideal migration of
the 50-cm-long test fuel composition along a stationary

natural U fuel element.

This feature made the neutron modulation signal substan-
tially "clean" and considerably simplified the analysis

of the data (see chapters 6 and 11).
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The characteristics of the experimental method outlined
in 1.2.1. to 1.2.4. were selected with the aim to
improve the analysis of the experimental data, as well
as to reduce the importance of the sources of systematic

errors.

Some of the above features, namely those indicated in
1.2.2. and 1.2.4., implying the oscillation of a heavy
load, extended length fuel element according to a
square-wave function, were very demanding from the

point of view of the design and performance of the expe-
rimental equipment, particularly the oscillator and

the oscillating fuel element.

For this reason the report contains the detailed descrip-
tion of the relevant characteristics of the equipment

and of the whole series of off-pile and in-pile tests,
carried out to optimize the parameters of the experiment
as well as to define the limits of the experimental
errors, also in view of further applications of the

method.

PRINCIPLE OF THE REACTOR OSCILLATION METHOD

Basing on some simplifying assumptions one can establish,
for a nuclear reactor, the relation between a small
sinusoidal oscillation of the reactivity (e.g. generated
by the oscillation of a little absorbing sample in-out
the critical reactor) and the corresponding oscillation
of the neutron population. Such assumptions and the
derivation of the "transfer function", relating neutron
population and reactivity oscillations, are recalled in

the Appendix.
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The two basic differential equations involved are linear
so that the neutron population oscillates also in a
sinusoidal way. Between the complex magnitudes of those

two signals one obtains the relationship

on = A“‘. (2.1.)
n ACTY+ | B(E)

between the amplitudes
A 2 L2y %
and between the phases

Lq(ak,am) = =1 (2.3.)

The quantities A and B are independent of the perturbation
function and of the power level n, as long as the
assumptions presented in the Appendix hold. They depend
only on the type of reactor concerned (e.g. : due to
differences in the parameters for the delayed neutron

groups) and on the period T.

For experimental applications one can immediately verify

that

A. In the case that the reactor transfer function is
accurately known and that, by some mean, a sinusoidal
oscillation of the neutron population of relative
amplitude'Aﬂkﬁﬂis generated, the corresponding

amplitude of the reactivity signal can be deduced.

B. If the transfer function is not known with sufficient
precision, relative measurements can be performed,
yielding the ratio between the magnitudes of two reacti-
vities (provided the parameters of the oscillation, as

the oscillation period, are kept constant).
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Normally, case A does not occur, i.e. the transfer function
of the reactor is known with accuracies about a factor of

ten worse than the measured Am,m values, and measurements
are performed relative to a reactivity standard (or reference

reactivity).

In the general case, the knowledge of the absolute reactivity
value of a sample at a given point of a critical reactor is
required. This can be obtained as the difference in the
reactor reactivity between the two configurations "sample out
of the reactor" and "sample in the reactor" at the selected

position.

Thus, ideally, the experiment consists in oscillating the
sample in-out the critical reactor with constant frequency,
and in recording the corresponding modulation of the neutron
density in the reactor. The ratio of the amplitude of the
first harmonic of the Fourier series expansion of the
recorded signal to its mean value is proportional to the
reactivity worth of the sample, through the appropriate

transfer function.

In the case of relative measurements, it is not necessary

to know the shape of the periodic reactivity signal. It
suffices that the reactivity signals of the "test" sample
and of the "reference" sample be proportional at any

moment during the oscillation cycle. Provided the variation
of the neutron spectrum along the oscillation path in the
reactor has a negligible influence, this condition is met

if the oscillation pattern (i.e. sample position versus

time) is identical for the test and the reference sample.
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In fact the influence of neutron spectrum variations
(mainly close to the reactor core boundaries) is difficult
to appreciate a priori, specially if the sample absorption
cross section has an important resonance structure.

This source of error is minimized by reducing the sample
transfer-time relative to the rest-time at the "in reactor"
and "out of reactor" positions, i.e. by generating a
"sample position vs time" function which approaches the

square-wave function.

COMPARISON BETWEEN STATIC AND DYNAMIC METHODS FOR REACTIVITY
DETERMINATIONS

The general features of static and dynamic techniques for
reactivity measurements have been discussed in detail by

several authors (2,3).

In the following section some considerations are made specific
to heavy water moderated assemblies, where the delayed photo-
neutrons produced by the 1.6 MeV threshold (-r,n) reaction
in D20 considerably affect the reactivity worth of heavy-
weight fuel test-sections, and to the operational characteri-

stics of the ECO reactor.

Static method

The following procedure is used for routine determinations

of small reactivities in the ECO reactor.

The critical states corresponding to the conditions "test-
section at core center" and test-section out of core"

are obtained by adjustement of the D20 level in the reactor
vessel.
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The reactivity worth of the test-section ir inferred
from the measured difference in the D20 critical levels,
on the basis of a previously established relation between
reactivity and D20 level variation (pcm/mm D20) in the
neighbourhood of the experimental critical levels.

Such relation is derived from measurements of the stable

reactor periods corresponding to varvina D.0 level steps,

starting from the critical state, through ihe standard
in-hour equation. The parameters of the equation are
adjusted to account for the effect of delavyed photoneutrons,
including corrections for self-absorption of the gamma

radiation in the fuel elements, etc.

Factors affecting the precision of the static method

3.3.1. Measurement of reactor periods

Due to the presence of long living delayed photoneutrons,
in D20 moderated assemblies the asymptotic period
corresponding to small reactivity additions establishes
too slowly to be accurately measurable (delayed neutrons

half-lifes range : 0.18 to 54.5 sec for U235

fission
6
neutrons, 2.5 to 1.1 x 10 sec for photoneutrons from

(-r.n) reaction in D,0). A long period reactor power

2
rise mav be overridden bv minor power drifts meanwhile
occurred due to variations in atmospheric pressure,

D20 moderator local temperatures, etc.

Thus in the ECO reactor the maximum measurable period is
around 200 sec corresponding to a reactivity addition of
the order of 55 pcm. As a consequence, the reactivity
wvorths of most of the considered test-sections, being of
the order of 10-40 pcm, cannot be directly measured

following the reactor divergence from the critical state.
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The reactivitv value of the D20 mm height is determined

by the measurement of a series of periods, corresponding

to reactivity additions from about 150 pcm (about 35 mm D20)
upward, i.e. through an important downward extrapolation

of the experimental data implyina a reduction of accuracy.

3.3.2. Measurement of D20 levels

The reactivitv worth of the D20 moderator level being of

the order of 2.5 to 4 pcm/mm D

20, an error of +0.1 mm
in the measured level corresponds to a +0.25 to 0.4 pcm

error in the reactivity.

The measurement of D20 levels with errors around +0.71 mm
over the entire ranage of possible critical levels in a
flexible critical facility, which might well be of the
order of 100 cm, is an upper limit in accuracy very difficult

to achieve.

3.3.3. Delayed photoneutron parameters

The available data (yield, energy, decay period, etc.)
regarding delayed photoneutron emission in D2O-moderated
critical assemblies are less accurate than the corresponding

235 fission neutrons, at least

data relative to delayed U
by an order of magnitude. The self-absorption and energy
degradation of the emitted fission gamma radiation by the
fuel elements is difficult to evaluate for complex-—-geometry

D20 power reactor elements.

While some of the above sources of uncertainty (3.3.1., 3.3.2)
can be appreciably reduced in importance by a very careful
selection of the experimental conditions, it is evident

that the presence of delayed photoneutrons limits the
validity of static methods for small reactivity measurements

in D20 moderated reactors.
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Dvnamic method

The periodic oscillation of the test section "in-out" the
reactor core is started, reactor at preselected power, D20
level set to the average value between the critical levels
corresponding to the conditions "test-section at ¢ore center'
and "test-section out of core". The D20 level is finelv
adijusted untill the residual reactor power drift is not

significant,

The measurement is performed, recordina the sidgnal of a
compensated ionization chamber which is proportional to
the global reactor neutron density modulation. The first
harmonic in the Fourier series expansion of the periodic
signal, ‘easily calculated by numerical methods, divided
by the average value of the signal, is proportional to

the reactivity worth of the test section, i.e.

Ak — -ﬁ_—n - F(T)

F(T) beina the reactor transfer function inferred from

elementary linear reactor kinetics.

Factors affecting the precision of the dynamic method

Oscillator assembly

In the present case the oscillator assembly is an elaborate
mechanical device operating on a massive load (250-kg

fuel element suspended to a 350-kg rack) with strict
specifications to follow a precise oscillation pattern,
limiting at the same time the stresses in the materials

to acceptable values.

The design and construction of the oscillator assembly
(including the oscillating fuel element) presents consi-

derable difficulties.
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3.5.2. Adjustement of experimental parameters

The areater instrumental complexitv of the dymamic method
mav be the source of important experimental errors, e.d.
those arisina from poor reproducibility of : test-sample
"in-pile" position, oscillation period, "in-out" sample
transit and rest time, as well as from a faultv desian or
operation of the electronic equipment for the sianal

detection and recording.

1.5.3. Reactor and electronic instrumentation noise

The ultimate accuracy of measurements implyina reactor

power modulation is set bv the random fluctuations of reactor
power known as reactor noise, which arise from statistical
variations occurring at various stages of the neutron chain

reaction.

An estimate of this limiting accuracy which is adequate
for the present considerations is obtained from the simplified

expression (4)

S A N V2
= N
Where % = signal to noise ratio (i.e. ratio of fractional

modulation of flux produced by reactivity modu-
lation to the statistical variation in the flux)
= mean fission rate in the reactor

= total time of measurement.

The value ofzkg which makes the siqnal to noise ratio unity

gives the error to be expected from reactor noise.

For a typical oscillator measurement in ECO
N ~ 1.15x1012 (power level 50 W)
T

15 min.

Hence 7x10-av 0.01 pcm.
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3.5.4. Reactor power drift

The reactor power drift during one oscillation period,
ranging from 10 to 120 sec, is normally insiqnificant.
At most the minor drift occurring can be approximated
to a linear power variation and easily corrected for

in the analysis of the experimental data. (Ref.Appendix).

3.5.5. Reactor transfer function value

The reactor transfer function, relating the neutron
density modulation to the reactivity oscillation (F(T)
in Eq.2.1), is generally known with an accuracy lower
by a least one order of magnitude than that attained
in the measurement of the fractional neutron density

modulation (AT4).

As a consequence, Eg.2.1 is normally not used for the
interpretation of oscillation measurements, which are
rather performed relative to the reactor response to
the oscillation of a standard (or : reference) sample,
whose reactivity value can be calculated with high
precision from primary nuclear data. 1In the actual
case two test-sections of U with 0.80% and respectively
0.64% U235 content, geometrically identical to the
investigated test-sections, have been used as standard

samples.

3.5.6. vValidity of the transfer function approximation

The derivation of Eq.2.1, expressing the proportionality
between reactivity oscillation and neutron density
fractional modulation, is based on a linearization of
the reactor kinetic equations involving several

approximations in the theoretical treatment.
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The validity of the simplified theory is restricted

to small reactivityv perturbations. The limits of the
linear approximation extend to around 200 pcm reactivity
input (3), and can be tested experimentallv by the
oscillation of proper samples with increasina absorption
cross section. 1In practice these limits are not
approached, since for test samples with reactivitv
values above some 50 pcm the static method is preferred
due to its greater instrumental simplicity (except

For D_O0 moderated reactors : ref.3.3.1).

2

Conclusion

In conclusion the dynamic method, which is in general
required for high accuracy determinations of small
reactivities (less than 5 pcm), extends its field of
application to samples worth some tens pcm in D2O
moderated reactors, where the presence of delayed
photoneutrons negatively affects the application of
static methods. However, special attention must be
devoted to the design and performance of the experimental

equipment.
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EXPERIMENTAL EOUTPMENT

THE ECO REACTOR

General

The critical facilitv ECO (1) is a low-power assembly,
intended for the experimental determination of the
lattice parameters of heavv-water-moderated reactors

(in particular : organic-cooled ORGEL-tvpe reactors).

The size of the reactor core, as well as other technolo-
gical features, were determined with particular reference
to the requirements of the programmed bucklina measu-
rements -bv the "progressive substitution'" method, which
implied the progressive replacement of the lattice fuel
elements (reference elements) located in the central

zone of the reactor with the fuel elements to be tested.
The buckling of the reference lattice is measured by

flux mapping, the differenceAB2 between the bucklings

of the two lattices is determined by measuring the
variation of the D,0 critical level corresponding to each

2
substitution.

Fuel element of the reference lattice

The fuel element of the reference lattice, which was
selected so as to satisfv the experimental requirements
(essentially neutron spectrum matching) for a large range
of lattices to be examined, is a 2.9-m-long cluster of
nineteen 12-mm-dia natural U rods, canned by 1-mm-thick
aluminum, contained in a 76.8-mm-dia, 1.5-mm-thick
aluminum pressure tube filled with liquid "diphyl"
(C1OH12 26.5%, C, H,, O 73.5%), in turn contained in a

81.8-mm-dia, 1.5-mm-thick aluminum calandria tube.

Other details of the fuel element geometry are shown in

Fig.1.
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4,3. Core, reflector, shieldina

The core of ECO is contained in a 3-m-dia, 4.2-m-high
cylindrical aluminum tank. The wall of the tank is
10-mm~thick, the base is 15-mm-thick. The tank is
surrounded laterally and underneath by a thermal
insulating laver and by a 90-cm-thick graphite reflector

(Fig.2).

A 5.0 x 6.0 x 1.3 m parallelepiped-shaped aluminum
caisson is connected through a neoprene joint to the top
of the tank. It contains the fuel element suspension
mechanism, formed bv 17 lower rails bearing small
carriages under which the fuel elements hang, gquided by

17 upper rails placed at right angles with the others.

The rails move parallel and symmetrically with respect
to the fixed central one by the means of an array of
articulated lozenges. In this way, it is possible to
continuously vary the lattice pitch, from 180 to 300 mm,

using only two remotely driven devices.

In the caisson top there is a circular hole having a
diameter greater than that of the tank, closed by a
rotating cover either 10-cm-thick (used at zero reactor
power) or 110-cm-thick (used when operating around 1 kw,
i.e. at maximum reactor power). The cover has a radial
slot which allows access to every point of the reactor
core. The reactor vessel and caisson are under a
slight nitrogen overpressure to prevent entry of atmo-
sphere moisture which would degrade the D20 moderator.
Gas tightness is ensured by means of an inflatable

rubber seal adherent to the rotating cover.
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The lateral shieldina is a 1.70-m-thick ordinarv
concrete wall. A passage between the reflector and
the shield leads to flux detectors and control
servomechanisms. The caisson is provided with a
barite concrete shield, formina with the cover the
upper protection. This is completed bv two 60-cm-
thick concrete plates slidinag on rails. Shieldinga

allows work around and over the reactor at 1 KW power.

. Control and safetv

Reactor criticalitv is usuallv achieved and maintained
by adiustement of the D2O level in the core vessel.

A boral sheath, slidinag between the tank and the
reflector, follows the heavyv water level with its
lower edge, thus preventing neutron reflection beyond

the free water level.

Fast and slow fillina pumps are provided for the water
level variation. The accurate determination of the D2O
level is carried out by a temperature-compensated meter,
which consists of a pneumatic probe suspended on an
invar perforated tave, wound on a take-up reel via a
sprocket wheel; the take-up reel is connected to a
digital recorder with visual displav. The probe senses
a floating reference head with a i0.1 mm overall accuracy,
over the whole 1.5 m D2O level range.

Four absorbing plates (two vertical and two horizontal),
slidina into holes in the reflector, allow automatic

control of the reactor power.
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Two stainless steel sheathed, boron carbide safetv
rods, may fall by aravity into the center of the core.
In addition a remotely controlled valve opens when
either the power is too high or the period too short,
permitting rapid (10 m3/min) damping of the water
contained in the tank. A device for measuring and
continuously recording the heavy water isotopic

concentration is also provided.

Experimental facility for the oscillation of a fuel

element

The experimental facility for the oscillation of the

fuel element at the lattice center is a 110-mm-dia,
6-mm-thick, 11-m=long aluminum tube, which can be
inserted in the reactor assemblv on the core axis.

The tube passes through : rotatinc cover, variable pitch
mechanism, D20 moderator, araphite bottom reflector

and concrete bottom shield via a removable araphite

plua. It is rigidlv fixed to three points : the rotatina
cover (with a gas tight seal), the variable pitch

mechanism and the bottom pluad. Vertical allignment is

achieved by means of an automatic sensina device.

The lower end of the tube, closed by a thin membrane,
is fitted to a containment block for the recoverv

of the oscillating load and leaking-out D0 moderator,

2
in case of a major accidental break-down of the

equipment durina operation, resultina in the fall of

the load accompanied bv the laceration of the oscillation
tube wall. The block includes a "bee-have" type shock
absorber, to 1limit the damage to the fuel element at the
inpact, and an enclosure to collect the heavy water
escaping from the core vessel before intervention of the

fast dump valve. A general view of the facility is shown

in Fig.2.



5.

5.1.
5177,

5.1.2.

- 24 -

MECHANICAL OSCILLATOR

General considerations

The mechanical oscillator was designed for oscillating
a fuel element on the axis of the core of the ECO reactor,

followina a trapezoidal wave function.

The oscillation function is shown in Fig.3. The denomina-
tions adopted for the different parts of the function

are clearlv indicated in the fiqure, as : transit time,
rest time, translation (or run); etc.. The actunal
oscillation pattern differred to some extent from the

basic function, due to the presence of damped oscillations
at the points of discontinuitv : these are often referred

to as "transients".

Characteristic design parameters for the oscillator were
oscillating fuel element lenath and weight : about 6 m
and 250 kg, respectively; amplitude of oscillation

about 250 cm, oscillation period : 60 sec, fuel element

transit time : 3 sec.

The experimental requirement was the precise performance
of the oscillation pattern of Fig.3; in particular

equal and constant upward and downward rack translation
speed, accurate and reproducible rack rest position and
rest time, absence of important and persistent rack
vibrations during transients, accurate and reproducible

oscillation period.

The limitation of the stresses in the structural materials
(in particular the oscillating fuel element), to avoid
deformations and breakdown of the equipment, set the
requirement of low accelerations during the oscillation

transients.
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Obviouslv the experimental and mechanical requirements
were conflicting, to the extent that the compromise
solutions selected often were at the borderline of the
correspondinag acceptance limits. As a consequence,

an extensive series of preliminary tests of the whole
assembly and of its components was carried out, to
verifv that the design specifications were met, that
the material stresses in the most severe foreseen
operatinag conditions were below the fatigque breakdown
as well as deformation limits, that operation of the
oscillator according to the design specifications

agenerated the proper experimental conditions.

The main specifications set for the oscillator perfor-

mance were

oscillation amplitude : max 400 cm

oscillation period : continuously variable from O
to 200 sec

rack rest time : continuously wvariable from O
to 100 sec

rack transit speed : continuously variable from 0.1
to 1 m/sec

motor speed : continuously variable from 300
to 3000 rpm

reproducibility of

rack rest position : + 3 mm

transient duration : 0.2 sec

reproducibility of
oscillation period : + 0.2 sec
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Description of the assemblv

A complete description of the oscillator assemblv is
civen in Ref.5. Its main components, as schematicallv

shown in Fic.4,are

- a A.5-m-lona vertical rack (weiaght about 350 kq)
crossina a 2-m-high framework and a couplina block
fixed on the reactor top platform. Tts upper part
iz gquided bv two rails, its lower part is rigidlv

connected to the oscillatina fuel element.

- a massive framework holdina : the main pinion driving
the rack, two pinions driven by the rack and connected
to two independent hvdraulic circuits used to control
the rack transit speed, the rack gquiding rollers, and

the electromagnetic safetv brake of the rack.

— a coupling block, which is also the base plate for
the whole oscillator. This block holds the mechanism
necessarv to couple the lower end of the rack to the

oscillatinag fuel element.

- a dear box with four electromagnetic clutches and a
differential coupling, commanding the movement (rise,
descent, rest) of the rack. Two nitrogen oil tvpe
shock absorbers limiting the oscillations of the gear

box about its horizontal axis durinag transients.
- a 25 k¥ d.c. motor, whose speed can be varied from

300 to 3000 rpm.

The general view of the mechanical oscillator is pre-

sented in Fig.5.
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Principle of operation

A block diagram illustrating the principle of operation
of the oscillator is presented in Fiqg.6. The oscillation
function is defined bv presetting
- rack rest time
- motor speed
- oscillation amplitude resultina from the addition
of upward a downward run, independentlv selected, with
respect to an adjustable reference level)
- characteristics of electromaagnetic clutches and shock

absorbers of main aear box.

Thus neither the rack transit time nor the oscillation
period are directly selected. The oscillation period is
the combination of two rest times (preset) and two
transit times : the required period is obtained by the

fine adjustement of the oscillator motor speed.

The oscillation pattern (rise, stop, descent, stop) is
generated in the gear box, through the action of clutches
and differential couplinags, following the principle of
operation outlined in Fig.7. The main operation features

are summarized in the following paragraphs.

3.2.17. Driving motor speed

The speed is continuously adjustable, by controlled
diodes, in the range from 300 to 3000 rpm (corresponding

transit speed of the rack : 0.1 to 1 m/sec).



- 28 -

5.3.2.2. Electromametic clutches

Durina each operation mode (rest, rise, descent) two
of the four diode controlled electromarmnetic clutches
are actuated bv independent power supplv circuits.
The circuits contain an adijustable dissipative resi-
stance which permits to modifyv the time constant of

the clutch.

5.3.2.3. Shock absorbers

The rotational oscillation of the aear box durina
transients is limited and damped bv two air/oil tvpe
shock absorbers. The static pressure of nitrogen
and the loss of head of the Qecondarv 0il circuit

are adjustable.

n
.
W

.2.4. Rack reference nosition

It is selected bv adiusting the nosition of a photo-
electric cell, fixed on a <lidina rule (ranae 1 m,
reproducibilitv of position : + 0.5 mm), which aives
an electrical impulse at each upward passage of the

leadina edae of the rack head.

5.3.2.5. Rack rest position

The rack low and hich rest positions are independently
selected by prefixing the upward and downward run
relative to the reference position. The position of the
rack relative to the reference position is measured by
a bidirectional diqgital encoder (sensitivity 2,5 pulses
per mm translation), and visuallv displaved in terms

of equivalent pulses of the digital encoder. A reset

of the system is made at each passage through the

reference position.
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The actual rest position differs by few mm from the
preselected value, due to the time lag for the clutches
intervention (120 w«sec) and the high moment of inertia
of the moving masses (rack and oscillating fuel element

weight : 600 kg).

Rack rest time

It is independently selected for the high and low rest
position of the rack in the range from O to 99.9 sec,

with a 0.1 sec precision.

Additional instrumentation provides information on the

following parameters (some for safety reasons).

Oscillation period

A 2000 cycles/sec diapason generator, coupled to a
counting circuit and a digital indicator, measures the

actual oscillation period with a 0.01 sec precision.

The counting time is determined by the electric signal
generated by the rack when passing the reference position
during the upward run. The measured oscillation period

is maintained on display for 10 sec.

Instantaneous rack position

Is measured by a rotating potentiometer coupled to the rack,
whose signal is displayed on a fast paper recorder. With
proper signal amplification and bias, the transients

(e.g. the oscillations around the rack rest position) are

recorded with adequate precision.
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Instantaneous accelerations of the rack

Are measured by a strain gauge accelerometer (range
+2.5 g) mounted on the rack top whose signal, after
proper impedance adjustement, is displaved on a fast

paper recorder.

Fluctuations of the driving motor speed

Are detected by a dynamo mounted on the motor shaft.
The siagnal from the dynamo, after subtraction of the

average value, is displayed on a fast recorder.

Main safety devices

The maximum admissible rack translation is limited
by two switches, respectively for the low and for the
hiah position. These switches command the safety brakes

which act by loss of current.

The hydraulic circuits are adjusted for each operatina
condition so that, durinag the downward translation,
the load (rack plus fuel element) falls freely at the

selected speed without charging the motor.

At the end of the maximum admissible downward run the
rack acts on a cam, which causes a drastic increase

in the head loss of the hydraulic circuit. This produces
a reduction of the rack speed from 1 m/sec to 40 cm/sec
within 15 cm, in the worst case of not intervention of
the safety brake. Two rubber shock absorbers are then

adequate to stop the movement of the rack without damage

to the assembly.
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5.5. Results of preliminarv off-pile tests of the oscillator

performance

5.5.1. Onlv the results of the tests performed for the most

severe operating conditions are presented in condensed form.

The operating conditions were : 3000 rpm driving motor
speed (i.e. T m/sec rack translation speed), 80 cm run,
2 sec rest time, oscillation of fyilji-size mock-up of

load, reproducing overall dimensions, weiaht and mecha-

nical properties of actual fuel element.

The results are classified according to the performance

parameters individuallv considered.

The oscillator assembly for off-pile testing is shown

in Fiqg.8.

5.5.2. Drivinag motor speed

It was constant to within 0.5% durinag the complete
oscillation cycle, except at the start of the upward
rack translation where a minor (less than 5%) decreases
in the motor speed was observed, dampina out in about

3 sec.

5.5.3. Rack accelerations

During the 0.2 sec long transient (start and stop of rack
translation) maximum peak accelerations of 1.5 a were
observed. The duration of the peaks was less than 0.03 sec.
Once constant rack speed was attained, the acceleration
values oscillated around zero with 0.4 g peak-to-peak
amplitude. A typical record of the observed accelerations

is shown in Fig.9.
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.5.4. Rack transit time

The upward and downward averaqge rack sopeede were constant
over extended series of oscillations and basicallv equal,
#.q. : the observed differences in the corresponding
transit times were lower than 0.1 sec for 80-cm-long

rack runs over the whole range of drivinag motor speeds.

.5.5. Rack rest position

Repeated observations of series of 20 consecutive oscilla-
tions showed dispersions in the values of the actual rest
position for the rack with average absolute deviations

around 0.5 pulses, or 0.6 mm.

Hiah-amplifircation recording of the instantaneous rack
position during transients showed no significant fluctua-

tion about the rest poceitiorn.

.5.h. Oscillation period

It showed an average absolute deviation of about 0.01 sec

over a series of 20 consecutive oscillations.

.5.7. Clutches condition

The dispersion in the values of rack rest position and
oscillation period was affected by the thermal conditions
of the electromagnetic clutches. Preheatina of the clutche
by 10 oscillation cycles was verified to yield the asymptot

values of dispersion indicated above.

.5.8. Transversal vibrations of the oscillation tube

The transversal vibrations of the oscillation tube generate
bv the oscillating fuel element (mainly during the
transients)were investigated on an off-pile assembly

reproducina the constraints on the tube (see 4.5 and Fig.8)
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The characteristic values of the observed vibrations

were @ maximum amplitude : 13 u, frequencv : about 25 Hz.

It was concluvded that the induced oscillations of the
D20 free level would have had necliaible effect on the
reactivitv of ECO, as confirmed bv the results of

preliminarv in-pile measurements (Ref.Chaoter 11).

The results of the off-pile tests revorted above showed
that the oscillator performan~e met the desian specifi-
cations {(see 5.1), and in some respect was better then
reaquired (e.a. : with respect to the reproducibilitv

of the rack rest position).

The verification that the operation of the oscillator
accordinag to the desian values adenerated the proper
experimental conditions was carried out throuadh an
extensive series of in-pile preliminarvy measurements

described in detail in Chaoter11.

OSCILLATING FUEL ELEMENT

In oprinciple, the oscillatinc fuel element was a 19-rod
natural U element of the ECO reference lattice, contai-
ning a 50-cm-lona test section which, durina the sauare
wave oscillation of the element throuagh the reactor

core, was periodicallyv moved between the two rest positions
"core-mid-plane'" ("in" position) and "above the D2O
critical level" ("out" position).

In fact, the actual oscillating fuel element differred

to some extent from the fuel element of the basic lattice

of ECO (Fig.1) in order to meéet a number of requirements

of varying nature. These requirements were set by
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a) stresses in the structural materials due to the
accelerations originatinc during the transients
following the "start" and "stop" sianals for the
oscillations, which miaght have led to deformation

and/or collapse of the structure or part of it ;

b) connection between test-section and rest of fuel
element, requirinag the use of joints not present

in the basic fuel element ;

c) experimental requirement that durinc the oscillation
cvcle the oscillation tube were filled by the fuel
element over the whole "active" zone of the reactor
(i.e. : the zone where a material perturbation

affected the reactor criticality) ;

d) experimental requirement that at the two rest positions,
"test-section in" and "test-section out", the oscilla-
tina fuel element confiqurations relative to the
reactor were identical over the active zone, except
for the fuel composition in the 50-cm-lonc test-section
(i.e. : the onlv perturbation to the reactor criticality
were due to the substitution Pu-U vs. natural U over

a 50-cm-long section of the fuel, about the core center

6.3. Condition a) led to a compact mechanical design of the
fuel element, implyina the following modification with
respect to the ECO basic fuel element (see 4.2.)

a.1. Replacement of the liquid organic coolant (diphyl)
£filling the fuel pressure tube with a solid organic
compound matrix, reproducing the liquid coolant
volume (i.e. : a cylindrical matrix pierced with
circular holes closely fitting the fuel rods outer

diameter).
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a.2. Replacement of the 1.5-mm-thick aluminum pressure

tube with a 3-mm-thick zircalloy tube. The super-
imposed seaments composinag the oscillatina Ffuel
element were maintained alliqned in the tube under
an axial compression denerated bv a threaded pluqg
from the upper end of the tube.
Thus the tensile stresses, produced bv the accelera-
tions origdinatinag during the oscillation of the fuel
element, acted onlv on the high resistance zircallov
tube, while the comopression loads acted on a compact
fuel rods assemblv without producinag deformation or

collapse of the structure (1).

Condition c¢) set the overall lendth of the oscillating
fuel element, so as to fill the oscillation tube over
the whole "active" zone of the reactor durina the oscilla-

tion cvcle.

The active zone of ECO mav be assumed to evtend axiallv
from the critical D20 free level to the lower end of

the 90-cm-thick graphite bottom reflector, in the sense
that minor material perturbations occurrinag in such zone
affect the reactor criticalitv. The D20 critical height
obviouslv depends on the lattice pitch and fuel loading
pattern : for the situations investigated its maximum
value was evaluated as 240 cm (correspondinag maximum in
the flux axial distribution 130 cm below the DQO free
level). The maximum height of the active zone considered

was then 350 cm.

(1) The Ffuel rods could not stand important tensile stresses
since thev consisted of trains of adiacent U pellets,
maintained together bv the 1-mm-thick Al cladding.
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The upward translation to transfer the 57-cm-long test
section from the '"maximum flux" vposition to above the
D,0 free level (joints included) was then 232 cnm,
resulting in an overall active length of the onscillatina
fuel element of 510 cm. The situation is clarified in

Fiag.1n.

Condition d) reauired that, when the 59-cm-long test-
section was in the "out" position, an identical section

containing natural U were in the "in" position.

This led to a desian of the fuel element in five sedqments
the two identical 50-cm-lonag sedments were separated

bv a central seament of prooer length, to meet the

above requirement for the mavimum value of the fuel
translation, the two outer seaments had lengths adequate
to satisfv condition c). The actual fuel segments

had the following U lenaths from toop to bottom

145, 50, 175, 50, 173.5 cm (see Fig.10).

Fach seqment consisted of 13 rods fived to two end-plates
with the prescribed aeometrv. The 12-mm-dia fuel rods
were clad bv 1-mm-thick Al tubes, with welded-in 10 mm-
thick Al caps provided with a threaded hole for fivation

to the end-plates.

The connection among the five fuel semments was through
their end-plates, which acted also as centering discs

in the fuel containment tube. Tn order to reduce the

flux perturbation, the plates were made with zircallov

and their size was the minimum compatible with the mechanic
resistance of the assembly. The thickness of the joint
(two Zr end-plates plus two Al caps of the fuel rods)

was 32 mm.
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The two end pluas of the A-m-lona fuel element
containement tube were provided with rollers, for cente-
rinad and quiding the oscillating fuel element in the
oscillation tube. The rollers were keot acainst the

tube wall by a douhle-action soprinag svstem.

As assemblv view of the oscillatinag fuel element is
presented in Fiag.11. Some details of the fuel seaments

are showvm in Fia.12.

From the point of view of the theoretical analvsis of

the evperimental results, the most important modifications
with respect to the ECO reference fuel element were the
revlacement of

the liaquid organic coolant (diohvl) bv a solid organic
comoound (plexialass, polvstirol):

seaments of fuel bv Al-Zr ioints;

the 1.5-mm-thick Al pressure tube bv a 3-mm-thick Zr

tube; _

the 81.8 mm dia, 1.5-mm-~thick Al calandria tube bv the

110 mm dia, 6-mm-thick Al oscillation tube.

The substitution '"diophyl-plexiglass , polvstirol" resulted
in a variation in the densitv and composition of the
coolant as indicated in Table 6.1. The correction to

the measured reactivitv worths to obtain the values for

diphvl coolant could be easilv carried out by calculation.

The 32-mm-thick Al-Zr joints introduced an appreciable
perturbation in the reactor neutron balance, and local
flux distribution, but meeting condition 4) (i.e.
identical lattice conficuration with test-section in
positions "in" and "out") allowed to eliminate the effect

of such perturhation on the experimental results.
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The substitution Al-Zr in the Ffuel element containement
tube d4id not significantlv affect the neutron halance,

and could be easilv accounted for bv calculation.

The revplacement of the oriainal calandria tube bv the
larder diameter oscillation tube produced an appreciable
modification in the confiaguration of the lattice central
fuel cell (essentially the quantitv of DQO moderator
associated with the central ~ell was less than in the
standard lattice cell). Clearly, the modification was
more important at small lattice pitches. The calculation

developed for the analvsis of the experiment included

consideration of such lattice anomalv.

FUEL TEST SECTIONS

The fuel under studv was assembled in 50-cm-long test-
sections, to be inserted in the oscillatinag fuel element.
The test-sections were identical, except for the fuel
isotopic composition, to the equal-length natural U

segment of the oscillatina fuel element (Ref.6.5).

As assembly drawing of the test-section is shown in
Fig.13. The 50-cm-long fuel rods were clad bv 1-mm-thick
pure Al tubes with welded-in Al threaded plugs. The
canned rods were fixed to zircallovy end-plates by
zircallov screws. The solid organic matrix, reproducing
the liquid coolant volume, was provided with cvlindrical
holes into which the fuel rods were inserted (0.1 mm
clearance), and consisted of a train of S-cm-long

sections snuqggly fitted between the end-plates.
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The isotopic compositions of the fuels investigated
are shown in Table 7.1. The compositions were selected

on the basis of the following requirements

- limit the macroscopic absorption cross section
variations relative to the natural U fuel cross
section to few percent, in order to maintain the
local flux perturbations within the limits of

validity of perturbation theory (1) ;

- obtain experimental information relative to fuel
compositions corresponding to a range of burn-up of
interest for the ORGEL reactor design, i.e.

3.000 - 10.000 MWD/T (Pu I and Pu IV) ;

3 . 2
- put in evidence the effect of the Pu 40 resonance

capture (Pu I vs Pu II and Pu III vs Pu IV) ;

- provide a set of "reference" fuel samples, whose
reactivity worths could be accurately calculated from
primary data, covering the range of reactivities (=0)

of the fuels under study (UD and UE).

The non-uniform Pu distribution across the actual power
reactor fuel elements, due to the thermal flux depression
in the fuel resulting in higher burn-up at the fuel
periphery (outer ring rods of cluster), was simulated

by mixed test-sections, with the outer-ring fuel rods
having higher Pu content than the inner-ring and central

rods (Pu V and Pu VI).

(1) More specifically, at the selected compositions, the
flux perturbations due to the test-samples were shown
to be significantly only in their immediate vicinity (6),
so that the calculation for the interpretation of the
experimental results could be limited to a macrocell
surrounding the central fuel element.
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In order to provide test values for the theoretical

models used in the treatment of the hydrogeneous

coolant, two different solid oraanic compounds were

used to mock-up the fuel element coolant : plexiqglass
(CSH802) and polystirol (Can). The chemical and

phyvsical properties of the plexiglass and polvstirol

used are shown in Table 6.1. The main variation resulting

from the substitution plexiglass-polystirol was a 10%

change in the hydrogen content of the coolant (atoms/cmg).

The extreme case of air coolant was also investigated,
at the limits of validitv of both perturbation theory
and linear reactor kinetics. In order to maintain the
overall compactness of the oscillating fuel element,

such configuration was obtained by removing the solid

organic matrix from the test-section only.

Due also to the resulting mismatch between the compo-
sition of the test section and the adiacent natural
uranium segments of the oscillating fuel element, this
voided-channel experiment was intended onlv to provide
rough data for the prediction of the consequence of
accidental voiding of the fuel channel, as well as

to test the limits of the experimental technique in

view of its future uses.

Detailed information on the specifications for the fuel
rods of the test-sections, as well as on the quality

control tests performed, is presented in the Appendix.
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NEUTRON DETECTION AND SIGNAL RECORDING INSTRUMENTATION

The primary experimental data were electrical sidgnals
proportional to the reactor neutron density level

as a function of time, during a cycle of oscillations
of the fuel test-section in-out the critical reactor

core.

The analyzed data were the ratios of the "amplitude of
the first harmonic of the Fourier series expansion"

to the "average value" of the primary data. The analysis
was performed on a digital computer, by a mathematical
code operating on the primary data recorded in digital

form on magnetic tape.

In parallel to the digital recording, the primary data
were continuously displayed on a multitrack recorder,

to visualize the progress of the measurement to the
operator's convenience, as well as to provide auxiliary
information. Additional data displayed on the recorder
were the instantaneous positions of the oscillating fuel

element.

The main features of the instrumentation used are summa-

rized below. A block diagram is presented in Fig.14.

Nenitron detection instrumentation

Gamma compensated ionization chamber with following

characteristics : size 100-mm-dia, 203-mm-length;
. e -1

coating B1O 88% enriched boron; sensitivity 2.10 4

2
A/ /_n/sec.cm2 7; range from 10 to 10 n/cm” s.
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The chamber was placed inside a 11-cm-dia radial

channel in the 90-cm-thick lateral graphite reflector

of the reactor, in the place around the maximum in the
axial distribution of the neutron density in the core.
Graphite inserts of varyving length allowed to modify

the distance of the chamber from the reactor axis over

a 40 cm range (i.e. from 175 to 215 cm). Reproducibility

of chamber radial position : + 0.1 mm.

Preamplifier, with impedance adjustement for low noise
pick-up to the 15-m-long cable connecting the chamber
to the amplifier unit of the general control panel,
located inside the reactor control room. A 100 Hz
cut-off fiiter, incorporated in the preamplifier,
eliminated the high frequency noise without affecting

the 0.017 Hz main signal.

High-speed picoammeter with the following performance

'3 10'5 A full scale; zero drift : less

range : 10
than 1% of full scale per 8 hours; accuracy : 2% to 3%
of full scale; calibrated current suppression : up to
1000 full scales, max. suppression : 10—4 A; visual

display.

Digital recording instrumentation

High-accuracy digital measurements of the continuous

dc output of the ionization chamber were performed by a
DYMEC 2010H data acquisition system, consisting of scanner
programmer, integrating digital voltmeter, magnetic

tape coupler and incremental magnetic tape recorder,

set to the following operation mode : sindgle-channel
automatic scanning of dc signal, sampling rate of 5
readings/sec, 0.10 sec reading time, 5 effective digits
per reading, data recorded in standard IBM 7-channel

200 bits/inch format.
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An exceptionally high deqree of noise rejection was
provided through two special design features of

the system. Firstly the voltmeter was average-reading,
thereby greatly reducing the effects of noise super-
imposed on the signal to be measured : at the usual hum
frequencies cancellation of the superimposed noise was
virtually infinite. Secondly errors due to common

mode pickup from "ground" loop currents were reduced

to negligible proportions by quarding. Averaging and
guarding together provided an effective common mode

rejection of 105 db minimum for any noise frequency.

This feature permitted to operate without applying a
backing-off voltage to cancel the constant component
of the signal (average value), thus avoiding the source
of error arising from the instability of the compen-

sating unit.

Continuous display

The picoammeter output signal was continuously displayed
on a multitrack, self developing, photographic fast
recorder, with the following characteristics : paper
speed : 6 steps from 0.5 to 2000 cm/sec; paper recording
width : 15 cm; max. channels number : 14; galvanometers
natural frequency : 160 cps; frequency range for flat
response : 0-80 cps; electromagnetic damping; continuous
sensitivity adjustement; time marker. The constant
component of the picoammeter signal was suppressed

before display on the recorder.
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Also displayed on the paper recorder were

a) The dc output of the turning potentiometer
mounted on the oscillator rack, giving the
instantaneous position of the oscillating fuel
element (Ref.5.3.3.2). The track reading error
was 0.5 mm, corresponding to 7 mm uncertainty
in fuel element position for a 2 meter run

displayed on the paper.

b) A signal picked-up from the driving unit of the
incremental magnetic recorder, which allowed

to check the paper recorder speed.
c) The zero line.

A typical four-track record is shown in Fig.15.

FUEL ELEMENT ASSEMBLY CELL AND ANNEX

The assembly of the 6-m-lonag oscillating fuel element
was carried out inside a cell, protecting the personnel
against the radiation emitted by the element as well as
the contamination released in case of accidental

breakage of the fuel cladding.

The cell, containing a mechanical system to perform the
operations for the assembly/disassembly of the fuel
element components, was located in the hall housing

the ECO reactor. The fuel element was transferred

from the reactor to the cell by remote crane operation.

The cell was a normal-concrete construction (10 m height,
1 x 1 m2 cross section, 50 cm wall thickness) provided
with several protected inlets, and kept under a 8-mm-HO

2
depression by a filtered air ventilation system.
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The assembly drawing in Fig.1%5 shows the operation place
(operator protected by a 5-cm—thick lead wall, interior
of the cell viewed through two 20 x 20 cm lead-glass
windows, fuel handling made using heavy rubber gloves),
the vertical tube for the fuel element insertion, the
350-kg crane, the equipment for the assembly/disassembly

of the fuel element components.

Schematically, the fuel assembly system consisted of

a wheel rotating about a vertical axis and provided with
a crown of circular cavities, inside which the segments
of the oscillating fuel element were separately hung.
This operation was carried out by crane, rotating the
wheel so as to present a free cavity on the crane axis.
The assembling was performed inserting in the zircalloy
pressure tube, also hanging through a cavity of the
wheel, the fuel segments, which were connected at the
end-plates by screwed-in joints. Finally the zircalloy
pressure tube was closed with a threaded plug, keeping

the train of fuel segments under axial compression.

The assembly of the 50-cm-long, Al-clad, Pu-U rods

into sections was carried out inside a hood, housed

in a sealed plexiglass-aluminum room (4-m-high x 2.5-m-
large x 4.5-m-long) connected to the assembly cell
through a protected passage. The room and the hood
were kept under depression of 6 mm HQO and 15 mm HQO,
respectively, by a filtered air ventilation system.

The sealed room also housed a glove box (15 mm H20
depression), to be used for handling the Pu-U test
sections contaminated following an accidental rupture

of the fuel cladding. A top view of the assembly cell

and related facilities is shown in Fig.17.
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DESCRIPTION OF EXPERIMENT AND RE S ULTS

10. EXPERIMENTAL PROCEDURE
10.1. The following is a description of the experimental
procedure. For completeness it contains also some

information presented in the previous chapters.

The experimental cases are listed in Table 10.1.

They included six different test-samples (Pu I to Pu VI),
two '"reference" samples (UE and UD), two organic
coolants with different hvdrogen density, as well as

air coolant, three (ECO) lattice pitches (18.8, 23.5

and 28.05 cm).

The compositions of the test-samples were selected

so as to : provide reactivity values over a range of
fuel burn-up of interest for ORGEL type reactors

(i.e. : 3.000 - 10.000 MWD/t; samples I and 1IV),

put in evidence the effect of the Pu24Q resonance
capture (samples I vs. III and II vs. IV); study more
realistic situations characterized by a nonuniform
distribution of the Pu content in the cluster (samples V
and V1), provide a set of reactivity standards (or
reference values) for the interpretation of the reactor
oscillation experiments (samples UE and UD).

The compositions of the test-samples are listed in

Table 7.1.
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The variation of the hvdrogen content in the solid
mock-up of the organic coolant (plexiglass, CSH802’
and polystirol, Can, with H2 densities 5.37 and

22 3 : .
4.86.10 atoms/cm3, respectively) was intended
mainly to provide data for a test of the theoretical
model used in the treatment of neutron scattering by

the coolant.

During the experiment, the lattice of the ECO reactor
consisted of a fixed number of fuel elements, namely
88 19-rod natural U metal clusters. Thus only at the
lattice pitch 28.05 cm the fuel elements arrangement
completely filled the core vessel cross section, while

at pitches 23.5 and 18.8 cm a D,O moderator layer of

increasing thickness existed beiween the lattice boundary
and the core vessel wall (Fig.18). This situation was
easily accounted for in the theoretical calculation.
Incidentally, the number of fuel elements was kept
constant due to the considerable difficulties which

would have arisen in the fuel loading operation, once

the oscillator assembly was installed on the reactor

top plates.

The average temperature of the D20 moderator was recorded
before and after each measurement. The observed variation
was in general less than .1°C. Both this variation and

the spread in the D,O temperatures over the complete series

2
of measurements (+1.5°C) did not affect in an appreciable
way the experimental results (from the consideration of
the typical features of the reactor oscillation method,

see Chapter 3).
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The axial distribution of the thermal neutron density
along the oscillation tube, at the three selected lattice
pitches, was determined by activation of bare and cadmium
covered Mn detectors. The measured distributions, shown
in Fiq.19 (typical experimental error i1%)’ allowed to
localize the maximum in the flux and to evaluate the
order of magnitude of the experimental error following

an incorrect positionina of the test section in the
reactor core. In fact the distribution was rather flat,
with a iS% variation over the range +25 cm around the

Flux maximum.

The oscillating fuel element contained the test-section
and an identical natural U section, respectively in the
upper and in the lower position (see 6.5). The element,
coupled to the oscillator rack, was introduced in the

oscillation tube (reactor shut-down, no D.O in), untill

2
the test-section mid-plane coincided with the flux
maximum in the axial distributions of Fig.19. The D2O
critical level was determined through a standard approach

to criticality.

Prior to each oscillation experiment the curve "reactivity
value of the oscillating fuel element versus axial position
of the element in the oscillating tube" was experimentally
determined for a range extending over the foreseen oscilla-
tion amplitude (or : run). A typical reactivity curve

of this kind is shown in Fig.20.



- 49 -

These curves were used to : define the correct value

of the test-section "in core" position (the position
corresponding to the maximum or the minimum in the curve),
to establish in the first approximation the reactivity
value of the test-section relative to natural U fuel

(the difference between maximum and minimum in the curve)
as a check on the reactivity value measured with the
reactor oscillation method, to verify the general

features of the reactivity signal during the oscillation.

The reactivity value of the oscillating fuel element at
varying position in the core was inferred from the

corresponding variation in the D_.0O critical levels, on

2
the basis of a previously established relation between

reactivity and D.O level variation (pcm/mm DQO). Such

2
relation had been derived from measurements of the
stable reactor periods correspondina to Varying D20
level steps, starting from the critical state, through
the standard "in-hour" equation with adijusted parameters
(see 3.2).

Mainly due to the special features of DQO moderated
systems (photoneutron production, etc.), the accuracy

of the above measurement was lower, by a factor estimated
around 20, than that of the corresponding reactor

oscillation measurement (see 3.2 and 3.3).

At the lattice pitches 18.8, 23.5 ard 28.05 cm the measured

reactivity values of the mm D, O were 2.3+.5, 4.9¥.5 and

2
3.9+.5 pcm/mm respectively. The typical overall error
in the data points of Fig.20 was estimated as +0.4 pcm
(the typical overall experimental error in the reactor

oscillation measurement was +0.02 pcm) .
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The values for the parameters characterizing the periodic
oscillation of the test fuel element were chosen on the
basis of the results of the preliminary off-pile and in-pile
tests, described in some detail in chapters 5 and 11,
respectively. Two sets of parameters were used for the

complete series of measurements, as shown in the table

below

set 1 set 2
period of the oscillation 60 sec 60 sec
run 2320 mm 2320 mm
transit speed 1 m/sec 0.50 m/sec
transit time 2.2 sec 4.4 sec
reactor power ' 50W 50w

Both sets represented a satisfactory compromise among the
opposinag requirements of the experiment. The second set,
characterized by a lower transit speed, was used for the
last series of measurements in order to reduce the stresses

in the oscillating fuel element.

The reactor was stabilized critical at about 50 W power,
the oscillating fuel element being in the oscillation tube,

with the test-section at the correct "in-core" position.

After starting the oscillation of the fuel element in the
mode defined by the selected set of parameters, the DQO
moderator level was brought to the value midway between

the critical levels corresponding to the positions test-secti
"in core" and "out core", and subsequently adjusted untill

the average reactor power was stabilized at S0 W.
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Meanwhile the amplitude of the fuel element oscillation
and the effective oscillation period were set to the
correct value, by the fine adjustement of the preset
"upward" and "downward" run relative to the reference
position and of the preset "rest time", respectively

(see 5.3.2.).

It is reminded (see 6.5.) that the oscillation amplitude
was so selected that, when the test-section was in the

"in-core" and "outside the reactor" (above the D.0 level)

position, the identical natural U section was ouiside
(below) the reactor and in the "in-core" position,
respectively (Fig.10). Neglecting the transit times,

the reactor core configuration (and thus the reactivity)
was equal for the states test-section "in" and "out",
except for the replacement of a 50-cm-long section of

the central fuel element by an identical test-section with
different fuel composition. The analysis of the reactor
oscillation experiment yielded directly the reactivity
effect of such replacement, referred to as "reactivity

value'" or, alternatively "reactivity worth" of the test-

section.

Second order reactivity effects, due to non uniformity

of the oscillating fuel element (e.g. in axial distribution
of effective fuel density, fuel rod diameter, rod-to-rod
spacing, Zr joints mass, etc.), were cancelled out by
subtracting from the measured "reactivity value" of the
considered test-section the "reactivity value" determined
for a natural U test-section placed at the same position
in the oscillating fuel element. Since the reactivity
worth of natural U was null by definition, the measured
value was in fact the reactivity difference between the
two rest positions of the oscillating fuel element, due
to the above mentioned non uniformity. Such reactivity

effect was typically 1 pcm at pitch 23.5 cm.
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10.6. Having achieved the correct experimental conditions, the

actual measurement was carried out by collecting the

following data

1.

"Upper" and "lower rest positions of the oscillating
fuel element, in terms of the readings of the digital
encoder, at each cycle. Accuracy of reading : 1 digit,

corresponding to +0.393 mm displacement.

Effective value of the oscillation period, at each cycle,

Accuracy of reading : 0.01 sec.

Instantaneaus position of the fuel element during the
oscillation, continuously displayed on a fast paper

recorder. Accuracy of fuel position reading : 10 mm.

Modulation of the neutron density in the reactor,

as detected by the compensated ionization chamber placed
in the reflector, continuously displayed on a fast
paper recorder after substraction of the constant

component of the signal.

Modulation of the neutron density in the reactor as
detected by the ionization chamber, converted to digital
form and recorded on magnetic tape. The DYMEC-2010 H
Data Acquisition System used was set to the following
operation mode : automatic single-channel scanning of
the d.c. output of the ionization chamber, sampling rate
of 5 readings per sec, 0.10 sec reading time, 5 effective
digits per reading, data recorded in standard IBM,
7-channel, 200 bits per inch format, record length 500

words.

Pulses corresponding to single readings (see above) and

to "end-of-record" signals, displayed on fast paper

recorder.
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More details about the features of the equipment used
are presented in chapter 8. Prior to use the components
of the equipment were tested to be in proper operating
conditions by standard routine checks. A typical record

of signals 3, 4 and 6 its shown in Fig.15 (sample Pu II).

The data were collected over a series of (usually) 24 test-
section oscillations, lasting 24 minutes ( = one measurement).
The primary data, i.e. the modulation of the neutron density,
wvere grouped on the magnetic tape in (usually) 15 "records",
each containing the information relative to 1.5 test-section

oscillations.

The records were analysed by a mathematical code, based on
numerical integration methods, following the scheme reported
in the Appendix. The calculation, carried out record by
record, yielded the value of the amplitude of the first
harmonic (fundamental) in the Fourier series expansion of
the periodic neutron density signal generated by the
oscillatioh of the fuel test section in-out the critical
reactor core ( =An), as well as the mean value of the same

signal during each analyzed oscillation period ( = n).

The experimental result was thus the ratio‘é% y Proportional
(see chapter 2) to the reactivity introduced in the ECO
reactor by the replacement of a 50-cm-long section of the
natural U fuel element at the core center with an identical

test section with different fuel composition.

The treatment of the data included : correction for linear
drift in the reactor neutron density, evaluation of the

linear drift coefficient, evaluation of the mean value and

An ) of

of the standard deviation of the 15 results ( = ”

the measurement.
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10.8. The other data recorded (data type 1,2,3,4,6) allowed to

11.

11.1.

11.2.

have a continuous display of the characteristic parameters
of the experiment, in order to verify the correct operation
of the equipment, as well as to derive auxiliary informa-
tion, as phase angle between test-section oscillation and

neutron density modulation.

PRELIMINARY MEASUREMENTS AND ERROR ANALYSIS

An extensive series of preliminary measurements was carried

out in ECO, in order to

1. verify that the off-pile tested oscillator performance

(see 5.5) met the experimental requirements ;

2. investigate the sources of experimental error (both
random and systematic) and estimate the overall

experimental uncertainty ;

3. optimize the free parameters of the experiment, so as to
establish the most suitable experimental routine

(see 10.4) ;

4. investigate the general features of the experimental

technique, in view of further applications.

The different sources of error considered were

Reactor Noise; reactivity drifts (due to

imperfect initial reactor balance or to
varying external causes, as temperature
and pressure); uncertainty in lattice
geometrical configuration (e.g.

lattice pitch).
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Uncertainty in the preset values, as
well as fluctuations during operation,
of : position of test-section in reactor
core, oscillation-period, test-section

transit time.

Reproducibility of geometric arrangement
of the test-fuel rods in the cluster
assembly; mass differencies in strudural
materials of test-sections (Zr end-plates,
solid organic matrix, Al cladding);
uncertainty in the position of the test
section in the oscillating fuel element

assembly; end-of-run damped oscillations.

Transversal vibrations, agenerated by the
oscillating fuel element and transmitted

to the D20 moderator.

Radial position of ionization chamber;
drifts in components of neutron density
measuring charnel (e.g. in the "zero"

of the d.c. amplifier unit); integration
time of single reading for digital

conversion; fluctuations in frequency.

Inaccuracy in the determination of
oscillation period, test-section transit
time, test-section position in core,

oscillator motor speed.

Discontinuous record of the neutron
modulation signal; correction for linear

drift of reactor power.
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Of paramount importance were the tests aimed to verify

that the selected experimental arrangement was not affected
by appreciable systematic errors. For instance, there was
some concern about the correct positioning of the ionization
chamber detecting the neutron density modulation;

Such a position, by the definition of the experimental metho
must be where the local perturbation of the neutron density
distribution in space and energy caused by the test-sample

had reduced to a negligible value (see chapter 2).

The test-sections investigated were varying mixtures of
fissile and absorbing materials. Since fissile and absorbin
samples cause local perturbations which propagate in the
reactor core in a different way, the corresponding residual
perturbations at the ionization chamber location might
appreciably differ in magnitude for the different samples.
As there was some evidence that this could be the case,

a test was carried out by measuring different fissile and
absorbing test-samples with the ionization chamber placed

at varving distance from the core axis.

The fourth type of tests (see 11.1) was intended to
explore the flexibility of the technique, in view of its
use under more severe conditions. The main concern was
for the problems associated with the oscillation of fuel
elements of lower mechanical resistance, as fuel in the
oxide state, with liquid coolant, or maintained at rela-
tively high temperature (for the determination of the
temperature coefficient of reactivity). 1In this respect
it was of interest to investigate the possibility of
reducing the stress on the oscillating fuel element by
decreasing the transit speed and thus the end-of-run

accelerations, keeping the oscillation period copystant.
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It was evident that the resulting reduction of the "rest
time/transit time" value of the oscillation would (in
principle) negatively affect the experimental accuracy,
due to the increase of the relative importance of that
part of the signal generated during the transient which
was not proportional to the reactivity worth of the test
section (i.e. : signal due to the translation of the
zirconium joints). This effect would set a limit to the
decrease in the transit speed of the oscillating fuel

element.

On the other side, maintaining constant the "rest time/
transit time" value by a proper increase of the oscillation
period, would have augmented the relative importance of

the correction to the data for possible reactor power drifts,
eventually reaching the situation where the drift could be
no longer approximated by a linear function. It is

reminded that the model used for the interpretation of

the experimental data completely eliminated the effect

of the power drift, provided it was linear.

Although being extensive, the series of tests performed
wvas not exhaustive, mainly due to the lack of reactor time.
The performed tests are described below, classified
according to the oscillation parameter considered. The
results are generally presented in detail in tables and
figures. The overall conclusion drawn from the tests is

stated at the end of the chapter.

11.5. In-core rest position of the test-section

The estimated uncertainty in the selected value of the rest
position was +2 mm; the observed spread of values during

one series of oscillations (see 5.5.5.) was +0.6 mm.
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The tests consisted in oscillating several fuel samples
with "in-core" positions in the range +10 cm around the
correct value. The oscillation of natural U test-sections
with low reactivity values, put in evidence the importance
of a correct position with respect to the reactivity worth

of the Zr joints of the oscillating fuel element.

The results of a part of these tests are presented in Tables
11.1 and 11.2. The error caused by a +1 cm variation from
the correct in-core rest positions was slightly above the
combined experimental uncertainty of the measurements at
the two positions (typically : 4x107° vs 3x10-5$§}).

A +5 cm variation introduced an error of the order of

1% of the correct reactivity worth of a typical test-sample.

It was concluded that the effect of operational fluctuations
in the value of the test-sample in core rest position during
one experiment, as well as of "probable" errors in the
selection of the correct position, was definitively negligibi
Only gross errors (e.g. +5 cm) could appreciably affect

the experimental results.

Oscillation period

The estimated uncertainty in the selected value of the
oscillation period was +0.02 sec (the period was not
selected directly, but resulted from the preset parameters :
rack rest time, amplitude of ratk translation, driving
motor speed : see 5.3.1.). The observed fluctuations
during extended series of oscillations were contained to

within +0.01 sec (5.5.6.).
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Two series of tests were performed : the first, to verify
the effect of the above "instrumental”" uncertainties,
consisted in varying the oscillation period io.s sec around
the correct value; the second test, to obtain indications

on the influence of the choice of the period on the experi-
mental accuracy, consisted in éhanging the rack rest time
(at constant rack speed and translation amplitude of

1 m/sec and 204 cm, respectively) so as to vary the oscilla-

tion period from 40 to 80 sec.

The results of the first test, presented in Table 11.3 showed
the negligible contribution of the sources of error linked

to the instrumentation (often referred to as operational
errors). In fact the mean relative variation of ¢A1y/n
observed for a 0.4 sec change in the oscillation period being
0.3%, the error in 157y@1 corresponding to the instrumental
uncertainty in the period of :0.02 sec was of the order of

+0.015%.

The results of the second test (Table 11.4) indicated that
the oscillation period could be increased to the maximum
preset value of 80 sec, without incurring in non linear
reactor power drift phaenomena (i.e. : since the linear
drift correction included into the data analysis code was
adequate to equalize the results of measurements at varying
oscillation period to within the standard experimental

uncertainty of 2x1O_SZXn/n).

11.7. Test section transit time

The transit time of the test-section resulted from the
selection of the proper driving motor speed for the given
translation amplitude : the corresponding estimated uncertainty
was :2% of the nominal value, i.e. +0.04 sec in the transit
time for a 100~cm-long translation with transit speed

1 m/sec.
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Actually the value of the transit time could be approached
to the correct value to within 0.01 sec, by adjusting the
motor speed so as to obtain the required oscillation period

with fixed rest time.

Two series of tests were performed : the first, to verify
the effect of the above uncertainties, consisted in varying
the transit time +0.1 sec around the correct value;

the second test, to investigate the influence of important
variations of the "rest time/transit time" value in view

of reducing the transit speed and thus the accelerations

of the oscillating fuel element, consisted in varying the
transit speed from 1 to 0.2 m/sec, with constant oscillation
period and translation amplitude (60 sec and 204 cm,

respectively).

The results of the first test (not reported) showed the
negligible effect of the sources of error relative to the

instrumentation.

The results of the second test are presented in Table 11.5.
Over the range of transit times from 2.2 to 6.5 sec,
corresponding to "rest time/transit time" values from 12.6
to 3.6, the reactivity worths of the fuel samples considered
were essentially constant within the typical experimental
error. At transit speeds lower than 0.25 m/sec the d.c.

motor became unstable.

It was concluded that satisfactory experimental conditions
were obtained at the lowest tested (stable) transit speed
of 0.33 m/s, and could probably be achieved even at lower
speeds (once the oscillator motor were properly modified.
for stabilization at these speeds), provided the oscillation

period were increased to the higher tested values (see 11.6).
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11.8. Ionization chamber position

Since fissile and absorbing samples cause local neutron

flux perturbations which propagate differently through

the reactor core and reflector, residual flux perturbations
at the ionization chamber location can introduce a systematic
error in the experimental data (see 10.3). The magnitude

of the error is clearly position dependant, and can be put
into evidence by measuring fissile and absorbing samples
with the ionization chamber placed at different radial

positions.

To verify that no significant flux perturbation caused by
the test section still existed at the ionization chamber
location, the distance from the core axis of the chamber
placed in the lateral graphite reflector, was varied in the
range from 175 to 215 cm. For this test the oscillation
period was 60 sec, the transit speed 0.5 m/sec, the lattice
pitches 23.5 and 28.05 cm, the fuel samples considered were
Pu III (positive reactivity signal, fission prevailing),

Pu IV (negative reactivity signal, capture prevailing), UN.

The results of the test, are presented in Table 11.6.

Since the experimental data (Am4) are independent of the
chamber location (typically within 0.15% and with no
preferential trend in the variation), there is strong
evidence that the systematic error due to flux perturbations
about the ionization chamber is indeed negligible. In fact
an appreciable error caused by‘perturbation phoenomena

of this kind would produce a space-dependant experimental

result when comparing fissile and absorbing samples.
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Test-section assembly

Since the test-sectioms were segments of the oscillating
fuel element including Al canning, solid organic matrix

and Zr end-plates, systematic errors could be introduced

in the experimental results due to differences in the masses

and/or geometries of such structural materials.

In order to 1limit the magnitude of this error to negligible
values, great care was taken to equalize the structural
materials in the various test-sections by proper design
specifications and quality control tests (see Chapter 6 and

the Appendix).

In fact all the test-sections oscillated were assembled
using only two sets of Zr end-plates and solid organic
matrices. The relative masses differred by 0.1 gr (2r)

and 2.3 g (plexiglass). The effect of such mass difference
was experimentally determined measuring the same fuel sample
in the two assemblies. The sample selected for the test
was UN for which the absorption in the structural materials
is relatively more important. The oscillation parameters

were : period 60 sec, transit speed 1 m/sec.

The results of the test, shown in Table 11.7, indicated a
20.10-5Any41 effect due to the structural material
replacement, corresponding to about 1%, of the signal for

a typical Pu-U test-section. Consequently all the experiment
data relative to fuel samples with plexiglass mocking-up the
coolant were normalized to the same Zr-plexiglass structure
using the data of Table 11-7. A similar normalization was
made for the data relative to the fuel samples with the

polystirol matrix.
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The weights of the Al canning of the rods of the test-
sections were inferred from accurate measurements of the
weights of the bare and canned fuel rods. The average
canning weight of each set of test-fuel rods, with the
standard deviation relative to the weight distribution
of the canning of the set, is given in Table 11.8.

It was concluded that the minor weight difference
observed could not have any appreciable effect on the

experimental results.

Another source of systematic error in the experimental

data could have conceivably been the uncertainty in the
test-section geometry following the mechanical tolerances
of the structure. 1In order to investigate this situation
some test-sections were measured twice (at several

lattice pitches) having completely disassembled the cluster

segments between the two experiments.

The results of the test are reported in Table 11.9. The
reproducibility of the results was between 0.06 and 0.6%,
except for the Pu III sample. The 1% to 3% discrepancy
observed for the results relative to the test-section

Pu III was about one order of magnitude larger than any
experimental error observed in all the tests. It was
therefore ascribed to some gross error (not detected)

in the performance of the test. Due to lack of reactor

time this test could not be repeated.

11.10. Lattice pitch
The pitch of the fuel elements lattice in ECO could be

continuously varied by a remotely controlled mechanism.
The reproducibility attainable, relative to the selected
pitch value, was nominally around +0.1 mm, averaged on

the whole lattice.
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The importance of the correct assessment of the lattice
pitch appeared from the observed dependence of the experi-
mental results (Amn/m) on the value of the pitch, as
reproduced for a typical sample (Pu II) in Fig.21.

At the three selected pitches of 18.8, 23.5 and 28.05 cm

2 4.94.10"2 and

the measured Am/M  values were 2.83.10
5.41.10-2, respectively. The slope of the typical curve

" Am/mvs. pitch" was steeper at low lattice pitches

thus at pitch 18.8 cm to a +0.1 mm error in the lattice-

averaged pitch corresponded a io.4% error in the measured

An/m  value of the test-section.

The effect on the experiment of the reproducibility of
the lattice pitch was verified by repeating several times
the same experiment, having modified and then fixed again
to the correct value (18.8 cm) the lattice pitch in-

between successive measurements.

The results of the test, presented in Table 11.10, showed
that the error due to the uncertainty in the lattice pitch
value did not increase the margin of error relative to

a single measurement at fixed pitch, even in the most

sensitive situation, i.e. : lattice pitch 18.8 cm.

Reactor noise

The reactor power fluctuations (reactor noise), followingk
the statistical nature of the neutron reactions, introduce
an error in the experimental data obtained from reactor
oscillation experiments, which becomes more important at
low reactor power, i.e. when the rate of neutron events

is lower (3,4).
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In order to appreciate the magnitude of the error due to
the reactor noise as well as to the noise of the neutron
detection instrumentation a test was performed, consisting
of recording the neutron density vs. time at constant
reactor power, and subsequently analyzing the data by

the code used for the interpretation of the reactor

oscillation experiments.

The mean square deviation of the average Arwﬁn value from
10 records, each extending over a hypothetic 60 sec.
period oscillation, was taken as an index of the overall
error introduced in the (reactor oscillation) experimental
data by the reactor and instrumentation noise. The
results of the test, carried out at reactor powers from

10 W to 60 watts, are presented in Table 11.11.

The error due to noise decreased asymptotically over the
considered power range. The 50 W power level was selected
for all the oscillation experiments, in consideration of
the fuel activation problems which could have arisen

operating the reactor at appreciably higher power levels.

11.12. Oscillations cycle

A standard reactor oscillation measurement consisted of a
series of 15 records. Each record, containing the data
relative to one oscillation period, was separately

analyzed for the determination of the value An/m ; the result
of the measurement was the average of the Am/m values
inferred from the 15 records, with associated the standard

deviation corresponding to the distribution of the single

Amn/m value about the mean.
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In order to verify whether an extension of the number

of records per measurement would result into an appreciable
reduction in the dispersion of the results, a test was
performed collecting 45 records per measurement, The
results of the test, presented in Table 11.12, showed

no significant decrease in the value of the standard
deviation of the mean with respect to the measurement

collecting 15 records only.

Discontinuous record of the neutron density modulation

The continuous output of the ionization chamber measuring
the neutron density modulation in the reactor was
converted to digital form, with a sampling rate of 5
readings/sec, and reading (integrating) time of 0.1 sec.
Thus the data analysis code operated on a discrete (i.e.:
discontinuous) set of values, averaged over 0.1 sec

and spaced at 0.2 sec intervals, rather than on the

original continuous signal.

By calculation (presented in the Appendix) it was proved
that, for the selected experimental conditions (300
averaged data over the 60 sec oscillation period), the
value of the amplitude of the first harmonic in the
Fourier expansion of the neutron density modulation

was not (appreciably) affected by the above approximation.

The above described series of tests is considered to
represent an extensive investigation of the sources of

error, both systematic and random, relative to the experimen

Other sources of error than these individually studied,
wvere estimated by calculation to negligibly affect the margi

of uncertainty of the experimental data.
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In fact, the error contributions from some of these

sources (as D,O moderator temperature variations during

2
the oscillation experiments, transversal vibrations of

oscillation tube transmitted to the D2O moderator, etc.)
were included in the overall uncertainty of the results

of the tests, and thus could be globally evaluated.

For the purpose of the error analysis the experiments

were divided into two classes : "single-experiment",
consisting in a series of oscillations of one assembled
test-section and yielding a standard set of 15 analyzed
oscillation periods, i.e. 15 values of An/m (An = amplitude
of the first harmonic in the Fourier expansion of the
recorded neutron density modulation signal; n = mean

value of the neutron density signal during one oscilla-

tion period); "repeated experiments", consisting of the
repetition of "single experiments" spaced in time and

with test-sections completely reassembled for each test.

The dispersion of the 15 (=N) data of a "single experiment"
was analyzed in terms of a normal distribution, yielding

the mean square deviation of the mean,

c = Zk%ﬂ-@wﬂw
N (N-1)

This error index included the full contribution of such
error sources as : fluctuations and/or drifts during the
experiment of reactor power, neutron detection instrumen-
tation, data recording frequency, oscillation period,
test-section transit time and rest position; reactor noise;

transversal vibrations of oscillation tube, etc.
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By artificially varying some oscillation parameters over
proper intervals, it was possible to evaluate the experi-
mental uncertainty following "probable" errors in the
selection of : oscillation period, oscillator motor speed,
test—-section rest position and rest time, etc.. It was
verified that "operational" errors of this kind (i.e.
likely to occur during the performance of the experiment)
did not appreciably increase the margin of error typical
of the "single experiment" and that gross errors in the
assessment of a main oscillation parameter were needed

to affect the experimental results. For example

a +5 cm error in the in-core rest position of the test-
section resulted in iO'S% error in the measured reactivity
worth of a.typical sample; however the upper 1limit of the
corresponding "operational" error was +0.25 cm and did not
modify the uncertainty of the result of the "single

experiment" (see Tables 11.1 and 11.2).

When expressed in terms of the mean square deviation of
the mean of a standard set of 15 experimental data, the

. . . - n
error of the "single experiment" was typically 2.10 > %T'

The magnitude of the error was independent of the amplitude
of the recorded reactor neutron density modulation.

The corresponding reactivity uncertainty was, for the three
lattice pitches considered (18.8, 23.5, and 28.05 cm),
around 0.01 pcm. Relative to the reactivity worths of

the bulk of the test-sections investigated (10 to 40 pcm)
the experimental error was thus in the range from 0.1 to

0.025%.
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The "repeated experiment" permitted to appreciate the
error contributions from the test-section "assembly",
such as : uncertainty in test-section geometry due to
mechanical tolerances, variations in the mass of
structural components and in the position of the test-
section in the oscillating element, as well as the error
contributions from the installations of the oscillator

on the reactor.

It was verified that the repetition of the experiment
increased the uncertainty of the result of the "single
experiment" by about a factor of 3 (see Table 11.9).

The corresponding relative error was however still below
+0.15% for the typical fuel test-section (the error due
to the mechanical tolerances in the test-section design
is roughly proportional to the reactivity worth of the

test section).

Since the error following the uncertainty in the Pu-U alloy
composition of the samples used was appreciably higher
than the above experimental error, there was no immediate
interest for attemptina to reduce the error of the
"repeated experiment" (1). However, taking into account
the complexity of oscillatinag fuel assembly, mechanical
oscillator and associated equipment, the "overall"
experimental uncertainty attained (typically i0'15% of

the measured value) was considered remarkably small.

The investigation of the sources of systematic error led
to the conclusion that neither the experimental method

nor the equipment entrained appreciable systematic errors.

(1) Actually the error could have been substantially
diminuished (probably by a factor of about 2) simply
by "repeating" many times the same experiment. This
lengthy test was not carried out due to lack of reactor
time.
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The "repeated experiment" error which is associated to
the mechanical tolerance in the fuel element design,

is specific to the particular fuel element investigated
(essentially is an increasing function of the complexity
in the geometry of the fuel element) and cannot be

considered typical of the oscillation experiment.

Thus the error analvsis for the reactor oscillation
experiment described in this report led to the estimate

of an error for the "single experiment", which was
representative of the uncertainty inherent to the expe-
rimental equipment and method (including the data analvsis
procedure) but neglected the source of error represented
bv the fuel_element assembly, and of an error for the
"repeated experiment", which was specific to the fuel

element assembly actually studied.

The two errors were estimated to be, respectively,
2.10_5Amwhm(or 0.01 pcm) and 3.10—5A¢uh,(or 0.015 pcm)
(see foot note before). 1In consideration of the massive
and complex experimental equipment used, these errors

are considered remarkably little, being in fact close

to the lowest limit of error observed in reactor oscilla-
tion experiments with small samples (i.e. little weight,
no geometrical complexity, small and simplified sample

oscillator, etc.).

The high accuracy of the results, maintained even for
small reactor modulation signals, makes the experimental
technique particularly suited to the investigation of
differential reactivity effects, such as those from
variations in density or composition (basically hydrogen
content) of the coolant, temperature of fuel element

or fuel channel, etc.
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The test performed to investigate the flexibility of
the experimental technique, in view of this new appli-
cation, indicated that the test-section transit speed
could be significantly reduced, eventuallv increasing
the oscillation period to about 120 sec, without
affectina the precision of fhe experimental results

(see 11.6, 11.7).

Operating at transit speeds around 0.2 m/sec and with an
improved shock-absorbing device, the stresses in the
oscillating fuel element would be greatlv reduced, and

a less compact design of the element should be possible,

abbandoning the "solid coolant" concept.

This observation opens the way to "liquid coolant"
solutions of different type, permitting to measure the
reactivity effects of varying temperature and hydrogen
density of the coolant. An extensive series of tests
on mock-ups would however be required, to verify the
validity of the solution proposed, which depends to a
large extent on the features of the particular fuel

element considered.

EXPERIMENTAL RESULTS

The experimental results are presented in Fig.22 to 26

and Tables 12.1 to 12.6.

The Figures 22 to 26 are smooth curves through the
measured reactivity worths (relative to UN fuel) of the
fuel test-sections Pu I to Pu VI, UD and UE, plotted

versus the ECO lattice pitch.
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Specifically the results are : test-sections in plexiglass
relative to UN in plexiglass (Fig.22), test-sections in
polystirol relative to UN in polystirol (Fig.23), test-
sections in polystirol relative to UN in plexiglass
(Fig.24), test-sections in air relative to UN in air
(Fig.25), test—-sections in air relative to UN in plexiglass

(Fig.26).

The same data are listed in Tables 12.1 to 12.5, with the
corresponding overall experimental error. The error was
evaluated by adding to the error of the '"single experiment"
an average value for the "repeated experiment" error
contribution, as inferred from the results of the test
presented in Table 11.9. It is reminded that the "repeated
experiment"error contribution results mainly from the

mechanical tolerances in the design of the fuel test-section

(Ref.11.16).

' =5 A
This error was typically 3.10 SLQ? or 0.015 pcm. The
corresponding relative error was from 0.1% to 0.025%,
for the measured reactivity worths in the range from 10

to 40 pcm.

The anomalous uncertainty quoted for the test-section Pu III
is explained in 11.9. 1In fact the quoted total error could
have easily been reduced by a factor of at least two,

simply by Tarrying out a series of "repeated experiments"
(Ref.11.9). This was not done, due to lack of time, in
view of the fact that the error associated with the uncer-
tainty in the Pu-U fuel composition was substantially higher

than the experimental error.
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12.2. A comparison between the results of the reactor oscillation
experiments and of the reactivitv measurements by the static
method outlined in 3.2 and 10.3 is presented in Fig.27 to
29, for the ECO lattice pitches 18.8, 23.5 and 28.05 cm,

respectively,

The co-ordinates of the diagrams are the values obtained
by the oscillation measurements (ordinates), expressed
as ZVn/Wx X 102, and the corresponding values measured
by the static procedure (abscissas), expressed in pcm 1i.e.
Ak x 10°°. To each test Fuel measured corresponds a
point in the diagram. Provided that the assumption of
linearity of the reactor response to small perturbations
is valid for the fuel test-sections investigated (see 7.2),
the points should be aligned within the combined experi-
mental errors, and the straight line fitted to them should

pass through the zero of the co-ordinates system.

It is reminded that the typical error of the static
measurement is about one order of magnitude larger than
the error of the oscillation experiment (see chapter 3).
Thus the alignement of the data points would represent
only in the first approximation a test for the consistency
of the experimental results. Evidently, the test would
put into evidence gross errors in the performance of

the os¢illation experiments.

Straight lines ( y = a x + b) have been fitted through
the experimental points by the least square method. 1In
general the spread of the single data points from the
line is within the limits of the experimental error, and
the lines are through the origin of the co-ordinates

system.
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In fact the alignment of the points is better than what
expected from the estimated error of the static measurements
It is of interest to note that the linearity is conserved

even for the highest reactivity worths measured (140 pcm).

On the basis of the satisfactory result of the test, the
curves of Fig.27 to 29 were used to infer the absolute
values for the reactivity worths of the test fuels. With
as entry the measured Am/h_value of the test-section
(zero error assumed), the corresponding reactivity worth
in pcm was read as the abscissa of the intersection with

the straight line fitted through the data points.

The uncertainty of the absolute reactivity worth thus
obtained was estimated by elementary considerations, using
the basic data for the error of the single static measu-
rement given in 3.3 and 10.3, as +0.4 pcm. The corresponding
relative error was 4% to 1%, over the range of the measured
reactivity worths (from 10 to 40 pcm). The error in the
absolute reactivity values is thus over a factor of twenty
higher than the error in the corresponding relative value,

Arn/@l (see 11.17).

The information provided by the absolute reactivity values
is considered nevertheless useful, and is presented in

Table 12.6.

The experimental results seem to form a consistent set,

in the sense that they conform to the theoretical predictions
that smooth lines connect the discrete measured values

(e.g. the Am/m values for one test fuel versus the ECO
lattice pitch) showing the correct trend, that the correspon-
dance between the results of the measurements with the test-
sections in plexiglass and in polystirol is correctly

observed, etc.
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The only apparent exception is the set of data for the

Pu I fuel which, still beina internally consistent, lies
below the corresponding set for the Pu III fuel, while
elementary considerations based on the isotopic composition
of the two fuels indicate that the Pu I data should
actually be somewhat hiqhef than the corresponding Pu III

data (see Table 12.1.).

In fact the various tests on the composition of the rods
of the Pu I fuel (described in the Appendix) showed some
important discrepancies, not yet clarified. Thus, at
present, the above mentioned inconsistency between the
experimental results for Pu I and Pu III is ascribed

to an important error in the measured composition of

the Pu I fuel. The same hypothesis was made basing

on preliminary results of theoretical calculations of
the relative worths of the test samples. An effort is
being made to obtain a satisfactory definition of the

composition of the Pu I test-section.
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APPENDTIZYX

A.1. RESPONSE OF A THERMAL REACTOR TO A SMALL PERIODIC
PERTURBATION FUNCTION

For completeness, the derivation of the reactor transfer
function is briefly recalled, with emphasis on the limits

of validity of the approximations involved in the theory.

The effective multiplication factor keff can be defined as

average pro- average average pro-
bability that number of bability that
the life of a neutrons one fast
keff = thermal neutron X 1ssuing X neutron issuina (1
in the reactor from one from a fission
ends by givina fission be the source
a fission of one thermal
neutron
? v 3

The following two assumptions are valid for small perturba-

tions in thermal systems.

1. The overall perturbation of the enerav spectrum and
spatial distribution of the neutrons is negligible
thus the reactor averaged probabilities for the events
encountered by a neutron can be considered as time-

independent.

2. The thermalization time is negligible compared to the

average life time of the neutron.

The neutrons and precursors balances relative to an elementar

time interval dt around t can be written ;
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for the neutron population

variation
of thermal
neutron
population
during dt

dm

average Dro-
babilityv that
the 1ife of a

% thermal neutron X
in the reactor
end by giving
a fission

R

summation
over

all precursors

2.

thermal
neutron
population
at time t

average
number of
fast neu-
trons imme-
diately
released
from fission

(1-pYv

number of
neutrons
emitted by
precursors
i during dt

X, C, dv

averade pro-
bability for
one thermal

neutron to

disappear
during dt

dt/ /T

averade pro-
bability that

a neutron
issued from a
fission be the
source of one
thermal neutron

R

average pro-
bability that
a neutron
emitted by
pPrecursors i
be the source
of one thermal
neutron

R

19

+

(2)
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for the precursors of type 1

variation of thermal averagdge pro-
the total neutron bability for
number of — population x one thermal >
precursors at time t neutron to
of the type i disappear
during dt during dt
d‘(’ﬁ m d.,t/’c
average probability average number
that the 1life of a of precursors
X thermal neutron in x of type i created -
the reactor ends by by one fission
giving a fission
R .V (3)

losg of precursors
of type 1 during dt

X, C. dt
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From eq(2) and (3) using (1)

n , (4a)
ibﬂ - %‘gk"'m‘ '1} * Z; )\LC’LPL

.C. - ke _ XcC
%F: T _ﬁ@ A C. (4b)

The solution of the system of equations (4a) and (4b) in

the case of a small sinusoidal oscillation of the multipli-
= il
cation factor k around unity,k = 1 + ok ej,

may be written in the form

o 3

Neglecting second order terms, assuming P

£ = Pt and with
M, L .
T '% = A G,

(4b) vields
‘oo 0C. = B, im ok + b - X.%C.
S L (-] L L
TR
being

on = oSk m,

L@
From (4a) and (4b)
d._—ﬂ + PZ d.'_CL m (-\;-’1)
t " at T
ja)BTL - 5&)§2L .Z;b(—jf%iz:_) = M5k
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and finally

ok = (A+{B) om

m,

with

A —_ C..)2 Z (@L/XQL-—Qf) s B = WT+Ww Z()Lﬁ(_/)\f“'(d

all precursors all precursors

Within the 1limits of validity of the simplified theory
outlined above, the transfer function F = A +jB
relates sinusoidal oscillations of reactivity and neutron

density in the critical reactor.

In case of & non-sinusoidal oscillation of the multiplication
factor the same relation applies between the various
harmonics in the Fourier expansion of the reactivity and

neutron density functions.

In heavy water moderated reactors an appreciable fraction
of delayed neutrons originates from the 1.6 MeV threshold

( Y ,n) reaction in DQO. These delayed photoneutrons have
lower energy and longer mean lifes than delayed fission
neutrons; their yield depends on the self-absorption of

the gamma radiation in the fuel elements. The relatively
poor knowledge of the delayed photoneutrons parameters,

as well as the difficulty of the gamma self-absorption
calculation in the complex-geometry fuel element of D20
moderated reactors, considerably complicates the theoretical

treatment in the case of DQO moderated assemblies.

In fact, even in the absence of photoneutrons, difficulties
of various nature limit the usefulness of the transfer
function for the direct interpretation of reactor oscillation

experiments in absolute terms (e.g. : pcm). Rather, the
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experiments are generally performed relative to a standard
element, qgeometrically identical to the investigated
elements, whose reactivity worth can be calculated with

adequate precision from primary data.

In this sense in D20 moderated reactors the presence of
delaved photoneutrons does not introduce additional

experimental or theoretical problems, the only condition
to be met being the equality of the oscillation function

for the investigated elements and the standard element.
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A.2. DESIGN SPECIFICATIONS AND QUALITY CONTROL OF THE
TEST-SECTIONS

A.2.1. Design specifications

The following paragraphs are excerpts from the original

design specifications.

A.2.1.1. Alloy chemical composition

1. The nominal composition of the fuel test-sections
shall be that listed in Table A.2.1.

2. The actual composition shall not differ more than 10%
from the nominal value.

3. The actual composition shall be uniform radially and
axially throughout each rod to within 3%.

4, The dispersion in the average compositions of the rods
of one set, expressed by the mean square deviation (10),
shall not exceed one percent.

5. The overall impurities content of the alloy shall not

exceed 2 ppm boron equivalent.

A.2.1.2. Physical properties of the fuel rods

1. The average alloy density of each rod shall not be
lower than 18.7 gr/cmB, or 99% of the fheoretical U
density.

2. The fuel rods shall have the following dimensions
diameter 12 + 0.02 mm, length 250 + 0.1 mm (nots that
the 50-cm-long rods of the test-sections were obtained
by cladding together two 25-cm-long rod segments).

3. The rods surface shall be free from evident defects,
as tool marks, open cavities, etc.; the rods ends will

have sharp edges.
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Quality control tests

Allov chemical composition

1.

The Pu-~U content ratio was measured for each cast by
chemical analysis of samples taken at both ends of one
ingot of the cast, with a i2% accuracy. This measu-—
rement served as production control test (i.e. to
reject ingots before proceeding further in the
fabrication) as well as a check of the uniformity

in the axial distribution of the composition of the
alloy. The results are reported in Table A.2.2.

The measured uniformity generally met the design

specifications.

The normalized distribution curve for the Pu-U average
ratios in the rods of each set was experimentally

determined, by a technique based on the detection of

the spontaneous fissions of Pu24o (1% = 1.2.1011 YV,

Y = 2.2) and U238 15 v, ¥ = 2.2).
The Pu24o fission rate in the Pu-U rod was isolated

(T = 6.10

by substracting from the rod overall fission rate that

measured for a geometrically identical U rod.

The experimental equipment consisted in a set of 20 BF3
counters arranged in concentric crowns in a paraffine
matrix. The rod to be measured was placed inside a
cylindrical hole on the axis of the assembly. The

fast neurons emitted by spontaneous fission in the rod
were thermalized by collisions with the paraffine

atoms and detected with high efficiency by the counters.
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The normalized Pu content of the rod of the set (Ri)

was obtained, with a + 1% accuracv, from the expression

- (6 s )

where C is the measured count rate, W is the rod weight
and the subscripts U and N refer, respectively, to the

natural U rod and normalizing Pu-J rod of the set.

Due to proper geometrical arrangement, the axial efficiency
of the BF3 counters set was flat over the 25-cm-length

of the Pu-U rods. Thus the detected count rate was an
accurate measure of the average Pu content of the rod,
regardless of possible small variations in its axial
distribution.” More details on this experimental technique

are presented in Ref.7.

The measured normalized distributions of the Pu/U average

values in the rods of each set are shown in Fig.30 to 32.

The satisfactory uniformity of the Pu content is expressed
in terms of the number of rods (per cent) whose Pu content
differred from the set average content less than 1%

(see A.2.1.1.4).

Taking advantage from the radial symmetry of the 19-rod
fuel element, the rods used for the assembly of the test-
sections were properly selected from the above distribu-
tion curves, so as to further homogeneize the Pu content
in the two rings of rods of the clusters. The average
Pu/U values thus obtained for the rings of rods of the

test-sections are shown in Table A.2.3.

The determination of the absolute Pu/U value of the rods
used for the rdormalization of the relative Pu/U distribu-
tion curve was performed by atechnique consisting of
a double isotopic dilution followed by a mass spectro-

graphic analysis (8).
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By analyzing a sample taken from the acid solution

of the complete rod, the average Pu/U value of the rod
was measured with a +1% accuracy over the entire

range of Pu contents. The results of the analysis

are listed in Table A.2.4.

4, The above samples were also analysed by mass spectrography
techniques for the determination of the isotopic compo-
sition of Pu and U. The following experimental accuracies
were obtained over the whole range of isotopic compositions
considered

241

P> 2% /pu 1%, Pu*O/pu 5%, PuPY /pu su, U220 /U 0.3,

The results are listed in Table A.2.4.
5. The average compositions of the fuel test-sections, as

obtained combining the results of tests 2,3 and 4 above

to the measured fuel rods weight, are listed in Table A.2.3.

A.2.2.2. Physical properties of the fuel rods

The measured weights, densities and dimensions of the rods
of each set (Tables A.2.5,6,7,8) were within the design
specifications, except for the density of the set Pu-III
which was about 0.5% below the required value. Since the
overall weights of the test sections were all equal to
within 300 g (or 1.5%), the effect of the reduced density

of the Pu-III could be easily accounted for by calculation.
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A.3. SCHEME OF CALCULATION OF THE AMPLITUDE OF THE FIRST
HARMONIC IN THE FOURIER EXPANSION OF THE RECORDED SIGNAL

1.

The data registered in digital form on the magnetic
tape are subdivided in records, i.e. sets of data
used for a single determination of the first harmonic
amplitude and average value of the signal, and files,
i.e. the records concerning a single oscillation

experiment.

The calculation yields the value of the amplitude of

the first harmonic in the Fourier expansion of the
periodic neutron density signal generated by the
oscillation of the fuel test section in-out the critical
reactor cofe, as well as the mean value of the same

signal during each analysed oscillation period.

The treatment of the data includes : correction for
linear drift in the reactor neutron density, evaluation
of the linear drift coefficient, evaluation of the mean
and standard deviation of the results relative to one

file.

On the assumption that the recorded global signal F is
formed by the combination of a periodic signal FP, due
to the periodic sample oscillation, and of a linear
drift kt in the reactor neutron density (first order
approximation to the effect of slowly varying conditions

on reactor criticality, as DO temperature, air

pressure, imperfect initial ialancing, etc.), and that
time integration is started at random with respect to
the periodic signal, the cosine and sine components apgd
the amplitude of the first harmonic in the Fourier

expansion of F are
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T T
— A, ’
T T
B = Q/TJ F(t) sin Ot dt = Z/TYFP(t) snt dt — kT
o o m
= - kT
B, T

2 2\4 2 2_2 '
(A8 = (A +BL + kT - 2B kT )?
2 T
P
being normally k<<1

(RSB — (M. p . BkT/Tr(AaB’-)g

Thus the amplitude of the measured signal F differs
from the amplitude of the periodic function FP by the

Factor

BkT/m (A% B%)

3. A record covers over 1.5 oscillation period. A first
integration started at the beginning of the record

yields the first harmonic components A1 and B1, a

second integration from T/2 to 3 T/2 yields A, and B,.

The linear drift coefficient is calculated from
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assuming FP to be a pure periodic function

2 2 2 2
(AP|+BP.) = (AP2+ BP?_)
one obtains
2 2 2 2)
Y - T A +B -(A,-B,
27T Ba‘Bn

Using this value for k one calculates the periodic
function FP = F - kt, as well as the phase of its
first harmonic maximum (or minimum) relative to the
beginning of the record

.
jﬁ.m sin Ot dt
L (L) = 2
j F () cos O dt

o

(the above expression is obtained writing

T
Be 2/1-J Flt+t) snt dt = o)

o

Integration of the global signal F is performed over
the time interval (to, tO + T) yielding AO, BO
(nominally B, = o) and (Ag + Bg)%.
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6. Following the choice of the integration origin about

the maximum (or minimum) of the first harmonic of the

periodic signal FP (i.e. at to), BO/AO<K 1 and

(As+BL)E ~ (A+32)2 %4.+ BkT/T (A?;+B:')§

~ (Ao +B})?

7. In the normal case

]BO/QAO ~ 0.01

k — 2-10"°

(Azo”Bi)-lé/(Azp*Bi)Jz ~ 1.00002

8. Data input

digitalized relative neutron density signal,
subdivided in records (covering over 1.5 oscillation
period) and files (15 records relative to a single
oscillation experiment) ;

file identification number ;

number of signal readings per unit time (normally 5
readings/sec) ;

oscillation period (normally 60 sec).



9. Data output

For each record

2 2.%
= B
H) = (Aj+B))
2 2.%
H2 = (A2+B2)
B
(o]
k
PH

1
H = (A2+B2)z
o] o]

FM= — ] F(t)dt

H/FM
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amplitude of first harmonic of recorded
(global) signal F when origin of integra-

tion set at beginning of record ;

amplitude of first harmonic of recorded
(global) signal F when origin of integra-
tion set T/2 after beginning of

record ;

sine component of first harmonic of F
when origin of integration set to to’
i.e. at the maximum of the pure periodic

signal FP ;
linear drift coefficient;

phase of first harmonic maximum of the
pure periodic signal FP relative to the

beginning of the record ;

amplitude of the first harmonic of F
when integration started at to. Practical
equal to amplitude of the first harmonic

of the pure periodic signal FP ;

average value of the recorded signal F,
over a period of oscillation, equal to
the average value of the pure periodic
signal on the assumption of linear neutron

density drift.
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For each file

AVE mean of the H/FM values obtained for

each of the N records of the file ;

SIGMA standard deviation of the mean

EL(AVE—%,,)2 3
(=1 N (N-1) I%)

10. A typical set of output data, allowing to appreciate

the dispersion of the results, is shown in Table A.3.1.
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A.4. EVALUATION OF THE ERROR INTRODUCED IN THE DATA ANALYSIS
BY THE DISCONTINUOUS RECORD OF THE SIGNAL
The signal is recorded at discrete time intervals in
digital form, the data analvsis calculates the amplitude
of the first harmonic in the Fourier expansion of the
recorded signal by numerical intedration throuah the
Simpson rule. The following is an evaluation of the
error in the analysed data stemmina from the discontinuous

record of the signal.

The data recording system registers the average value of

the signal over the time € at time intervals ot > &

In the case of a sinusoidal signal %cos(th—-?),
the average value registered in the incremental recorder

at time t = k 9 is

t+5/2
_é_ %cos(wt—cf) dt - %3’ sin we/2  cos (wt—-cf:)
t-e/2

The sine component of the first harmonic in the Fourier
expansion of the signal in the time interval (0,T) is

theoretically given by
T

a(_Q aw) — _?'Tg z—% N W2 cos(wt -cr) an Ot dt
o

we

wvhere w is not necessarily a multiple of L= 2T

T
Actually the computer carries out the time integration

using the Simpson rule over 2m intervals ot

and calculates

(1)

wE

a Qflﬁu) - g.%é..jgg ..%% . sn wg/2 } .
N mMa=| Nwm M-

RS DA IR LN
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with

’ljk = cos ( kw%\i - (f) sin (\(wbt)

2mdt -~ T = 2w/

Similarly for the second component of the first harmonic

L
2 .
b(Qw) = %'a%'s'”%@'%-

N = may n=m-2

’5130 * %Qm + 4 Z\'\:o ‘\'ézn”d’- 2 Z.l"t=o ﬂ‘éan,,a

After tedious calculation one obtains, for m =1

sin T (acos Te) + COS _TL)
m mIL m

*®
Sin W/
a— (ﬂ’w\) E —g— M 2 ‘:)6& .—Y:T.
Cos 2T - ¢<OS 2TWW
m m L
5N Tw . 5in - Tw
EeoN (cf .D.) (2)
sSin TW (2¢05 T + ¢0s TW
b* o 8 gsinwehb 4 mﬂ( m fu*-?i)
( ,(4)) —— 3-. XYY . ™ .
COS 21T —~ Cos 2TW
m mJL

sin _1%_3 co:—,.(ce- 1%))

If ww—= L), for {le = ::Egt sufficiently small

and m =2

*

d = %sin(f = d

I
o~

b* — g c,oscf
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The only condition to be met being that the signal be
recorded for 2m time intervals ©of ranging from 0 to

2m8t=T=:2(—;-r and that m=>2.

Analyzing under the same conditions a complex periodic

signal

%’o"' %'Cos(ﬂt-cﬁ) + %2C05 (E_Qt ‘QFa>+ ..
: +%5c,os(5ﬂt_<_fs)+ .

due to the presence of the sin v0941 term, the
contribution df higher harmonics vanishes except for

the (1 + km)th harmonic. Thus

sin Tw/

Lim

cos 2m/N) - cos 2TwW/mi w —> 11(¢+kn0

(— 1)km;1 m

2 sin ZTVm

and
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. 6= o0 gin {om+) Qe
S

Al = 2 Vg [2(-1)+1] sin

1 =0 Sm+) Cme

(smst) L& i
2
(3)

. 5= o0 %in (bmé'l)ﬂE .

81 = 25_04/5 9 [2(-1)+1] cos
) T (eme1) Ne Smi
2

instead of the exact result

A

A %1 5in gﬁ

B, = %1 cos cﬁ

The advantage of taking a high number of signal
measurements during one oscillation period stems from
the large frequency gap (1 + km) existing between

the fundamental and the perturbing harmonics. For

the selected experimental conditions (2 m = 300 and

T = 60 sec) the first perturbing harmonic has a 2.5 cps
frequency, which can be considered as low level noise
and be easily filtered out without affecting the

first harmonic amplitude.
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A.5. SOME REMARKS ON THE SHAPE OF THE NEUTRON DENSITY
MODULATION SIGNAL
Some typical records of the main primary data, i.e.
the neutron density modulation and the test-section
position versms time (ref.8.4), are shown in Fig.33 to 36.
They refer to the samples UN (Fig.33), Pu I (for two
translation speeds, 1 m/sec and 0.5 m/sec; Fig.34 and 35),

Pu II (Fig.36).

Samples Pu I and Pu II are representative of the samples
with positiwve and negative reactivity worths, respecti-
velv; the record of the data for the sample UN puts in
evidence the reactivity effect of the translation of

the Zr-Al joints of the segments forming the oscillating

fuel element.

The translation of the joints in either direction gave
rise to a significant peak in the neutron densitv, extending

over a fraction of the translation time.

The peak was the result of the composite reactivity effects
of the replacement of absorber (Zr-Al joint) with fissile
material (fuel element) in regions of varying neutron
importance, with the positive effect (exit of the test-
section from the core center) prevailing first and the
negative effect (approach of the reference section to the

core center) following.

Such a component of the global modulation of the neutron
density was clearly unrelated to the reactivity worth
of the test-sample and had to be cancelled out in the

data analyais.
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Specifically, the Fourier analysis of the density
modulation greatly reduced the importance of the joints
transit effect. The residual effect was totally eliminated
in the subtraction of the UN sample signal amplitude from

the test-section signal amplitudes (see 10.5).

The direct subtraction of signal amplitudes was a valid
procedure, provided the two signals had the same phase
angle with respect to the sample oscillation function.

The latter hypothesis was verified for some typical cases,
as shown in Table A.5.1 (phase expressed in terms of period

subintervals).

The oscillation of the extended length fuel element
resulted in the extraction of delayed neutron precursors
from the reactor core. In fact, in the translation between
the two rest positions for the test-section, a portion of
the oscillating fuel element previously exposed to the
neutron flux was extracted from the reactor lattice (above
or below it). Since the transit times were from 2 to 4 sec,
as compared to rest times of 28 to 26 sec, a large
fraction of the delayed neutrons were emitted outside

the reactor core.

This continuous loss of neutrons from the core had a
negative reactivity worth, which was evident in the
oscillation of the UN sample. Thus it was not possible

to maintain the reactor stable critical during the oscilla-
tion of this sample, as shown in Fig.33 (in this measurement
the reactor was initially set slightly supercritical to
compensate for the effect of the delayed neutrons loss).
Evidently also this spurious reactivity effect was completely
cancelled out when subtracting the UN sample signal from

the test samples signals (10.5).
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atoms/cmq

chemical density
compound formula a/cm? C H 0
. 22 22
diphyl 26.5% C12H1O 1.062 4.64.10 3.86.10 2.76.10
73.5% C12H1OO
. 22 22
plexiglass CSH802 1.189 3.58.10 5.73.10 1.43.10
. | 290 22
polystirol (CH)n 1.057 4.89.10 4.89.10 -
Table 6.1. Compositions of organic compounds used
to simulate the fuel channel coolant.
2 2 2
sample Pu/U Pu24O/Pu239 Pu 41/Pu 39 U 35/U
identification % % % %
Pu I 0.057 6.20 0.57 0.714 (nat)
Pu II 0.299 8.45 0.69 0.208
Pu III 0.046 25.52 4,22 0.714 (nat)
Pu IV 0.256 27.80 4,79 0.227
Pu Vv 12 outer rods of cluster : Pu II rods
7 inner rods of cluster : Pu I rods
Pu VI 12 outer rods of cluster : Pu IV rods
7 immer rods of cluster : Pu I rods
UE 0.804
UD 0.643
Table 7.1. Isotopic compositions of fuels investigated

2

2



Sample

UE
UD
Bu
Pu
Pu
Pu
Pu
Pu

IT
IT
IV

At

plexiglas
coolant

I

LT T e T T -

Table 10.1.
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polystirol

coolant ’ void
X X
X
X X
X

Synopsis of experimental configurations;
measurements carried out at lattice
pitches 18.8, 23.5 and 28.05 ch.
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test fuel correct correct correct
position position position
+ 5 cm + 10 cm
us/ 2 ) -2
plexiglass 0.4169.10 0.3926.10 0.3514.10
$1.2.107° T1.2.107° $1.3.107°
-2 -2 -2
Pu I1V/ -18.417.10 ~18.402.10 -18.186.10
plexiglass 72.5.107° $4.3.107° 37.6.107°
-2 -2 -2
Pu II1/ 5.6707.10 5.6052.10 5.5044.10
plexiglass 31.6.107° $1.7.107° *1.2.107°
Table 11.1. : Effect of important variations of

the "in-core" position of the test-

section on the experimental results
(An/n).

Oscillation data : period = 60 sec
transit speed = 0.5 m/sec
lattice pitch = 23.5 cm



test fuel

UN/
plexiglass

Pu I/
Plexiglass

Pu II/
Plexiglass

Pu II1/
pPlexiglass

UuD/
plexiglass
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correct correct
position position
+ 1 cm

0.4643 0.4607
i0'0015 :0.0021
5.1132 5.1093
+0.0019 :0.0015

-5.4144 -5.4082

+0.0058 i0'0120
6.0581 6.0462
+0.003 :0.0020

i0'0021 :0.0010
Table 11.2

A(0,+1)

-0.0036

-0.0039

-0.0062

-0.0120

+0.0022

correct
position
-~ 1 cm

0.4684
+0.0019

5.1152
+0.0017

-5.4079
+0.0013

6.0549
:0.0018

7.4423
+0.0013

A(0,-1)

+0.0041

+0.0020

-0.0065

-0.0032

Effect of small variations in the

"in core" position of the test-
section on the experimental results
( An/n x 102)

Oscillation data :

period
transit speed
lattice pitch =

60 sec
0.5 m/sec
28.05 cm
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lattice oscillation rest time An/n
pitch period 5
cm sec sec x 10
18.8 59.67 27.6 7.8809 + O 005
60.05 27.8 7.9263 + 0.008
60.47 28.0 7.9360 + 0.017
23.5 59.65 27.6 16.490 + 0.002
60.05 27.8 16.541 + 0.007
60.47 28.0 16.583 + 0.007
60.86 28.2 16.627 + 0.004
28.05 59.70 27.6 20.019 + 0.009
60.10 27.8 20,063 + 0.006
60.49 28.0 20.146 + 0.005

Table 11.3 : Dependence of the experimental results ( An/n
on small variations of the oscillation period

Oscillation data : test fuel UN/void
transit speed = 1 m/sec
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. sample 1 sample 2 sample 2
peg;gd (UN + 120 gr Cu) (UN + 200 gr Cu) Sample T
40 ~3.9590 + .0017 ~6.2139 + .0015 1.5695
60 ~4.7407 + .002 ~7.4192 + .0015 1.5650
80 -5.3747 ~8.4318 + .0027 1.5688

Table 11.4 : Dependence of the experimental results
(An/n x 102) on the choice of the oscillation
period.

Oscillation data : transit speed 1 m/sec
lattice pitch 23.5 cm
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transit transit rest rest
speed time time time/ Pul UA UA/Pul
/ transit

m/sec sec sec time

1.000 2.2 27.8 12.6 3.4655 6.2882 1.8145
0.833 2.6 27.3 10.5 3.4679 6.2795 1.8107
0.666 3.3 26.7 7.9 3.4643 6.2863 1.8145
0.500 4.3 25.7 6.0 3.4580 6.2691 1.8129
0.333 6.5 23.5 3.6 3.4278 6.2198 1.8145
0.266 8.25 21.7 2.6 3.3959 6.1770 1.8189

Table 11.5 : Dependence of the experimental results ( &n/n x 102)
on the "rest time/transit time" value of the

oscillation

Oscillation data : period : 60 sec
lattice pitch: 18.8 cm
test fuel : Pul/plexiglass, UA/plexiglass



fuel lattice
sample pitch
cm

Pu II1/ 23.5
polystyrol

28.05
Pu 1V/ 23.5
pPolystyrol

28.05
UN/ 23.5
plexiglass
Pu 1V/ 23.5
Plexiglass
Pu 1IV/ 23.5
polystyrol
Pu III 28.05
polystyrol

Table 11.6 :

- 107 -

chamber
in normal
position
(175 cm
from core
axis)

2.6707
+0.0016

5.8448
+0.0030

16.992
¥0.0025

17.122
+0.003

9.4169
+0.0012

18.414
+0.003

3.155

3.0776

chamber
outward

(215 cm

from core
axis)

5.6685
+0.0021

2.8548
+0.0012

17.018
+0.008

17.131
+0.013

0.4139
+0.0015

18.435
+0.003

3.159

3.0724

relative
variation
in results

- 0040/00

+1:7% 60

+ 1.5°/ .

+ 0.6°/

oo

- 70/00

+ 1.1/,

+ 1.3 .,

- 1.7 00

Dependence of the experimental results
( An/n x 102) on the radial position of
the ionization chamber

Oscillation data :

period

transit speed :

60 sec

0.5 m/sec



lattice
pitch
cm

18.8

23.5

28.05

Table 11.7
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matrix 1

0.3508
+0.001

0.4434
+0.0013

0.4938
+0.0012

matrix 2 1=2
0.3332 -0.018
+0.002
+0.002
0.4719 -0.022
+0.002

Dependence of the experimental results
(An/n.102) for the UN test fuel on the
mass differences in the structural

materials (plexiglass and Zr)

Oscillation data period 6D sec
transit speed 1 m/sec

Plexiglass zr

gr gr

matrix 1 929.58 586.28

matrix 2 927.25 586.20



- 109 -

Pul Pu II

Al - -

canning 55.6+1 55.4+1
(gr)

Pu III

56.6+1

Pu IV

62.5+1

Table 11.8 : MEAN VALUE OF THE AL CANNING WEIGHT FOR

EACH SET OF TEST FUEL RODS,

DEVIATION FROM THE MEAN.

WITH STANDARD

lattice test fuel measu-

pitch rement 1
cm

18.8 UD/plexiglass 5.294
UE/plexiglass 6.318
Pul/plexiglass 3.480
Pulll/plexiglass 3.589

23.5 . Pul/plexiglass 4,823
PullIl/plexiglass 5.334
28.05 UD/plexiglass 7.934
Pulll/plexiglass 5.564

measu-—
rement

5.297
6.297
3.460
3.549

4.835
5.270

7.943
5.416

(1-2)

0.003
0.021
0.020
0.040

0.012
0.064

0.009
0.148

Table 11.9 : Dependence of the experimental results
(An/nx102) on the mechanical tolerances
of the fuel test-sections

Oscillation data : period

transit speed :

60 sec
1 m/sec



lattice

pi
cm

tch

18.8

23.5

28.05
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mean square deviation

deviation of from the

single mean

measurement value

o/ o/
00 7 00

1.0845 + 0.0015 1.3 0.9
1.0876 + 0.0014 1.2 1.9
1.0859 + 0.0017 1.3 0.4
1.0840 + 0.0014 1.3 1.4
mean 1.0855
2.2934 + 0.0017 0.7 1.1
2.2883 + 0.0024 1.0 1.1
mean 2,2909
2.7582 ¥ 0.0014 0.5 0.4
2.7566 ¥ 0.0020 0.7 0.2
2.7569 ¥ 0.0015 0.6 0.1
mean 2.7572

Table 11.10

: Dependence of experimental results
(An/n x 102) on the reproducibility
of the lattice pitch values

oscillation

data : period : 60.05 sec
transit time : 1 m/sec
test fuel : Pu V/plexiglass
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reactor error in
power measured
(watts) An/n
10 8.8 . 107°
20 3.4 . 1077
30 5.4 . 107°
40 2.3 . 1072
50 2.0 . 107
60 1.8. 1072

Table 11.11 : Error due to reactor and instrumentation
noise

oscillation data : test fuel : UN/plexiglass (fixed position)
lattice pitch : 23.5 cm
oscillation period : 60 sec
(fictitious)
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lattice number of mean sdquare
pitch oscillations deviation
cm (x1073)
18.8 15 0.3325+0.0010 3.0
15 0.3339+0.0012 3.6
15 0.3337+0.0012 3.5
45 0.3328+0.0009 2.7
23.5 15 0.4232%0.0019 4.5
15 0.4204+0.0024 5.7
15 0.4227+0.0015 3.5
45 0.4224%0.0014 3.3
28.05 15 0.4719+0.0017 3.6
15 0.4728%0.0014 3.0
15 0.4702%0.0018 3.8
45 0.4718%0.0012 2.5

Table 11.12 : Dependence of the dispersion in the
experimental results (An/n X 102)
on the number of analvsed oscillations

oscillation data : period : 60.05 sec
transit speed : 1 m/sec
test fuel : UN/plexiglass



pitch

(cm)
18.8
23.5

28.05

UD

_5-296
-7.694

—7o939

Table 12.1.

An/n x 102

UE PulI Pu II Pu III Pu IV Pu Vv
+6.308 +3.470 -3.178 +3.569 -13.244 -1.436
+9.219 +4.829 -5.264 +5.302 -18.915 -2.734

-19.311 -3.251

+90538 +4-804 -5-882 +5-49O

Reactivityv worths of test-fuels in

: Experimental results.
plexiglass matrix relative to UN in plexiglass matrix.
2

Typical experimental error : +0.003 x 107<,
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2
/ 10
pitch An/m x
(cm) Pu I Pu II Pu III Pu IV
28.05 +4.801 -5.719 +5.521 -19.594
Table 12.2. Experimental results.
Reactivity worth of test-fuels in
polystirol matrix relative to UN in
polvstirol matrix. Typical experimental
error : +0.003 X 10'2,
. An/n x 102
pitch
(cm) UN Pu I Pu II Pu III Pu IV
18.8 +0.648 +4.091 -2.405 +4.194 -12.519
28.05 +2.032 +6.845 -3.674 +7.566 -17.550

Table 12.3.

Experimental results.

Reactivity worths of test-fuels in
polystirol matrix relative to UN in
plexiglass matrix. szical experimental
error : + 0.003 x 107=.




Pitch
(cm)

18.8
23.5

28.05

Table 12.4.

Pul

+3.755

+5.591

+5.722
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An/n x 10°

Pu II
-3.872
-6.571

~7.523

Pu III

+4.0073

+6.310

+6.662

Experimental results.

Reactivity worths of test-fuels in

alr relative to UN in air.
experimental error

Typical

+ 0.003 x 1072,

pitch

(cm)
18.8
2305

28.05

Table 12.5.

UN

+7.578
+16.108

+19.582

An/n x 102

Pu Il Pu II
+11.333 +4.402

+21.699 +10.403
+25.304 +13.021

Experimental results.

Pu III

11.581

22.418

26.244

Reactivity worths of test-fuels in
air relative to UN in plexiglass

matrix.

+ 0.003 x 102,

Typical experimental error
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test organic lattice pitch
fuel coolant (cm)
mock-up

UD plexiglass -25.5 -39.5 -40.5
UE " 34.0 53.2 54.0
Pu I " 18.7 27.5 27.5
Pu II " -10.2 -26.2 -29.2
Pu III " 20 31.2 32.2
Pu IV " -66.2 -102.5 -101.5
Pu Vv " -5.2 -11.7 -15.2
Pu VI " -43.0 -67.7 -68.0
UN polystirol 5.7 12.2 14.7
Pul " 25.2 41.0 43.2
Pu II " =-11.7 -18.5 -18.7
Pu ITII " 25.2 43.7 43.2
Pu IV " -69.7 -101.5 -101.5
UN air 40.5 91.5 108.0
Pu I " 60.2 123.0 139.7
Pu II " 20.2 55.0 67.0
Pu III " 61.2 127.0 145.0

Table 12.6 : Reactivity worths of the test fuels relative
to UN in plexiglass as inferred from the
diagrams of Fig.27 to 29. Values given in
pcm, typical experimental error : +0.4 pcm.
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weight % ratios
Identification

/U pu240 /5239 4235 /4
Pu I 0.05 8 0.714
Pu II 0.30 8 0.20
Pu III 0.05 25 0.714
Pu IV 0.30 25 0.20
UE - - 0.80
UD - - 0.60

Table A.2.1. : Nominal compositions of test fuels.
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test fuel cast Pu’/U
identifi- wWt% ratios

cation top bottom

Pu I 1 0.059 0.059
2 0.059 0.059

3 0.043 0.043

4 0.047 0.045

5 0.044 0.045

6 0.045 0.044

7 0.044 0.045

8 0.047 0.046

9 0.047 0.044

10 0.047 0.044

11 0.049 0.045

12 0.047 0.050

13 0.046 0.045

Pu II 1 0.283 0.245
2 0.288 0.293

3 0.294 0.298

4 0.299 0.298

5 0.294 0.296

6 0.304 0.299

7 0.292 0.300

Pu III 1 0.047 0.046
2 0.046 0.047

3 0.046 0.046

4 0.047 0.045

5 0.046 0.045

6 0.048 0.048

7 0.047 0.046

8 0.048 0.048

9 0.039 0.057

10 0.049 0.049

11 0.049 0.049

12 0.048 0.048

Pu Iv 1 0.258 0.278
2 0.274 0.271

3 0.279 0.252

Table A.2.2. : Weight percent Pu/U ratios for samples
taken at top and bottom of one ingot for
each cast} results of chemical analysis
(typical accuracy : +2%).




-119 -

sample Pu/U (%)

identi- central rod inner ring outer ring

fication

PuI 0.0567 0.0569 0.0568

Pu II 0.300 0.299 0.299

Pu III 0.C454 0.0458 0.0458

Pu IV 0.259 0.255 0.257

Pu v 0.0567 0.0569 0.299

Pu VI 0.0567 0.0569 0.257

As2.3. Average values of weight percent Pu/U

ratios for central rod, inner ring rod
(6 rods) and outer ring rod (12 rods).

2 242 2 2
sample Pu/U(%) Pu24O/Pu239 Pu241/Pu 39 pu /Pu 39y 35/U tot
identi-  _ (%) (%) )
fication +1% +1% +5% + 0.3%

Pul 0.0573 6.22 0.57 - natural
Pu IT 0.301 8.48 0.69 0.03 0.208
Pulll 0.0457 25.52 4.22 1.1 natural
Pulv 0.269 27.80 4.79 1.0 0.227

Table A.2.4.

Isotopic compositions of test fuels
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position of rod weight densitv average length
the rod in number kg gr/cm3 dlaﬂgter m

the cluster

center 111 1.0638 18.785 12.01 499.85
inner ring 107 1.0586 18.696 12.00 499.80
112 1.0593 18.697 12.01 499.75

114 1.0556 18.726 11.98 499.80

117 1.0632 18.791 12.00 499.85

119 1.0609 18.775 12.00 499.90

106 1.0608 18.723 12.01 499.85

outer ring 101 1.0625 18.846 12.00 499.80
102 1.0675 18.796 12.03 499.80

103 1.0660 18.775 12.01 499.85

105 1.0625 18.757 12.01 499.90

108 1.0594 18.725 12.01 499.85

109 1.0598 18.737 12.00 499.85

110 1.0592 18.728 12.00 499.90

113 1.0594 18.733 12.00 499.90

116 1.0613 18.734 12.01 499.80

118 1.0655 18.794 12.02 499.90

123 1.0637 18.793 12.01 499.90

115 1.0586 18.760 11.99 499.85

Table A.2.5. : Measured weights, densities and dimensions
of test fuel rods : Pul
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position of rod weight density average length
the rod in number kg gr/cm3 diameter mm
the cluster mm
center 206 1.0572 18.718 12.00 499.95
inner ring 205 1.0621 18.695 12.03 499.95
207 1.0651 18.757 12.01 500.00
208 1.0630 18.757 12.01 500.00
209 1.0605 18.720 12.01 499.95
212 1.0636 18.759 12.01 499.90
213 1.0667 18.800 12.02 499.90
outer ring 201 1.0549 18.635 12.01 500.05
202 1.0638 18.839 11.99 500.00
203 1.0610 18.700 12.03 "500.00
204 1.0604 18.695 12.03 499.90
210 1.0660 18.775 12.03 499.95
211 1.0641 18.757 12.02 499.95
214 1.0674 18.805 12.03 449.95
215 1.0572 18.680 12.00 500.00
216 1.0616 18.687 12.03 499.95
217 1.0647 18.736 12.03 499.95
218 1.0644 18.741 12.01 500.00
219 1.0606 18.727 12.02 499.95

Table A.2.6. : Measured weights, densities and dimensions
of test fuel rods : Pu II
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position of rod weight density average lengt
the rod in number Kg gr/cm3 diameter

the cluster mm mm

center 313 1.0558 18.642 12.01 499,95

inner ring 301 1.0557 18.677 12.00 500.00

303 1.0443 18.562 11.99 500.00

305 1.0486 18.570 12.00 500.00

307 1.0473 18.541 12.00 500.00

312 1.0611 18.720 11.99 499.95

306 1.0466 18.553 12.00 499.95

outer ring 302 1.0545 18.679 11.99 500.00

304 1.04573 18.578 11.99 500.00

308 1.0480 18.559 12.02 500.00

309 1.0434 18.504 12.01 500.00

310 1.0520 18.675 11.98 500.0)

311 1.0610 18.735 12.01 500.05

314 1.0581 18.670 12.01 500.00

315 1.0552 18.631 12.00 499.9)

316 1.0530 18.660 12.00 499 .8

317 1.0566 18.635 12.02 499 .9

318 1.0438 18.568 11.98 500.09

319 1.0576 18.685 12.02 499.9

Table A.2.7. : Measured weights, densities and dimensions
of test fuel rods : Pu III
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position of rod weight
the rod in number kg
the cluster
center 408 1.0712
inner ring 402 1.0666
403 1.0727
409 1.0671
410 1.0709
416 1.0601
417 1.0618
outer ring 404 1.0647
405 1.0721
406 1.0715
407 1.0689
411 1.0697
412 1.0714
413 1.0708
414 1.0706
418 1.0614
419 1.0605
420 1.0602
421 1.0618

Table A.2.8.

Measured weights, densities ard dimensions

densitvy
gr/cm3

18.

18.
18.
18.

18
18

18.
18.
18.
18.
18.
18.
18.
18.
18.

18
18

of test fuel rods

973

973
9713
947

. 947

-798
18.

798

973
973
973
973
947
947
947
947
798

.798
.798
18.

798

Pu IV

12

11

12.
12.

12

12.

11

12.

12
12

12.
.00
.99

12
11
12
12
12
12

average
diameter
mm

.01

.99
12.

01
01
00

.00

.99
.99

00

.01
.01

.00
.01
.02
.01

mm

499.

499

499.

500

499.
500.
500.

499

499.
.98
.98
.98

499
499
499

499.
499.
499.
499.
499.
.98

499

499.

length

98

.98

98

.00

98
on
00

.00

98
98
98
98
98

98
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reecrd (A0’

1 2.8400
2 2.8400
3 2.8285
4 2.8298
5 2.8304
6 2.8329
7 2.8290
8 2.8383
9 2.8352
10 2,8274
11 2.8369
12 2.8294
13 2.81383
14 2.8264
15 2.8345
16 2.8236
average 2.8325
+0.0013

Table A.3.1. : Typical set of experimental data :

An’/n values for 16 analysed records
relative to sample Pull/plexiglass
at pitch 18.8 cm.




Pu III Pu II Pu II Pu II Pu 1V Pu IV Pu IV
Test sample plexiglas plexiglas plexiglas plexiglas polystirol polvstirol polvstirol

Lattice pitch
(cm) 28.05 18.8 23.5 28.05 18.8 23.5 28.05

Phase angle

between the

heginning

of record and 133.5 - 17.2 155.5 197 316 132 298
the middle of

of sample "in"

position

Phase angle

between the

beginning

of record and 166.6 50.6 189.1 231.9 347 .4 165.13 331
the maximum

of first

harmonic of

signal

33.0 33.4 33.6 34.9 31.4 33.3 33.0

Table A.S5.1. : Phase angle of typical test-samples signals
with respect to the oscillation function
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ADDENDUM

After the conclusion of the work presented in the previous
report an additional series of reactivity worth determina-
tions was performed, primarily in order to provide comple-
mentary data to aid in the theoretical analysis of the

body of the experimental results. The experimental
equipment and method used being those extensively described
in the report, only the essential features of the comple-

mentary experiments are mentioned in the following addendum.

The test-sections considered were composite fuel clusters,
assembled with rods from the available test-fuels, i.e.
UN, UE, UD, Pul, PuIll, PulV. Heterogeneous arrays were
obtained by using different test-fuels for the central,
inner-ring and outer-ring rods of the cluster. Mixed
arrays were assembled by alternating rods from two diffe-
rent test-fuels throughout the cluster. 1In addition,

the Pul test-section was remeasured, having replaced
those rods whose composition seemed to be incorrectly
evaluated (see 12.3). A description of fuel rods arran-
gement in the 10 composite test-sections studied is shown

in Table Ad-1.

The test-sections UE and UD were remeasured, in order to
provide a normalization to the results of the previous
measurements (which was required due to some degradation

meanwhile occurred in the title of the heavy water moderator).
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A1l measurements were carried out at the three standard
lattice pitches of 18.8, 23.5 and 28.05 cm. The test-
sections were assembled in either one of the two plexi-
glass matrices whose composition is listed in Table Ad-2.
From each of the measured reactivity values of the test-
sections was subtracted the reactivity value of the UN-

section assembled in the same matrix.

The compositions of the U and Pu-U test-sections are
listed in Table Ad-3 and Ad-4, respectively. The
experimental results (Am/m ) are presented in Tables Ad-5,
Ad-6 and Figg.ad-1, ad-2. The uncertainty (not quoted)

is typically that defined in the previous report (see

11.15 to 11.17).

Also reported are the absolute reactivity values (exéressed
as pcm, i.e. Ak/k x 10_5) inferred from the critical

heavy water levels by asymptotic period measurements

(Table Ad-7 and Figg.ad-3, ad-4, ad-5, for lattice pitch
18.8, 23.5, 28.05 cm, respectively). As noted previously
(see 12.2), the agreement between these results and the

oscillation measurements data is generally satisfactory.

For completeness, the measured distributions of Dy
activation in the representative rods of the UN test-
section at lattice pitches 18.8 and 28.05 cm, are also

presented (Fig.ad-5).
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Identification Fuel
UND-I UN:center rod
UD:other 18 rods
UND-II UN:7 inner rods
UD:12 outer rods
UND-III UN:center rod, 12
outer rods
UD:6 inner rods
UNE-TI UN:center rod
UE:other 18 rods
UNE-IT UN:7 inner rods
UE:12 outer rods
UNE-TII UN :center rod , 12
outer rods
UE: 6 inner rods
UDE (m) UD, UE mixed by
alternating UD, UE
throughout 19-rod
cluster
Pu-VI Pu-I:inner rods
Pu~IV:12 outer rods
Pu-VII Pu-~III:7 inner rods
Pu-~IV:12 outer rods
Pu-VII(m) Pu-III, IV mixed by
alternating Pu-III,
IV throughout 19-rod
cluster
Pu I Pu I
UD UuD
UE UE
Table Ad-1

Comment

Those fuel rods which
showed wide discrepancies
between chemical analysis
and spontaneous fission
values replaced

For normalization to
previous experiment

For normalization to
previous experiment

Description of measured test-sections
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material I | 11

Plexiglass 927.25 gr 929.58 gr
Zr2 end-plates 508.60 " 508.40 "
Zr2 Screws 77.80 " 77.88 "

Table Ad-2 : Composition of matrices used for the
test-sections assembly




central rod inner-ring rods outer-ring rods

Identifi- 535 235 235
cation U™°7/U tot (%) weight (kg) U"77/U tot (%) weight (kg) U™ "7/U tot (%) weight(kg)
UN 0.714 1.0700 0.714 6.4202 0.714 12.8461
UND I 0.714 1.0700 0.643 6.4151 0.643 12.8296
UND II | 0.714 1.0705 0.714 6.4202 » 0.643 12.8296
UND III 0.714 1.0705 0.643 6.4151 0.714 12.8441
UNE I 0.714 1.0700 0.804 6.4401 0.804 12.8808
UNE II 0.714 1.0700 0.714 6.4227 0.804 12.8808
UNE III 0.714 1.0700 0.804 6.4401 0.714 12.8461
UDE (m) 0.804 1.0733 0.804 3.2236 0.804 6.4386
0.643 3.2082 N.643 6.4175
8)9) 0.643 1.0695 0.643 6.4151 0.643 12.82956
UE 0.804 1.0736 0.804 6.4401 0.8204 12.8808

Table Ad-3 : Compositions of U test-sections
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.. central rod inner-ring rods ter-ri
Identifi- J oute ing rods

cation weight (gr) composition(%) weight (gr) composition (%) weight (gr) composition (%)
Pu U235 Pu240 Pu U235 Pu240 P
U+Pu Pu P : . u U235 Pu240
U+Pu Utot bPup3g U+Pu U T+PU Ttot Pup3y U+Pu PU " §iPu U tot Pu23o
Pu I 1063.8 0.4840 0.046 0.714 6.20 5.357.3 2.9457 0.046 0.714 6.20 12.721.4 5.7772 0.2456 2.714 5.20
Pu VI 1063.8 0.4840 0.046 0.714 6.20 6.357.3 2.9457 0.0456 0.714 6.20 12.803.7 32.3450 0.25 0.227 27.8

Pu VII 1055.8 0.4791 0.046 0.714 25.5 6303.6 2.8856 0.046 0.714 25.5 12.803.7 32.8460 0.25 0.227 27.8
PuvII(m) 1055.8 0.4791 0.046 0.714 25.5 3161.1 1.4407 0.046 0.714 25.5 6303.8 2.8805 0.046 0.714 25.5

3201.9 8.2650 0.26 0.227 27.8 6400.3 16.3007 0.26 0.227 27.8

Table Ad-4 : Compositions of Pu-U test-sections




UND III

lattice pitch UE UNE I UNE II UNE III UDE(m) UD UND I UND II
(cm)
18.8 +5.251 +5.007 +3.837 +1.298 +0.697 -1.474 -4.,239 -3.176 -1.101
23.5 +7.927 +7.578 +5.812  +1.843 +1.037 -6.621 -6.402 -=4.782 -1.606 ,
: o
28.05 +7.727 +7.421 +5.729 +1.744 +1.009 -6.462 -6.225 -4.632 ?

Experimental results (An/n x 102) for the U test-sections

Table Ad-5
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Lattice Pu I Pu VI Pu VII Pu VII(m)

pitch

(cm)
1808 +20693 _70575 —70533 —4-001
23.5 +3.768 -11.353 -11.287 -5.878
28.05 +3.561 -11.154 -11.087 -5.727

Table Ad-6 : Experimental results (An/n x 102)

for the Pu-U test-sections




Identifi- lattice nitch(cm)

cation 18.8 23.5 28.05
UE +28.65 +44.10 +44.00
Uup -21.45 -32.90 -32.25
UND I -20.10 -31.50 -31.50
UND II -15.15 -22.75 -23.00
UND III - 4.80 - 5.95 - 5.50
UNE I 427,45 +43.35 +41.50
UNE §I +20.70 +33.25 +32.75
UNE III + 8.25 +11.50
UDE(m) + 5.10 + 7.70 + 7.75
Pu I +15.30 +21.70 +20.00
Pu VII -38.25 -58.10 -57.25
Pu VII(m) -19.05 -26.60 -29.00

Table Ad-7 : Absolute reactivity values (pcm), as
inferred from asymptotic period
determinations
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