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ABSTRACT

The 250 MW(e) Gentilly Nuclear Power reactor is a departure
from the CANDU Pressurized Heavy Water coolant series (CANDU-PHW's)
in that its coolant is Boiling Light Water (CANDU-BLW). Retention
of concepts of maximum neutron economy and natural uranium fueling
have resulted in a system with a positive power coefficient. Because
of this positive power coefficient and the prototypical nature of
the station a comprehensive program was initially planned to derive
the controlled and uncontrolled response of the neutron flux for both
fundamental .node and first azimuthal or "tilt" mode reactivity
perturbations.

System dynamics were determined from measurements of the response
of system parameters to applied perturbations. Experiments were
initiated by a special computer program stored in the station con-
trolling computer. Direct digital computer control of the station
allowed considerable flexibility in selecting reactivity perturbations
and experimental parameters. The complete experimental program was
performed within the constraints of the physical hardware available
for normal station operation.

The regular control absorbers were driven in either a pseudo-
random sequence or pseudorandom binary sequence to provide reactivity
disturbances. In addition to controlling the reactivity perturbation,
the special computer program also controlled parameters to be
sampled and their sampling frequency, digital filtering of measured
data, storage of data during experiments, and output of data after
the experiment.

cont'd
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Problems caused by the necessity to operate within limi-
tations for normal station operation are discussed. The most
restrictive constraint, caused by limited data storage capacity,
resulted in aliasing problems and the need for digital filtering
of data. Digitizing errors were a consideration for low power
tests.

Performing experiments in an efficient manner require
perturbation functions with certain properties. Properties of
the pseudorandom perturbation functions used and those of other
excitation functions are discussed.

During reactor commissioning responses of the neutron flux
to fundamental mode and to first azimuthal mode reactivity per-
turbations were measured. Measured amplitude versus time data
were analysed off-line using a j?ast Fourier Transform (FFT)
algorithm to yield response functions and coherence functions.
Individual values of the coherence function were used in an
acceptance test for corresponding computed values of the response
function. Response functions were then analyzed using a modal
model and resultant transfer functions are shown for the zero power
tests. These results agree with theoretical predictions.
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Communication présentée au Colloque de l'Agence
internationale de l'énergie atomique sur le
contrôle et l'instrumentation des centrales
nucléaires, tenu a Prague, en Tchécoslovaquie,
du 22 au 26 janvier 1973.

Actuellement, au service de James Kendall
Consultants Limited

Le réacteur nucléaire Gentilly de 250 MWé est
une variante de la filière CANDU PHW (dont le caloporteur
est de l'eau lourde pressurisée) en ce sens que son
caloporteur est de l'eau légère bouillante (CANDU-BLW).
Le fait d'avoir gardé les concepts d'une économie
neutronique maximale et d'une alimentation en uranium
naturel a permis d'avoir un système ayant un coefficient
positif de puissance. A cause de ce coefficient et par
suite de la nature prototypique de Gentilly, un programme
complet a été initialement mis sur pied pour déterminer
la réponse contrôlée et non-contrôlée du flux neutronique
pour les perturbations de réactivité du mode fondamental
et du premier mode azimutal.

La dynamique du réacteur de Gentilly a été
déterminée à partir des mesures faites quant à la réponse
des paramètres du système aux perturbations appliquées.
Les expériences ont été amorcées au moyen d'un programme
spécial d'ordinateur stocké dans l'ordinateur de contrôle
de la centrale. Le contrôle direct par calculateur
nunirique, de la centrale a considérablement facilité la
sélection des perturbations de rëactivité et des paramètres
expérimentaux. Le programme expérimental complet a été
effectué dans les limitations du matériel destiné au
fonctionnement normal de la centrale.

.. .2



- 2 -

Les absorbants réguliers de contrôle ont
entraînés, soit dans une séquence pseudo-aléatoire, soit
dans une séquence binaire pseudo-aléatoire pour fournir
des perturbations de réactivitë. En plus de contrôler
les perturbations de rëactivitë, le programme spécial
d'ordinateur a également permis de contrôler les paramètres
devant être échantillonnés, leur fréquence d'échantillon-
nage, la filtration numérique des données mesurées, le
stockage des données pendant les expériences et la sortie
des données après les expériences.

Les problèmes découlant de la nécessité de
fonctionner dans les limitations du matériel destiné au
fonctionnement normal de la centrale sont passés en revue.
La contrainte la plus sévère a été une capacité de
stockage de données limitée qui a occasionné le besoin
d'une filtration numérique des données. Les erreurs de
conversion en numérique ont été prises en considération
lors des essais a faible puissance.

Les expériences efficaces nécessitent des
fonctions de perturbation ayant certaines propriétés.
Les propriétés des fonctions de perturbations pseudo-
aléatoires employées et celles d'autres fonctions
d'excitation sont commentées.

Durant la mise en service du réacteur, les
réponses du flux neutronique aux perturbations de
réactivité du mode fondamental et du premier mode azimutal
ont été mesurées. L'amplitude mesurée a été analysée en
fonction des données de temps, de façon autonome, au
moyen d'un algorithme da transformation rapide de Fourier
pour obtenir des fonctions de réponse et des fonctions
de cohérence. Les valeurs individuelles de la fonction
de cohérence ont été utilisées dans un essai de réception
pour les valeurs calculées correspondantes de la fonction
de réponse. Les fonctions de réponse ont ensuite été
analysées au moyen d'un modèle modal et les fonctions
résultantes de transfert, employées pour les essais
en puissance nulle, sont données. Ces résultats concordent
avec les prédictions théoriques.

L'Energie Atomique du Canada, Limitée
Laboratoires Nucléaires de Chalk River

Chalk River, Ontario

Janvier 1973

AECL-4370
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1. INTRODUCTION

A program to measure the sptce-time response of the neutron
flux in the Gentilly reactor was initiated prior to commissioning.
The program evolved and continued during the commissioning and
initial operating period. This paper reports on experiments at
low power to indicate the performance of the program at power
by comparison of measured transfer functions to theoretical zero
power predictions. These comparisons would indicate required
improvements or modifications.

The 250 MW(e) Gentilly nuclear power reactor is located
on the south shore of the St. Lawrence River approximately mid-
way between Montreal and Quebec city. The station is owned by
Atomic Energy of Canada Limited (AECL) and operated by Hydro
Quebec.

The Gentilly nuclear station is a departure from the CANDU (
jnressurized heavy water coolant series (CANDU-PHW1s) in that its
coolant is bailing ijLght water. This reactor type has been
termed a CANDU-BLW. Further details are given in reference [1,2].

(1) CANadian Deuterium Uranium pressure tube reactors,
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Use of natural uranium fuel coupled with emphasis on neutron
economy has resulted in a CANDU-BLW system having a positive power
coefficient. Therefore extensive theoretical analyses were initiated
during the design phase and were followed by an extensive experi-
mental program. Since the Gentilly nuclear station was the CANDU-
BLW prototype, no operating experience and information was available
to verify theoretical performance predictions at power. The experi-
mental program was planned to derive the controlled and uncontrolled
frequency response functions of the neutron flux for reactivity per-
turbations in both the fundamental mode and the first azimuthal or
"tilt" mode.

The proposed measurements are considered to be the first
definitive experiments of this type done on a power reactor during
commissioning to obtain information on the spatial response of the
neutron flux to reactivity disturbances. The preliminary character
of these measurements relegated them to a supplementary commissioning
program. Proposed objectives of the frequency response measurement
program were:

1) To provide information to assist in the commissioning
of the station to full design power.

2) To indicate potential problem areas and to eliminate
these problems or reduce their potential consequences.

3) To provide information to help establish optimum routine
operating procedures.

4) To provide information for the further development of
the CANDU reactor concept.

The following ground rules served as constraints on the scope of
the program.

1) The measurements should be performed within normal
operating limits and procedures, and not Increase the
probability of a reactor shut-down.

2) The program should be performed with the physical hard-
ware for normal station operation.

3) The program implementation could not disrupt the reactor
construction and commissioning schedule.

4) The experimental measurements should be done in a mini-
mal time and result in minimal interference with com-
missioning and power production.

The program which evolved used the normal control absorbers
to provide the required reactivity disturbances while they still
performed their main function of reactor flux control. Neutron
flux response due to the reactivity disturbances would be determined
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from the signals of the regulating ion chambers at zero ("low")
power and frcm ion chambers and in-core instrumentation at power.
The complete experimental program from initiation of specified
disturbances to the control absorbers to sampling of data and
termination of the experiment was controlled by a special computer
program stored in the controlling computer of the station's dual
computer control system [3].

2. THEORETICAL AND PHYSICAL CONSIDERATIONS

2.1 Modal Neutranics Model

Theoretical analysis of spatial stability was based on the
modal model [4]. For small perturbations, the one neutron-energy
group modal model expresses the space-time dependence of the per-
turbed flux at a time t, <t'(r,t) as,

*'(r",t) - ? A
n
M
n(')Tn(t) (1)

where n « characteristic index of the mode.

A' = amplitude coefficient of the n t n mode,n

Tn(t) = time dependent function of the n t n mode.

M(r) = spatial dependent function of the n t n mode.

The M(r) are the eigenfunctions obtained from a solution
of the system equations for the unperturbed state. If the eigen-
functions or modes are: (1) analytical and (2) form a complete
set, then these modes can be characterized and ordered by their
associated eigenvalues. If these conditions are met, or can be
approximated, the contribution to the total flux response by
higher order modes progressively decreases as the magnitude of
their characteristic eigenvalues increase. Therefore a finite
number of terms from eq. (1) yields a good approximation to the
behaviour of the flux after a perturbation.

Equation (1) assumes:

1) The modes form a complete orthogonal set over the
region of interest.

2) Modal cross-coupling does not exist.

In the application of equation (1) to the present work,
an additional assumption was introduced.

3) Spatial variables are separable and the z-dependence
can be treated separately. Only the r, 0 dependence
is considered in the subsequent development,
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The significant modes are:

1) Fundamental

2) First azirauthal

3) Second azimuthal

4) First radial

5) Third azimuthal

6) First radial-azimuthal.

These modes are shown in schematic form in figure 1. Only the
first two modes were of principal interest.

Application of equation (1) to the flux distribution,
4'(r,0,t), resulting from a reactivity perturbation, AKn(r,0,t),
which excites only the nth mode, gives a space-time dependence of:

4'(r,0,t) = A0M0(r,G)T0(t) + A ^ C r ,0) Tn (t)

= AoMo(r,0) + anMn(r,0)Tn(t) (2)

where :
by definition, the system is critical in the funda-
mental mode, i.e. To(t) = 1.0 and the fundamental
mode was not perturbed.

- the following definitions have been adopted,

Ao' 5 Ao + aQ.AjJ s an, for all n > 0 .

Before the perturbation applied at t = 0, the flux is
given by :

d(r,0,t') = AoMo(r,0) for all t' < 0.

Therefore the flux perturbation can be expressed as a ratio,

£4(r,0,t) a M (r,0)T (t)

B

d(f,0,t') AoMo(r,0)

where A«J(r,0,t) = rf'(r,G,t) - tf(r,G,t<)
A flux response of the form given by equation (3) requires

a reactivity perturbation AK^r.Q.t) of the following form,
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Ak M (r,6)T (t)
AKn(r,0,t) = VKn(r,0,t) = V M (g,8)

o o
where Tn(t) = time dependence of the reactivity perturbation.

Taking Laplace transforms of equation (3) and (4) and
equating the response to the disturbance yields,

n M n ( r ' 0 ) Tn ( 8 )a
A

a

n

o

n

M
n

M
o

M
n

( r

( r

(r

, 0 )

, 0 )

, 0 )

ko M
o
( r ' 0 ) T

n
( 8 )

o r a M (r0) Ak M (r,0)
n n - t »A M (r,0) k M (r,0)

o o ' o o *

where T (s)
G (s) = ", v = transfer function of the nth mode.

Since Tn and xn are separable, they may be linearized to
give a transfer function independent of space.

For a reactivity perturbation with spatial dependence
Mn(r»Q)/Mo(r,0) over the whole core, equation (5) can be reduced
to,

IT - P" Gn<8> <6>
o o

For a spatially uniform reactivity perturbation in the
fundamental mode, equation (5) becomes,

a Ak
-°. = _ ° G (s) (7)
A k o
o o

Defining the higher mode reactivities in terms of the
fundamental mode, as in equation (4), results in the simple forms
of Eq. (6) and (7). This definition gives the amplitude of the
flux perturbation as a fraction of the amplitude of the unper-
turbed flux.

For the fundamental mode neutronics, the transfer function
Go(s) in the above model can be expressed as,

G ° ( 8 )

where
I* = effective neutron life time, in the finite system

and the other quantities have their usual meaning.

For the first azimuthal mode neutronics, the transfer
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function Giaz(s) in the above model can be expressed as,

where
AB2

az(r,0) = difference in geometrical bucklings between
a z

the first azimuthal mode and the fundamental mode.

In raost practical situations, the simple forms of Eq. (6)
and Eq. (7) cannot be applied to obtain modal transfer functions
directly from the analysis of measurements because reactivity
disturbances can be inserted in the core only at discrete spatial
points. In addition, the flux response has to be measured only
at discrete spatial locations.

The following model was developed to account for discrete
absorbers and flux measurements. The small signal frequency
response of the flux ^(r.Q.uj), measured by a detector at rx»0x

due to the movement of m absorbers at locations i = 1, 2, 3, m
can, in the general case, be given by,

» a M (r , 0 ) °° m Ak M (r , 0 )

" ' • e ' w > = \ V X X f<u> " \ * ° ' J\ AV(r,0) " \ * kM (r en=l o o x' x' n=l i=l o o i i

where
A knj Mn^ ri i 9i )

 = reactivity introduced into the
k M (r.,0_,) n t n mode by the itl* absorber,o o i i

Equation (10) assumes that superposition of effects and
linear analysis are valid.

The left hand side of Eq. (10) illustrates that, for the
response an to be zero, the sum of the reactivity contributions
to mode n from all m absorbers must be equal to zero. Therefore,
the experimental system can be made to respond principally to the
mode under investigation by selecting the relative amplitudes of
motion for each absorber. The extent to which other modes are
excited will be dependent on the number and location of absorbers
in the core.

Selection of relative amplitudes for each absorber to
approximate the required modal reactivities can be determined from
the following model.

One unit of movement of an absorber can be considered as a
spatial impulse function applied to the neutron multiplication
factor k^ at (rj^Qi). This reactivity perturbation can be expressed
in a series expansion of the form:
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Mn(r,0)

where
Akoo(5(ri»Q

i) _ a fictitious change required to
k^r-.O ) ~ produce the observed effect.

The coefficients Akni/k0 are determined by multiplication
of Eq. (11) by a mode Mm(r,O) and integration over the reactor
area using the orthogonal properties of the modal expansion set.

If Ak o i/k o (i.e. the mk worth in the fundamental mode) is
assumed to be known, then,

A k»< ri»V Ak / M 2(r,0)dA
—

M ' i ' V " k MCri-Qi>

Eq. (12) can be expressed in terms of the fundamental mode
reactivity using Eq. (13) to give,

In application of the above to a physical system, a simple
transfer function is determined between the flux response measured
at one location and movement of an absorber at another location.
From a knowledge of the relative ratios of movements of the remaining
absorbers, and a model to compute spatial modes for use in Eq. (14)
and to correct the ion chamber response, Eq. (10) can be transformed
into the form given by Eq. (6).

2 . 2 Excitation Functions

Many types of functions can be used as excitation signals
for dynamic testing of a system. A summary of these is given by
Kerlin [5] and others [6, 7]. Our selection of a function was
dominated by 3 requirements:

1) Minimum measurement time.

2) Maximum signal-to-noise ratio without impairing normal
operation.

3) Ease of generating the function and applying it to
the control absorbers.
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This led to the selection of pseudorandom sequences as
the excitation function. Their multi-frequency content minimizes
measurement time and their discrete Fourier components enable
concentration of energy at certain frequencies to provide adequate
signal to noise ratios. The direct drive of the control absorbers
by the digital computer simplified storage of the sequences and
their application. The sequence was restricted to an even number of
elements to simplify the coding and subsequent data analysis. This
permitted collection of the data and generation of the excitation
signal synchronously at multiples of a program period of 0.064 sec,
a period common with other programs. A routine was coded in the
digital computer so that any arbitrary sequence, either binary or
non-binary could be used and the sequence changed with ease.

PRB m-sequences were rejected because they have an odd
number of bits and have a non-zero mean value. Since the exci-
tation is in absorber rate, the mean is accumulated in absorber
position. Under open loop conditions a growing offset results.

Since we could not find a PRB sequence which had its
energy concentrated in the frequencies of interest, we decided
to experiment with other sequences whose energy was concentrated
in the first 10 or 12 harmonics. Initial tests of the fundamental
mode at zero power were made with such a synthesized sequence of
64 elements. An amplitude factor (pulses/sec) was associated
with each time segment, a multiple of 0.064 sec. The spectral
content of this pseudorandom sequence (PRS) is shown in Fig. 2.
This shows that for this test signal, only seven harmonics have
a significant amplitude. Of these one of the initial four is
very small. Results from initial tests indicated an improvement
in spectral energy distribution was required.

Theoretically a PRS could be synthesized to yield
optimum results. The problem is to maximize the energy in the
desired harmonics, requiring that the Oth harmonic be zero and
the elements of the sequence not exceed upper and lower bounds.
The Fourier components are linear functions of the elements of
the sequence. While we believe this is an area for futher
investigation [5], insufficient time was available to develop
optimum sequences.

The sequence used for the remainder of the tests was a
modified PRBS of 16 bits. This type of PRBS with an even number
of terms has a zero mean. The improved spectral content of this
signal in comparison to the PRS is illustrated in Fig. 2. To
check if aliasing was a serious problem in the 2nd lobe when a
filter was not used, a spectral analysis was done with 128 samples.
The results in Fig. 2 (4 t h lobe analysis) show there is some
aliasing in the 2nd lobe.

The 16 bit PRBS impressed on absorber velocity is shown
schematically together with the resultant absorber position, in
Fig. 3.
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2.3 Aliasing of Data and Filter Requirements

Initially it was considered aliasing would not be a problem
and filtering of the signals would not be required. This decision
was based on the following considerations:

1) The reactor is an effective low-pass filter

2) The initial pseudorandom sequence was synthesized
to have a limited frequency content, thereby reducing
excitation at frequencies beyond the proposed analysis
bandwidth.

Initial experiments indicated filtering would be required.
This was due to the following factors:

1) Aliasing could be a significant problem if rate dependent
(or differentiated) parameters were considered for
analysis.

2) Significant noise existing at frequencies of 0.1 to
1 Hz could cause aliasing problems in lower frequency
analyses .

3) Use of a modified pseudorandom binary sequence for
excitation would produce responses at frequencies beyond
the analysis bandwidth.

To reduce consequences of potential aliasing problems, a
second-order, critical-damped, low-pass digital filter was
coded.

The digital filter was of the following form:

Y(N) = A*Y(N-1) + B*Y(N-2) + C*X(N) + D*X(N-1) + E*X(N-2)

where

Y(N) = filtered output for the nth sample.

X(N) = unfiltered nth sample.

N-l = data of previous time sample.

N-2 = data of second last time sample.

A, B, C, D and E = constants dependent on required frequency
characteristics of filter.

Filter constants were selected to provide a -3 db break
frequency at 1/3 of the spectral analysis bandwidth equivalent to
the 10 t n harmonic component.
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3. EXPERIMENTAL

3 .1 Experimental System

Systems and equipment used in the frequency response measure-
ments were; the dual digital control computers, the control absorbers
the regulating ion chambers and the capability to record any of
the station parameters monitored by the computer. A schematic
diagram of the Gentilly core, with the control absorbers and ion
chambers, is shown in Fig. 4. All or any of the control absorbers
could be used to provide the required reactivity disturbance.
Three ion chambers, A, B and C provide a fast signal for bulk
regulation. Although both the linear and logarithmic signals from
these ion chambers were available, the linear output was effectively
zero for the zero-power measurements. To avoid modifications to
the system hardware, only the logarithmic signals were used in
measurements of the modal flux response. Available in-core instrumen
tation also had only a linear response scaled for power operation.

A special computer program, written for the SEL-810A dual
computer control system, was used for the frequency response
measurement experiments. This program controlled the amplitude and
duration of the disturbance to be sent to each absorber in addition
to synchronously sampling, filtering and storing the data from the
selected variables available to the computer. Data were output on
punched paper tape at the end of the experiment for off-line
analysis on the CDC-6600 at CRNL.

The special frequency response computer program is shown
schematically in Fig. 5. The top third of the diagram indicates
the distribution, in amplitude and duration, of the disturbances
to be sent to each absorber. The bottom third of the diagram
indicates the data sampling, filtering and storage of data.

The central part of the diagram shows the control routine
used to initiate and manually terminate, if required,the experi-
ment, initialize counters, etc., and synchronize sampling of data
with initiation of disturbances. The control routine operated on
a basic control time interval of 0.064 sec. Excitation and data
storage were performed at multiples "n" of this interval. Values
of "n" and related parameters, used in the various experimental
series, are given in Table 1.

During normal experimental operation, the control unit
repeated the test sequence for eleven continuous cycles and initiated
data collection for only the last ten cycles resulting in 10 x 64 =
640 data points for each variable. The initial cycle allowed
system and filter transients to stabilize. The number of data
points was a compromise between the limited data storage area
available for this application and signal-to-noise ratios expected.



TABLE I

SAMPLING PERIODS USED IN FREQUENCY RESPONSE

MEASUREMENTS

Series

Tl

T2

T3

T4

Program
Execution
Interval

(sec)

0.064

0.064

0.064

0.064

Unfiltered
Sampling

Rate
(Samples/
Sec)

15.625

15.625

15.625

15.625

n<a>

1

10

100

800

Filtered
Sampling

Rate
(Samples

/Sec)

15.625(b)

1.5625

0.15625

0.01953

Nyquist
Freq.
(Hz)

7.8

0.78

0.078

0.00975

Period
of Test
Sequence

(sec)

4.096

40.96

409.6

3276.8

Dura-
tion of
Experi-

ment

45 .06 sec

7.51 min

1.25 hr

10.01 hr

a) n x 0.064 = data storage and excitation periods.

b) Data is not filtered digitally for the Tl series.
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3.2 Reactivity Disturbances

Excitation of the selected modal flux response required
application of a reactivity disturbance of a specific modal shape.

Fundamental mode excitation was induced by moving all
absorbers simultaneously. This was justifiable since all seven
absorbers were located in a region of constant flux, and therefore
their reactivity worth in the fundamental mode should be the same.
By definition the fundamental mode response A#o/tfo

 a s detected
by ion chambers A, B or C should be the same. Contamination of
the fundamental mode response through excitation of higher flux
modes by the above pattern of absorber motion should be small due
to the lower gain of these modes compared to the fundamental gain.

Fig. 6-A is a schematic diagram of the Gentilly reactor
dynamics. For the zero power measurements the power feedback is
zero. Therefore, spatial control is not operating and Fig. 6-B
describes the dynamics. Bulk or fundamental control, in service
for all measurements, reduced the perturbation amplitude for the
fundamental mode experiments. A response function model between
absorber movement and flux, shown schematically in Fig. 6-C, can
be used to derive the fundamental mode transfer function.

The first azimuthal mode response in the presence of bulk
control was measured by selecting a modal reactivity perturbation
which introduced "flux tilting" about an axis through ion chamber
C and the centre of the reactor, indicated in Fig. 4. Absorber
amplitudes to produce the required "tilt" axis were selected to
give zero reactivity contributions to the fundamental, first
azimuthal cosine, second azimuthal sine, second a~imuthal cosine
modes, minimize response at ion chamber C due to the third azimuthal
sine and cosine modes and introduce a significant reactivity in
the first azimuthal sine mode. Values of the absorber amplitudes
were determined from the model given in 2.1. This resulted in
diametrically opposite absorbers having equal amplitudes but of
opposite sign with an amplitude variation ~a f,in0, where 0 = angle
from the zero response axis.

3.3 Experimental Procedure

For zero power measurements, selected variables to be
sampled usually included, the 3 ion chamber log signals, the 3 ion
chamber log rate signals, the 7 absorber position-indicating
signals, the computed bulk control velocity, and parameters charac-
teristic of the state of the heat transport circuits. In addition
to selection of the sampled variables, other data to be entered in
the computer before initiation of the experiment included (see Fig. 5):
state of filter control, i.e. "in" or "out", "n" or period of test
sequence and therefore frequency range to be investigated, filter
parameters if required,and absorber amplitude factors. Several
sets of amplitude factors were tried for each test series, starting
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with conservative values, and increased to yield a satisfactory
response (* 5% pk-pk) or until other constraints prevented a
further increase.

During the zero-power first azimuthal frequency response
measurements, the bulk control algorithm was modified to fix control
on ion chamber C. Therefore the equal but opposite first azimuthal
responses detected by ion chambers A and B would not result in bulk
control action. With control fixed on ion chamber C, the reactor
protective channel which included the protective ion chamber at
this location was opened. If a fault condition occurred during
the experiments which tended to drive ion chamber A or B high, the
protective system operating on a 2-out-of-3 principle would be invoked

4. DATA ANALYSES

4.1 Signals for Analyses

At the termination of an experiment, data were punched on
paper tape for analyses using the MAC/RAN(2) computer code installed
on the CRNL CDC-6600. New data channels, combinations of the
original data, were created for use in determining the required
responses. For example, ion chamber responses, in per cent, were
averaged and the absorber position signals averaged to determine
the zero power transfer function of the fundamental mode for the
uncontrolled reactor.

Although the reactivity disturbance used in the first
azimuthal mode measurements was selected to excite only this mode,
noise from the fundamental mode existed in the measured flux
responses due to the high gain of the fundamental. This funda-
mental flux noise should be reduced by action of the fundamental
controller. However, control action will cause absorber movements
to compensate for this fundamental mode reactivity noise. This is
illustrated by Fig. 7-A and B which show the filtered and sampled
amplitude-versus-time data obtained from the position indicators
of absorber 7 and absorber 4 during the T3 and.T4 series of first
azimuthal frequency response measurements. This Fig. 7 should be
compared to Fig. 3 which is the relative synthesized and unfiltered
demanded absorber 7 position. This comparison illustrates that
there was only a small distortion of demanded movement relative
to actual movement by the bulk control, especially for the T3
series, and also that the filter did not introduce any significant
or unexpected effects.

(2) MAC/RAN is a code for comprehensive analysis of time series
data and was developed by Measurement Analysis Corporation.
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4.2 Corrections for Fundamental Mode Contamination

Although fundamental mode contamination in the first
azimuthal frequency response measurements was small, two methods
were used and results compared, to eliminate the fundamental mode
flux response in the ion chamber signals and the fundamental
mode reactivity disturbance in the absorber position signals.
These two methods were:

1) (a) The % response of chamber C was subtracted from
the % responses of chambers A and B. This
corrects chambers A and B for the fundamental
mode flux response which by definition is the
same % at each ion chamber.

(b) Subtraction of absorber #1 movement from the
movement of each of the other six absorbers
corrects for the fundamental reactivity distur-
bance. Absorber #1 movement results from funda-
mental control action since no disturbance was
applied to it during the first azimuthal measure-
ments .

Frequency response functions were obtained for
(corrected Chamber A % signal/corrected absorber
X position) and for (corrected chamber B % signal/
corrected absorber X position).

2. (a) The % response recorded from the chamber A signal
was subtracted from the % response recorded from
chamber B signal. Fundamental mode contribution,
of the same sign at both chambers, would cancel and
the first azimuthal response contribution of opposite
sign at the chamber A and B positions, would add.

(b) Fundamental mode reactivity perturbation in the
absorber position signals due to the action of bulk
control was removed by subtracting position signals
of diametrically opposite absorbers. This pro-
cedure would cancel out movement due to fundamental
reactivity control while movements due to the first
azimuthal reactivity perturbation would add.

Response functions were then obtained for the ((%
Chamber A - % Chamber B)/(absorber 7 position
- absorber 4 position)).

*«3 Determination of Transfer Functions

Response functions were determined using the Fast Fourier
Transform (FFT) processor of the MAC/RAN code on the 10 blocks
of 64 data points with results averaged. Averaging of the
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time series and then analyzing did not yield any significant
increase in accuracy. In addition to response functions, coherence
functions, YxY(f) were computed where,

Y* Cf) - ' XY
X Y GXX ( f ) GYY C f )

with G X Y ^ = c r o s s spectral density of X to Y

Gxx(f) = power spectral density of signal X.

Confidence intervals, using the definition given in [8],
were determined from the MAC/RAN code. A confidence level of 0.75
was selected for the computation of these intervals.

Values of the response function were obtained at 32 discrete
frequency values for each series. For the majority of these data
computed coherence functions were < 0.75 and results exhibited
considerable scatter. Previous work had indicated the shape of
a response function may be difficult to establish accurately from
data with a coherence < 0.75. Therefore, only those values of the
response function whose associated coherence was > 0.75 were
considered. These values usually corresponded to those Fourier
components in the test sequence with large amplitudes (high power).

To convert from the response function, (% flux response/
absorber pulse) to the transfer function (% modal flux response/
modal reactivity) the theory given in section 2.1 was used. Modal
flux shapes, computed using the one-neutron energy group code
MODES, were used in determining the modal reactivity and modal flux
response.

5. DISCUSSION AND RESULTS

5.1 Effects of Experimental Constraints

An understanding of the physical constraints and their
effects is necessary to give a perspective of the conditions which
affected the measurements. Section 3.1 stated the logarithmic
ion chamber signal only was available for measurement of flux
response. The amplifier output range in combination with the
A-to-D converter bit size gives a resolution of *. 0.4% in flux/
bit. The resultant error due to this quantization is * 0.12%
r.m.s. In addition, a 4-5% flux response gives an amplitude
signal defined by 10 ->• 12 discrete levels or bits. Noise due
to the detection process, considering characteristics of the ion
chamber and flux at their position, is also « 0.12% r.m.s. for a
10 Hz bandwidth at 10"3 of full power, the power level for these
experiments.
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At low frequencies, the maximum possible fundamental flux
disturbance was + 1.5% without impairment of the flux control
system. The maximum absorber reactivity correction rate occurs
for a 3% flux error. When the excitation signal changes sign,
after reaching an equilibrium, the control system error signal
would demand the maximum absorber rate.

At high frequencies, approximately 1 Hz, the maximum funda-
mental reactivity obtainable was limited by the rate of absorber
movement and gave a flux response of approximately 0.6% i.e. 1-2
A-to-D converter bits. Movement of absorbers at a conservative
slower rate, to allow correction capability for other reactivity
disturbances, would result in a lower response. For the Tl series,
frequency analysis bandwidth of 0.24 to 7.8 Hz, the observed % flux
response corresponded to a peak-to-peak variation equivalent to
4 A-to-D converter bits or 1.6%. The Tl series was discontinued afte
the fundamental mode test due to the inability to induce a reac-
tivity disturbance of sufficient amplitude in the Tl series band-
width.

5.2 Experimental and Theoretical Transfer Functions

Fig. 8 gives the experimental results for the zero power
fundamental transfer function. Also shown on this figure are
theoretical point-model predictions for two sets of parameters
which are considered to indicate maximum model limits for
the effective delayed neutron fractions and associated decay
constants, significant parameters in the frequency range of 2 x 10"3

Hz to 0.1 Hz. Within this frequency range the experimental ampli-
tudes in general fall within the band of 1.5 db defined by the
theoretical curves. To obtain agreement at frequencies above
0.1 Hz would require use of an effective neutron lifetime =»1.5 -
2 larger than the value used in the theoretical models. The
experimental phase angle data also departs from the theoretical
predictions in the region of 0.1 to 1 Hz. Better agreement between
theoretical and experimental phase angle data could also be obtained
by use of a larger effective neutron lifetime. However it is
probable this disagreement could arise from a number of effects sued
as ;

1) Aliasing effects since no filter was used for the
fundamental mode measurements.

2) Contamination of the fundamental mode response by the
first radial mode.

3) The relatively large errors in experimental data in
this region vhich make it difficult to accurately
establish the shape of the experimental curve.
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In view of the above factors use of a larger effective
neutron lifetime to improve the theoretical to experimental agree-
ment could not be justified.

Fig. 9 shows a comparison of the predicted uniform-model
first azimuthal transfer function to the experimental results.
Experimental amplitude data follow the shape of the predicted
amplitude variation but ares ±2 db higher. Comparison of experi-
mental phase data indicate a « 2 - 3° increase in phase lag as
compared to theoretical predictions. Increased scatter in the
amplitude and phase results in the 3 x 10""1* to 1.6 x 10~s Hz region
could be attributed to possible inaccuracies in the corrections
for fundamental mode contamination. The ratio of fundamental to
first azimuthal response is very large(« 30 - 40 db)in this
frequency range. The apparent systematic difference of + 2db in
the experimental amplitude data compared to the predicted response
could be due to:

1) Calculation of the conversion factor to be applied to
convert (% flux response at location X/pulses of
absorber movement at location Y) to ((% A^ 16 )/
(Ak a z/k o)).

2) Difference in predicted modal bucklings and the actual
modal buckling (i.e. AB* (predicted) to AB2 (actual)),

f az az

3) Inadequacy of the one neutron-energy group models to
accurately predict the responses.

4) Possible contamination of the response by other modes.

Data of the first azimuthal frequency response measurements
analyzed using method 1, section 4.2 indicated z 10% higher response
at chamber A than at chamber B. This difference was attributed to
a probable Imbalance of structural material in the core giving
rise to azimuthal asymmetry in the flux profile.

6. SUMMARY AND CONCLUSIONS

Experimental results have indicated the frequency response
measurement program should be adequate for measuring the first
azimuthal frequency response of the Gentilly reactor at power.
The high fundamental controller gain required to correct for the
large fundamental flux gain at power, combined with possible inter-
ference of the induced reactivity disturbance by external distur-
bances, would severly restrict measurements of the fundamental
response function at power.

Measured zero-power frequency responses for both fundamental
and first azimuthal modes are in agreement with theoretical prediction*
in the frequency range of -10"3 -* 10" * Hz. This is the frequency
range which includes the significant feedback time constants and
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therefore of major interest in the power measurements.

The zero power first azimuthal frequency response measure-
ments have indicated existence of an azimuthal flux asymmetry in
the core.

A major constraint in the present measurements was use of
the logarithmic signal to measure the flux response. Accuracy of
measurements will improve when the linear amplifier signals from
the ion chambers and other in-core instruments can be used for the
power experiments.

On the basis of the performance of the frequency program
at zero power, azimuthal frequency response measurements have been
made for the following reactor conditions,
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A preliminary assessment of these measurements has been made
and results have contributed to realization of most of the objectives
stated in section 1 with indications of full realization upon final
assessment of the measurements.
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