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_ABSTRACT

In many reactor dynamic studies use is made of the reactor
<ransfer fﬁnction for zero ﬁower and full operational power. The
latter in fa;t consistihg of the zero power transfer function
modified to take aécount of power dependent reactivity feedbacks
due to temperature;-density and preséuré éhanges. Fof many siudies,
:particulérly cohtrél stu@ies, the point reagtor kinefic equations afe
fsuffipient. However, the increased size of power reactors'and the
pressure of spatial effects has lead to the non-separable space-time
kinetic transfer functions.

Finally the growth of noise analysis with respect to

-reactor behaviour has led to many theoretical and exﬁerimental
studies.

This thesis covers an investigation into the determination
of the zero power transfer function of the University of London
Reactor (U.L.R.) CONSORT and its spatial dependency, if any, utilising
a Specially designed reactivity oscillator and the use of noisé
'measuremgpts as an alternatiﬁe method of zero power transfer funciion
derivation.

Tﬁe results provide a zero power transfer function that
fits closely ﬁo theoretical predictipns;' Certain basic nuclear
parameters such as prompt neutron 1ifetime wéfe obtained and agreed
reasoqably well with design values; No spatial dependency was
obtained for the oscillator/ﬂetector configurations used in the
experiments.

The noise measurements provided an adequate check for the
zZero power'transfer function in the upper frequency range; Again

no spatial dependency was observed.



Spatial dependency may exist but it would require the .
detector to be much néarer to the,oscillator, than was pbssible
with the present core configuration.  The practical benefits to
be gained from such én ihﬁesﬁigation on the CONSORT reactor would,
of course, require cafeful study béfore implementa{ion.

During the course of the experimentation use was made of
existing aitérnatiVe standard measuremen{ equipment to facilitate

the produciion of a studeni experiment;
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" NOMENCLATURE

3

« - Sub:cri#%cél Bossi-Alpha;

YR(B)* : Effective delayéd neutron fraction.

| ﬁ ' . Ngu?roﬁ density.

Ci | Pfgcyrsor dénsit&.

t : | Time;

p ﬁeacti?ity.

B - Delayed neutron fraction.

@ : Neut ron éeneration time.

A ' Decay constant for pfecurSOr density.

S : Effective source stfength.

Y Average effectiveness (in producing fission)
of delayed neutrons compared with prompt
neutrons. ‘

K Effective reproduction factor,

H(p) System transfer function.

W Angular frequency.

I(p) La place impulse response.

G(p) Zero pgﬁer transfer function.

g - Neutron flux at radius r.

Material buckling.

Neutron and gamma flux respectively.

T
S, Newtron and gamma sensitivity of neutron
n detectors, respectively.
v Mean number of neutrons produced per fission
event. :
Ca : Cadmium.

g Dollars unit of reactivity.



db
“pc
PDF
ACF
CCF
APSD

CPsSD

Decibelé;
ﬁeléyed critical Rossi—Alpha;

Probability density function.

_Auto;correlation function;

Crosgfcqrre1amioﬁ function;

Aut9'p9wer Spectfal density function.
Cross pqmer}§pect?a1,§3i§ity function.
Fourier transform; -

Ti@e lag in correlation functiqns.

Auto and cross—correl;&ion functions respectively.
Grgens funetion, |
Migration length.

Amplitude or gain in decibels.

Diffusion coefficient.

Penetrafion depth (neutrons).

Neutron velocity.

Macroscopic absorption cross—section,
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CHAPTER 1

1.1. Genefal Introduction ~
ﬂost.dynaﬁic cha?agteristics of nuclear reactors cannot

be evaluated by static_techniques, kinetic characteristics are best

measured by Einétic'eipériménts. These experiments provide precise

values of dyﬁamic parameters such aé neutron 1ifetime?.a, reactor

period, they also proyide many of the statie parameters determined .

by exponential column experiments for example,

Kingtic techniques for the determination of reactivityv
héve been developed and used over the years ﬁlacing an increased
emphasis ﬁpon the accuracy of fundamental kinetic data and the
interpretation of kinetic experiments. |

Common to static and kinetic measurements are the
perturbations caused by the presence of higher flux modes. In'
static measurements uée is made of spatial separation between
detector and source to avoid higher mode perturbations whilst
dynamic measurements use separation in time (e.g. one can allow
higher modes {o die away before taking measurements).

~ Experimental difficulties arise in static experiments when
spatial flux sampling is involved. Flux time decay curves can be
observed externally by a single detector; Spatial modal effects
sensitive to detector location are difficult to interpret. In a
dynamic experiment the presence or absence of higher: modes is more
easily established.

The three most important parameters of reactor kinetics
are reactiﬁity, prompt neutron lifetime and the effective delayed

neutron fraction .?b- Dynamic téchniqués available for their

evaluation are!
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1. Asymptotic pepiod measurementS. 
2. Reactivity perturbafions i.e, rod drop and
oscillators;
" 3. Source perturbation i.e. source jerk, Rossi-Alpha
pulsed neutron.
4. Controlled step and impulse reactivity responses.

5. Statistical correlation methods i.e. noise analysis.

l.2. Reactor Transfer Function

?.A very important aspect of réactor dynamics and“safety
ié‘the stability of the reactor under power osciilations caused
either spéntaneously or due to some malfunction of the reactor system.

The response of a reactor when subjected to small periodic
disturbances of reactivity or neutron sources is described by the
Reactor Transfer Function. This Function is the complex function
of frequency relating the pover oscillation to the reactivity
oscillation.

In control system synthesis and analysis nse is often
made of Transfer Functions and a Reactor Transfer Function is

2)

necessarily of great valuel’ .

1.2(1). Zero Povwer Reactor Transfer Function

The geometry and spectrum of a given reactor are
“explicitly involved in the detailed analysis of the kinetic
behaviour of the reactor.

In a space independent one group approximation the
- fundamental spatial and spectral mode of neutron flux distribution

is assumed constant. The kinetic response is then governed by
o

Y
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the prompt neutron lifetime and the dglayéd neutron behavioﬁr.
Space independent kinetic eguations are valid for many
studies, nofably those undertaken in the design of reactor contrdl
systems, Several groups of delayed neutron precursors can more
easily be incorporated into a transfer_functidn than can be
spatial effects. In mén& reactor control system studies a two
group approximation has proved to be very_suitable, €eBe a;control
system design study carried on the P?Gtotype Fast Reactor by the
author3) involves the use of a two group delayed neutron approximation.
The basic transfer function for any reactor is that
known as tﬁe Zero-Pover Transfer Function., This is derived either
analytically or experimentally for a given reactor at zero power

nominally at which condition no power-~feedback effects are present.

1.2(2). Power Reactor Transfer Function

Reactor transfer functions are necessary so that a designer
can study kinetic effects when the reactor is operating at different
steady power levels. For these operations.it is more normal to
use a zero-power transfer function modifiéd by tﬁe appropriate
powér reactivity feedback éffects;. These may differ in magnitude
and type for different power levels,dépendent upon the reactor type.

In a non-critical opération such as start-up and shut-dowm
it can be important to know how the transfer function differs from
its usuzl equilibrium value, this ieads t0 a non-equilibrium or
'inétantaneoué' type reactor transfer function. The importance of

4y

this has been shown by Singer'’.
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1.2(3). Space Dependent Reactor Transfer Function

As stated before the transfer function equations most
-commonly uged for reactors are derived from the time dependent
kinetic or diffusion equations affer the spatial dependency has
‘been removed by assuming thaf thé flux shape stays in its
fundamental mode, the reactof often being.tpeated as_é Yblack box!
-or a 'lumped parameter! mode15’ 6); This type of tranéfer function
prediéts reactor behaviour very well (Hariér et a17)) especially
for iow frequencies where the neutron flux appears to respond
simultaneousl& throughout the entire reactor and for critical
systems where the bandwidth is narrow and the'higher freguencies
‘are heavily attenuzted. |

A reactor however is not a lumped parameter system, thé
.distances between input and output devicés as well as their relative
locations in the system can have a large effect upon the measured
attenuation ané phase shift of a disturbance as it propagates’
throﬁgh a system., TFor example in the case of a large thermal
power reactor the slow withdrawal of a poison rod could produce
continuous changes in flux shape as well as an overall increase in
flux level. This change in flux shape would affect the three afore-
mentioned, most impoftant kinetic parameters reactivity, prompt
neutron lifetime and deiayed neutron fraction. These effects, if
significant, would have to be considered in a kinétic study,
i.e.-space and time dependgncy.' Other such examples are coupled

systems, mixed fuel and isotope systems and fast breeder reactors.
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1.3. The Present Work

The main objectives of the present study were tn defermine
the zefo—power transfer function of the University of London Research
Reactor and to invegﬁigate its spatial dependency, if any, usiﬁg a
sinusoidal oscillator and detector system in one series of
experiments and a one/two detector ngise measuring system for a
second series of eiperiments. Reversibility of the ¥eactor_transfef
. function was to be investigated during the first series of expériments.

The study gonsisted of four main tasks:

(1) ;7?‘The~d§sign; constfﬁctioﬂ;.fééf and &aligration of an
accurate sinusoidal oscillator with its associaied.speed control
and neasurement system; This section involved the computer
prediction of reactivity levels using the CRAM8) program and

basic experimental reactivity tests on the reactor.

(?) A series of experiments with the oscillator and
detector in various geometric positions in and outside the
actual reactor core, tests being repeated with the positions

of the oscillator and detector reversed.

(3) Using the same detector measurement system as (2) to

carry out one and two detector noise experiments.’

(4) The evaluation and analysis of the results using
computer téchniques and the correlation between the two series

of experiments.
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CHAPTER 2

2.1« Zero Power Reactor Transfer Functions

2.1(1) Point Reactor Equations (Space Ihdependent)

The well established point reaétor equations are as

follows:
an _p-B | | '
d."h = 2 n <+ Ei li Ci + S eeseloel
ac, - Bi :
"a?--f Tn . - lici ‘ | . eeeele2

Where

n = neutron density (or power, etc.)

Ci = precursor density, same units as n

t = time

' R 1 | : ' :
p = reactivity ~5=, the fractional change in neutron
‘reproduction factor

B =  delayed neutron fraction (Zi Bi)

) = neutron generation time

li = decay constant for precursor decay

S = effective source strength (same units as dn

dt

The summation in equation 2.1 is from i = 1 to m where
m is the number of delayed neutron groué.

Since the egquations are for a spatial independent model_
n can be regarded as &n integral or volume averaged property that
is proportional to the instantaneous neutron density at some
point in the.reactor, thﬁs the terms power and neutron density can
be interchanged (care.must be taken since this viewpoint could be

misleading). Neutron energy effects which can be very complicated
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are excluded from these equations, i.e. if the neutron density
is regarded as that for a thermal reactor terms in the eqration
can be multiplied by corrgction factors ‘o aliow for leakage
and absorption above thermal energies, These factors can be

" calculated usingiFér@i'aéefthgor&, two-enérgy group fheory
etc;g’ 1?’ 11). Different‘correction factors are needed for
prompt; delayed and éxtranéous'source neutrons since they are
produced at diffgrent energy levels; |

Deléyéd neutrons aré born at lower energies than prompt
neutroné énd on thé_average suffer less epithermal leakagé_and ’
capture; This fact ié allowed for by using e;fective delayed
neutron ffactions Yiﬁi andf?ﬁ where.? could be as large as 1.3 for
a small water moderated thermal reactor 2? 13).

A further refinement would be toAallow for thé fact that
each delayed neutron emitter has a different neutron emiséion
spectrum, thus requiring a different correction factor for each ﬁi,
in the point model B is interpreted as the effective fraction, the
- ratios ﬁiAS being assumed fixed for a given fuel,

A shift in the reactor spectrum during a transient would
affect the spectrum weighied average parameters. This spectral
shift is one component in a complex interrelationship between
reactor parameters such as density and temperature all of which are
of importance'when calculating reactivity. They may be neglected
in the point reactor médel especially for the'present study where
small oscillations at low power were undertaken for the oscillator

series of experiments and noise measurements were made at steady

state low power during the second series of experiments.
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‘The chief limitation of the point reactor model is its
inability to describe spatially dependent dynamic effects. These
effects can be described as changes in spatial distributién
(i.e. flux tilting) during transients. They could be regarded
as being caused by time lags”in propagating the effects of localised
perturbations;M Thesé éffécts aré 6f great importance in large
:reactors; Evén in small reactors fhe'point model becomes
_ingdequate for largé deviaiibns.from criticality.v' More discussion
-on the latter points continues ih the section devoted to the space
dependent transfer function;"

At this stage it must be péinted out that nuclear fission
and neufron diffusion are discrete processes and that the point
Teactor model, diffusion and transport theory are approximations
to the stochastic processes actually taking place. These have
-been shown by Thie 1963;3) and Keepin 1965'2).

Six distinct groups of delayed neutron are generally

used in reactor dynamic studieélz). A two group eguivalent set

is often used for many dynamic conirol system tests, mainly to

save on eguipment vhen computer simulation models are being used.

2.1(2) Equilibrium and Criticality

Considering the kinetic eguations 2.1 and 2.2 if

Bi,k.

5 and { are considered constant the point reactor model

consists of m + 1 linked first order differential egunations
incorporating two specific functions p(t) and S(t)
In general p is a function of n and the system is

non~linear. tYhen considering heterogencous reactors the various
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contributions to and methods of reactivity feedback are the
conmstituents that cause the non-linearity in pe
In the absence of feedback; i.e; a zero pover ttate,
p(%t) becomes an explicit function of time, the equations and
the éystém 5ecoming.linear;
Considering the steady state (all time derivatives
disapﬁeér);

Summing equation 2;1.0Ver i and adding to equation-2.1.:

Lmrz o) =fFn+s R

Steady state implies that:

o JESR—.4 ) - T . o;-¢¢2-4

Bquilibrium conditions could be satisfied for a time dependent
source with a constant n =n_ if p(t) and S(t) were exactly
proportional, but for complete equilibrium p and S must be

constants namely @, and Sb’
. ~£S
0

..'02.
Po 5

n,
[e]

the reactor is then in subcritical equilibrium ( p, < 0, k< 1).

Shut down power level is:

25 25 ,
n = e o = . o : ¢000206
° e, /o | |
N.B. precursor equilibrium density .is:
Biho :
C. = — ) 0000207
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Criticality. In the strictest sense when defined as k & 1

(P =o0) it is a non-equilibrium situation since in the presence

of a source it is divergent, indeed if the source is withdrawn
there is a}ways a small supply of neutrons from extranebus

sources, i;e; Spontageous fission, cosmic rays; In fact a reactor
operating at steady powér is élways very slightly éub—éritical,
'thougy the-reactivity is éxtrémely small; If the magnifude of
- reactivity at powér is much smaller than that at shutdown the
-source terms may be ignéred in calgﬁlationé thus at high power

equations 2.1 and 2.2 with § = O describe the kinetic behaviour.

2.2; Freauency Response and Transfer Function
For a subcritical reactor (p =p ) in steady state with

.a -source S° (equation 2.5):
-4S
e}
n =

o n
]

\0000205

If the source magnitude is varied sinusoidally and if Po remains
. constant n(t) will oscillate sinusoidally about the level n
(N.B. this is a linear system). |

If the reactor system is cqnsidered aé 'black box! or
circuit element, the ratio of the Laplacé transforﬁs of the éutput
and input to the black box is defined as the Transfer Function.

If H(p) is defined as the system transfer function, for
a linear system the‘frequency response“is completely characterised
by the magnitude and phase of H(jwb) where the forcing function is

a sine wave input of angular frequency W, (p = jwa).



-N.B. Any arbitrary periodic input can be represented as a

Fourier series and using the principle of superposition each

harmonic component can be transformed into a corresponding

output component and the frequency response can be used to derive

‘the response to any input wave form.

2.2(1) Point Reactor Response to an Oscillating Source

Iet n = n_+ On

[o]

C. = C_+6C.
30 1

S = 8§ + 68
[o]

P = P,

As before the equilibrium conditions are (equations 2.5 and 2.6).

B.n —£S°

.-Substituting into equations 2.1 and 2.2:

4 5 Po - P 6 55
T n" 2 n FIg Ay Gt

d 5 Bs :

d e - i

3T Cy = 7 %A %

Using the transforms:

oN(p) = r en(t)e Pt at
[o]

§Ti(p) = Im bci(t)e_pt at

(o]

and 65(p) = IQ es(t)e Pt at
[o]

-

eseel.9

20.



gnd'solving the transformed equations:

Ay bCi(o) .
i [bn(o) + 0, S+ 5S(p)] B
bN(p) = P+ li 00002010
. . Bs AL '
it
£§+B-po'zip+A.
i
Steady state part of response:
eN(p) = 2 65(p) CT 0 ee.a2.11
- Bs A
it
s T e v
i
- 6N(p). 2 ' '
. o = I(P) = 00102.12
6S<p$ Bi Ai

v£p+B-po-Eim

This is the laplace impulse response.
Frequency response for a change in 6n due to a change in
op = sin wt is given by the magnitude and phase of I(jw).

Equation 2.12 is not restricted to small fluctuations.

2.2(2) Point Reactor Response to a Reactivity Oscillator

Oscillating neutron absorbers have been used in

‘measurements of reactor dynamic parameters and neutron absorption

15, 16, 17, 185 19).

cross sections

Proceeding as in section 2.2(1).

Iet n = n + én
C. = C. + 6C,
i jo i
P = pgt
S = 8§
o
c ' _ Bino
io Aiz
S = Polo

21.
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Substituting these into equations 2.1 and 2.2:

g_v{,n-g.?_:_?. bn + . A. &C +n_°‘5p+.lbp(m {'213
dt ) A TRer R T ) ceeeme
4 & -Ew ;xac | 2.1
dt i—z n A.i i . . ,.....

These equations are similar to those of 2.8 and 2.9 in the pfevious

section except that the oscillating source 0S is feplaced by:

n
0

1
— 4 — 3
L ‘ép £ % §n
Assuming sufficiently small oscillations that /6n/<3:no
i.e. & On is negligible, equation 2.13 is then a linear
differential equation with constant coefficients.

Using the Laplace transforms:

oN(p) = on(t)e Ptat
p j‘" ,

- -pt
6Ti(p) = f: bci(t)e dt
oR(p) = \ra 6p(t)e-ptdt

0

The Laplace transform of the steady state portion of the response

is given by:

oN(p) = n, OR(p) vees2.15
By Ay

I S XN -
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The reactivity transfer function is:

-N.B. See equation 2.12 .

The reactivity*tfansfér function is no/l times the sbur¢e<
“transfer function equation 2.12,'section 2.2(1), providing that
‘the resulting power oscillation is small. |
The frequency response for a fluctuation in &n due to a small
reactivif& oscillation is given by the méénitude and phase of

G(jw), where p = jw

.°. if 6p = A sin wt - | ceee2.17
Then 6n = A/G(jw)/sin(wt + &) | cees2.18
Where G(jw) = /G(jw)/éj¢ ‘ | eese2.19

Examining G(p)

n, - - n,
G(p) = v ( B ) eeee2,20
bp+B-p, -ZL: 075 L +Z, ———)p -p
o “ip+ Ai ip+ li o

If the numerator and denominator of equation 2.20 are multiplied by
~Tr;(p + Ai) where the product—rT£ extends from i = 1 to i = m then
G(p) becomes a ratio of two polynomials of degree m and m + 1
respectively. There are m zeroes at P = -xi, and m + 1

poles on the real axis at p = ¥, (the m

1 roots). Ifp =0
there is a pole at the origin corresponding to equilibrium
operation at an arbitrary power level, the other poles being on the

negative axis,



For very small p and provided that p A0

n
rlO

: pe —2 =

If Po = O then for very small p

T n
G{p)e 2 e Jo_
VA= B.y L'p
(¢ +z; 4)p A
A
B

i
Where 8'p = (2 + 55 x;?p

For very large p

G(pjﬁh 22
£p

£ is very small there is an intermediate range /p/>>max

where

a(p) == "o
B-p,

For one group of delayed neutrons

G(p)

1}

‘ no(p +X)

15+ (B + Mk = p)D Ao

LN .'2.21

LR X J .2.22

eoe .;2.23

>

o ..2.21"'

v o 002‘25

L LN ] .2.26

The denominator has two real roots one always negative the other

with the same sign as Po

Equation 2,26 could be expressed as:

no(p + A)

6®) = v m )

LX) 002.27

24.



¥here Wy and v, are the roots. o 5.

For a critical reactor:

G(P) - o B »~‘¢¢-2.28
. i
(2 +3; o550P
Considering one group:
. no(p + 1)
G(p) =

2p(p + A + BA) .-...2f29

‘Equation 2.29 has poles at é = ﬁl =0 and p=w, = -(A + BL).
Since A<Xp/%, G(p) could be written as:

_ﬁ_no(P + 1) - '2
G(P)-f 2 T8 | ieeeele30

.
LA

%Equations é.i6; 2.28 and 2.29 are termed the zero power transfer functions

“because the eéuilibrium power-no has been assumed small enouéhnféf

reactivity feedﬁécks to be negligible. In using G(p) for a critical

reactor (pa = 0) infers that n, is large enough for So the source to

‘be neglected. Fig. 1 gives the magnitude and phase plots for U235

showing also the effect of various values of ﬁeutron generation time £,

the values being taken from Keepinlé). Keepinla)
' 235 238 5 239 240

u s Pu 1

gives transfer
‘function plots for six fission species U
U233 and Thajg systems, From these plots the transfer functions

for mixed isotope systems may be estimated by using interpolation
between the limiting pure isotope curves. This interpolation would
require weighting according to fission rate and delayed yield of

each fissioning isotope in the system. For accurate calculations
further weighting to account for the average effectiveness in producing

fission of the delayed neutrons relative to prompt neutrons for each
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fission isotope. This would ‘involve adjoint flux calculations
requiring details of energy and spatial distribution of delayed

and prompt neutrons for a given systen.

2.2(3) Frequency Response for a Critical Reactor

One Group Approximation

Considering the equation 2.30 for small 4 it becomes:

a( )¢'—n°(P+l) - - ‘ 2.31
. P —_—B?__ A . . . ) . LA X K ] .3

As the frequency increases the amplitude remain constant with a
limiting value no/E see Fig: 2. |

This approximation can be used in stability studies since
the non-roll off at high frequencies wouid be of secondary importéhce
to other elementsi i.es rea;tivity feedbacks controllers etc., which

in a realistic model would predominate due to their much larger

time constants.

For /p/=\

n

n
n_ % - _°. -
G(p) L Bo ' ceeele?2

This gives the low frequency asymptote.

For /p/z\

. N n . .
N e}
G(P)—m A - - .---2.33

See Fig. 3.

For total response see Fig. 4.
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The upper frequency range is the case for nordelayed neutrons.
From Fig. 1 it can be seen that the plateau is a function of £,

4his can of course be demonstrated from the former theory;

2.2(4) ‘Source—Susfained Subcritical System

The low frequency behaviour is different from that
of the previous section equation 2,21l The amplitude reaches a
.constant at low frequency with a correspoﬁding zero phase angle

. 12
.see Keepin™ .

2. 2(5) Subcritical Syotem

If considering equation 2. 20 if p >{)the physical
fmeaning of the equation is 1ost_since a positive p,- would
imply a negative source. A transfer function for é source free
supércritical system could be derived by using an oscillation

superimposed upon an exponential rise with a stable period.

It

ng (1 + A)eP*

t
Cio(1 + 4)e’

i.e. n

C.
-

FPor details of the evaluation reference is made to Keepinla).
This type of transfer function is of importance when

considering control sysfem design for nuclear rockets*4)é

The latter two sections 2.2(4) and 2.2(5) on suﬁ and

supercritical system transfer functions are beyond the scope of

this study, they are included for completeness and information.
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- 23+ Space Dependency ‘ Co

' ‘The space independent ?eaétor kinetic equations (1) and
(2) section 2.1(1) Chapter 2 describe satisfactorily the lehaviour
‘of many reactor systems particulérly for small, tightl& céupled,
réacfors in which thé'épétial néutron distribution is relativeij
insensitive to locél matgrial-prbpérty changeé;

The Basic pbiﬁt'réééfor kinetic equations have pioved to
~be inabprobriate for the transient analysis of larger power reactors.
‘There are, of course; errors in the prediction of.total power arising
:from the use of ipcofréct spatial flux distributions in obtaining
average reactor properties.

Many authors including Keepinlz) have shown how a general
reactor transient can be treated as a sﬁperposition of spatial modes,
The higher modes die out af}er a local transient disturbance and the
fundamental or ésymptotic flux shape being reached usually ﬁithin a
few prompt neutron lifetimes.. Delayed neutrons do sustain the
higher'modes for longer times but they are usually-of an intensity
low epough to be ignored. One exception is a rod drop experiment.
The point kinetic equations effectively assume that the fundamental
- flux mode remains constant throughout the transient. In the case
of large spatially located reactivity disturbances the flux shape
can change shape during the {ransient duratiﬁn time, e.g. spatial
flux tilting under induced by xenon spatial distribution or the
slow withdfawal of a poison rod which can produce flux shape changes
as well as an overall increase in flux level.

The changes in flux shape would affect, as stated in
. Chapter 1,'the three most important kinetic parameters reactivity,

prompt neutron lifétime and délayed neutron fraction,  If the
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changes induced due to flux shape changes during a transient are
- significant then both space and time dépendence must be accounted
for in the reactor kiﬁetic équations; | 1
It is not the intention of this work to provide a
' compréhensivé and detailed anélysis of the theory for space and
ﬁimé depéndent reactor kineti§ theory; It wasvintended to
investigate whétper or not the U.L.R. CONSORT would e;hibif any
space dépén@éncy;- - | L | B
| ] Piocedures exist er evaluating and synfhesising space and
time depéndént reactor kinetic equations ranging from mathematical
solutions to éxtremely practical approaches ﬁhere aitémpts are made ,
1o construct three-dimensional models forvsolution on d;gital,
~analogue and hybrid comfuters. .
A common mathematical approach consists of exﬁanding tﬁe
neutron flux, any sources and the delayed neutron precursor density
in terms of an . orthogonal set of eigen functions, i.e. space

dependent flux modes (harmonics). This method involves the solution

of the wave equation:

V() +B(x) = 0 veeenen(2.32)
These functions vanish at the outer boundary of the ‘
reactor, thus comprising a complete set of eigenfunctions ¢v and

12)

corresponding éigenvalﬁes B, ; Keépin s page 167, outlines an

‘application of the 'harmonic method' to space-time kinetic behaviour
in inhomogeneous reéctor systems reference Garabédianzo)...'This
type of expanéion leads to an infinite systém of second ordef
differential equaiidns with an infinite numbér of unknowns which

result ffém the substitution of the terms of the spatial eigenfunciions

into the reactor kinetic equations. To obtain a solution the
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-expansion is considefed up to n harmonies which resulis in a system
of n courléd differéntial equétions (théré does arise the question
of the truncation at the n’th mode.' _ : *

‘Since thérg are n linear differential equations with
conétéht cééfficiénis thé éolutions should be of the form eWt
substitution 6f this leadé to;é chérééteristic equation whose roots

are the values w. These‘roots; as in the point kinetic equations

12)

Keepin aré éll négétivé exéépf for the case of a criticai reactor
ﬁhen one rbot is ééfo or in the case of é supercritical reactor where
one‘of the rooté ié ﬁésitivé. Thié method is resfricted to a one
energj group treatment for systeﬁs where‘the geémétryAis simple

and the slowing down of neutrons is uniform and no non-linear
feedbacks exist;

12)

Keepin reports that a straightforward practical

approach to non-separable space~time kinetics was suggested by
Henryzl).. This method treated the neutron flux as a product

ﬁ(r, t) A(t) of a shaﬁe function # (r, t), the time and space

being non-separable and an amplitude funétion A(t) of time aloné.
Once the éhape function was determined A(t) the amplifude function
could be calculated using éonventional kinetic equations. .p, B* and £
are given by integréls involving ¢(r, t) and its adjoint. The
method relies upon the fact that the flux shape adjusts to changing
‘reactor conditions within a few prompt neutron lifetimes so that
the instantaneous flux shape can be approximated’by the asymptotic
shape apprOpriaie 10 the reactor conditions at a particu;ar instant.
This implies that §(r, t) can be calonlated at a time t or % +0%

ﬁsing normal stationary flux calculation methods; these are then

used to calculate P, B* and £. " Thus a series of discrete



values of flux shape, py B* and z' at various times are calculated,
the conyenﬁibnal kinetic equations 6ou1d fhen be used to calculate
A(t) leading to the product #(r, t).A(t) being the desireu
approximation to.the nor;—éei)é.ra'ble space~time behaviour of @ (r, t).

The former méthod théugh not rigorous led to the use of
analégue cbmpﬁtefs whére ﬁhg reactbr was représenﬁed by a number of
régions éharacﬁérised b&”an é%efage flux and an average temperature
distributién; The réaétivity was then calculated at each average
temperaiuré usiné thé knowm flux shape for the fegion. Power
series weré thenvfouﬁd for the flux levels and reacﬁiﬁity in terms
Sf the region average temperaiure; |

The auﬁhor in the past worked on a preliminary three-
dimensibnai digital computer model naméd STAB which effectively
split the reactor core into a number of regions, each region being
represented by a point so that a three~dimensional dot maﬁrix
represented the reactorAcoré. Point kinetic and temperature
equations with region averaged properties are applied to each point
in the core model. Care had to be exercised ét the boundarieé of
each region to ensure continuity of the various parameters. The
-whole study was carrieq out on an IBM T090 digital cémpﬁ%er.

The latter comments werevincluded to highlight the
imporﬁanéé‘of space—ﬁimé kinetics for large ¥eactors and ﬁhe use
~ of computer simulations éﬁd the specification of suitable spatial
models; |

A book covering many of ﬁhe recently developed fheories

of space~time nuclear kinetics has been written by Sﬁacey22)%

It emphasises the basic theory and discusses various computational

&ethods of éolutiOn ranging from modal and nodal approaches to
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variational techniques and their application to the development of
‘space-time syntheéis.apprbximations. The work also includes
numerous refeyéncéé $o recent work in tﬁe field;

It.is of ihtérest to briefly review several recent
contfibutiéns to the‘sﬁudy 6f Spacé;time kinetics.using oscillators.

3)

Loewe2 apﬁlied>fwo grbup reactpr kinetic equations to
analyse spacé dependent effectﬁ due to forced oscillaiions from a
reaqtivity ?bsgrber; A digital computer‘program called SDTF was
written to study ?he cage of a symmetrical slab geomeiry. .This
ﬁrogram was used to invéstigaté two basic reactors, oﬁe using
natural uranium heavy.water moderated and reflectéd and the other

_ enriched uranium light water moderated and reflected. The reactors
'were investigated under conditions of no temperature-~reactivity
feedﬁack. These reabtorsronly served as examples and were not
intended to be‘typical. Thé computer dai;>shows that when the
detéctor and oscillator are c;oée together there is a resonaﬁace in
phase angle versus frequency at very high frequgncies and that for the
cases examined the location in the resonance occurs at a frequency
determined by the neutron lifetime. The author noted that the space
dependent effects seemed to be relatively insensitive to core
structure, core parameter and to transport effects as permitted by
the télggrapher's equatiqﬁ.

A subsequent paper by Saji24)

distinguishes'itself from
the former and related papers in the sense taat a time~dependent

. flux constructed from the various space modes is explicitly obtained
for a forced oscillation thus enabling one to discuss neutron wave

propagation in the time domain; The work clarifies some of the

ambiguities that arise suéh as the'rate of convergence of the
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modal expénéion, the effect of delayed neutrons-on the e;citation
of higher space modes and the physical reasons why higher spade
modes are excited at higher frequencies. The method developed
was'aﬁplied tq_thé anﬁlygis of the NORA reaétof for which the
zero power space dependent reactor transfer-function had been
determined yy Ha?gset25); |

 ‘The ﬁuthor conCludés thétAspacé_dependency,is unavoidable
if the input frequency is higher than -i—b of the eigenvalues of the
first highef épéée modé and that in this region the freQuency
approachgs thg éigenvalues of several higher space.modes.
Additional space modés aré exéited corresponding to the‘increase of .
frequency. The influence 6f_higher space modes is expected to.
die out when the frequency is lowered.,

In thésé studies the oséillaior was placed iﬁ-the centfe
of the core and the detector placed at successive increased radii,
similar to the actnal experimen{al vork ca;ried out on the NORA
reactor by Hanss0h26).

This paper also pointed out the poor agreemeﬁt between
predicted data ahd experimental data when the oscillator and
detector were close together and attributes it to local heterogeneous
effects; o

Reférgncé ié-ﬁade to a paper by Cohn?7) which develops
a method by whiéh static techniques can be used to calculate source
transfer functions in a multi—group; multi~-dimensional approximation.
The flux is resolved into steady and flucituating components,-the
fime dependent neutron equations being satisfiéd by the fluctuafing

part alone. If the external source and the flux response are

assuméd sinusoidal the originél time dependent equations transform



~ d4nto a §et of complex eguations dependent upon space and frequencyl
" but independent of time; The equation can %e separated into g
real énd imaginary parts ana the resulting equations can be solved
using statié teéhﬁiqﬁes to yiéld réal and imaginary components of
the éomplex flux thus giviﬁg gain and phase shift as a function of
a particular frequency. It is ix_;terestiﬁg to note that $he |
'CRAM‘B) code ﬁas aﬁpliéd t6 the problem, this code was.in fact used
in the desigg of ﬁhe oécillator for the present reported expefimenté.
The CRAM 8) coﬁé waé uéed ?o obtain the space dépendént gain and
éhase‘shift for the aforé—méntioned NORA reactor with a good level
of.agregment; The author's motiva@ion for ﬁsing‘CRAM was to

~ demonstrate the ﬁse of an ;xisting code to caléulate trénsfer

‘ functions.

A final reference is made to a Ph.D. thesis by Kylstra2d)
which investigated the spatially dependenf transfer function of
nuclear systems using‘cross correlation methods. This study
utilised the time-dependent Fermi age and diffusion theories for a
single rggion isotropic homogeneous medium. The fluctuation of the
thermal density at any point'in an assembly was reléted to the
variation of fast neutron éource intensity.

_Theoretical cuéves were calculated for both multiplying
and non;multiplying media and compared with a lumped parameter
transfer function;'”

The results indicated that the lumped parameter model
predicts the correct behaviour of the nﬁclear system only if the
output detector was located a specific distance from the source;

location of the détéétor did not give accurate results using a

lumped péfameter model,
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The author performed experiments on light and heavy
water asseﬁblies to measure the spatially erendent transfer
function between two detéctors. The input to the system was
providédvby a neuiion generator switched oﬂ and off in a pseudo
random ﬁanner;_ |

'>The transfer funciion was obtained using cross correlation
teghniques; i;e. computing the raiié 6f the cross power spectra for
two differént rﬁné wifh one of thg deﬁectors being moved for the
second run; Thié héthod,éliminétés fhe effects of source spectra
and of the meaéu?ing systém;

A 6omparison of experihental and theoreﬁical transfer
functions produced no conclusive evidence as to the validity of the
theoretical model; Itlwas claimed +that the disagreement was
mainly due to a reflection of neutrons from the surroundings, that
the light water experiment should have accounied for a distfibuted
source réther than a point source and that the small size of the -
heavy water system plus its nearness to other siructures contributed
to tﬁe disagreement. ' |

A survey of some recent work in the field of non-separable
space and time reéctor kipétics was inéluded in this section fo
demonstrate both the neéd for and varied interest in the subject.

Limitations were b;aéeq upon ﬁhe actﬁal exgeriments
carried”oui in CONSORT, It was not possible to locate the
detector relativé'tbﬂfhe oséillator at different separation disiances
within the aciual core. Permiésion ?as.given for a second access
tuﬁe to be inserted on the.ZTbo face of the core, see Fig: 5

Chapter 3. By using the fact that the detector and oscillator
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could then be pbéitioned at different vertical positions relative
t0 each 6ther it-wés hoped that a spatial dependegcy; if any,
could be iﬁvesﬁcigated for CONSORT. Fig. 25 Chapter 4 shows the
‘relative position of the oscillafor and detector used in the |

series of experiments.
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. CHAPTER 3
Experimental and Equipment Detailsf N . 5

The experimental equipment, ihclgding the University of
London Reactor Gonsort (U.L.R.) and the oscillator/reactor/detector
systems.stqdied; are describéd.in thiswqhapter;  Detai1s of the
measu?ing System apd>ca1ibration procedﬁres undertaken‘are included
in the description. |

The series of experiments described range from prelihinary .
experiments to predict and measuré the'maximum permissable reactivity
perturbation to the design‘and cgnstruction of the bscillator and
its use in the kinetic experiments;

During the experiments observatiéns were made of the
conventional reactor instrumentation wherever approériate andb
possible so that compariSOns_could be made betwean the readings _

and those made on the specific experimental instruments.

3.1. The University of London Reactor Consori (U.L.R.)29) .

The reactor is based upon the well known swimming pool
type, being moderateq, reflected, cooled and partially shielded by
purified light water, It combines the prinecipal advantages‘of the
swimming pool and enclosed-tank types of reactor by providing the
accessibility and ease of fuel hgndling of the former while retaining
the cémpact layout of the latter, It has the good safety features
of small excess reactivity with a coﬁpadﬁ core and a negative .

temperature coefficient.
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‘The core is approximately a O.g metre cube posifioned in
-an 6pen topped cylindrical aluminiﬁm Yessel containing pﬁrified
light water;' Surroﬁhdiﬁg the core is an octagénal concrete
biological shield. Instrument tubes; beém‘tubes, a thgrmal column
-and large area irradiatioﬁ facilities penetrate the shield, the
core being.positioned at the 6éntre of these facilities, At the
centre of the core and on the centre of the 270° core face are tw&
aluminium tubes, internal diamafer 27 mm;lwhich are évail;ble for

'in-core' experiments, (see Fig. 5);

A top platform mounted across the entire shield provides
access féf fuel handling, maintenance éﬁd experimehtatioﬁ.‘_ The
water shield in thé vertical direction is supplemented by concreté

-filled trolleys which cover the reactor vessel, _

| The core is made up of U.K.A.E.A. standard M.T.R. type
fuel elements. A 300 mC Améridium—beryllium neutron source emitting-\
7.5 x 105n/sec is secured iﬁ a pocket fixed to the side of the centre
tube at mid-core height.

The reactivity of the reactor is va?ied by the vertical
movement of the blade type absorbers (control rods) A, B and-F
(Fig. 5) where A and B are coarse rods controlling 1.5% of reactivity
each and F is;the fine rod controlling 0.5% of reactivity. There
is, in addition,'a safety rodi S; normally held in the 'up' position.
Each rod "has a total distance of travel of 61 CM.,, rod.poéition
being indicated on the control panel in the control room.

A BF3 proportional counter feeding an accurate scaler
'is used for monitoring the source and~the ;ow pouwer rangé
(<0.5 watts). An RC%ﬁB ionisation chamber is used to cover the

remainder of the power range to 100 KW, this forms part of a
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logarithmic channél. ‘The two instruments have an overlap range
(approximately 10 mW to 1 W);~ Theye are three othgr channels of
instrumentation, one a linear DC and two shut down channels using
ion chambers.

When operating at full power; 100 Kw; a thermal neutron
© flux ¢£,of 1012 n/em/sec is present at the pént?e of the'coré |
accompanied by a gemma flux ﬁY of 107 R/hr (composed of prompt
gammas during operat;on and.delayed gammas from. the decay of fission
products); Measurements have indicéted that this gamma flux falls
to approximately 104 R/hr fifteen hours after shut down from a
normal 8 hour sﬁift operation at full pover. Thé 6perationa1
history of the reactor shows that there is a steady build up of
fission ﬁroducts, since due to its expefimental role, the core is
only partially dismantled during a prolonged shut dowm period the
core is very rarely free from gamma background.

More general details of the University reactor are given
in'Appendix i. | |

It is interesting to note, at this stage, that although
the University Reactor was designed for research experimentation and
as an irradiation facility, some guite difficult access problems
were éncountered vhen the design of an in-core oscillator was
undertaken, particularly when operation at full power was considered
for future experimentation, This would entail running the reactor
with the top biloogical shield closed making acceés more difficult.r

These points will become more apparent in the succeeding sections.
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3.2, Neutron Detectors
Standard 'off the shelf! detectors supplied by 20th

Century Electronics Ltd;, England were used during the experiments.
These detectors had not been specifically optimised for noise
~ measurements in the presence of a gamma background though they were

used for the noise measurements conducted in the second series of

experiments; The specific detectors used were:

(1) P7/22, Blo coated pulse counter; stainless steel construction.

(2) 12EB40, BFy (filled) proportional counter, copper construction.

(3) RC6EB, 810 coated ionisation chamber.

Their neutronic and gamma sensitivities ére tabulated in Fig. 6
énd compared to fhose uéed in Rdu%'gjo) study of optimised chambers.

The RCgEB having a diame%er of 8.89 cm. could not ﬁe used
either in the reactor core or the containment vessel.

Though small enough to be used in the core or the
containment vessel the P7/22 could not be used in the centre of the
corg)due to its high absorption the core could not then be made critical.

The 12EBA0 (copper construction) could be used in the core
under critical operaﬁion though it was not designed specifically
for use in the high fluxes or.for prolonged periods of irradiation.

Two additional chambers; suitable for high flux long

ifradiation measurements, were ordered from 20th Century but were

not available for any experimentation.

3;3; Design of the Sinusoidal Reactivity Absorber

Preliminary discussions with the reactor manager an@ the

operating staff resulted in a decision concerning the permissi ble
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) BC6EB RCTEB P7/22 =~  12EB40  RsN76A°°  Rsn7643°
o . stadinless ' (modified)
steel -
Neutrdn } , ;
Se‘?””ﬂ-”’ 2.0 - 2.75 0.9 8.0 7.2 2.7
S_(x 10" "amp ' '
n .
. per nv)
Gamma, i
Sensitivity 0.72 0.54 3.1 2.4 3.3 0.65
~11 . _ : L I3
S (x 107 "amp
per R/hr)

Fig. 6. Neutron and Gamma Sensitivities of Detectors used in

Oscillator and Noise Experiments




reactivity wﬁrth of the oscillator. It was agreed that the
- mechanism required to oscillate-the reéctivity would involve a
static and an oscillatory reactivity worth. The maximum reactivity
investment in the total mechanlsm should not exceed O 12/’and the
 f1uctuat1on range 0.06 to O 12 /’ ) -

It was agreed that a seriés of preliminary fests be
carried out to determine the area of Cadmium (Cd) absbrb¢£ that
_ would be required to achieve the previous reactivity oécillafion.
To prevent the‘accidental release of.reécfivity'the equipment had
-to be designed so as to prévent.the accidehtal removal of all the

-mechanisms when the reactor was operating. This is discussed in

more detail in succeeding sections of this chapter,

3.3(1). Preliminary Tests

‘3.3(1)(1). A digital computer program to solve the multi-group
diffusion equations was available within the Nuclear Power Section.
This program CRAMiT) was developed by the U.K.A.E.A. The progrém
was used to obtain an estimate of the effect on reactivity of placing
an absorber near the outer surface of the University reactor core.
The CRAM program is a 2-dimensional multi-group finite difference
calculation to solve the diffu;ion QquatiOn; . The 3rd dimension
is represented by an infinite ﬁrism; The progfam operates on 2
grid of mesh points.

A one dimensional CRAM run was made to determine an
effective height for the core ( allowing for the water above and
below the core, the core support plate and the top and bottom of
the fuel elements). This was to be-used in an axial buckling

factor necessary for use when a 2-dimensional run was made since
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having infinity on the axial directioﬁ would iﬁfer no leakage.
"The axial buckling derived from the'l—dimensioﬁal run would
EOmpensate for the no 1eakagé condition for a normal é-dim;nsional
run.

An effective core height of 72 cm. was obtained from the
first'computer'run.i '

The second'cbmputer run wés'made assuming that an absorber
10 cm. wide byA72 cm. high and O.g cm..thick was placed 0.6 cﬁ. avay
from one face of the réactorAqore. The resulting value of k was
_ 1;016643. .

A third computer run waé made differing from the second
run in that no absorber was placed near the core the resulting
value of k was 1.024781. The insertion of the absorber caused the
reactivity to change by 0.008138.

Bearing in mind the assumptions that were made in the input
data to the program (i.e. axiai buckling, radial flux distribution -
etc.) it was decided to itreat the results obtained as an absorber
area of 720 sq.cm. corresponding to a 0.0082 change in k with an
error band lying between + 5 to + 10%.

Due to the upper levels plgced uﬁon the oscillator reactivitiy
for reactor séfety it was necessary to caléulate the absorber area
that would correspond to a‘change in reactivity of .06% in k or
. 0.0006 in k. This is an order of magnitude down from the value
-obtained for thg second of the computer runs, thus the area of
a2bsorber could be assumed down by a similar ofder of magnitude.

For the same width of apsorber as in the second computer run

i.e., 10 cm. the height of the new absorber to give 0.0006 in k

would be approximately 6.0 cm.
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Assuming a cosine flux distribution in the axial direbtion

this smaller area would lie in the region of the peak axial flux

rather +than distributed as a2 10 cm. strip up the.entire height of

the core. To accommodate this a weighting factor relating ¢max2

to ¢hean2'was used:

max 2 1

Using this weighting factor:

0.0082 . (x) 1
720 * 0.5

= 0,0006

ee(3.1)

Where 0,0082 is the reactivity change due to an absorber area of

area.

e x = 26.34 sq.cm.

The value used being 26 + 10% sqg.cm.

- 720 cm., 0.0006 is the permitted change in k and x is the unknowm

3.3(1)(ii). Experimental tests with Cadmium foils in the reactor

To substantiate the calculations it was deemed necessary

to carry out tests placing various areas of Cadmium absorber at

different positions in the core and near one outer face.

- , .
The latter tests could only be carried out by the insertion

of an additional aluminium tube mounted vertically in the water and

‘close to the 270o core face,

A tube of similar dimensions to the existing centre tube

vas made togéther with especially designed locating and clamping

devices, This tube had to be the subject of careful testing

since the flooding of a tube can cause safety hazards.

This tube

is now a permanent addition to the reactor as described earlier in
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this chapter. . See Fié; 7 for details of tubes and expefimental
configuration. o | -7

The various éxeas of Cd to be used were taped in £;rn to
oné of thrée po§itiqn§ for a iengthrof aluminium rod. One positibn
qorreSponding to the cenitre of the core the other two being equidistant
above and below.the cen%re pqsitiop; See ﬁig.‘é_

The procedure adopted was to balance the reactor with the
cadmium foil in ﬁosition; then to remo&e the rod carrying the féil
as quickly as possible from the core, the corresponding rise in
poﬁer against time was measured on the control room instruments,

The corresponding reactivity was obfained from a stable doubling
. time curve versus reéctivity supplied by the reactor operatiﬁg staff.
See Fig. T(2). |

The tests wefexépeaied for various foils in the véfious
positions, Graphs of reactivity versus cadmium surface area are
given on Fig. 8.

These results must be treated as a design guide, there was
always the possibility that the exact érientation of the €d foi; on
the aluminium rod relative to the core could vary between tests.

To achieve a centra} registration in the tube loose bearing guides
were used. In addition the speed of removal from the core was
variable though it was removed by an experienced member of‘the reactor
operating staff.. The doubling time was measured over as wide a

range as was permissible for safe reactor operation.
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Tpg value of reactivity and'areé predicted by the CRAM

run is indicated on Fig. Qi-'
§ Extrapolating the curve for various areas of Cafmium

: foil placeg at‘thg'éénfre~of the oute? tube giyes a‘value of’

30.4 sq. cw; for a réactivity ché?ge of Q}O6% which compares with

the CRAM value of 26ﬁ34 sq;cm; for the same féacfivity change.

» Eig; 8 shows that the méximum area of Cadmiui permitted
for the oscillatqr will_bé determined by its reactivity effect when:
placed in the centre of the core in the centré access tube.

After discussions with the‘réactor staff apd a compaiison
“with tests carried out independently by the reactor staff a factor

of 0.016% change in reacfivity_per sg.cm. for Cadmium placed at the

centre of the core was a deéign criterion for the oscillator.

_3.3(2) Design, Construction and Testing of the Reactivity Oscillator

3.3(2)(1) Design Parameters

Certain basic design parameters were chosen based upon the
results from previous tests and the computer calculaied transfer
function for.a U235 reactor'system,‘see Fig. 1 chapter 2
section 2.2(2). |
(1) Maximum permissible reactivity variation 6.03% in k.
(2) Prequency range 107°s g = 193 cps

12));

(This includes the range of greatest practical interest

(3) Maximum external diameter of the oscillator and housing 25.4 mm.
. This limit was imposed by the size of the core access

tubes I.D. 27 mm.
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A décision was’made=tpluiilise an electrical drive
-systgm; the motor chosen being a:% HB pa;valux shunt wound:d;c. motor,
Difficuities were envisaged with the actual drive mechanism
sincé the osciilétof wdﬁlq be operating in varioué positions'
at the bottqm of a 27—mm: inte?nal'diameter aluminium tube
~approximately 305 - 330 mm. from the top of tﬁe reactor containment
vessel. Since the oécillaior“would eventually be used for
-experlments at full power the drlve mechanism had also to be V

capable of operating with the top concrete blologlcal shield closed.

3. 3(2)(2) 0scillator Drive System

. A gear box plus a Bowden Cable drive was first con31dered
but was reaected due to the following reasons; |

(1) It was not possible to gej a singlé gear box to cover the

entire speed range.

(2) The problems involved in éonsidering.the backlash due to the

gears.

(3) The hysteresis of the Bowden Cable complicated by a restriction
upon the sharpest bend permitied for a Bowden Cable sufficiently

strong enough to drive the total assembly.

Points (1) and (2)_cou1d have been overcome by the
purchase 6f an expensive variable speed higﬁ quality.gear box.
| I+t is appropriate at this stage to point out that one
of the aims of this study was to provida a low cost, reliable and
easy method to operate a sfudent experiment. |
Tests were carried out on toothed belts and pulleys.
As a result of thesé tests a system of toothed belts and pulleys

was chosen the use of this type of drive had the advantage that



backlash vas almost non;existept, the belts were guaranteed not to
stretch at higﬁer speeds ahd loads than-they would ever be subjected |
to in this study. In addition the pulleys and belts were of such
‘dlmenS1ons that they could flt beneath the reactor top shield for
eventual high power experlments. |

A schematic of the drive system is shoﬁn on Fig.r9'and
a photograph of the actual system is shown on Flg. 10. -

The 1ntermed1ate helt drive shown on the schematlc
layout Plg. 9 and photograph Flg. 10 is supported by a bracket
clamped to the upper edge of the reactor containment tank. The

) support clamp is movable and eilows the intermeciate pulley support
mechanism to pivot. This latter movement is necessary when belts

and pulleys were chenged to achieve the necessary speed range.

3.3(2)(3) Drive Support Systep to be inserted in Reactor Access Tubes
| At this point in the desigﬁ process an assessment was made
of the type of support system to be placed within the reactor access
tubes.s |

| The clearance between the top of the reactor and the roof
of the reactor building prevented a cne piece mechanism from being
used; Whatever design was carried out it would have to be
sectionalised; _Since the experiments were to be carried out at
different heights relative to the core in both reactop access tubes
the use of a sectional support and drive system would facilitate
the locatlon of the osclllator. Fig. 11 is a positional schematic
for the osclllator detector system. e.g. On Fig. 11 one test
would be carried out with the oscillatcr at a posiﬁion of maximum
flux B' and the detector at posifion B; the position would then

be reversed.
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Bearing in>mjpd the type of drive required from tﬁe
electric mofor‘a design.was produced that basicaliy cﬁnsisted of
a rotating shaft concentric with an outer tube; this outer tube to
_ be a good fit in the existing'cen?re and side reactor access fubes.
-Bearings would be placed at suitable distances between the outer
iétgtionaryAtube and the innerléqncentric rotating sﬁaf%., The
materials-to be used being réaétor grade aluminium, stainleés éteel
and nylonlvherever approﬁriate;. The system was desigﬁed to be
sectional to fagilitéte its insertion into the two reactor access
tubes;' Each séction-would be joined together with a nylon coupling
-that uouid also act as a suppoft guide'between the outer tﬁbe and‘
the access tuberf the reactor. The outer tube could not be made
too tight a fit in the reactor tube for reasons of insertion and
removal.especially since there was no guarantee as to the trueness
of the bofe of the existing reactor access tubes.

The details of the actual oscillator are discussed later
in this section. At this stage in the design it is sufficient to
note that it would consist of a rotating and stationary part in
some form qf window. Thus the outer stationary part of the drive
assembly would be thevlocation of thé stationary part of the actual
~oscillator, This implied that the outer stationary drive assembly
tube should rehain stationary relative to the central rotating shafi
and the reactor core; - To achieve this it was necessary that the
outer concentric tube be'clamped securely to the top cruciform
structure of the reactor vessel. This would, in addition, prevent
the removal of the total mechanisﬁ ﬁhen the reactor was operating
in a critical condition. Fig. 12 gives a schematic sketch of the
reactor drive assembly; A fully détailed design drawing is given

in Appendix 2.
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‘Thouéh the.outer tube ofvthe assembly was deemed rigi&
enough for the bottoﬁ to mo%e relative.to the top when the
.OSQillator was retating aﬁ haximum épeed a location unit was placed
- at the bottom of the reactor‘access tubes, This consisted of a
simple plug that héd an éxpandable central section activated by
turning thus forcing fhé devi;e against the inside bore of fhe
reaptbr aééess tube;‘ Care had to bé taken not to damage the

tube internally;

3.3(2)(4) Oscillator Section Design

.. Assuming a maximum reactivity investment in the oscillator
of 0.12% in k and the result from the preliminary reactivity
experiments of 0.016% reactivity per sq.cm. for Cadmium absorber

placed at the centre of the reactor core, the total area of

0-12 i
0.016

|

Cadmium

T7.46 sq.cm. : eseede?
The maximum outer diameter of any aésembly was 35.4 mm.,
being that of the outer drive tﬁbe.

The principle aim df the oscillator design was to
achieve as pure a sine wave fluctuation in reactivity as was
.physically possible within the physical limits of the access space.
Previous workers had recorded the presence of harmonics due to
asymmetry of their sine wave oscillatorst? 32).

After various alternatives ranging from an eccentrig
rotor and stéior 40 a rotating system.using vanes 11 was decided
to use a rotating innef cylinder,.suitably'shapéd; passing a

system of windows.
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A s&stem cbnsisting of a complete sinusoidal éhape df

. cadmium wrapped around a rotor-with;a stationary shield of cadmium
extending fof»hélf the circumference of an outer stationa;y |

" ‘cylinder, i.?:Astator; waé»consideréd; _Sée Fig. 13(a). It was
felt that this type of design could possibly present a different
absorption effect due to self—shielding si#ce theAarrangementv

is not symmétrical. | |

The decision was ﬁade to have a double sine wave per
revolution.to reduce the_ésy@met?y and self-shielding effect,
see Fig; 13(b); One advantage of the two cyclééjper re&oiution
was that the maximum speed of roitation of-the totél assembly would
bé reduced for a given upper freguency limii,. |

The detailed oscillator design is §hown on the drawing
in Appendix 2, its physical size being determined by the total
area permitted of 7.46 sg.cm. and the physical dimensions of thg
reacior access tube, ii was in fact constructéd as another sectiohA
to be insertéd in the total reactor drive assembly.

The physical dimensions of the oscillator are given in
the drawings shown in Appendix 2 but a brief resuﬁe is included
at this point o expléin tﬁé slight difference betﬁeen the actual
‘measurenents used and the ones suggested from the preliminary
experimental tests;

The outer tube oxr stgtor Vould be the 25;4 mm. 0.D.
aluminium drive tube the I.D. of this being 23.6 mm. The _
diameter of the inner rotér was cﬂosen to be 22.2 mm; since it was
fglt that for the speeds 9oncerned an annular gap of approximately
O;Sl mm. was sufficiént {0 avoid any fouling between rotor and

stator.
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Based ubon tﬁe area of 7.46vsq.cm; of Cadm}um’pre&iéted
from thé preliminary tests and assuming that at high speeds the
rotor and stator of the oscillatorvwould at the worst present a
swept out continuous cylinder of absorbei3_the éalculated height of
sine wave was 10,80 mm; for a diamefer of 22.2 mm. for the rotor,

At'this stage some consideration was given to the task
of_actualiy cutting an aécurate two cycle éine wave of'cadmium.

The final metyod chosen was-to make a former of mild steel,

see Pig. 14 for a schematic. This former was to have a 45° slope
machined across it; the cadmium ﬁas then swaged around the %ormer
or mandrill and then the cadmium was machined on a'mill to match
the former 45° slope; the cadmium when 6bénéd would then be in'thé,'“
"shape of a singlé sine wave; The process vas rebeateﬂ to obtain
two sine waves.

There was alloﬁanée for a small band of cadmium to be
left on the bottom of the sine wave since this would facilifate
its alignment'when it was placed upon the oscillator fotor.

The cadmium former used had a diameter of 11,1 mm. Which
vhen two sine waves were madé together corresponded to a diameter
of 22.2 mm. | .

The 450 slope necessary to give the_désired sine wave
gave a sine wave of 11.1l mm, nominal height‘which was larger than
the value of 10.8 mm. calculated from the preliminary reactivity
tests., This difference was deemed acceptable from the point of
viev'of the regctor operating staff..

The two sine waves were then checked on a travelling
microscope to check their accufacy and found to be within the

limits of assessment against calculated figures. This procedure.
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was only adopted asAan.initial check since the final measurements

had to be made when the oscillator was plaéed inside the reactor.
Whilst the overall in core assembly wgs'being constructed

tests were carfied out on the drive system of belts and pulleys.,

These testé showed that for thé.drive spans considered there was

éxcessive;whip on the belt drives if the éjstem was driven much

greater than 3000 rpm méasured at the oscillator dri&e shafﬁ.

For 2 cycles ﬁer revolution ﬁhis cérreSpqnded-to a frequency of

iOO /bps; For this value of frequency the reactor transfer function

has satisfactorily téndéd,to the upper asymptotiq yalue (see

Fig; 1, chapt; 2); Thus it was decided to limit the upper frequenc&

t0 100 cps hence the speed to épproximately 3000 rpm. | To cover the

design freguency range 0.0l‘cpS'tOiOO cps it was found necessary

to change three of the pulleys and the position on the tank in the

s&stém twice to provide three overlapping ranges. Tﬁis overlap

was necessary so that any errofs'could be inﬁestigaged and normalised

if necessary. The pulley’anrangementé and speed ranges are given

in Fig. 15.

3.3(2)(5) Oscillator Input Trigger and Speed Measurement

To determine the input and output amplitude and phase
relationship it was necéssary to have some reference level and trigger.
Since the input amplitude of the oscillator would remain
constant providing accurate measurements were taken.in a static and
dynamic mode, there would be no'necessity to'have a monitoring
system for the input amplitude; especially since it is more common

to normalise the iransfer function for evaluation and use.
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Fig. 15. Typical Pully Arrangements and their Appropriate Speed Ranges

See Fig.. 9 for symbol references.

Motor shaft A 12 teeth (constant).
Oscillator shaft ‘ ; 72 teeth ( " )
Position B, (on reactor tank) . 72 teeth (M )

Position T., T, B, having 12, 72 and 18 teeth respectively gives a

2,
speed raﬁge 2.78 to 85.7 r.p.m. for a variac setting of 100% ‘and
0.31 to 9.5 r.p.m. with a variac setting of 10%. '

Various other combinations of pulleys with different number of teeth

and the use of an additional 2 to 1 gear box on the motor shaft covered

the permitted frequency range.
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Assuming a constant input reactivity amplitude, a light
operated pulse systeﬁ.was developea that would trigger a pulse
once evefy revolution of the pulley drive system on the o:rcillator
drive shaft; A hole was drilled élose to the periphery of thgv
' oscillétor drive shaft and a liéht trigger system mounted either
side. The photo transiétor.énd its associated circuitry is showm
on Fié; ig(b) together with a diagramaiicAsketch of thé arrangement
used in the eiperimenis Fig; lg(a). .

_The gize of hole in the pulley was of 0;5'a degree of
angulér rofation; this size being necéssamy to trigger a p;ise
over the entife speed range. This placed the accufacy of'meésurement
withiﬁ_i 0.5 degree though to ailow for the response time of the
photo transistor and its associated trigger circuitry this should
read + 0.5 degree + 0.25 degree.

The circuit and arrangement proved reliable over the
complete speed range utilised in the experiments. |

Thé hole in the oscillator pulley.was arranged mechanically
to be in alignment with the mean position and start of a sine wave
for the oscillator rotor so that a reference start position was.
available; The relative'difference between the output wave form
and the trigger pulse would then pfovide a measure of the phase

difference between the reactivity input and the measured neutron

flux output.
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~3.4. The Blectronic Measuring System .

A block diagram of the oscillator experiment is given
. in Fig. 17. - .

'The detectors uséd were encased ip polythene to-shield
the casing from the reactor structure in order to miﬁimise any
st:ay earth loop that might afiée; The cable connecting the
detectérs to the amplifiers was of a.iow nois? ﬁype,-héving a
capacitance of 0;1pF per ﬁm.irun. The weight of {he chambéf kept
the céble taut when the chamber waé lowered. into the reactor and
the position‘of the chamber rélative to the éore was measured by the
cable. A safety line_was'also attached to the chamber for obvious
reasons; All cables wviere kept as short as possiblé t0 minimise
noise pick up; |

TheKiethley amplifier was of low noise, high gain with a
bandvwidth flét from 0 to100 cyéles per second, this adequately
covering the frequency range enviséged. . |

Both the Dana amplifiers are of low noise, variable gain
and bandwidth type. ’

The pulse_triggef channel wtilised a standard Harwell
20007seriés pulse_shaper and a similar Dana amplifier to that used
in the detector channel.

Both chammel signals amplified by the Dana amplifiers were
available for eithe? én—line or off-line analysis. .

A photograph of the equipment is given on Fig, 18.

3.4(1) Spced Measurement

During the actual experimental runs use was made of a

clock pulse generator and a standard 2000 series counter. The
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Fig. 18. Electronic Measuring System.
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pulse from the pulser on the oscillator drive pulley was used to
trigger this count system; the resulting cycle time being indicated
digitally. |

Af'the same time a stop watch gheck was kept on.the
actﬁal oscillator pulley rotaiion; this being of particulaf use
vwhen very slow rotaiiéns'weré béing undértéken; i.e. of the order
of Seﬁeral minutes_per ?evolution; |

The speed of the actual drive motor was checked both on
and off load using a“standard tacho—génerator;

It was decided that since’ the rgsuits were to bé finally
analysed uéiné an IBM 1800 dataracquisition and reduction system
the final frequency ﬁduld be>thained by usiﬁg a digital-
clock triggered off by the pulse obitained frqm the oscillator drive
éhaft; Using this method would mean that both the phase and

frequency measurements were made from the one reference point.

3.5. Calibration Methods

Since the 12EB40 counter was>designed for use in a pulse
mode its operation as an ionisation chamber was investigated with
the equipment shown in Fig; 19.

The chamber_was élaced iﬁ one of the beam tubes situated
in the reactor graphiie thermal column_where it ﬁaé exposed to a
neutron flux qf £h.106nv. The resu}ﬁing saturation curve for the
chamber is shown on Fig. 20. . The dgtector was then‘calibrated
for its neutron (Sn) and gamma (SY) sensitivities given in table
' : 30)

Fig. 6 which includes some of the results from Roux's study of

optimised chambers. Cross calibration against.a standard gamma

' 60
sensitive ionisation chamber (I G 1) placed near a strong Cobalt



12 EB4-0

(encosed in palythene) D.C. ELECTROMETER

(Kiethlev 406)

7T 1

IONIZING
RADIATION +
(nauirons +

gammas) ' T

- HARWELL 2000
E.H.T. uNIT
(polarising voltage)

FIG.19. CONTINOUS CURRENT OPERATION
OF 42EB40 COUNTER,.

75.



. - 76,

-7
3x0[—

| o//cg__s_\.—\%en:of *O

] ]

AMPS

a8 ] | | | | | 1]
| S0 100 150 200 250 300 36O 400

POLARISING VOLTAGE V YOLTS

FI1G.20. PLOT OF IONISATION CURRENT VS POLARISING
VOLTAGE FOR 12 EB40 PULSE COUNTER
OPERATING IN CONTINUOOUS CURRENT WMODE.




source ga#g values of SX and exposure té a vthermal neutron flux
in the_reacﬁor (where ¢j>>¢Y) and cross-palibration ﬁith an
RCGEB chamber gave values of sn; ~ Errors of + 10% were e:pected
due to local flux.dgpression effects:

The frequen@y response of the Kiethley amplifier was
., checked and found to iu_a correct to its specified bandwidth.

'T.his amplifier proved to be the limiting bandwidth factor in the
.{otal measuring system; Figf‘17, checked on the frequency analyser
option (1) Fig. 17. |
) Subéequent‘noise analysis was carried out later in the

study using a modified Winfrith head amplifier designed by
Fowler33), | | | |

~ The.Dana amplifiers, the Elliott-Tanberg F.li. tape
recorder,vihe Fenlow Low Freqpency.Spectrum Analysexr and the
Hewlett-Packard Correlator were tested for bandwidth and noise and
found to be within specification.

Inaccuracies due to.electronic equipment have, of course,
to be expected. These range from noise pick up and generation
(in cables and amplifiers) to variations in gain, bandwidth and
distortion due to magnétic tape flutter distortion and speed
variations. ~

Based upon the specifications of the various instruments

" and experience an.error band of + 24% would seem reasonable.
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CHAPTER 4 -

" Experimental Tests, Results and Analysis

-

4.1. Static Tests

It'ﬁas ne#éséafy that the total reactivity invested in
the mechanism should bé @etermined and its variation as a function
of angular position; the latter determination being absolutely
necessary so that both the accurab& of the designed sine wavé
variation and the possible presence of hafmonicé could be determined.
Accurate measurements of reaétivity versus control rod
- position had been made pre&iously and a rod calibrétion curve-
produced ag shown in Fig. 21 (tbié had beén obtained using doubling

time technigques).

4.1(1) HMeasuring System

4.1(1)(1) Rod Movement

It was decided to make measurements of a vernier type
on the actual rod driving tape. This was possible since the d:ive
tape moves in horizontal grooves and a permanent rgference could be
made on the reactor vessel structure. Using this technique 2 .

measurement accuracy of + 0.25 mm. was possible.

4.1(1)(2) Angular Rotation of Oscillator

.The large pulley on the oscillator drive shaft was
accurately.marked in one degree steps and a correspondingly marked
small‘érc of 15 degree pitch was mounted on the stationary part
of the oscillator assembly, again a vernier type measurement being
possiﬁle. Before measurements of angular rotation could be made

an alignment test was necessary so that a zero start position
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between the actual sine waye oscillaibr assembly in the reactor
core and the pulley mounted on the drive shaft. Measurement

accuracy was to within + 1 degree;A ‘ ‘ 1

4.1(2) Preliminary Static Test

Test Conditions

Reactor power - Balanced at 8 watts.

Oscillator - . At centre of core in centre
: access tube. ’

Safety rod - Fully withdrawm.

Rod A N - N V"' n

Rod B | - 44 cm, withdrawn.

Rod F - Balance position 31.5 cm.

The balance position of the fine rod F at-31.5 cm,
indicates from'thé calibration curve Fié. 21l a total reactivity
investment of 0.1950% in k. This figure is greater than the
agreed figure 6f 0;120% though it must be poiﬁted out thét this
latter figure was a maximum for the actual oscillator aSSémbly in
the reactor core. The additional 0.0750% was a fact due to the
total assembly necessary toﬂbermit a mechanically safe and adequate
drive system. No objection to this inCreaséd figure was raised by
the‘reactor operating staff since the mechanism was securely ciamped
against removal and even accidental flooding of the tube would have
not caused an unsafe reactor conditidns; It should be pointed out
at this stage that étringent precautions vere necessary since one

of the main aims was to provide a student experiment.
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With regard to the balance poéition of the reactor with
the fine rod f at 31.5 cm, Fig. 21 and knowing the expecfed
reactivity swing of approximately 0.03% it should be notec. that
the reactivity swing lies within the iinear part of the calibration .
curfe.

.After_various slowArotations pad been made a maximum
reactivify investment of 0;1950% and a @inimum reactivity investment
of 0.1515% was measured giving a swingvof 0.0335% in reacfiﬁity
which corresponds to a value predicted ffoé expefimental‘measurements )
made using C& foils and physical designllimitations, as discussed
in Chapter 3. |

A comparison of the upper design 1imité, the fesults of
preliminary tests combined with an understanding of the physical
design limits and actual static test reéults are given in Fig. 22.

Though there is a difference between the allowable and
the actual reactivity variations it must be borne‘in mind that
0.06% was a desired and acceptable upper limit. When consideration
is given to the oscillator assembly used, see Fig, i3(b), it is )
apparent that the maximum and minimum area of Cd absorber varies
between two levels lylng in the range 50 to 100% of the total area
presented by the swept out cylinder. The maximum variation is a
direct function of the maximum permitted reactivity investment.

For the physical dimensions"of the assembly the maximum variation
was éalculated o0 be 0.09 1o 0.1?%; these calculations involved the
use of reactivity per unit area oﬁtained from the preliminary foil
experiments. To achieve a desired swing of 0.0é% in k the total
rezctivity inveétment Would have had to exceed o;éo% thé absolute

limit set by the reactor operating staff.
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Predicted
Values from Static Tests.
Design Limits Preliminary Foil on Actual
: Tests and Equipment
Physical Design
........ Limits = -
gz;g;zze Drive assembly .
fonchivity % 0.20 ~ not aya}lable 10.1950
investment
Oscillator
assembly g 0.120 0.12 0.119
maximam
investment
Oscillator - .
reactivity 0.06 0.03 0.0335
variation %
Fig. 22. Comparison of predicted and actual reactivity variations

for the sinusoidal oscillator assemblies,
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4.1(3) Static Test

| With the reactor state as given in section 4.1(2) a
complete test was made by rotating the oscillator shaft m;nually
at 150 degree infervals. ' At_eachiintefval the reactor w;s
. re-~balanced at 8.0 wétts by moving the fine control rod ¥, this
movement being measured on thé actual réd drive tape. -In
addition the rod movement was recorded on the actual confrol room
rod position indicator to investigate whether or not that
instrument could be gsed in a future student experiment. The
corresponding reactivity reading for each rod position was
calculated using the fine rod calibration curve previouslj obtained
by doub1£;é¥%?me‘m:;éurements.

The experiment run was carried out for sevefél complete
rotations in forward and reverse directions.‘ The run was repeated
the next day with the reactor balanced again under the same
conditions.,

The results of the tests are shown in Fig. 23. Values
for a single run in one direction are only plotted since the values
for reversed rotation and the run on a consecutive day were too
close to the points plotted, i;e; they were within the expected
experimental tolerances,

The oscillation envelope determined by plotting the control
room rod pbsitidn indicator against angular rotétion is given in
Fig. 24. This was ﬁlotted'to indicate whether or not the normal
control room instrumentation would be adequate for student measurements.
The relative position could only be_measured to the nearest

0.1 digit, this, as can be seen, shows up on Fig. 24, No further



ROD WITHDRAWAL mm

@ ) @ @
5 [ @ ) ® Y 7 .\ssq
) '
' » d Q ] _ E
. | O OSCILLATOR PLOT 2
5 — . __ MEAN SINE WAVE 5 171079
v
2ol s 0 Q g
@, @,
') @,
25— O O —lerels
l \ I ! I I | \ | I l |
o° 30° o | Qo° 20°  150° 180 210° 240° 270° 300" 30 30 2

ANGULAR POSITION OF OSCILLATOR

FiG. 23. OSCILLATOR STATIC TEST.




INDICATOR

POSITION

ROD

10 ¢ --195
@, @, P
® ()
Q) )
O o)
5 B .
O y
Q
Q P
>
E
2
B .
10— ﬁ
o o
O O ®
O ® N
\S - O S . :
c - —-ieis
l | I | | I | | | ] | - | -
) 30° ©O° o’ 120° 150° 180° 210° 240°  270° &

ANGULAR POSITION OF OSCILLATOR

300" 335 3e0

FiG. 24 ° OSCILLATOR STATIC TEST (VALUES MEASURED ON REACTOR CONTROL ROOM

: INSTRUME'NTS)



86,

use was made of this method of measurement due to the crudeness of
the measurements, From the purely operaiionalnpoiht of view the
indication was within operational requirement especially since the

instrument gave only an indication of the rod position to an operator.

4.2. Dynamic Tests with Reactivity Oscillator

A sefies of experim?nts were carfied out coyéring the
frequency range'0;01 c;p;s; toAloo é.ﬁ.s;, thiéAfrequency.range
being achieved by using thfeé different pully arrangements combined
with fhe use of a variac on the driving_motor. These ranges
overlapped by.a considerable margin so that dontihuity could be
ﬁreserved over the whole frequency band; With respect to the use
of a wvariac as a control it should be'pointed.out'{hai a motor with
a suitably flat torgue, speed curve was chosen so that.at the lowest
speeds utilised, sufficient torque was aﬁailable to avoid any friction
effects. The motor Waé in fact rotating quite rapidly even at the
low frequency end of the spectrum,

The various oscillator/detector positions are shown on
Fig. 25. o

For each of the experiments indicated on Fig. 25 .
measurements were made driving the'oscillaior in the reverse
direction, this provided a qheck on linearity and meant that the
exact zero phase over point could be more accurately determined
-since éystematic errérs due to direction of rotation would be
subtfactive. |

Before discussing the actual reading and analysis methoﬁs
finally used, it is of interest to study the results showm in

Appendix 4. One of the aims of the study was to investigate the
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' provisiog of an undgrgraduate and postgraduate experiment, To
achieve this objective it was consideredvnecessary that the uée of
ex?sting measuring equipment be made. wherever possiblg.- WA 400
channel multi—éhanne} analyser\waé available, this was uséd as a
measurementldevice connected to the output of the neutron detector.
The start of the rea&ing was‘initiated by the trigger pulse from
fhe pulser on the oscillatbr shaft;-thus the relative phase between
the input and output could be measured.  The results are given in

Appendix 4 with a list of the reasons why the method was not used

in the main experiments; - All the experiments were conducted using

the 12EB40 chamber with the reactor balanced at 8 watts,

Tﬁe measuripg sysﬁem described ip Pig. 12 Chapter 3 was
used throughout the series of experiments. |

The two signals were simultaneously recorded on the two
.track Fil tape recprder at variouSJSpeeds,dependent upon the
oscillation'speedﬁ;and played\on iiné iﬂto the Hewlett Packard
correlator." .Thié-latter recording was done mainly so that.a
visual indication could be seen, The College's correlator had no
print outvfacilities of computer attachment. .The resulﬁé were”
therefore replayed on another Hewlett Packarq correlator £hat had
print out facilities énq an on—line mini—computer; This latter
facility was sited a? the company's main works near Edinburgh.
This facility was used for the noise‘experiments described later
in this report but the computer installation was unavailable for

the 6n~1ine evaluation of the transfer function data. The

correlator was therefore used to display the cross correlation of

“3

PRy
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" $he input and output channels and a paper tape output was obtained

that could at a later date be played‘into a computer.

For each setting of the speed range utilised in the
experiments a tape recording was made of sufficient length that
auto and cross correlatiép functions could be obtained;

The Fenlow iow freguency Spéctrum ahalyser and -oscilloscope
Fig. 12 Ché.pter were used as.on—l:'n_.ne monitoring guides, for later
ﬁoise experiments results were directly obtained’on the low
frequency analySer;

V‘When a particular run was deemed satisfactory usiﬁg the
on-line correlator and the afore mentioned instruﬁents, tﬂe data
was stored permanently on the two tracks of the F.M. tape recorder.

Observaiioné were made on fhe.control room instrumentation
during the experimental runs,particularly when the reactor was
oscillated at very low freguencies. The reactor operators were
asked not to trim the reactof during the runs unless absolutely
neCeésary. In facf no trimming was required even during the very
low frequency runs, It is interesting to note that the reactor
was oscillated at 0.00349 cyclgs per second for a run lasting for
45'minutes during which time no rgactor'trim was necesséry.

Praces were obtained on the reactor control room pover
chart recorder particularly for the lower frequency runs. An
example of the recording is given in the results, section 4.4 of

this chapter.
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4.3. Analysis

Although it wogld appear that adequate on and off-line
analysis methods éxisted5 as described in the previous section 4.2,
.the author felt that problems were present with the sﬁggested
analjsis routes. The éiisting reactor centre on-line correlator
had no attached mipi—computer.nor any print out facilities, due at
that time to the unavailability of interfaces.

The co?relator computer installation at the Hewleét
Packard‘coﬁpany headqua:ters was a demonétration installation and
would nbt necessarily always be available although, in fact, the
noise experimental results (described later in thié study) and
some limited transfer function experimental resulis were analysed
on the system, fig. 26. _

It was finally decided ﬁhat the results should be analysed‘
on an I.B.M. 1800 data acquisition system that existed in the
medical electroniés section af Imperial College, Certain additional
software had to be written to fully utilise the system and its
peripherals for the presentation and analysis of the results from the
" oscillator experiments. A block diagram of ﬁhe system is given in
Fig. 27. The output f:om the two channels of the F.M. tape recorder
are translated via the multiplexer and an analogue to digital
converter into_d;gital form. The I.B.M. 1800 computer uses fast
fourier transforms to perform thé necessary calculations to provide
auto and cross correlation, pover spectral densities etc. The
output frgm the computer is normally transferred to a 7 track
industrial magnetic tgpe unit thence to a plotter or cathode ray

tube (C.R.T.) display.
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If required, direct communication between the computer,
the C.R.T. and x y plotter is available: Two forms of x y plotting
were available; énalogue or digital, the 1aiter using an I.B.H.

Calcompvdrum plotter.

4;4; Results

Experiﬁent No; 1

Fig. 28 gives the reactor transfer function amplitude
response fﬁr the U.L.R. Reactor determined from experiment no. 1
" Fig. 25 éﬁapter 4 Section 4;2. Pointé are plotted for forward
énd reverse rotation of the oscillator over the frequency range
0.0219 to 746.0 radian per second. TFig. 29 gives the corresponding
phase shift response for experiment no. 1, the poiﬁts plotted being
thg mean of the forward and reverse rotations wherevef appropriate.
Figs. 30 and 31 show the comparison between.data plotted from
Keepinlz) for U235 and the experimentally obtained points for the
amplitude and phase responses. Pig, 32 is the éxperimenfal data
obtained for Fig. 28 replotted in terms of gain in decibels fersus
frequen;y in cycles per second, this representation being the more
common form of transfer function presentation for control éystem
design and synthesis; The slope of the high frequency part of fhe
plot has an ésymptotié vélue of 19;4 dbs/decade which compares
favourably with a predicted theoretical value of 20 dbs/decade.
Farther comment.is made upon_values obtained from these results in
Chapter 5. TFig. 33 and Fig. 34 repeat the plots of Fig. 28 and
Pig. 29 respectively within the error bands indicated; a detailed

analysis of these error bénds being given in Chapter 5.
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The results obtained for éxﬁeriments no. 3 tp'no; 6 are
not plotted_siﬁce they lie within the error bands specified on
Fig. 33 and Fig; 34; These 1é£ter results were made in areas of
+the reactor configuratioﬁ where the signal io noise ratio.of the
neutron flux decreased hence moré random fluctuations were apparent
on the waveforms; pictures of these waveforms are shown in
subsequent figurés; Thg uée of éorrelation techniques within the
IBM 1800 data_acquisition and manipulation system Fig. 27,
éhapter 4; section 4;37meant that the noisy part of the waveform
could beléorrelajed out of.the calculafion. |

It is of interest to note at this stage that ihe humber
-of cycles of iﬁformatian recorded on the FM tape recorder per
experimental frequency point was made sufficiently large for
adequate co?relation to be undertéken. A discussion of the
non-variation between different oscillator detector positions in
the reactor is given in Chapter 5.

Fig. 35 (a) anﬁ (b) are typical x y plotter records derived
on-line from the IBM }800 data acquisition system. Point A on each
irace indicates the point at which the oscillator trigger pulse-
commenced the detecior output; giving the phase relationship between
output and input; The traces indicate block sizes and within these
blocks upto tweniy tﬁousand sambles could be made, should this be
deemed necessary. Sipce two cycles per revolution of ithe oscillator
shaft between trigger pulsec was a fundamenial physical fact of the
experimental equipment a maximum of ten thousand samples per cycle
was the upper limit. In practice it was only necessary to ensure

that the individual numbér of samples per recording was within the
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experimental accuracy; In fact the number of samples taken was

dictated mainly by thé speed of rotation or frequency.
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ﬁo. l. Fig. 25, Chapter 4; section-4.2;
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The previéusiy verified maghetic tapes produced on the FM
tape recorder wér% replayed on the Hewlett Packard off-lin- correlator
.Fig.;25. Unfortuﬁately the computer was not availéble so that only
ﬁhotographs and a punched paﬁér tape output was available, the iétter
could be played at sqme future date when the Hewlett Packard became
available. 3 |

Fig;.3é éives the reaétorJresponse plotted ﬁy the correiatof
in the signal recovery mode.| In this mode of operation one
qhannél of the correlator was féd ﬁith the trigger pulse from the
experimental fape récordiﬁg, this pulse signifying experimentally the
start of a.new two cycle:operation of the oscillator, This trigeger
. or synchronising pulse tells the correlator where to start each
repetition qf the detector output wave fofm (recorded on the other
‘channel of the experimental tape récording).. This input is then
sampled, these separate samples are stored in separate locations in
the correlator main store. Subsequent repetitions of the input
waveform are read sequentially, these are then aﬁeraged with the
previous corresponding sample, this process is repeated. I+ should
be noted that the noise portion of the average will gradually die
out since the noise makes a random contribution; positive and
negative, to each main store location on successive repetitions,

For random noise; the signal to noise voltage ratio is improved in
ﬁroportion to Jﬁ where N is the number of repetitions. Fig. 36
and éubsequent figures are included mainly to demonstrate the
viability of the method and the use of the correlator. In addition
it should be pointed out that a similar princip}e was usea in the

runé carried out on the IBM 1800 data acquisition system.
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Fig. 36. Signal Recovery: Oscillator Experiment.
Reactor State 8 watts critical.
nxw Axis of display 33.3m,Sec/mm
ny"  Axis of display: 0.75V /cm
Display background in cm squares
Oscillator freguency 0.98 C/S
Oscillator/detector position — Experiment no. 1.
Pig. 25, Chapter 4, section 4.2.
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Fig. 37 involves an inversion of the signal.

Fig. 38 indicates a non-linear effect in the recdrdihgs.
It is included since it demonstrates the ease with which apparent
?hysical effects can be caused due to the misuse of the eguipment.
There is no physical reason for the appearance of what is apparently
é third harmonic content in the detector output for a linear
condition. This effect was due to the fact that one channel of
the FM tape récorder had an incorrect setting on the output channel,

The output switch should naye had a gain setting corresponding,to. -
‘that of the input recordings  The result of the error caused . . . &
a2 break through from one channel of the recording to the other
Under signal recovery the repetition of the fundamental with a
phase shift was apparent. One significant point to note is that in
an auto correlation mode there wonld have beeﬁ only one fundamental
frequency shown thus asdsisting the identifying of the effect.

Of course no phase information would have been obtainable from the
auto correlation mode.

Fig. 39(a), (b) and (c¢) are included to demonstrate the
signal recovery mode under conditions where the signal to noise
ratio is lower, hence for a given number of repetitions the traces
should show more random fluctuations on the funadmental wave shape.
A larger number of repetitions, i.e. longer recording would reduce
the random fluctuations; this was the method adopted when using the
IBM 1800 data acquisition system. Fig. 40 demonstrates the use of
auto correlation when the oscillator was in operation. Unfortunately
the misuse of the tape recorder output channel is apparent on this
recording but the functibn behaves as expected with the noise

correlation leading to the particular basic oscillator frequency.
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FPig. 37 Signal LVCOVCT”° Oscillator Experiment.
RS@CUOT State 8 watts critical
B Axis of display 1. nSDc/nm
Ly Axis of display ,:V /cn
Display background in cm squares

Oscillator frequency 26.35 6/8
Oscillator/detector position as for Fig. 36



Fig. 38.

Signal Recovery: scillator Experiment.
Reactor state 8 watts critical

L4 Axis of display 33.3m Sec/mm

"Y®  Axis of display 1.0V4/cm

Display background in cm squares

Oscillator frequency 2.17 e/s
Oscillator/detector position as for Fig. 36.
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Fig. 39(a).
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Signal Recovery: Oscillator Experiment
Reactor state 8 watts critical

Oscillator Frequency 1.4 C/S
Oscillator/dotector position experiment no. 3.
Fig. 25, Chapter 4, section 4.2.

Signal Recoverys: Oscillator Experiment.
Reactor state 8 watts critical
Oscillator freguency 0.84 C/S

illat
Oscillator/detector position as in Fig. 39(a).
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Fig. 39(c). Signal Recovery: Oscillator experiment.
Reactor state 8 watts critical
Oscillator/detector position: experiment no., 3

Fig. 25, Chapter 4, section 4.2.



Fig. 40.

¥11.

Auto correlation: Oscillator experiment
Reactor state 8 watts critical

Oscillator frequency 15.5 C/S
Osoillator/detector position: experiment no. 2.
Fig. 25, Chapter 4, section 4.2.
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Fig; 41._ This is a plot obtained on a standard Calcomp
plotter, the data béihg prepared using gddgta retrieval package '
developed on the College IBM 7094 by a former student wofking on a
noise analysis systqm;'R;AShamdasani34); “The trace is a repeét of
tracés‘p?oduced.both_on'the IBM_iBOO system.and the Hewlett Packard
correlator, This method suffered from the fact that the Flf
experiment magnetic tapes had to pe translated into aﬁ inpﬁt.form
suitable for the IBM 7094, the program then produced an output
magnétic tape to drive the éalcomp plotter off-line. In addition
the limit on the definitioh~of the points on the Calcomp plot meanti
that when noisy plots were obtained the inability to define the
phase angle sufficiently accurate for the experiment eliminaﬁed
-ﬁhis method. NeVertheless the method would.be of nse as an off-line
facility for certain limited experiments.

Fig. 42, This is a plot of power taken on the standard
control room power indicated chart recorder. No phase or amplitude
information is showm. The frequency for the run was 3.49 x 10—3

cycles per second. The trace is included since it deménstrates the
steady state behaviour of the reactor under a Very slow oscillation. )

The complete recording ﬁas made during a 45 minute period

during which no power trims were made by the reactor operator.

Similar traces were obtained for all of the slow oscillatory runs.
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4.5. Error Ahaljéié

4.5(1) Phase Angle Measurement

In section'3.2(5); Chapter 3,‘ﬁheloscillator.angular
position aﬁd consequegt épeed measqrement ﬁas guoted as being
+ 0'5°.i Q;25°, the forﬁer figure being due tb the physical 1limit
upon the positioning and size qf the light trigger holes in the
periphery of the drive aséémbly and the latter figure being an
estimate of the effect of the{respohse of the light trigger and its
associated circuitry; A maximum error df‘i l.Oolwéuld apﬁé;rbto
be reasonéble,

In sectioﬁ 3.5, Chapter 3, an error band of + 2.5% was
. estimated for the experimental electronic equipment, this figure
being based upon the manufacturers quoted figures and the author's
past experience.

The IBM léOO data acquisition and manipulation system had
a quoted error lying within the band + 0.05% of the operational
variable. | |

Assumipg the maximum phase shift measurement to be 902
vhich is the theoretical prediction for a ftransfer funct ion going
from a constant gain expressed in decibels to a 20 dbs/decade gain

change, &n €rror summary can be constructed.
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Summarisings )
Error band due to light trigger and associated circuitry ;.; a 1°
Error band due to experiment electronic equipment

2.5% x 90° ... cee ¥ 2.25.
Error band due to IBM 1800 data acquisition system o cee * 0.045°
Total RMS error band + 2.50o
Corresponding percentage error band 2.75%

Bearing in mind the small but important extra errors that
can occur dué t0 such things as magnetic tape wow, flutter and
stability it was felt that an error band of + 5% for the phase

measurements was realistic.

4.5(2) Amplitnde Measurement

The amplitude or gain data was normalised to one dollar
or zero db gain over a frequency range where the output amplitude
remained constant, independent of frequency. This range is in-
effect where the input and output amplitudes are equal in magnitude.
This implied that the accuracy with vhich the initial amplitude was
known and the resulting measurement method dominated the error
probability.

The reacfivity worth of the oscillator was measured in ‘the
static tesf. The actual reactivitj was determined using a conirol
rod 6a1ibration.curve provided by the reactor operating staff.

The actual movement of the control rod as the oscillator

was moved through 15 degree steps was measured, using a vernier
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type measurement, on the actual metallic tape that drove the control
réd; ?he estimated error in tape measurement was + 0;25 qam. which
correspbndgd to a + 1;67%;variation in émﬁlitude; Additive
to this value is that dué to the electfonic eguipment used during
the experiments,namely + 2.5%: This gavé a total of + 4.17%..
Bearing in mind the x O;OB%HIﬁaximﬁm error due to the IR 1800 data
acquisition system a valuebéf'i 4;2é% maximum error is achieved.
*One area of doubt remains in the measurement, that of

the rod calibration curve. The reactor staff assessed the maximum
error as being.iVOLS%; | |

Bearing in mihd this latter figure it was felt that an

error of + 5% would reasonably represent the amplitude error.

4.5(3) Positional Error

The guestion of the reiative positions of the oscillator/
reactor/detector configurations, their reversibility and repeatibility
needs to be examined in connection with possible errors systematic
or otherwise.

The vertical positions of the oscillator and detector
relative to each other and the core are governed by the use of
extension tubes that accuratély specify the height of the oscillator
or detector from the bqttom of the reactor access tubes, For
example the aim in experiment 1; fig; 25, Chapter 4; sectioﬁ 4.2,
was to get the oscillator and detector on the appropriate centre
line of the core or as near aé possible to the anticipated nuclear

X -
centre line. Oncé the centre line position had been established

the repeatibility of the position relative to the core was
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dependent solely upon thé éitensidn tubes, their location in the
bottom of the reacior éccess tuBes and their couplings to the
main drive assembly. |

On height méésurements‘carried out in a simulation test
run earlier in the study, the drive assembly and tubes were
mounted §utside the reéctor veséel using the reactor guard rails :
as a support,‘Thé estimated height measurement error lay within
4+ 1 mm, but an assumed error of + é mm;.was felt to be a more than
adequate maximum error band. This error was not deemed troublesome
since as will be seen in Chaptéf 6 due to the active length df the .
detector being 12 cm; and other factors involved in diffusion and
migration of neutrons small differences in the height of the
oscillator would be.insignificant. Any effect would, of course,
show up in thg amplitude measurements.

Positional errors could be envisaged due to the twist
in the oscillator drive shaft‘when-driven at relafively high speeds,
These could lead to phase shift measurement errors. From
observations on the afore-mentioned test rig and a stﬁdy of the
experimental results no apparent errors were attributable to twist
problems. In actual fact the mean of forward and reverse directions
phase éhiftsvwere taken to eliminate this type of error and those
due to backlash. |

As with the measurementslmade with amplitude errors ip
mind, due to possible vertical errors in the location of the
defector and oscillator the results obtained lay within the
anticipated + 5% error band; No systematic errors could be detected

within the error band due to the brevious possible positional errors.
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- CHAPTER 5
REACTOR NOISE '

5.1. General Introduction

Over.the years there has been an increasing interest
shown in the information that één be obtained from the study of

inherent or induced statistical fluctuations on original levels,
these fluctuations beipg norﬁally réferred 1o as noise,

The inher ent statistical fluctuations of the neutron
density ip zero power stationary multiplegﬁstems are well known
and have been measured and studied by many workers. Theée
fluctuations are often termed 'pile noise' or 'reactor noise'.

In a reactor operatiﬁg at effecfivel& zero powver the
statistical fluctuations on reactor flux are due to stochastic
nature of the neutron behaviour, The power level is too
insufficient for reactivity feedbacks due to itemperature, pressure
and density changes to have any significant coniribution. Furthermore
if there are no extérnally caused reactivity perturbations due to
such things as control rod motion, fuel element vibration due toc:hanalﬁs
coolant velocity, the reactors behaviour is completely characterised
by the source, the neutron chain reaction involving fission,
absérption and 1eakage;A This i§ the reactor conditién that was
investigated during the series of experiments carried out during the
study;

It is of interest to briefly conéider the aspects of the
noise that emanates from power reactors. Power reactors have many
more aspects of dynamic behaviour than those solely described by the

neutron kinetic equations, Thys one would expect to find a variety
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of different applications of noise analysis for power reactors.
Sources of noise in power reactors could be generalised

ass: |

(1) Those due to the statistical nature of the chain reaction,

i.e. zero power reactor noise.

(2) Intrinsic reactivity noise. These cover feedback due to
temperaiure, pressure and density changes which are 6oupled with

the heat removal equiphent;

(3) BExcitations due to conirolled random reactivity, such as
that from a control rod. - This latter method can be utilised as

a driving input to assist analysis.

When a reactor is at power the ﬁoise due to the statistical
nature of the neutron chain reaction alone_may be of.insufficient
amplitude ﬁhen compared to the other sources of noise.

Returning to the stud& in question, that of a gzero power
reéctor transfer function, it should be pointed out that the main -
aim of the one and two detector experiments carried out in the study
was to prdvide both a check on aﬁd a comparison with the zero power
transfer function obtained from the oscillator experiments,
Additionally it was hoped to investigate whether or not more information
on the spatial de?endency could be provided from the noise measurements,
Bearing in mind the limited aim éf the investigation with respect
fo noise only a brief survey will be made of various noise methods and
investigations; the reader is referred to the references for more
detailed reading. § |

.During the period that the noise experiments were carried
out some collaborative work was undertaken'with a research student

34)

whose work is published as a thesis Shamdasani”™/,
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5.2. General Review of Zero Power Reactor Noise Experiments

The-inherent fluctuationsAdﬁe to the statistical nature
of the fiséioh process is characterised by 2 'noise spectrum' which
is the means square amplitude of thg noise in a given frequgﬁcy
band per unit bandwidth. The spectra could be measufed by
analysing the néutron.fluctﬁation with tunable band pass.filters.

35)

Moore " ‘, an early worker in this field, has shown that the noise

spectrum is bfoportiénal to the square of the amplitude of thé
- 36)

transfer function; Measurements at Argonne sy On various low
power experimental réactors have demonstrated that reactor noise
analysis can be used to determine the amplitude versus fréquency
response of the transfer functions. These measurements are of more
interest in the high frequency 'roll—off' portion of the transfer
function where w= B*/E (i.e. ?B/!?' ), other experiments could be
troublesome at this end of the spectrum due to the atfenuétion of
the response and in the case of an oscillating absorber the need to
rotate the assembly at high rotational speeds, The effects éf
delayed neutrons is usually negligible in this high frequency range
and the transfer function is very dependent upon the prompt neutron
decay constant « of the system;

An alternative to the use of band pass filter is to use
auto and cross~correlation techﬁiques. The former reguiring a
long time record of the fluctuations for a steady powver levei, vhich

is then used in an auto corrélation calculation Cohn37) calculated

the reactor noise transfer function by assuming that the noise
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had arisen fromra noise equivalent neutron source, £he characteristics
of this source being_determined frqm standard random noise theory
Wax?g), Observed noise was then qbtained using the source ‘transfer
function. This.téchniqué effectively -said that the equivalent
reactor source noise was due to the statistical fluctuations in the
ratés of neutron absorption and fissionf This direcf approach by
Cohn3ﬂ is limited in its treatment of qompiex system models. The
work has been extended by Cohﬁsg) to include a fwo-group single point
reactor model and a oné—group two gzone reéctor modelz |
. ' In the measurement of réaétof noise there is, of course,
the questibn of additional noise due to the detection systém. For
a small chamber efficiency the pile noise and whi*e noise (due to

12) .nd the +wo can be added

detection system are.uncorrelated Xeepin
directly fto obtzin the chamber output. Cohn's analysis method
permits the direct use of conveﬁtional noise fheory.

The noise analysis discussed previously provides transfer
function amplitude data but no information regérding the transfer
function phase shifi. The use of cross correlation techniques wvhere
the system output is statistically cross—correlated with known random
-inﬁuts, permits fhe determination 6f a complex transfer funciion

(i.e. amplitude and phase) Feyman4o) 41), Hansen42).

s Hurwitsz
The following is a brief summary of the -+noise experiments

relative to this study it is by no means the complete list of

possible roise experiﬁgnts with their corresponding reactor parameier

determination:

(1) The transfer function of the reactor is achievable, though

its determination at low frequency (<0.5 c.P.S.) becomes time

consuming when compared to the oscillator method.
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(2) The ratio B*/Z may be_found; hence the prompt neutron decay
37)

constant can be determined Cohn™ ' this is effectively the

delayed critiéal Rossi-alpha wheré
1

opg = B*/E sec” cevneenei5.2(1)

(3) For a subcritical reactor the parameter a , since it can be
observed experimentally; can be treated as an al?ernaiive expression
to reactivity p whén o is related to the value of‘aDC-for the
reactor/detector system, it is possible to calibrate control. rods in

terms of o or 4 (dollars);

(4) Space—tiﬁe dependehcy of the reéctor/de%ector system may be
investigated by the use of reactor noise Sheff43) and Naielson44).

For détails on more noise experime#ts and the parameters
that can be determined are cbvered in Keepinlz) or Thie13).

One great advantage to the use of noise measurements for
nuclear reactors is that the reactor can.operaie in its normal
unperturbed mode during the noise measurements. Care must be
exercised to achieve a high correlated to uncorrelated events ratio
since the signals are in fact inhergnt fluctuations. .

When the reactor is at power the former comments hold true
plus the need to be able to separate other noise signals that may be
both periodic and apériodic and have amplitudes in excess of'fhe one
of main interest._

In the investigation of spatial dependency the noise
measﬁremenfs offer the advantage of only needing the insertion of
detectors into the 6ore, thus reducing the éffect of. local perturbation
1o a minimum when compared yith oscillator usage. At high power

of course the insertion 6f an oscillator may not be possible though

the normal control rdds could be moved in a sinusoidal pattern.
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5.3. Experiments Carried out on U.L.R. CONSORT

One and two detector ?gisé gxperimenfs were conducted on
?he unpertﬁrbed U.L.R. CONSORT under cpiticai and sub—crifical
éperating condifions; The former being undertaken for comparison
with the osciliaior éxpefiments; the latter undertaken mainly as
an interest in contralﬂrod calibraﬁion; )

‘  The .L.R. due to its full power (100 kw) operational
history had a gamma background of about 104§/h£. Gamma background
does not convey an information concerning the kinetic condition of
the reactor particularly at sub—cri%ical operation, The use of two
detectors made it possible to exclude a large portion of the
contributions due to the gamma background ahd other uncorrelated
signals.

The chambers used in the experiments were those discussed
in Chapter 3 section 3.2. The measuring and recording system was
that used»in the oscillator experiments fig. 17, Chapter 3, section 3.4.
the only change being the substitution of the modified Winfrith head
amplifier for the Kiethley head amplifier Fowlef33);.%his being a
low noise, high gain, high input impedance charge sensitive amplifier

designed by Fowlerss)

and was modified for use in the present
experiments as a current sensitive amplifier. .

The chambers were operated in a continuous curfent mode
mainly because at power the alternative pulse mode would prove .
unsuitable due to the high counting rates.leading to a pulse pile;up
whilst trying to maintain a suitable detéctor efficiency, For
sub-critical operation the continuous mﬁde was again prefefréd due

to {he fact that high detection efficiencies would be required for

sub-critical operétion, this implied the close proximity of the
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detectors to the core; the high gamma field cauéihg'Spurious
dounts, |

For spacé dependency either pulse or continuous mode
could be used though at high fluxes the continuous mode would be

necessary.

5.4. Theory

‘It is not the intentibn in thig report to give an&
generél tpéories for noise phenomena in ﬁuclear reactors other than
the comments made-in Séct?on_5;1 and 5;2 of this chapter. Referencé
is made to the various authors.of papers made in fhese preceding
sections of this report. It is felt necessary to cover briefly the
basic description of statisfical data and ifs amplifica$ioﬁ to the

transfer function of the reactor.

5.4(1) Statistical Data — Bendatd?)

For stationary and stochastic process four main types of
functions are used to describe their basic properties:
(1) Mean-square Yalue.
(2) Probability density functions (pDF!s).
(3) Auto and qross-cprrélation funct?oﬁs (ACF's and CCF's).
(4) Auto and cross spectral dengity ?unctionéh(APSD and‘CPSD).
The mean sgquare value provides an eétimaié of the-h
intensity 6f thelrandqm data; The probability density function
provides information concerning“fhe properties of the data in the
amplitude domain; The correlation and‘power spectral density
functions give similér information in the time and frequenéy domain.,
The latter two functiéns éré best suited for continuous current

experiments.
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The aunto corretation function (ACF) of a waveform is a
graph of the similarity beﬁween the waveform and a time shifted
version of itself as a function of this time shift.

| The ACF of é waveform or stochastic variable x(t) is

defined as:

'ACF = R () = Lim J‘Tx(t)' . x(t +T)dt ..;...5.4(1)
. XX T ®

1 i T) =
it can be written as Rxx( ) O EICTED)

The cross—correlation function (CCF) between two waveforms
or stochastic variables x(t) and y(%) is a measure of the similarity
between the two wavéforms or stochastic variables.

The cross—correlation function is defined as:

ny¢t)' = Xt 7Ty . &(t)
e T | :
T oot [ xte s L y(edas seeeee54(2)
] |

Their corresponding P.S.D. functions are:

Pourier transform ’ eeeessB.l(3)

APSD = S (f) = F[R (¥)] =
* x of R ()
x
CPSD = Sxy(f) = F[ny(T)] = Pourier transform ceseseD li(lt)

of RXth)
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5.5. The Transfer Function Representation

Cohgsé), Hoor?35), Sheff43), Nieto et a146) among o%her
workers have contributed considerably to the noise analysis in
particulaf to the Langevin techgique. ~ The use of the Lange;;n
technique is described adéquately in the'former papers;

The theory»bagically»hakes usé of fluctuating sources in
the equations describing the méan variables of the system, In
Moore's tr;étmént £(t) is a stochastic function of time considered

as an input to a linear system whosé observed noise was characterised’
by y(t) then: 4 ‘

z(D) y(t) = £(t) ] ‘ | veness5.5(1)
Hhere Z(D) is a polynomiél in D (the differential operator) of the
constant coefficients dgscribing the dynamié behaviour of the systemn.
Equation 5;5(1) is called the Langevin equation of the system, a
formal solution is given by Hax38);

y(+) = ot - +Y) £(+Y) at? reeees5.5(2)
Where G(t) is the Greens function of the system. |

Assuming 'whitg noise! properties for the input function
" £(t) Hoore arrives at: |

APSD of y(t) = K./a(w)/? | eeren5.5(3)
Where H(w) is the transfer function of the reactor system.

Sheff extended the treatment to cover the space dependence of
reactor noise in one and two detector ex?eriments assuming a one
group diffusion equation; He derives the auto and cross—-correlation
functions and their corresponding spectral density functions of the

detector readings for various reactor/detector configurations.
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. To summarise this work; deviations from the space
'independenf or point reactor containing a point detector, shows up
in the rates of 'roll—_dff' of the high frequency (w2 > a25
portion of ﬁh; spect?al dénsity fugctions;' These results have
been copfi?ﬁeﬁ by Natelson and Osborne44); These 1aiter‘workers
conqludéd that the success of space and energ} independence theory
in the analysis of reactors is 1imifed 40 a class of thermal reéctors
in which the migration length M is large enough with respect 4o the
overali reactér size R i.e. %<< 1;

‘ 5;6. Results -

‘ _Eiés. 43.apd 44 show the c?itical APSD function for the
12EBCO chamber placed ai'the centre of the‘éore showing the effects
of unco;?e;ated background events énd a correlﬁted APSD, this latter
curve was determined by Shamdasani. On the same graphs the
oscillator determined transfer functipn is given.' All the results
were normalised to Odb's in the flat portion of the curve. The
co?rected'or correlatea APSD points have been fitted with a third
order polynomial. Figs. 45, 48 and 47 are the figures showing
APSD correlated and uncorre}atéd at various points in the core, as
detected joinily. with $hamdasahi. |

They were defermined using the P7/22 chamber in the centre
access tube at the centre of the core, positioﬁ A anq at ﬁhe top of
the core of the core position Crand with the 12EBAO chamber at the
centre of the cofe. 2h? correlaieg poriion of the ASPD function
shown on Figs. 43; 44 and 47 was typical pf thé c;rrelafed ASPD
functiéns-obtained for all tpree @etgctors! the latter one being

the large diameter RC6EB, see Chapter 3 section 3;2, which could not
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be inserted in the core or the reactor tank so measurements ﬁere
made in the reactpr thermal column. According to the results

reported by Shamdasani34) and ggreed with by this work,thé rates
of roll-off in the cfiticél experiments variedAbetween 18;7 and
21.4 db/decade, whilst the value of ap; as determined by the
interseétion of the half pover frequéncies varied betweén 113 and
130 srecs'A"1 with an average of 120 sec—l.i 5 sec—l. .As stated in
the earlier part of this chapter‘the intention was to only demonstrate,
if possible, any Spaﬁial dependency using noise as an alternative
to the oscillator for its determination. The results from the two
detector measurements are not included since they were maiﬁly carried
out for sﬁb—critical méasurements vhich are not the subject of this
particular study. It should be pointed out that if one of the main
reasons for going to two detector experiments for sub~critical
noise measurements was the fact that the signai to noise ratio was.
much lower, hence errors present in the ASPD particularly at higher
frequencies can cause inaccuracies in the estimates of rollvoff
frequencies and intersection frequencies.

Conclusions drawn from these results are given in

Chapter 6 of this thesis.
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CHAPTER 6

Conclusions, Comments and Suggestions for Further Work

6.1. Conclusions . ' N

6.1(1) Zero Power Transfer Function

The zero powér reéctor transfer functioh plotted on
Figs. 28 and 29 is of the expected shape and amplitude. The
ﬁhase shift Fig; 29 changing from approximately -90 degreeé in the
low frequency range through approximately gero degreés in the
middlé frequency range to‘—90 degrees again in the high frequency
range. This Behaviour pattern is expected from the study of the-
transfer function derived from the point reactor kinetic equations'
(1) and (2) section 2.1(1) Chapter 2.

The error bands for the experiments are shown on Fig. 33
and 34 respectively, these will become more important when
observations and conclusions are made -on the Spéce dependéncyof
the transfer function.

It is of interest to investigate the zero power transfer
function amplitude reSponse_graph in more detail. H.C. Cﬁrben47).
analysed the zero power reactor transfer function for a series of
isotopes, rangipg from U238 to U233, utilising data from Keepinlz).
Extrapolating the 1owér énd of the frequency range of the experimentally
determined transfer function Fig.28é (for WA ) yields a value of
8.75 for a frequency of W = 10—2 radiéns per second which compares

with a value of 7.8 predicted by Corbeﬁ47) for a pure y?3d

isotope.
Drawing the asymtote to this curve gives an intercept 6n the unity

axis of 8.0 x 10-2; the slope of the asymptote being 1.094 which
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compé?es with a value of -1.0 predicted by Corbenh7). The

2

intercept on the unity axis 8.0 x 10 ° yields a value of decay

constant A = 12.5 seconds which compares with a figure of
12;753 1_041834 $able 10.1 Keepin12); The actual value obtaingd
from the'experimentél curves must be treéted with care since a’
small movement on tﬂe slope of the asympﬁote could cause estimated
differences of up ﬁo:i 10% in the valuevof the slope. . One has to
bear in mind that the Keeﬁiglz) data was determined for a sphere of
pure U235. Thehleakage f;om the sphere will be less than that for
the U.L.R. CONSORT Reactor.

| Construéting the asympiote to the high frequency raﬁge'of
the transfer function, Fig.28a; yields a cross over point of
W = 115.5 radians/second at G = 1; This intercebt according to

47)

Corben and the theory given in Chapler 2 section 2.2(3) yields

*
an expression G =-%§ where PB¥ is the effective delayed neutron

12)

fraction. Assuming values for B of 0.0064 + 0.0002 Keepin and

20) 2)

0.00755 Caesar (Consort speqification), Hughes et alg and

allowing‘for an effectiveness factor of Y = 1.03, this latter factor
being that obtained from experiments carried out on GodiVaFB)

(bare metal assembly 93.8% U235) two values of £ the neutron
generation times are 57;07usec and g7;36usec ;espectively. If one
does not assume an effectiveness factor of Y = 1.63 the two values
are 55.41 psec and 65;37 wsec resfeqtively. The design figure

for the U.L.R. Consort Reactor is 62.5 usec Caeéarzg?. From

Fig. 29 thé maximum phase shify éccurs at a frequency of 6.0 radians
per sacond. The analysis of Corben 47) indicated that the value

of the maximum‘phase shift should obey the expression.

20U
Q
B*

tang =
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Where 0 is the freguency at which the maximum phase shift occurs.
From the experimental curve Fig; 29 wo = 6.0 radians

per second and the angle from zero degreeé is 5;50.

. - ~ ok 4 6.
* o tan = %tan 5-5 = 0.0963 = '?)‘:'CTO'g"s_g
.04 _ 0.00659 x 0.0963

2 x 6.0

52.88_u.seéonds;
If a value of B ¥ of 0;00778 is used the resulting value of

is 62.43 }lseconds;

Summa.ry

B % Y¥=1.00 .Y =1.03  Y=1.00

1.0
0.0064 - -0,00659 - 0.00755= 0,00778  0.0075

values from -

‘high frequency 55.41 57.07 65.37 67.36
asymptote _ .
intercept '

62.5

values from A : - ‘
maximum phase 51.35 52.88 60.6 62.43
shif{ point

The values tend to suggest that the design value of
62.5 psec is reasonably accurate. AIt is interesting to note that
using the old dela&ed neutron data pfoduces a value of £ close to
the design value; witbin 5% when a value of B * of 0.00755 is
assumed. ~ The value of B * - 0.0dg4_i 0.0002, Keepinlz) was

235 |

experimentaily determined using évspheré of U whereas the
reactor involves a cube shaped geomeiry of metal sheathed fuel
elements arranged in a lattice structure immersed in light water.

The p * for the U.L.R. CONSORT should be near to the
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238

: Keepinlz) value since the amount of U in thg_core_is low with
fespect to~the U235 (U235 content»ofACONSOBT is 92%); | A

Assuming that the design figure of %2.51¥secoﬂds for £
is substantially correct and tﬁat fhe higher frequency asymptotic
intercept method is the more éccﬁrate détermination of 4 than the
maximum fﬁase shift position éince the létter method is more
imprecise due to the rather flat top to the phase shift response
curve Fig. 29.
| It is felt that the resulis are reasonable when the
. errors are considered.

For B ¥ = 0.0064 and B* = 0.,00659 corresponding %o
Y = 1.0 and Y = 1.03 the errors are -11.35% and ~-8.79% respectively.
For B¥ = 0.00755 and B* = 0,00778 corresponding to Yy = 1.0 and
T - 1.03 the errors are +4.59% and +7.78% respectively. A figute
of + 10% error band is reasonable dépendent upon the choice of
delayed neutron fraction and effectiveness factor.

FPig. 28 gives the transfer function amplitude response
for forwafd and reverse rotation.of the oscillator, it was'not-
possible to identify any significant differences between the results
for forward and reverse rotation; the results lying within the
experimentai error bands shown on Fig; 33. The phase shift résponse
plotted on Fig.29 is the mean of the values obtained for forward
and reverse rotation of the oscillafof; there was no significant
difference between the two that lay outside the error bands shown
on Fig. 34. The fépt that signal recovery was used tended to reduce
errérs since én average of many fepetitive cycles was taken at each

frequency reading.
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The comparison of the amplitude and phase shift responses

with a range predicted for U235 12)

by Keepin ~’/ data, Figs. 30 and 31,
shows good agreemenf; no value of Keepin data was available for
the exact value of the prompt neﬁtfon lifétime Put interpolation
between the valueé of L = 10-,'4 and 4= lO‘sbshows that the
amplitude and phase responées.are of the éxpected correct shape and

magnitude; These values tend to justify the experimental and

analysis techhiqﬁes employed;
6.1(2) Space Dependency
34)

Shamdasani- reported in previous noise experiments using

one and ﬁwo detgctor techniques, that CONSORT exhibited no spatial
dependenc&; Por the series of oscillator/detector configurations
used in the series of experiments, see Fig. 25, Chapter 4 section 4.2.,
one is inclined to agree with this statement since no amplitﬁde or
phase response experimental results lay outside the error bands
quoted for the experiment nor was there any systematic trend to the
results that lay wifhin the error band. The reactor core appeared .
as a point.with respect to the configurations shown as Fig. 25.
In fact the reversal of the oscillator/detector position produced
no significant change in the spread of the results.

.What is of significance is the reason why no spatial
dependency was apparent Beckurts and Wirt§49) give expreésions
for the diffusion of monwo-energetic neutrons from a harmonically
modulated source and arrive at the conclusion that the modulated
part of the neutrén flux is a quu}ated wave with a depth of
penetration:

/ 2Dv
W —~ 2Dv

o~/ ——

voa W
1 + =
2w

R
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. 2D
with a wavelength == 2 __‘_.’_v_

and a phase velocity
¥ o
x — \/ 2Dvw

response is given by
/88 (r)/ 6Q oKr
T T g |
CONSQRT'is'a lighﬁ wate? mgderéted and reflected reactor,
using a valuéuof.D ==0;114 cm; provided by previous eiperiments

carried out on the reactor Besant 5®; Which compares with a value

51)

of 0.14 Jakeman””, appen&ix table Al, and assuming velobities of
2200 metres/sec and 200 metres/sec the latter figure éllowing for

é Maxwellian distribution of neutron velocities. For w = 500
radians/sec per second the wvalues of penetration depth are
approximately 10.5 cm., and 3.0 cm. For w = liradian per second
the vélues of penetration depth are approximately 224 cm. and

67.5 cm. respectively. Thus as one can see as the frequency goes
up the depth of penetration decréaseé causing the response to fall
off rapidly with the core radius. This, of course, explains the
attenuation as frequency increases; '_It has to be iemembered that
there are neutrons of all Yglocities within the spectrum. Bearing
in mind tha? thé CONSORT core is approximately a-60 cm. cube'it can
be seen, from the previous penetration valﬁes, that a spatial
dependehcywould be difficult to measure; at the high frequehc&,.ﬁo
spatial depending.wés indicated by the experiment. In‘the

previous calculations one must beariin mind that an osciliating

absorber not a source was used, nevertheless the implied wave

behaviour is the same. Also it must be rememberéd that the core
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“is a dispersive medium and the neutron waves would propagate in all
directi?ns thus causing a diffusive effect on the resulis, One

final contributory faétor is that the detector active lengvh was ;2 cﬁ.
thus the relgtive pdéitions vertically in the core, Fig; 7

Chaptér 3 section 3;1(2)? and/the neutron‘collection;area would

tend jo incréase_the diffusion of the resﬁlts; Experiments were

26)

carried out by’Hanssoi us;ng an osc%}lator to determine the»spatial
dependéncj of fhe NOBA D20 moderator and reflector reactér; For

aﬁ W qf_i radian per second and n?utron velocities of 2200 metres
pér second and_ZQO metres per second using a_D for D20 of 0.82
Jakema&yl) appendix table Al)gives penetratio; deptﬁ of approximately
600 and 180 cm. Bearing in mind that these results must be treated
" with care the part of these experiments that caused very.significant
spatial aependency was when the detector was within 7 cm. of the |

- oscillator at a frequency of approximately 1 cycle per second.

This is ﬁell within the penetration depfh using the former
approximate calculation methods.

Not too much significance should be placed upon the comparison
of the NORA and CONSORT reacfors since not enough information was
available on the NORA étructure; élso detailed lattice calculations
mighf be necessary before a true comparison was possible. There
is the problem, when the detector and oscillator are Qery’clése to
the core, of local heﬁ}ogeﬁaty ﬁroblews; this was posed as a possible
cause of the error between the NORA predicted and experimentaily
~determined results.

The CONSORT reactor exhibited no spatial dependency for the

oscillator/detector configurations used in the experiments.
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0 6.1(3) Noise Results

Due té fhe afdre—ﬁentioned réasons it was not expected
that the noisg experiments would exhibit any spaﬁial dependency.
The slope of the high frequency asympt?te; Fig; 44, is as expected
ﬁithin eiperimental errors, The ﬁoinﬁ work undertaken with

.34)

Shamdasanl substantiates this concluﬁion; Shamdasani34)
supports his conclusions with the use of one and tTwo détector
experiments using the threé détectors discusséd in Chapter 3'
section 3.2 of_th%s thesis;

7 The_critical %SPD Tunction Fig; 44 demonstrates the
difficultiés of unwanted noise when aﬁ high frequencies where the
amplitude is attenuated.‘  The corresponding correlated ASPD is
shown on Fig. 44 for comparison, this curve being Qerived by
Shamdasaniaq),does not completely agree with the oscillator plot
though fhe uncorrelated ASPD does appear to have a betfer agreement
in the freguency range 15 to0 55 cycles per second. It is possible
that some of the basic neutron fluctuations could have been
correlated and in addition to the unwantéd instrumentation and
analysis noiée, no evaluati&n of this can be made..

The value Of,aDC4 = 120 sec—l.i 5 sec—1 obtained from
the ASPQ fﬁnction compares favoufably with the value of 128 sec"1
obtained from the oscillator amplitude response curve, Fig, 32.

Some comment must be made upon the total curve plotted
on Fig. 43. As can be éeen #he only range produced from the noise
measurements is in the upper.frequency range. To cover the low
frequency range the recording time would have to.be extremely

long before any averaging or correlation was undertaken, The

auto correlation fﬁnction only provides the amplitude response of
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the reactor, it is necessary to utilise cross—correlation methods
so that the phésé shift cén be determined; this requires the
excitation of the reactor with a known random reactivity input
before a'crosé—correlation can belutilised; This was unfortunately
outside the scbpe of these.éiperiments;
| - As statéd before; thélnoise experiments were only under-
taken as a che&k for the 6scillatof résults sinée the two expériments
were running concurrently; but sbme comment upon noise measurements
in general is nécéssary at this time; Many workérs have investigated
noise experimentélly and,théqretically with particular reference to |
Zero power reactors and aésemblies; One stated major advantage
of noise technigques is that the reactor need not be disturbed,
this is; of course; true for many of the studies undertaken but if
phase information is necessary theﬁ the most convenient method in
noise analysié is fo inject a known random fluctuation into the
core, that will affect reactivity, and for fhis to be used in
cross—correlation analysis.
. Por higher frequency work noise is of advantage since ﬂot
too 1ongva recording time is necessary_but this figure increases
as the frequency reduces. The question of noise analysis of
power reactors poses an addifional problem, Whereas on the one
hand it is not neceasary to perturb the reactor there are many
other sources of noise'in the reactor that affect the reactivity,
thus the pure neuiron noise becomesimore difficult to.decipher.
Especially when one considers the size of thé reaﬁtor and the
attenuation of any local neutron flux perturbation that are only
due to the inherent flﬁctuations in the reaétor chain reaction.
The analysis of the noise from sources other than the

statistical nature of the neutron chain réactor become of much

i
¢
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greater interest,‘i.e. the rattling of contfol rods in the coolant
flow; It is the aunto correlation end cross-eorrelation techniques
that 'beceme of great in'herest.' |

To seﬁmarise noise can be a powerful tool, not necessarily.
adding to {he knewledge of theAbasic fis$ion process, but confirming
measurements of predictions made By dtpér methods; The techqiques
used in ﬁeise aﬁalysis will be of gfeater use in poﬁef reactors
for effects that are not direetly due to inherent fluctﬁation.

Care should be taken that noise investigations are not pursued
only for the sake of the noise itself;

It is interesting to note the plot of fluctuating power
obtained during the very slow'speed runs; Fig.42; The reactor
o?eratof did not trhn the reactor during eech run only at the
beginning and end of each run to establish steady state.

The slow osciilatory runs were allowed to run for 45
minuntes, during which time the reactor was observed not to drift
from a mean power; This~was most probably due to the fact that
the reactor was effectively at zéro power and most probably few

fission products were present.

6.2. Suggestions for Further Work

The results obtained indicate that for the positions and
frequency fange concerned no spatial dependency was‘obserVable. | It
would appear necessary to insert the detector at points-within the'
actual radius.of the core; i;e; within ?@e fuel element 1attiee.
This was not possigle with the CONSORT core with the detectors

fhat vere evailable; The use ef pencil slim BF3 counters would,

of course, enable such in core detector positions to be investigated
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_the spatial dependenéj cduld then be invegtigatgd as a function

of radius. By rearranging the lattice of CONSORT it would of course
be possibie ts obtain a suitable size”holeAﬁithin‘the coré boundaries,
-this was not possible within the expgriments described but it;céuld
be of interest in the future providing the position for the entry
hole could be choéen‘to exhibit a large spatial dependency;

The techniques used in the general measurement wvere .
proved satisfaétorily though tpe coupling of the on-line Hewlétt
Packard to its own on-line 6ompﬁtér would“prévide a very Eompabt on
éite measurement and analysis system; The correlator itself is
useful in displaying the correlation funétions to verify the results,
It is thus recommended that the unit be used as at least an indication
iﬁ all future experiments;

The use of square wave\and iriangular wave modulators
instead of the sine wave used in the oscillator in the former
experiments would yield.further information on the question of whether

-or not it was necessary for the input modulation to be a pure sine
wéve. Its effect on the prppagatibn through fhe core would be
of interest especially since a Fourier analysis could be quite
readily unde?takgn;

None of the detector chambers were capable of operating at

power, it is thus suggested that iwo chambers capable of operating
in the core, should be used to determine the Power Transfer Function,
this would lead to a knowledge of the intrinsic reaétivity.séurces
due to heat removal. '_

Both at zero power and full power it would be interesiing
to inject é known random input and to use cross-—correlation functions

to determine both the reactor amplitude and phase shift transfer
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function responses. This latter condition could be achieved by
either driving one of the control rods in a random manner or by
injecting bubbles into a codlant channel, the injection being

controlled by a kﬁown randomly driven value.

This latter experiment

has been suggested to and accepted by the U.L.R. Safety Committee.

—
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APPENDIX 1

Fig. 6. University of London Reactor.

Power -

Haximum for continuous operation ‘iOO KW (thermal)
Tuel Element - UfK.A.E.A. standard H.T.R. type
Haterial of plates | Uranium-aluminium alioj
Enrichment | - c 80%
Cladding | aluminium
No. of plates per element (normal) . .12

Wt of U-235 per plate 11.5 g
Core -

Maximum no. of elements ' ’ 24

Wt of U~235 in critical assembly . c 2810 g
Moderator, Reflector, Coolant H20
Maximum excess reactivity . c O;l%

Control absorbers

1 fine control rod
2 coarse control rods (shut dowm)

1l safety rod
Shielding Water, Cadmium, Concrete

Neutron Flux

Centre of core, fast 4 x 1012n/om25ec

thermal ' 2 x 1012n/om25ec
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Bare face and thermal column,.

at tank/graphite interfacey fast ' 2 x lOlln/cmzsec
thermal : 3x lOlln/cmzsec
Nain beam tube entry, fast | 1 x 10 n/on’sec
thermal . 3 x lOlln/cmzsec
Coolant circuit
Flow rate | 9100 1/h
Principal dimensions - h
Tank diameter ‘ ~ 1142 mm,
Water depth, total ' | . 7772 mm.
above fuel plates 5245 mm.
Biological shield »
across flats of octagon 6400 mm.
height above ground level ’ _ 6858 mm.

depth below ground level : 1524 mm.,
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APPENDIX 3 7

235

Zero Power Reactor Tréhéfef Fﬁncfibh Tor U

,  is the brompt héutron lifetimé.' All values

calculated using the delayed neutron data of table 4—7; Keepinlz).

N S L 1am3
. | co= 10 ¥ o= 1077

RADS/SEC - /G/ DOLLARS - ¢ DEGREES - -/G/ DOLLARS ¢ DEGREES
1 02 8.6468 00 ~72.041 8.5494 00 ~72.250
2 02 -5:,0585 00 -61.295 4.9970 00 ~61.676
3 02 3.9089 00 ~54.474 ©3,8578 00 -55.007
4 =02 3.3435 00 -49.969 3.2965 00 -50.642
5 02 2.9976 00 -46.,901 2.9525 00 -47.702
1 =01 2.2002 00 = =39.501 2.1578 00 = -40.822
4 -01 1.3286 00 -24.134 1.2871 00 ~27.864
6 -01 1.2200 00 ~19.424 1.1752 00 -24.707
1 00 1.1340 00 -14.864 1.0787 00 -23.164
2 00 1.0593 00 -10.850 9.6846 -01 -26.122
3 00 1.0316 00 - 9.449 8.9641 -01 - =30.998
4 00 1.0175 00 ~ 8.962 8.3266. -01 ~36.061
5 00 1.0088 00 -~ 8.922 7.7272 -01 -40.825
6 00 1.0028 00 ~ 9.135 7.1654 =01 -45.131
7 - 00 9.9811 -01 - 9.507 " 6.6460 =01 -48.950
8 00 9.9419 -01 ~-9.985 6.1720 -01 ~52.309
9 00 9.9067 -01 -10.537 5.7431 =01 ~55.254
1 o1 9.8734 -01 -11.141 5.3568 -01 -57.838
2 01 9.5128 -01 -18.251 3.0719 -01 ~72.141
3 01 9.0349 -01 -25.470 2.1113 =01 -77.821
4 01 8.4779 01 -32.067 1.6012 -01 ~80.790
5 01 - T.8943 -01 ~37.888 1.2877 -01 -82.603
6 01 7.3223 -01 -42.938 1.0762 -01 -83.823
7 01 6.7839 -01 ~47.289 9.2407 -02 -84.699
8 01 6.2894 -01 ~51.033 8.0948 -02 -85.358
9 01 5.8417 -01 ~54.259 7.2010 =02 -85.871
1 02 5.4392 -01 ~57.052 6.4845 -02 -86.282
2 02 3.0889 .01 ~72.008 3.2481 02 -88.139
3 02 2.1169 01 ~77.779 2,1661 -02 ~-88.759
4 02 1.6037 -01 -80.772 1.6248 -02 ~89.069
5 02 1.2890 -01 ~-82.594 1.2999 02 -89.255
6 02 1.0770 -01 -83.818 1.0833 -02 -89.379
7 02 9.2454 -02 -84.695 9.2853 =03 -89.468
8 02 8.0980 -02 ~-85.355 8.1247 =03 -89.586
9 02 7.2032 ~02 ~-85.869 7.2220 -03 ~89.586
1
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APPENDIX 4

Preliminary Measurements Utilising en Existing Standard

Multi-Channel Analyser

A8 a Tosult of tho intention that undergraduste and
postgraduate experimentsushould be available using the qsciliator
it was decided that éi%eméts at measurement ahd_analysiS'of the
transfer function shoula be maée utilising an existing standard
400 channel multi-channel analyser; |

The pulse from the oscillator drive shaft was used to
trigger ﬁhe multi-channel analyser to read the oufput of the
neutron detector. Succeeding trigger pulses (every revoiution)
vould effectively top up the analyser reading so that a steady
state reading should be achieved. . |

Several difficulties were encountered immediately, the
analyser was remote from the reactor and a pﬁlse amplifying and
shaping unit was required to trigger the unit.

The remoteness had to be accepted and the fact that
ideally suited cables were ﬁot available. A standard Harwell 2000
* pulse amplifief and shaper was uséd to0 drive the analyser. To
achieve the 'top up' principle a repeat trigger pulse would be
required. This waé available from the oscillator shaft once
every revolufion or everj two cycleé; This gives a méasurement
of 1 cycle in 180 channéls; i.e. a phaSe'reading every 2 degrees.,

This latter point plus. the uncertainty in the trigger
timing due to the cable delay and the pulse shaper meant that the
method was not suitable for the present éﬁudy though the reéults
~on Fié.h%’show that an experiment using the analyser is possible

parfioularly if both equipment and analysis methods were modified.
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The spread of points at the peaks and troughs of the sine wave
shape shown on Fig;48 is méinly due to the channel measurements
only being readrto the first decimal'place;

The methbd will bé investigated at a later stage.
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APPENDIX 5

Experimental Points Experiment No. 1

155,

Frequency Amplitude Gain Phase
.-¢/S -~ - RADS/SEC- ~-Dollars : db's - Degrees

3.49 - 03 2.19 - 02 4.66 00 13,368 60.4
5.39 - 03 3,37 = 02 3.43 00 10,706 52.1
1.11 - 02 6.96 - 02 2.395 00 7.596 44.8
2.3 . - 02 1.44 - 01 1.633 00 4.26 34.9
3.4 - 02 2.185- 01 1.374 00 2.766 29,1
5.32 - 02 3.34 - 01 1.284 00 2.172 25.0
7 - 02 4.398- 01 1.21 00 "1.0656 22,2
9.8 - 02 6.15 - 01 . 1.15 ~00 1.214 19.0
2.1 - 01 1.3 00 1.08 00 6.68 - 01 12,2
2.4 - 01 1.51 00 1.06 00 5.06 - 01 10.1
2.8 - 01 1.76 00 1.05 00 4.24 - 01 10.0
3.5 - 01 2.184 00 1.02 00 1.28 -~ 01 8.7
4.2 - 01 2,86 00 1.005 00 8.6 -~ 02 T.4
5.6 - 01 3.515 00 1.000 00 0,0000 00 17.05
7.0 - 01 4.395 00 1.000 00 30.0000 00 5.59
8.4 - 01 5.15 00 1.000 00 0.0000 00 5.49
9.8 - 01 6.157 00 1.03 00 2,56 - 01 5.35
1.12 00 7.04 00 1.000 00 0.0000 00 5.8
1.22 00 7.66 00 1.05 00 4,24 - 01 6,15
1.24 00 7.79 00 9.99 - 01 10,08 - 01 6.1
1.4 00 8.79 00 1.05 00 4.24 - 01 6.2
2.17 00 1.3625 O 9.95 — 01 ~1.088 - 01 6.95
3.1 00 1.947 01 1.05 00 4.24 - 01 10.6
6.1 00 3.83 01 9.7 - 01 -2.640 - 01 18.4
9.3 00 5.845 01 9.25 ~ 01 ~7.780 - 01 29
1.24 01 7.79 01 8.9 - 01 -1.012 00 36
1.55 01 9.74 01 8.9 - 01 -1.012 00 39.4
1.86 01 1.186 02 7.78 - 01 -2.18 00 41
2.17 01 1.362 02 7.9 - 01 -2.028 00 48.5
2.48 01 1.56 02 7.5 - 01 -2.498 00 50.8
2.635 01 1.654 02 7.2 - 01 -2.854 00 51.5
3.368 01 2.16 02 6.5 - 01 -3.742 00 59.3
3.74 01 2.37 02 5.8 - 01 -4.732 00 61.8
5.0 01 3.142 02 5.1 - 01 -5.934 00 71.4
6.52 01 4,095 02 3.65 - 01 -8.754 00 75.3
9.45 01 5.934 02 2.6 - 01 -1.17 01 7.9
1.19 02 T.46 02 2.08 - 01 -1.364 01 80.0
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