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ABSTRACT 

The paper begins with the general discussion of the neutron noise 
measured by in-core and ex-core detectors. The theory of BWR noise Is sur
veyed in detail. After the theoretical survey the physical background of 
the measuring methods applied in the fluctuation analysis of BWRs is dis
cussed. The section on PWR noise discusses the information contained in the 
neutron, pressure and displacement signals about the vibration of the vessel 
and its internals. 

АННОТАЦИЯ 
В начале статья содержит oúuee рассмотрение >ейтронного шума измеренного 

внутриэонными и внезонными детекторами. Детально исследуется теория шумов 
кипящих водяных ядерных реакторов. После изучение основы методов измерений, 
применяемых в анализе флуктуации в кипящих реакторах, В частя о водячых реак
торах под давлением изучается вопрос о том, что какую информацию носят сиг
налы датчиков нейтронов, давления и перемещения о вибрации реакторного бака 
и его внутренних частей. 

KIVONAT 

A cikk a zónán belüli és a zónán kívüli neutron detektorok által métt 
zaj általános diszkussziójával kezdődik. Részletesen Ismertetjük a forraló 
vizes reaktorok zajának elméletét. Az elméleti összefoglaló után a forraló-
vizes reaktorok zajánaic tanulmányozásához használt mérési módszerek fizikai 
alapjait vizsgáljuk. A nyomottvizes reaktorokról szóló fejezetben azt vizs
gáljuk, hogy milyen információk vannak a neutron, elmozdulás és nyomás jelek 
ben a nagynyomású edény és Ьэ1эб tartozékainak rezgéséről. 
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INTRODUCTION 

The special branch of nuclear engineering called "reactor noise 
analysis" has undoubtedly gone through a great development in 
the last 5-8 years. This development is well reflected in the 
papers of the world conferences held during that period. Whereas 
most of the results presented at the SMORN-1 conference in 1974 
referred to zero-power reactors, only three years later at the 
SMORN-2 meeting, all the papers were already directed toward 
the investigation of noise phenomena in power reactors. 

Reactor noise investigations - similarly to other scientific 
topics of engineering interest - can be divided into two 
categories: 1/ The experimental and theoretical study of the 
phenomena, that is, the investigation of the information 
content of the different noise signals. 2/ The direct appli
cation of the technique aimed at the improvement of the safety 
and availability of nuclear power plants. 

It is unnecessary to emphasize that the aboi/e two tasks are not 
independent. They represent two different phases of the investi
gations. Experts who are responsible for the direct application 
of the technique necessarily depend on the "background research" 
dealing with the information content of the signals. On the 
other hand, the workers who deal with the background research 
should be aware of the fact that the investigation of the reactor 
noise is unjustified unless the results have engineering value. 

Studying the literature of reactor noise one finds a number of 
reports on direct practical applications. Very convincing recent 
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examples of this kind were given e.g. by Mayo /1979a/ and 
Zigler /1979/ who reported on the role of noise analysis, in 
post accident diagnostics at Three Mile Island. There are impor
tant cases when diagnostic instrumentation based on noise signals 
was developed and applied at power reactors /e.g. Dio et al., 
1977; Gopal and Ciaramitaro, 1977/. However, the majority of the 
papers published in the literature discuss activities which fall 
in the first category of the above division, that is, report on 
investigation of the physics of the noise in power reactors. 

The aim of the present paper is to survey this type of activity 
i.e. in this paper we are more interested in the physics of the 
different noise phenomena, than in the ways of direct practical 
application. We carefully avoid, however, the discussion of 
problems which, we feel,are even in the long run irrelevant 
from an engineering point of view. 

In the discussion of the physics of neutron noise we elaborate 
also on some mathematical and conceptual problems related to the 
noise field. We believe that neutron noise analysis should have 
the same profound theoretical basis which is quite common in 
other branches of core physics. 

It is an important limitation of the paper that it deals 
primarily with phenomena occuring inside the pressure vessel 
(including the vibrations of the vessel itself). Note that most 
of the published papers in this field deal with neutron noise, 
which means that a certain bias in the paper toward neutron noise 
analysis is only partly due to the personal bias of the author, 
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In the course of the preparation of the paper, extensive use has 
been made of the review papers of Sei fritz and Stegemann /1971/ 
and Saito /1974, 1979/ and of the books of Thie /1963/, Uhrig 
/1970/ and Nlliams /1974/. We refer also to a recent theoretical 
review of Meyer /1978a/ . 

Section .1. of the paper deals with some general features of the 
neutron noise measured by in-core and ex-core detectors. Specific 
problems related to boiling water and pressurized water reac? 
tors are discussed in Sections 2. and 3. 

We obtained the new review of Thie (Nuclear Technology, 
4J3,5/1979/) some days after finishing the manuscript, thus 
it was not possible to make reference to this excellent 
survey. 



- 4 -

1. POINT KINETIC BEHAVIOUR AND SPACE DEPENDENCE OF NEUTRON NOISE 

In the theory of neutron noise in a power reactor, it is usual 
to begin by considering a critical reactor. Zero-power noise 
effects are neglected since it is maintained that if various 
parameters: of the system, did not fluctuate the neutron flux 
would not fluctuate either. Neutron noise is driven by certain 
perturbations affecting the neutron field via fluctuations of the 
neutron cross-sections. 

1.1. Point model approximation 

In the point model approximation of neutron noise theory one 
assumes that the fluctuations of the cross-sections do not drive 
the noise directly but rather through the fluctuations of the 
reactivity of the core. According to linear point kinetics the 
fluctuation of the neutron flux can be written in the frequency 
domain as /Bell and Glasstone, 1970; Williams, 1971/ 

оф(м,г) = Go(u>) ор(ы) ф(г) /l.i/ 

Here 

w m frequency variable 
6ф(ш,г) s fluctuation of the flux at position r 

ф(г) » critical flux 
6p(w) * fluctuation of the reactivity 
G(w) » zero-power reactivity transfer function 

Unless otherwise stated, in the present paper the term "flux" 
means the thermal flux. Nevertheless in the point model approxi
mation Eg. /1.1/ holds in all energy groups. 
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Let us recall the definition of G (u) and write 
о 

G U ) = — = i /1.2/ 
* I A 4. ß \ B iw A 1 
1ш|Л + — = 1 - — + >— 

\ А + 1ы/ acr 1 • X-

Here 

Л = prompt neutron lifetime (»7.10~ sec) 
0 = effective fraction of delayed neutrons ( SF 0.007) 

= decay constant of delayed neutron precursors 
(fO.l sec" = 0.016 Hz; one delayed neutron group 
considered) 

a = ß/Л « 100 sec" 1 « 16 Hz cr 

For small frequencies (w << Л ) the function G_(«) goes to 
infinity, for high frequencies (w >> о ) it goes to zero. In 

Cl 
the so-called "plateau-frequency region" (Л << ы << о ) the 
relation 

G0(o») S -|- /1.3/ 

holds. 

Let us mention that őp(u>) represents the net fluctuation of 
reactivity, i.e. it includes feedback effects. 

Point kinetics is frequently referred to as the "space indepen
dent model". Strictly speaking this terminology refers to the 
normalized fluctuation. The fluctuation iteelf depends on space 
but its space dependence does not reflect the space dependence 
of the perturbations.driving the noise. 
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I n v i e w o f Eq . / 1 . 1 / i t i s found t h a t 

NAPSD*(b>) - |G 0(u>) | 2 A P S D P ( Ü > ) / 1 . 4 a / 

NRMS*(r) • | \ | G 0 ( u ) | 2 A P S D P ( U > ) d u / 1 . 4 b / 
о 

NCPSD* (Ü>) * |G o(u>) I 2 APSDP(u>) / 1 . 4 c / 

• i # r | . ) = 1 / 1 . 4 d / СОН 

Here 

NAPSD*(u>) ^lPSD of the normalized fluctuation ő<J>(t,r)/<|>(r) 

NRMS*(r) = RMS of th-э normalized fluctuation 6фи,г)/ф(г) 

NCPSDV (ш) =VpsD of the normalized fluctuations 6Ф(t ,ri)/Ф (ri) 
£1 #£2 — — 

and бф(t,r2)1ф{£?) 
d> COHI (tu) = coherence between 6ф(Ь,г,) and Vr4t,r?) 
£i,£2 — — 

Bearing in mind point reactor theory none of the above quantities 
depends on position. As a result the coherence does not depend 
on the frequency either. The phase difference between the fluc
tuations at two different positions is zero. According to point 
kinetics the neutron field "breathes in the same rhythm" in the 
whole core. 

As the point model is the most simple one among the dynamic models 
of neutron field, it is well suited for the derivation of simple 
instructive results. Let us refer e.g. to a paper of Mogilner 
/1971/ where the point kinetic response to an axially propagating 
perturbation of the moderator density was considered. It wa^ 
found that the response vanished at certain frequencies. The 
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frequency values where sinks appear in the neutron spectrum are 
related to the transit time of the perturbation along the height 
of the core. 

The sink structure of the point model response was employed 
recently by Crowe et al., /1977/ who studied the neutron noise 
driven by the two-phase flow in an in-core flow loop located in 
a 95 kW research reactor. The noise was detected by ex-core 
ionization chambers. The sink structure predicted by Mogilner 
did appear in the neutron spectrum. From the location of the 
sinks the velocity of the bubbles was evaluated. 

The aim of the experiments of Crowe et al. was to study two-phase 
flow characteristics via neutron noise experiments. Note that in 
these experiments the reactor was the tool of the investigations 
and not the subject of the study. In Sec. 2.2. we are going to 
discuss a number of investigations aimed at the study of the 
two-phase flow in operating boiling water reactors. 

1-2. Space dependence of the noise field in the core 

Most of the early power noise measurements were performed at re
search or training reactorr fueled with highly enriched uranium 
and having small core dimensions. Comprehensive surveys of this 
important activity can be found in the review papers of Seifritz 
and Stegemann /1971/, and Saito /1974, 1979/, and in the books 
of Thie /1963/, Uhrig /1970/ and Williams /1974/. 

One of the conclusions emerging from this activity was, that the 
neutron noise in a highly enriched small core follows point ki
netic predictions. 
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Extensive experimental investigations at power reactors started 
in the late sixties and early seventies /Thie, 1968; Basti et 
al., 1972; Seifritz, 1972/. It was of course anticipated that in 
large power reactor cores, space dependent effects would appear 
but the total breakdown of point kinetics (the dominance of the 
space dependent effects) was somewhat unexpected. 

Fig. 1.1. shows the normalized root mean square (NRMS) of the 
noise as measured by Seifritz /1972/ at the Lingen bWR. Data were 
obtained in 11 axial positions in the same in-core measuring 
channel. The space dependence of the results contradicts point 
model predictions. 

Measured auto-spectra and coherences obtained at a Soviet-built 
WWER-440 pressurized water reactor are shown in Fig. 1.2. 
/Grabner et al., 1977; Liewers and Schumann, 1979/. In this re
actor the major source of neutron noise is the independent vi
brations of the control elements . (A control element is a hollow 
hexagonal with absorbent wall. The radial dimension of a control 
element is the same as that, of the fuel assemblies which are also 
hexagonals. A follower fuel assembly is connected to each control 
element.) Detector positions are indicated in the bottom of 
Fig. 1.2. 

The ruto-spectra shown in Fig. 1.2. depend on the measuring 
position. The spectra of the adjacent detectors I 3 and Б 38 
are rather similar. The spectrum of the detector E 58 differs 
appreciably from the E 38 and I 3 spectra. 

The accelerometers S 18 and S 14 are fastened to the drive 
mechanisms of the two control elements indicated in the figure. 

Attenuation effects do not contribute significantly to the 
ex-core noise of this reactor. 
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The vibration frequencies of the control elements (1.46 Hz, 
2.75 Hz) were determined using the accelerometer signals. The 
vibration frequency 1.46 Hz can be seen very clearly in the 
E 58 spectrum. With increasing distance from the control ele
ment which is vibrating with this frequency, the 1.46 Hz peak 
becomes less pronounced (E 38, I 3). On the other hand the 
2.75 Hz peak appears in the E 38 and I 3 spectra and is 
absent from the spectrum of the remote detector E 58. 

Similar remarks refer to the coherence functions. Their behaviour 
contradicts Eq. /1.4d/. 

Figs. 1.1. and 1.2. support the conclusion /Thie, 1968; 
Basti et al., 1972; Seifritz, 1972; Williams, 1974; Wach and 
Kosály, 1974/ that for the interpretation of the measurements 
in large power reactor cores, space dependent models are needed. 
In space dependent theory the reactivity induced noise (see Eq. 
/1.1/) is only one component of ttv noise field. There exists 
another component which represents the direct local influence 
of the fluctuating neutron cross sections. It is reasonable to 
call the reactivity induced noise the global component of the 
noise, whereas the rest of the response may be called the local 
component. 

Let us complete Eq. /1.1/ accordingly and write 

бф(ш,г) = G (w) бр(ш)ф(г) + 6<J>ff(w,r) 
l__o ^ ^_j * - / 1 # 5 / 
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According to the notations used in the present paper Eq. /1.5/ 
refers to the thermal flux. Note, however, that the same decom
position is valid in all energy groups. 

Whereas the space dependence of the reactivity induced noise is 
determined by the critical flux of the unperturbed reactor, the 
local component is related to the space dependence of the actual 
perturbation driving the noise. Figs. 1.1. and 1.2. demon
strate that the local contribution is considerable in large cores. 

According to the foregoing discussion, in highly-enriched small 
cores, the neutron field obeys point kinetics. There are, however, 
cases when the space dependence of the noise can be studied even 
in a small core. An interesting example of this kind was given 
recently by Pohlus and Scholz /1977/. 

In the experiment the neutron noise was driven by an absorber 
rotating around a vertical axis, In Fig. 1.3a. two different 
positions of the rotating modulator are indicated. For reasons 
of symmetry, in position 1 the modulator does not induce reac
tivity changes. The global component being absent the detector 
signals follow closely the rotation of the absorber (cf. Fig. 
1.3b.). At position 2 the modulator is placed in a strong flux 
gradient. The space dependence of the noise is masked by the re
sulting reactivity fluctuations (cf. Fig. 1.3c.). Detailed theo
retical discussion of the effect of the flux gradient on the 
ratio of the two components can be found in the papers of Pázsit 
/1978/, Pázsit and Analytis /1979/ and Analytis /1979b/. 
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1.3. Theoretical remarks on the validity of the point model and 
on the possible use of space dependent static calculations 

The consideration of Sees. 1.1. and 1.2. can be summarized by 
saying that the core of a commercial LWR is far too large for 
the point kinetic behaviour of the noise field. This conclusion 
is of course not new. It is a well-known finding of reactor dy
namic theory that for large cores, space dependent models should 
be used /Bell and Glasstone, 1970/. The lowest order approxi
mation in the hierarchy of space dependent kinetic models is the 
adiabatic approximation. In this approximation time dependent 
problems are solved via repeated static calculations corresponding 
to the momentary state of the system. 

The validity of both the point kinetic model and the adiabatic 
treatment has been extensively investigated in the last fifteen 
years. (For a survey of these investigations see the book of 
Bell and Glasstone, 1970.) Most of the investigations referred 
to the typical non-linear problems of reactor dynamics. An attrac
tive feature of noise theory is the linearity of the equations 
which makes possible mathematical derivations in some cases, 
where investigators of non-linear dynamics have to rely exclu
sively on numerical calculations. 

This advantage over non-linear kinetics was used in a recent 
paper of Kosály et al./1977a/. In this paper one-group diffusion 
theory was utilized for investigating the validity of the point 
n.odel and that of the adiabatic approximation in the case of 
a localized perturbation of the absorption cross-section 

A two-energy group version of the derivation was given by 
Behringer et al./1977a, 1979/. An early investigation of the 
validity of the point model is to be found in the classical 
paper of Weinberg and Scnweinler /1948/. Further considerations 
were given in the papers of Nomura /1964/ and Fuge /1976/. 

The authors point out that the response of that special pertur
bó ion is the Green function of the general problem. 
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The treatment refers to a one-dimensional (slab) reactor. A 
further topic of the paper is the application of the Henry 
formalism of reactor kinetics to neutron noise theory. 

In the simple example considered the authors arrive at a quite 
unified picture of the validity of the approximate models inves
tigated. It turns out that the characteristic quantity deciding 
the validity of both approximations is the actual value of the 
product p mG (w). The condition of the validity of both methods 
can be written as 

(),„G (ш) -•:• 1 /1.6a/ 

The point model becomes valid for large values of p G (u>) . 
With decreasing values of p G (ш) the point model breaks down 
but adiabatic theory still accounts for the space dependence of 
the normalized noise. With a further decrease in the p G (ш) 
value, even the adiabatic model becomes too rough and a more 
sophisticated space dependent model is needed . According to 
Eq. /1.3/ in the plateau-frequency region Eq. /1.6a/ can be 
written as 

— — ••> 1 /1.6b/ 
ß 

In view of the above equation, in the plateau-frequency region, 
the validity of both approximations depends on the system dimen 
stons. 

For small frequencies (ш << A) the function G (ы) goes to ° ++ infinity, i.e. even large systems obey point kinetics . For 
ID >> at the function G (w) decreases and the chances of the cr о 
validity of the approximations deteriorate. 

+ 

++ 

Note that Eq. /1.6a/ refers to the noise field of the core. 
The static approach of attenuation noisa theory will be 
discussed briefly in Sec. 1.4. 

It is important to note that in the derivation of Eq. /1.6a/ 
the feedback effects were neglected. Conclusions concerning 
the low-frequency limit refer rather to zero reactors than to 
power reactors. 
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In order to illustrate the use of Eq /1.6b/ consider now the 
cases of a typical power reactor core (e.g. a current BWR) and 
the typical core of a research reactor. Let us question whether 
the axial noise model of the two cores can be based on the point 
model or not. Assuming cylindrical shape, typical values of the 
relevant parameters are: 

H 366 cm H 60 cm 

M 

130 cm 
97 cm 

BWR 

R = 26 cm 
2 2 

VT = 54 cni 
J 

Research reactor 

/1.7/ 

One obtains that 

к = 1 + «2jV-№f] = 
1.0403 ; BWR /1.8a/ 

Research 
x - 6 1 0 1 '' reactor *•*>* 

Note that the above values of k a refer to the cylindrical cores. 
In order to obtain the к values referring to the one-dimensional 

CO ** 

(axial) model, the radial leakage i s to be addei to the absorp
t ion cros s - sec t ion . We write 

VE, 
Je (axial ; 1-D) -

00 
E a + D 

a w 
1.006917 ; BWR 

• v? ( 2^У 
1.1012 

Research 
' reactor 

/1.9a/ 

/1.9b/ 
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Using ß = 0.007 as a typical value one obtains the result 

p^íaxial, 1-D) 

ß 

Eq. /1.10/ indicates axial space dependence of the normalized 
neutron noise in the core of a current BWR (cf. Fig. 1.1.) . I;. 
the research reactor core, point-model behaviour is indicated. 

F 
I 

Numerical illustrations of the space dependence of the noise ' 
driven by a localized perturbation are given in the paper of 
Kosály et al./1977a/. The improvement represented by the space 
dependent adiabatic model is illustrated also. 

In view of the above discussion the point model cannot be applied 
to power reactor cores. There is a case, however, where the point 
model does apply independently of the dimensions of the core. If 
the perturbation driving the noise does not depend ел space, 
the neutron noise will necessarily be global, i.e. the neutron 
noise will be driven entirely by reactivity fluctuations 
/Weinberg and Schweinler, 1948/. An example of global noise 
in a power reactor, is that which an improperly tuned feedwater 
controller can induce /Robinson et al., 1974; Thie, 1977/. 

Let us summarize the results by considering a perturbation which 
acts in a finite volume. If the volume in which the perturbation 
is strongly coupled is much smaller than the volume of the 
core, then the perturbation can be considered as a localized one. 
Whether the noise driven by this source follows point kinetics 
or not, depends basically on the dimensions of the core . However, 
If the volume in which the noise source is scrongly coupled is 

The statement refers to the plateau-frequency region. 

0.9814 ; BWR /1.10a/ 

l •» i-> . Research .. , . . 
1 3 Л 2 ' reactor /1.10b/ 

J 
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commensurable with the volume of the core then the point kinetic 
approximation applies independently of system dimensions . The 
volume of a vibrating fuel bundle and the volume in which tem
perature fluctuations are strongly coupled are :wo examples of 
"coupling volumes" of noise sources. 

It makes therefore sense to speak about global (core homogeneous) 
and local (more or less localized) noise sources. Global noise 
sources act through fluctuations of the reactivity. Local noise 
sources, however, drive both components of the noise. 

1.4. Information content of ex-core detector signals 

In Sec. 1.1.Д.2. and 1.3. the neutron noise inside the core 
has been discussed. As regards data obtained via ex-core analysis 
it was tacitly assumed that there is no substantial difference 
between the information provided by in-core and ex-core detectors. 
Experimental evidence shows that this is not always the case. 
Whereas in-core detectors react only to the changes of the 
neutron field inside the core , ex-core detectors are sensitive 
also to the changes of the attenuation properties between the 
core and the detector. In pressurized water reactors,above 1 Hz, 
the major contribution to the ex-core spectra comes from attenu
ation noise. 

Speaking in mathematical terms point kinetics may become 
valid either via the Green-function or via the noise source. 
Eqs. /1.6a,b/ are conditions referring to the Green-function. 
For a further mathematical discussion of the problem see the 
papers of Behringer et al., /1977a, 1979/. 
The case of an in-core detector vibrating in a static flux 
will be discussed later (cf. Sec. 2.2.4.). 
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Figure 1.4. shows the cross-sectional view of a typical PWR with 
four ex-core detectors positioned in the air-gap between 
pressure vessel and biological shield. The ex-core detectors 
are reached typically by high energy neutrons undergoing forward 
peaked anisotropic scattering. The concrete provides the ther
mal! zat ion medium for neutrons that reach the vicinity of the 
ex-core detectors. 

Because a typical mean free path value of high energy neutrons 
is about 10 cm, it is obvious that only neutrons originating in 
peripheral fuel elements reach the ex-core detectors. The calcu
lations of Crump and Lee /1978/ show that "91% of the xy re
sponse of an ex-core detector is due to the five nearest fuel 
assemblies, and that the axial response of a top-haif-core 
detector due to the top and bottom halves of the core is 84% and 
16%, respectively." 

The above considerations suggest the physical model indicated 
in Fig. 1.5. /Thie, 19111. The main contribution to the signals 
of the ex-core detectot positioned at angle 8 to the x axis 
comes from the fission neutrons originating in region "R". The 
dimensions of the region are related to the mean free path of 
the fission neutrons in the cere. We write in the static case that 

1(0) ~ Ф £ п(6) T(0) /1.11a/ 

Here 

1(6) = static current of the ex-core detector positioned 
at angle 0 to the x axis 

•fn(ö) = flux of the fission energy neutrons integrated 
over region "R" 

T(8) = attenuation factor 
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The corresponding equation in the time dependent case reads 

Kt,o) л^ Ф £ пи,е) T(t,G> /l.llb/ 

One obtains in the linear approximation of noise theory that 

6 I ^ > = C(t,0) + A(t,0) /1.12a/ 

c(t,e) = 
5<f>fn(t,e) 
•fn ( 0 ) 

/1.12b/ 

A(t,6) = óTJt^OX 
T(0) /1.12c/ 

The first term on the rhs of Eq. /1.12a/ represents the "core-
noise contribution" to the fluctuation of the ex-core detector 
signals. There is no basic difference between the information 
content of this term and the information content of in-core de
tector signals. 

The second term represents attenuation noise which is related 
to changes of the attenuation properties between the core and 
the ex-core detector. In-core detectors certainly do not react 
to such changes. 

Let us discuss first the contribution of tha noise flold of the 
core. That the ex-core detector indicated in Fig. 1.5. views 
the fluctuations inside the region "R", should not make us think 
that its signals contain information only about the perturbations 
acting inside that region. In Fig. 1.2. the control element 
vibrating at 2.75 Hz is outside the region "seen directly" by 
the ex-core detector I 3, nevertheless the peak at 2.75 Hz appears 
in the I 3 spectrum. Ex-core detectors "are fed" with flux-
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fluctuations of a small region; these fluctuations, however, are 
driven by perturbations acting both outside and inside that 
region. 

The situation is particularly clear in the case of a pure reac
tivity perturbation where fluctuations in the region "R" are 
representative of the neutron noise in the whole cord. In this 
case the signals of the ex-core detectors do not depend on 
chamber position. We write that 

C(t,0) - Go(o)) 6»){u)) /1.13/ 

In the general case the core-noise contribution contains a local 
term also. This term is proportional to the integral of the 
local component of the in-core noi^e over the region "R". The 
local contribution results in noise spectra depending on chamber 
position. 

An example of space dependent behaviour was given by Thie /1977/ 
who had found in a Calvert Cliffs test,below 1 Hz,a substantial 
difference between the NAPSDs of four ex-core detectors 90° apart. 
For f < 1 Hz the neutron noise is driven by temperature fluc
tuations of the coolant. The difference in the spectra corresponds 
to largely independent fluctuations of the temperature in the 
four quadrants f the core belonging to the four inlet coolant 
channels. 

In a Palisades measurement /Thie, 1977/ the following coherence 
values (0.1 Hz - 0.3 Hz) were found: 0.3 for cross-core chambers 
(180°), 0.5 for two chambers 90° apart, and 1.0 for chambers 
viewing the same quadrant (26°) . 
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The dependence of the core-noise term (cf. Eq./1.12b/) of the 
ex-core noise on chamber position is due to the large dimensions 
of the core which makes the noise-field inside the core space 
dependent. A further reason for position dependence is the space 
dependence of the perturbations driving the noise. In the case 
of core-homogeneous perturbations, Eq. /1.13/ applies. 

Let us turn now to the discussion of the attenuation noise by 
means of the example of ex-core noise driven by the lateral vi
bration of the core support barrel (CSB) in PWRs. (In this 
section we concentrate on the basic ideas rather than on the 
many important details which will be discussed in Sec. 3. Atten
uation noise driven by other modes of internal vibration will 
also be discussed there.) 

Fig. I.e. shows a typical PWR structure with the barrel con
taining the core suspended from the vessel flange. Because of 
the lateral hydraulic forces acting on the surface of the barrel, 
the core and the support barrel - as a unit-tend to move as a 
pendulum fixed at the vessel flange on which they rest. The mech
anism transmitting such core movements to an ex-core detector is 
a change in the attenuation of neutrons leaving the coro due to 
variations in the water thickness between the core and the pres
sure vessel (cf. Fig. !.!.). Typical vibration amplitude of a 
normally clamped core barrel is 0.OO5 cm at snubber level 
/Steelmann and Lubin, 1977/. It is encouraging that the neutron-
noise technique is sensitive enough to detect very clearly such 
small vibrations /Calcagno et al., 1970; Basti et al., 1972; 
Thie, 1973,1975a; Fry et al., 1973, .1975; Pettus and Currie, 
1974/. 
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In Fig. I.V. two ex-core ionization chambers are shown. The 

vector £(t) characterizes the momentary displacement of the 

core-center. The attenuation factors of Bqs./1.1la,b/ can be 

written as 

T(o) = T(i(0)) /1.14a/ 

T(t,e)= T(z(t,o)) /i.i4b/ 

Here 

/. (t,6) - MO) + 6Z(t,0) /1.15/ 

is the time dependent distance between the core and the ex-core 

detector positioned at angle 0. Using linear approximation one 

obtains that 

Att.noise - A(t,0) = p C S B 6Z(t,ü) 

1 dT /1.16/ 
MCSB T d/. 

M C S B is the "scale factor" relating CSB lateral motion to 

normalized neutron noise. Л typical value of this factor is 
0.15 cm"1 /Thie, 1973/. 

In view of Eqs. /1.14a,b/ the time dependent attenuation 
factor T(t,9) can be calculated using the time dependent 
displacement in the static attenuation factor T(9). This 
assumption makes available the static techniques iior the 
calculation of attenuation noise /Robinson et al., 1978/. 
The static approach is justified if the time period of CSB 
vibration is large,relative to the lifetime of those neu
trons which get ultimately captured in the ex-core chambers, 
A typical value of the time period of CSB vibration is 
0.1 sec. The main contribution to the lifetime comes from 
thermal diffusion in the biological shield which fkes 
certainly shorter time than the above CSB period. 
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Fig. 1.7. indicates that 

6£(t,0> - e(t) cos(ok<t) - e) /1.17/ 

that is, 

A(t,6) - W C S B tit) cos(6k(t) - e) /1.18/ 

Eq. /1.18/ relates neutron noise to the variables characterizing 
CSR motion. The relation shows that 

A(t,6 + 180') = -A(t,0) /1.19/ 

that is, CSB lateral motion makes the signals of cross-core 
detectors fluctuate in opposite phase. 

Figa.l.8.a.,b.tc. show the results of Basti et al. /1972/ obtained 
at the Stade Power PLant (KKS). Fig.l.B.a, shows the spectrum 
of an accelerometer signal measuring the net motion between the 
core barrel and the pressure vessel. The peak near to 13 Hz 
indicates the strong increase of the motion at this frequency. 
At the same frequency the signals of two cross-core ionization 
chambers become very coherent (cf. Fig.l.e.b) indicating that 
the signals have a common cause. Fig. 1.8.a. shows that the phase 
difference of the signals is 180', i.e. the signal» fluctuate 
in opposite phase. The results indicate CSB lateral vibration 
as the major source of ex-core noise around 13 Hz . 

In the special case of CSB lateral vibration with fixed direc
tion (motion with strong directional preference) the angle в к 

does not depend on time. The second moment of the normalized 
noise is related to chamber position as 

+ For a further discussion of CSB lateral vibrations in the KKS 
PWR see Sec. 3.4. 
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<A2(t,0)> - u £ S B <c2(t)> cosM^- 6) /1.20/ 

Fig. 1.2. shows results obtained at the Palisades reactor 
/Thie, 1973/. The results indicate vibration of the core barrel 
with 6. = 117° as the direction of the notion. к 
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Figure captions 

Fig. 1.1. Axial distribution of the NRMS of the neutron noise 
(Lingen BWR; Seifritz, 1972). 

Fig. 1.2. Normalized auto-spectra and coherences measured at 
a WWER-440 pressurized water reactor /Grabner et 
al., 1977; Liewers and Schumann, 1979/. 

Fig. 1.3. Neutron noise induced by a rotating absorber 
/pohlusand Scholz, 1977/. 
a/ Positions of the rotating absorber 
b/ Signals of the neutron detectors when the modu

lator is at the center of the reactor. 
a/ Signals of the neutron detectors when the modu

lator is placed in a flux gradient. 

Fig. 1.4. Plan view of a typical PWR /Robinson et al., 1978/. 

Fig. l.S. Top view of a detector viewing the core /Thie, 1977/. 

Fig. I.e. Elevation view of a typical PWR /Robinson et al., 
1978/. 

Fig. 1.7. The response of cross-core detectors to the lateral 
motion of the core support barrel. 

Fig. 1.8. Experimental proof of the core barrel motion at the 
Stade PWR (KKS; Basti et al., 1972). 
a/ Auto-PSD of the relative displacement gauge 

measuring the net motion between the core barrel 
and the pressure vessel. (The sensor is indicated 
by Rll in Fig. 3.14. in Sec 3.4.) 



b/ Coherence between cross-core ionization chambers. 
a/ Phase shift between cross-core ionization 

chambers. 

Fig. 1.9. Variation of the neutron noise with azimuthal 
position (Palisades PWR; Thie, 1973). 
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2. NOISE INVESTIGATIONS IN BOILING WATER REACTORS 

The neutron noise in boiling water reactors has been the subject 
of many investigations in the fifties and sixties. As these 
early studies were extensively reviewed in several survey papers 
and books, we concentrate here on the investigations performed 
in the last decade. 

2.1. Theoretical background 

The experimental and theoretical results of Sec. 1. show that 
the neutron noise in a large power reactor cannot be represented 
by the point model. Fig. P..1. demonstrates the strong axial 
space dependence of the in-core spectra in a BWR /Thie, 1968/. 

Fig. 2.2. shows the cross-sectional view of the Mühleberg 
(Switzerland, BWR-4) reactor and the axial locations of the 
four local power range monitors (LPRM). (Small fission chambers, 
each 2.5 cm long and designated А, В, С and D.) A similar 
detector called a "traversing in-core probe" (TIP) can be 
moved to any vertical position in the same in-core tube. 

Fig. 2.3, shows phase shifts measured in the Mühleberg core 
between adjacent LPRMs at the radial position 12-13 /Kosály et 
al.,1977b/ . The experimental curves indicate zero phase-shift 
for f < 1 Hz and the linear "delay-box" behaviour 

ф.. о - 21I'T.kf for f >> 1 Hz /2.1/ 

Similar results were given earlier by Seifritz and Cioli /1973/, 
Wach /1973/, Nomura /1975/ and Ando et al. /1975/. Corre
sponding results in the time domain can be found in0the last 
two references and in the report of Blomberg and Akerhielm 
/1975/. 
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Table 1. shows the Т.. values measured in the Muhleberg-core 
by Kosály et al /1977b/.Comparing the result in the last column 
with the respective sums of the results in the first and second 
columns, one finds that the relations 

T + T -l-T + T + T + T ~ т ATI TjB BT2 T2C CT3 T3D *AD 
/2.2/ T + T + T = T *AB ВС CD AD 

hold within experimental error. One concludes from Fig- 2.3. 
and Eqs. /2.1/, /2.2/ that the Т., values are transit times 
between the detector positions indicated in Fig. 2.2. It is 
reasonable to assume that the linear phase behaviour found in 
the experimental work reflects the axial propagation of the 
perturbation driving the noise, i.e. T. is the average transit 
time of the propagation of the perturbation between the positions 
i and к. 

Because in a BWR the major source of the neutron noise above 
1 Hz is the fluctuation of the steam content, it is a general 
view that 

m ~ „steam n ,, 

i.e. by phase-frequency analysis the transit time of the steam 
can be evaluated /Seifritz and Cioli, 1973; Wach, 1973/. The 
physical idea behind this view is the assumption of bubbly flow 
in the coolant. Whether Eq. /2,3/ is valid in more general cases 
will be discussed in Sec. 2.2.2, 
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Fig. 2.4. shows the coherence between В and С of the 
MUhleberg-core /Kostic, 1976/. The values are near to unity 
below 1 Hz and become rather small for f >> 1 Hz. 

Experimental results similar, to the curves shown in Figo. 2.1.t 

2.3. and 2.4. have been published by several authors. As a 
result of the extensive experimental work it was concluded that 
the neutron noise in a BWR can be separated into two components. 
One of them varies slowly in space and dominates below 1 Hz, 
whereas the other component changes rapidly in space and is of 
high frequency nature. /Seifritz and Cioli, 1973; Wach, 1973; 
Wach and Kosály, 1974; Ando et al., 1975; Blomberg and Akerhielm, 
1975/. 

The low frequency component results in nearly coinciding spectra 
in Fig. 2.1., in zero phase shifts in Fig. 2.Z., and high 
values of coherence in Fig. 2.4. Strong space dependence, linear 
phase and small coherence values are typical of the high fre
quency component. 

By the use of the above physical picture a phenomenological model 
was constructed and applied to the interpretation of the noise 
spectra in BWRs /Wach and Kosály, 1974; Wach, 1976/. We review 
the model in its axial, one dimensional form. 

2.1.1. Phenomenolggical_model_of_the_neutron_noise 
We consider a one-dimensional model of the core with H as core 
height (0 < z < H). Let us assume that for high values of fre
quency (f >> 1 Hz) among the sources of neutron noise there is 
a major contributor: the fluctuation of the moderator density. 
In two-phase flow this fluctuation is in turn proportional to 

• 
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the space dependent fluctuation of the volumetric void fraction 
6ct(t,z). For high values of frequency we write accordingly that 

z+Z 
^fy? = С J őa(u,x) dx /2.4/ 

z-l 

(C = constant of proportionality) 

In view of Eq. 12.AI the neutron noise at a position z (point 
of observation) is governed by the behaviour of the noise source 
in the range z~% ̂  x <_ г+l. We call the quantity I the range 
of sensitivity ("seeing region") of the noise field for f >> 1 Hz. 

In the present section we do not consider effects related to the 
finite size of the detector. The quantity I introduced in 
Eq. /2.4/ characterizes the "seeing region" of an infinitely 
small detector. (For the consideration of finite detector dimen
sions cf. Fuge /1975/} Kosály and Meskó /1976/; Meskó and 
Gebureck /1979/.) 

Let us calculate the normalized cross-PbD of the flux-fluxtuation 
between the positions z t and z 2 (zi < z 2 ) . One obtains that 

z2+l 
• d x " CPSD" ,,Ы) 
J XfX. 

zz-l 
/ 2 . 5 / 

( Z i < Z 2 ) 

Zi+l 
NCPSD* „ (w) = C 2 ( dx' 

Z j , Z 2 

1 1 ' 

Í 
Z\-l 

§ 
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Here the function CPSD*. ,, Ы) is the cross-PSD of the flue-
tuation of the volumetric void-fraction between the positions 
x' and x " . 

Assume now for the sake of simple mathematics that the fluctuation 
of the void fraction propagates downstream with a constant 
velocity V. (Effects related to the fluctuation of V are dis
cussed in the recent papers of Gebureck et al., 1977 and Singh 
and Stegemann, 1978.) Considering first the case of x' < x " 
we write the conservation of the steam fluctuation as 

6a(t,x") = 6a(t - *"v~*' , x') + ( ) /2.6/ 

Writing Eq. /2.6/ the condensation of steam has been neglected. 
The unspecified second term on the right hand side of the 
equation accounts for the generation of steam in the interval 
(x', x''). As the fluctuation of the void fraction at the position 
x' and the steam generated between x' and x'' (x' < x") 
are obviously independent one obtains from Eq./2.6/ by usual 
techniques that 

-lu)(x"-x') 
CPSD". ,,(«> = e V APSD* (U) /2.7/ 

Л / Л X 

x' < x " 

If we use Eq. /2.7/ and the general relation 
CPSD„ . ((D) - CPSD. <u>) BfD JD/Э 

it follows that 
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/"APSD",(«) ; x' < x " 
-1ы(х"-х') 

CPSD" ,..<«) - e /2.8/ 
APSD*,,(w) ; x' > x " 

Inserting Eq. /2.8/ into Eq. /2.5/ and using the obvious 
relation 

r " - v ' = x' = z 2 - zi - (z2 - x") - (x' - zi) 

we obtain that for f >> 1 Hz the normalized crose-PSD of the 
flux-fluctuation can be written as 

NCPSD] z4 ,z t 

(w) = e 
-it»(z2-zi) 

V 

z 2 + l Zi + Z 

J d x " J * C" ) dx' 
z2-l z\-l 

-TT-UJ-X ) -Tj-lx -zi) 
dx' e e F(X',X','ш) 

Z| < Z 2 

/2.9a/ 

where the notation 
Г 

Т(х',х','ш) 
APSD^,(u) 

APSDjJ,,(ы) 

; x' < x " 

; x' > x " 
/2.9b/ 

has been introduced. 

The exponential factor in Eq. /2.9a/ represents the "delay-box" 
behaviour found in the experimental work with 
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^ V ^ 1 = T l 2 /2.10/ 

as the transit time of the propagation of the perturbation 
between positions zx and z 2. Eq. /2.9a/ agrees with the 
experimental evidence only if the double integral is a real 
number. If the integral had an imaginary part, this would spoil 
the linear phase behaviour represented by the exponential 
factor. 

Discussing the double integral we consider first the case when 
the seeing regions of the two detectors are separated 
(z2 - zi > 21). Then in Eq. /2.9a/ x' < x " follows from 
zi < z 2, that is for FixJxJ'w) the auto-PSD APSD°,(Ü>) is to 
be inserted. Assume next that the sensitivity range I is 
sufficiently small, so that the auto-PSD of the steam fluctuation 
does not change appreciably in the region zi - Z < x' < z 2 + Z. 
If this assumption is used the double-integral turns out to be 
real. One obtains the result 

NCPSD* , (u) = e ~ i ü ) T l 2 4 c V APSD a (и>)Г " ^ l ] /2.11/ 
Z i , Z 2 Z, l ЫТ« • ) 

Here 

т г = ~ 12.Щ 

In the case of overlapping seeing-regions (z 2 - zA < 21) the 
two-detectors are close to each other on the Z-scale, that is 
if I is sufficiently small we may assume that APSDa(w) does 
not depend on x in the region (zi - I, z 2 + I). Straight
forward calculation results again in Eq. /2.11/. 
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If zi = Z2 = z is inserted into Eq. /2.11/ the normalized 
auto-PSD of the flux is obtained. 

A, 0 0 /sin(«DT 7) \ 2 

NAPSD*((j) = 4Сг1* APSD (ш) ( — / /2.13/ 
z z \ шт г у 

The cohe rence be tween t h e f l u x - f l u c t u a t i o n s a t d i f f e r e n t 
e l a v a t i o n s i s d e f i n e d a s 

. |NCPSD * ( u ) | 
С0Нф , (u))= 2 i L Ü / 2 . 1 4 / 

NAPSD9 (ш) NAPSD* (ш) 
Z] Z 2 

If we substitute Eqs. /2.11/, /2.13/ into the above definition 
it follows that 

. APSD* (u) 
СОН? 9 (U) = 5J /2.15/ 

Z j , Z2 
APSD a (oi) APSD a (to) 

Z ; Z2 

In view of Eq. /2.7/ for Zi < z? 

APSD a (ш) = |CPSDa (ш)| 
Zi Zi,Z2 

that is, for high frequencies the neutron coherence between zi and z 
is equal to the coherence of the steam fluctuations between 
the same positions. 

С0Н ф (ш) = C0H e (ш) /2.16/ 
Z1,Z2 Zl,Z2 

(zi < г2) 
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In view of the phenomenological model, for high frequencies the 
neutron noise in a BWR is represented by the relations given in 
Eqs. /2.4/, /2.11/, /2.13/ and /2.16/. To derive these results 
it was assumed that the sensitivity range cf the neutron noise 
defined in Eq. /2.4/ was sufficiently small on the scale deter
mined by the space dependence of the auto-PSD of the steam fluc
tuation. It was made clear in the course of the derivation that 
without this assumption the "delay-box" behaviour of the phase 
shift would not follow from the model. 

Recently Meskó and Gebureck /1979/ evaluated some earlier meas
urements performed at the Lingen BWR and estimated numerical values 
of l from the experimental data. According to their results 
typical values of I are about 3 cm and 5 cm in the lower and 
the upper part of the core, respectively .These values are 
obviously extremely small on all relevant scales. 

Conspicuous features of the auto-spectra, shown in Figs. 2.1. 
are that they extend to rather high freqiencies and their high 
frequency tail depends strongly on the axial position. To see 
if these features can be concluded from the model we discuss 
Eq. /2.13/. Let us define the break frequency of the neutron 
auto-spectrum by the relation 

These numerical values refer to the one-dimensional case. 
Somewhat larger, but still rather small values are relevant 
in a three-dimensional model. ' 
Recent measurements indicate quite strong noise up to 
50 Hz (cf . Fig. 2. 16.) . 
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sin(u)T, ) ] , 
—STFJ J = 1 '•*• " J i = Ь 3 9 / 2 Л 7 / 

In view of Eq. /2.12/ we obtain the break frequency as 

1 39 V V 
* = о«, = 0 ,22 - / 2 . 1 8 / 211 I 

Inserting I = 4 cm and V = 400 cm/sec as typical core overage 
values we obtain 

f = 22 cps /2,19/ 

This value accounts for the high-frequencies contained in the 
neutron signal.Eq./2.18/ shows clearly that the small value 
of the sensit ivity range and the high-frequency content of the 
neutron signal are not independent features of the noise field. 
That the break frequency is high follows just form the smallness 
of the sensit ivity range. 

A further consequence of the smallness of the sensitivity range 
is that in Eq. /2.13/ the neutron spectrum at a given position 
is proportional to the spectrum of the steam-fluctuation at the 
same position. As the thermohydraulic properties of the flov, 
change rapidly along the axis, the auto-spectrum APSü í̂w) 
depends strongly on the axial position which accounts for the 
strong space dependence of the neutron spectrum found in the 
experimental work. 

Note that because of the many simplifying assumptions used in 
the present section Eq. /2.18/ provides only a very rough 
estimate of the break frequency. In f.tct the actual value of 
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the break frequency depends on the position through the position 
dependence of I and V. 

The break frequency given in Eq. /2.18/ characterizes the low-
pass filter property of the neutron field. Besides this break 
frequency the shape of the neutron spectrum is determined also 
by the shape of the steam fluctuation spectrum.lt is a general view 
in the literature that this spectrum is white in a rather broad 
frequency region /Kosály et al. f 1975; Fuge, 1975? Gebureck et 
al., 1977; Singh and Stegemann, 1978; Meskó and Gebureck, 1979/. 
Let us remark that this view is based on the assumption of 
bubbly flow which certainly does not apply in the upper part 
of the core. 

After discussing the auto-spectra we turn to Eq. /2.16/. This 
relation accounts for the high-frequency behaviour of the co
herence seen in Fig. 2.4. The steam generated between the 
positions В and С makes the steam coherence low, which in 
turn results in small values of the neutron coherence. 

In view of the above considerations Eq. /2.4/ with a sufficiently 
small value of the parameter I, accounts for the high-frequency 
behaviour of the neutron noise along the axis of a BWR. The 
phenomenological model can be made valid for arbitrary frequencies 
by the formal inclusion of a low-frequency background term. We 
write that /Wach and Kosály, 1974/ 

z+J 
Ő^í"í* > " c f ва(ы,х) dx + b(w,z) /2.20/ 

Z-Í 

The term b(w,z) is the theoretical counterpart of the low-
frequency component mentioned in the discussion of the experi
mental results. It dominates at small frequencies and changes 

http://spectrum.lt
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slowly along the axis. With the inclusion of this term the model 
accounts for the low frequency behaviour of the experimental 

+ curves . 

As the properties of the high frequency term can be attributed 
to its small sensitivity range, it seems obvious to explain the 
above properties of the background term by associating a large 
range of sensitivity with it. A further reason, that could make 
the space dependence of the background term weak, is that this 
term is driven by several perturbations some of them depending 
only mildly on the position in the core. 

Note that the properties of the two terms in Eq. /2.20/ were 
deduced from the experimental curves shown in Figs. 2.1., 2.3. 
and 2. 4 Let us now use the phenomenological model for the 
interpretation of some further experimental results. 

Figs. '.'.. 5. and 2.6. show the gain of the transfer function and 
the phase shift between two in-core detectors of the same string 
/Lingen-BWR; z? - Zj = 107 cm; Wach, 1973; Wach and Kosály, 
1974/. In Fig. 2. Ь. characteristic dips can be seen at certain 
frequencies. In Fig. 2.6. the line fitted above 2 Hz corresponds 
to the transit time value T = 0.280 sec. Closer inspection 
shows that the experimental points oscillate around the fitted 
line crossing it in regular intervals. 

Fuge et al. /1977/ and Valkó and Meskó /1977/ report on model 
experiments and calculations illustrating the behaviour of the 
high and low-frequency components in the time domain. They 
investigate the neutron noise driven by air bubbles injected 
at the bottom of a zero-reactor. 
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Let us write the definition of the transfer function as 

CPSD* • (u) , HCPSD* (w) 
H l 2 = 11̂ 12 = li|4 l^lll /2.21/ 

APSD* (u) ?i*il NAPSD 9 (w) Zi Z] 

Assuming that the two terms in Eq. /2.20/ are independent and 
using Eqs. /2.11/, /2.13/ we write that 

. -iü)T.2 , , 
NCPSD* „ (tu) = e 4C I APSD 

Z] , Z 2 

/ s i n l m ) ) 2 

Ü (ы) I L_ / + 
2« \ W Ti / 

+ В (Ü>) /2.22/ 
»I 1*2 

NAPSD* (ы) = 4(Гг* APSDa (ы) M + B„ (u) 
Zi zi l ыт- У Zi 

where В „ (u) and В (ш) represent the normalized cross-Zi , г г z\ 
and auto-spectrum of the background term, respectively. 

In view of the slow spatial change of the term b(u,z) we 
assume that 

B, „ (u>) s В, (со) /2.23/ 
Zi,Z2 Z] 

and obtain, after straightforward manipulation, the result: 
-iU)T 12 

u - tiizj. e К(ca) + l / 2 ... H' 2 _ t u , ) К(ы) + 1 / 2 , 2 4 / 

Whereas the first term responds to the steam fluctuation in 
the immediate vicinity of the point of observation, the second 
term is influenced by the steam fluctuations in a much bigger 
volume. The second term is driven by several other noise 
sources as well. 
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The quantity K(u>) is defined as 
, , / sin(üjt7) 

lOTl* APSD (ш) I -

K(u) = /2.25/ 
В, (ш) 
Zi 

that is, it measures the ratio of the high frequency term to 
low frequency contribution. 

In view of Eqs. /2.24/ and /2.25/, for small values of the 
frequency 

K(u) << 1 therefore H,? sr <Н 2г) 

On the other hand,for high frequency values one obtains that 

К(ш) >> 1 therefore H,, S %\Щ e ' 1 ^ 1 2 

None of the above limiting cases accounts for the structure of 
the gain of the transfer function and for the oscillatory be
haviour of the phase seen in Figs. ;:.,'•. and 2.6. These 
phenomena appear only at intermediate values of the parameter 
K(cü) as a consequence of the simultaneous contribution of both 
the high frequency and the low frequency term. To see this,let 
us separate Eq. /2.24/ into real and imaginary parts 

H l 2 = фТГГГ К(м)+1 t 1 + К ( ш ) c o s ( w T l j ) " Ш ы ) sinUT,2)j 
/2.26/ 
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Using the above equation the gain and the phase shift of the 
transfer function can be obtained by straightforward algebra: 

lH"l • | 4 j 4 j 1- 2 K ( M )
 ? [l- со» Off,,)] ' /2.27/ 

* l Z l' V (K(w)+ir u 

ф 1 2 - - arctg К И sin(HT„) / 2 # 2 8 / 

1 + K(w) cos((üTi2) 

In view of Eq. /2.27/ the maxima and the minima of the gain of 
the transfer function correspond to the frequencies where 
COS(Ü)TI2) is equal to the respective values +1 and -1. 
One finds that 

f . n 

max 2T,a 

(n - 0, 1, 2, ...) /2.29/ 
f » 2n+l 
max 2Ti2 

Using the measured value of the transit time (T * O.20O sec) 
we obtain the frequency values 

fn. a w< H z> я О» 3.57, 7.14, 10.7 msx 

f m l n(Hz) - 1.78, 5.36, 8.93, 12.5 

Fig. 2.5. shows that the theoretical prediction agrees with 
the experimental result. 
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As shown in the referenced papers the phase shift given in 
Eq. /2.28/ crosses the - u)Ti2 line at the frequencies given 
in iq. /2.29/. Fig. 2.6. justifies the theoretical prediction. 

Figs. 2.5. and 2.6. indicate the validity of the phenomeno-
logical model. 

After deducing the model from experimental evidence and comparing 
it to further experimental results Wach and Kosály /197 4/ went 
one step further and identified the two components of the model 
with the local and global components of the noise defined in 
Eq. /1.5/ of Sec. 1.2. In view of this identification 

b(ui,z) = G (ы) бр(ш) /2.30а/ 

that is the background term of the model represents the reac
tivity induced response of the neutron noise. This identification 
makes the low frequency term of the model strictly space inde
pendent and results in the further relation: 

/ бфЛш,г) 
С J őa(w,x) dx = /2.30b/ 

г-l ф(г) 

Fig. 2.7. /Kostic, 1976/ refers to the same radial position 
of the Münleberg-core as Fig. 2.4. In the region f < 1 Hz 
the experimental values of the coherence function are much 
closer to unity in Fig. 2.4. (z ß - г д = 91.5 cm) than in 
Fig. 2.7. (z n - z. = 274.5 cm). The drop of the coherence with 
the increase of the distance between the detectors is a manifestly 
obvious behaviour but it certainly contradicts Eq. /2.30a/. 
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In view of the obvious three-dimensional generalization of 
Eq. /2.30a/ the coherence between different radial positions 
should be equal to unity for small frequencies. Fig. 2.8. shows 
the radial dependence of the coherence function measured be
tween several LPRM detectors at the В level in a Brown Ferry 
unit. (BWR-4; f < 1 Hz; Sides et al., 1977). The results 
differ considerably from unity. 

The above discussion shows that the identification represented 
by Eqs. /2.30a,b/ is somewhat exaggerated. The local and global 
components of the noise defined in Eq. /1.5/ do not coincide 
with the high-frequency and low-frequency terms of the BHR noise. 

Note, that because of the space dependence of b(u,z) the 
validity of Eq. /2.23/ depends on several factors including the 
actual values of zi and Z2. One speculates that the agreement 
between Eqs. /2.27/, /2.28/ and the experimental results could 
deteriorate if the two detectors are further away from each 
other than in the case when Figs. 2.5.and 2.6. were obtained. 

We conclude that the phenomenological model of BWR noise is 
helpful in the physical interpretation of the experimental results. 
In its original form the model was directly deduced from the 
experiments without any theoretical verification. The identifi
cation of the two terms of the model with the local and global 
components of the noise was an attempt to relate the phenomeno
logical model to exact theory. The failure of this attempt 
initiated further work aimed at the investigation of the math
ematical background of the model via two-group diffusion theory 
/Kosály, 1975; Dam, 1976; Behringer et al.,1977a, 1979/. In 
Sec. 2.1.2. this theoretical activity will be reviewed. 
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2.1.2. T*í2l3í21íB_§ií f u§i90_£íiS2EY.»9Í-tíie._D§!í£E20..02i§S+ 

The mathematical treatment given in the cited reports starts 

with the discussion of the frequency dependent eigenvalue problem 

of one-dimensional, two-group diffusion theory. One refers to 

the well-known A- and p-roots of static two-group theory 

/Lamarsh, 1966/ and denotes the frequency dependent eigenvalues 

by ÍA(ID) and p(b>). We write that /Behringer et al., 1977a/ 

A(w) ^ X(0) = A - Д Г 7 Т * ± /2.31a/ 

y(W) " V 1 " ^ / 2'31b/ 

Here L and t denote the thermal diffusion and slowing down 
areas, respectively. В is the axial buckling, p e is infinite 
medium reactivity, and G (u) is the z< 
transfer function defined in Eq. /1.2/ 
medium reactivity, and G (u) is the zero-power reactivity 

The derivation continues by establishing the two-group diffusion 
theory version of the system of Langevin-equations of neutron 
noise /Williams, 1974/. The system of Langevin-equations relates 
the fluctuations of the fast and thermal fluxes to the fluctua
tions of the group-parameters (cross-sections) which represent 

++ 

A considerable part of the forthcoming discussion refers to 
light water moderated systems in general. In the present review, 
however, we emphasize the relation to BWR noise. The main aim 
of this section is to find the mathematical counterparts of 
the high- and lowfrequency components of the phenomenological 
model. 
In the first paper of Behringer et al. /1977a/ the same roots 
were denoted by different symbols ("1" and "g") from those 
used here. In that reference the local and the global components 
were defined as the terms associated with the above two roots. 
The definition resulted in some confusion and was changed in 
a subsequent publication /Behringer et al., 1979/. 
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the noise sources of the problem. The equations can be readily 
solved. It is found that the fluctuations of the fluxes are 
composed of two terms, each associated with one of the roots of 
the eigenvalue problem. He write the fluctuation of the thermal 
flux accordingly 

бф(ш,2) = бфх(ш,г) + бф (u,z) /2.32/ 

Similarly as in the phenomenological discussion.we consider 
the case when the major source of neutron noise is the fluc
tuation of the steam content (6ot(u>,z)) and assume that the 
fluctuations of the cross-sections are proportional to 6a(u,z). 
Using this assumption one obtains the A-component of the nor
malized neutron noise as /Behringer et al., 1977a/ 

Ц 

— J j ^ — = (const.) I e A , z X | 6a(u>,x) dx /2.33/ 

The constant factor is composed of the static cross-sections 
and of the constants of proportionality between the fluctuations 
of the cross-sections and 6ct(w,x). 

Let us compare the above relation with Eq. /2.20/ of the phenom
enological model. Obviously Eq. /2.33/ is an improved version 
of the relation 

z+Z 
С ) 6а(ш,х) dx 

г-l 

which is the first term on the rhs of Eq. /2.20/. 
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Inspection of Eq. /2.33/ suggests defining 

1 
X /FT * L /2.34/ 

as the spatial relaxation length characterizing the range of 
sensitivity of the X-component. Obviously 

I = j = L /2.35/ 

That the quantity I is small on all relevant scales was one 
of the major assumptions of the phenomenological model. In the 
present derivation this is a result of the mathematical treat
ment. It turns out that the physical reason for the smallness 
of the sensitivity range I is it3 relation to the diffusion 
length. 

Whereas Eq. /2.33/ holds in all practical cases only an approx
imate form of the y-component of the noise will be shown here. 
We consider the plateau frequency region (G (ш) = 1/ß) and 
refer to Eq. /1.10a/ where a numerical valus of P„/3» typical 
of a current BWR, was given. By inserting this value into 
Eq. /2.31b/ and by using th. resulting value of y(u)H in the 
exact formulas given by Behringer et al. /1977a/ 1979/, one 
obtains a simple form of the y-component of the normalized 
neutron noise. 

H 
-jjT-r— • (const.) \ F(x,z) sin(Bx) ба(ы,х) dx /2.36/ w 
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The constant factor is again composed of the same quantities 
as in Eq. /2.33/. The function F(x,z) is defined as /Pázsit, 
1977/ 

I ш •» A v 
X < Z 

/2.37/ 

X > Z 

Note that the above approximate result applies just in the case 
of the one dimensional model of a commercial BWR core. 

It was mentioned in connection with Eq. /2.20/ that the prop
erties of b(u,z) can be explained by associating a large range of 
sensitivity with this term. In view of Eq. /2.36/ the range 

6ф (w,z) 
of sensitivity of — . , >— is determined by the x-dependence 

9 izj 
of the weight function F(x,z). With the change of x this 
function changes slowly because the characteristic distance 
involved in its change is the height of the core. Therefore, 
given a value of z, the function бф (ш,7>/Ф(г) contains in
formation about the behaviour of the disturbances in a spatial 
region comparable with reactor size. In view of its large range 
of sensitivity the у-term of the noise changes slowly along the 
axis, i.e. its spatial behaviour corresponds to the behaviour 
of the b(u,z) term of the phenomenological model. 

We conclude that the X- and у-terms of the noise appearing 
in the two-group diffusion theory treatment correspond to the 

z+г 
respective terms (C ) őa(u,x) dx and b(u,z) ) of the phe-

z-Z 
nomenological model. In order to corroborate this conclusion the 
frequency dependence of the X- and y-terms is to be investigated. 
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Before starting the discussion of the frequency dependence let 
us mention a further result of Behringer et al./1977a, 1979/. 
These authors prove that if p G (u) >> 1 (cf. Eq. /1.6a/), 
then the p-term of the noise becomes equal to the global com
ponent, that is, 

бф (ÜJ,Z) 
— J ^ = Go(u>) ор(ш) /2.38/ 

In physical terms this implies that for a sufficiently small 
system, the neutron signal in an oscillator experiment can be 
composed of a point-kinetics term and a thin "X-needle" located 
at the position where the perturbation was introduced. It follows 
that a small system (e.g. a highly enriched research reactor 
core) is the only realistic case for which the reactivity in
duced term of the noise and the y-term coincides, i.e. the A, 
y-concept coincides with the local-global concept.In power reactor 
studies it is advisable to distinguish carefully between the 
above concepts. As regards a detailed discussion of the problem 
we refer to the paper of Behringer et al. /1979/. 

Let us complete now the discussion by investigating the fre
quency dependence of the neutron-noise driven by an axially prop
agating perturbation of the steam content. For the sake of simple 
mathematics we consider the rather hypothetical case when the 
fluctuation of the steam content propagates upwards with a 
constant velocity V from the core inlet. (For the discussion 
of a more realistic case see the paper of Dam, 1976.) We write 
that 

-lux 
6a(u,x) = 6o(a>,0) e V /2.39/ 
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Inserting the above equation into Eqs. /2.33/ and /2.36/ the 
A- and u-components of the response can be obtained /Behringer 
et al., 1979/. The integral in Eq. /2.33/ can be readily eval
uated. The result reads 

6<K(w,z) " ^ 6a(w,0) 
*, v — = (const.) e v =-=- /2.40/ 

1 ^ L 
Tx Tv" v 
The normalized cross-PSD and auto-PSD of the A-component can 
be written as 

Ф1 -iü)(z2-zL) 
NCPSD A (ш) = e V NAPSD X (u>) /2.41/ 

Z1,Z2 ZJ 

NAPSD Ф х ( ш ) = (const.) 2 <le»<;rO)l'> / 2 . 4 2 / 
(1+u,2 т 2 ) 2 

Comparing the above spectra to Eqs. /2.11/ and /2.13/ of the 
phenomenological model one sees the clear correspondence between 
the high-frequency term of the phenomenological discussion and 
the A-component of the two-group treatment. Most characteristic 
is the appearance of the propagation exponential in Eq. /2.41/. 
The term <|ва(ы,0)| > appearing in Eq. /2.42/ corresponds to 
the auto-PSD of the steam fluctuation in the phenomenological 
treatment. The [ sin(uT z)/шт. ] behaviour is replaced by a 
Lorentzian because of the exponential weight factor appearing 
in diffusion theory, (cf. Eq. /2.33/) The break frequency of 
the A-component is high because of the smallness of the ther
mal diffusion length. 
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As regards the mathematical results concerning the u-component 
of the response we refer to the literature /Valkó and Meskó, 
1977; Gertner and Kraus, 1978; Meyer,1978b; Analytis, 1979a, 
1979b;Behringer et al., 1979/. The main properties of the total 
response and its X- and u-terms can be seen in Fig. 2.9. 

In Fig. 2.9. the quantity 

is shown for the midplane of the one-dimensional model of a 
current BWR core (cf. the numerical example given in Sec.1.3.). 
The curves represent the result of a two-group theory calcula
tion of Behringer et al. /1979/ who used the assumption that 
the fluctuation of the steam content affected the neutron field 
exclusively via the changes of the thermalization cross-section 
Note that the constant factors appearing in Eqc. /2.33/ and 
/2.36/ become known numbers in a consequent treatment. 

Whereas the flux-response itself is the sum of the A- and 
the u-term, in the spectra we have to distinguish also between 
"pure"-terms and "mixed"-terms. Fig. 2.9. indicates that for 
small frequencies the pure u-term dominates the spectrum. As 
the u-component decreases faster with the frequency than the 
A-component, at high frequencies the pure A-term becomes 
dominant. This behaviour corresponds to the frequency dependence 
of the two terms of the phenomenological model. 

Tho frequency value where the A-contribution becomes dominant 
depends also on the actual value of the propagation velocity 
V. The proper inclusion of fast-fissions has an appreciable 
effect also /Behringer et al., 1979/. 
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The foregoing resu l t s corroborate the previous conclusion that 
the high-frequency and low-frequency terms of the phenomenological 
model correspond t o the Л- and u-components appearing in two-
group diffusion theory. 

Let us reca l l that according to the phenomenological treatment 
the strong space dependence of the neutron auto-PSD i s brought 
about by the space dependence of the steam-PSD. I t i s an un
fortunate property of Eq. / 2 .39 / that i t r e s u l t s in a space-
independent auto-PSD. More r e a l i s t i c noise sources have been 
used in the papers of Dam /1976/ and Behringer e t a l . /1977a/ . 

The encouraging r e s u l t s obtained in the one-dimensional, two-
energy-group treatment suggest the general izat ion of the d e r i 
vations t o three space dimensions and more energy groups (cf. 
the reports of Fuge /1975/; Miteff /1976/; Maskó and Gebureck 
/1979/ and Analytis /1979b/) .Let us joint out that at high 
frequencies the range of s e n s i t i v i t y of the neutron noise i s 
very small, and the environment "seen" by the detector i s very 
inhomogeneous on that scale . Diffusion theory cer ta in ly breaks 
down under such circumstances. Valid r e s u l t s can be derived 
only by using transport theory or Monte-Carlo methods. 

In spi te of t h i s d i f f i c u l t y the generalization of some one-dimen
s ional re su l t s to three-dimensions seems to be acceptable on 
physical grounds. Replacing e . g . the "sens i t i v i ty range" 
concept by the concept of a "sens i t iv i ty volume" one concludes 
that at high frequencies the s e n s i t i v i t y volume of BWR noise 

As indicated in Fig. 2.17. of Sec. 2 . 2 . 4 . the detector i s 
s i tuated in the water gap between four fuel assemblies . The 
half-width of the gap i s typ ica l ly 1 cm. The rectangular fuel 
boxes (13.4 cm x 13.4 cm) contain 64 fuel pins of 1.25 cm 
diameter. 



- 48 -

is rather small . It follows from this conclusion that at high 
frequencies the signals of an in-core detector are influenced 
primarily by perturbations which are rather close to it. The 
neutron detector located between four boxes will certainly not 
"see more" than the perturbations in the four adjacent boxes. 
One even suspects that only the "inner" (close to the detector) 
parts of the boxes will contribute to the neutron noise. We 
discuss this problem further in Sec. 2.2.2. 

The most important conclusion of the theoretical considerations 
is that the neutron noise in a BWR can be separated into a 
high-frequency and a low-frequency component. The information 
content of the two components differ considerably. The high-
frequency component is driven mainly by the fluctuations of 
the moderator density (steam content) in the near vicinity of 
the in-core detector. (The case when the neutron noise is driven 
by the vibration of the instrument tube housing the detectors 
was not discussed in the present section. We write about this 
case in Sec. 2.2.4.) The low-frequency component, on the other 
hand, is influenced by a number of different perturbations and 
has a rather large sensitivity volume. 

The physical difference between the two components explains 
that experimental activities can also be categorized as high-
frequency and low-frequency investigations. 

According to a recent report of Analytis /1979b/ in a three-
dimensional homogeneous, two-group diffusion theory treat
ment the radius of the sensitivity volume is related to the 
thermal diffusion length. The homogeneous model may not be 
valid, nevertheless the experimental work of Meskó and 
Gebureck /1979/ supports this finding. 
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2.2. Experimental investigations above 1 Hz 

Most of the investigations above 1 Hz are directed toward the 
study of the two-phase flow in the core. These investigations 
are based upon the result,that the phase-shift between two 
in-core detectors of different elevation and of the same radial 
position becomes linear for f >> 1 Hz. From the measured phase 
versus frequency plot the transit time of the propagation of the 
perturbation between the two detectors can be evaluated, (cf. 
Eqs. /2.1/, /2.11/) (By the term "perturbation" we mean here 
the fluctuation of the moderator density which in two-phase 
flow is approximately equal to the fluctuation of the steam 
content.) As the distance between the detectors is known the 
average velocity between the detectors can be calculated. Following 
this procedure with several detector combinations an axial ve
locity profile can be determined . For the discussions of this 
profile some fundamentals of two-phase flow theory are needed. 

Investigations related to the two-phase flow in the fuel boxes 
will be discussed in Sees. 2.2.1., 2.2.2. and 2.2.3. In Sec. 
2.2.4. we summarize neutron noise results related to instrument 
tube vibration and boiling in the bypass urea between the fuel 
boxes. 

2.2.1. £iow_£atterns_in_two;Bhase_f low1_Velocity-i_ygid_and 

In boiling water reactors the coolant is typically composed of 
both the liquid and the vapour phases of water. The coolant 
enters the core with a certain degree of subcooling i.e. near 
to the core inlet subcooled boiling takes place. At some posi-

In deriving Eg. /2.11/ a constant propagation velocity V was 
considered. The axial dependence of the velocity can be in
cluded in the model by defining the transit time as 

z, 

i 
If the propagation velocity depends on z, Eq. /2.10/ serves as, 
the definition of the average velocity between the detectors. 
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tion up the core the average temperature of the coolant exceeds 
saturation temperature i.e. the region of bulk boiling is 
reached. 

In the lower part of the core, where the steam content is rather 
low, vapour bubbles are generated at the wall of the: fuel ele
ments. "Hie detaching bubbles form a bubbly-flow in the liquid. 
As the steam content increases rapidly along the channel the 
coalescence of the bubbles becomes frequent and the slug-flow 
regime (long vapour bubbles separated by liquid slugs) is 
entered. Further increase of the steam content gives way to 
the churn-turbulent flow (bubbles break up randomly and vapour 
flows in a chaotic manner through the liquid) which results 
ultimately in the annular-flow regime (liquid phase collects 
on the wall, the vapour streams in an inner core). In the 
upper portion of the rod bundle where the annular-flow regime 
is dominant the formation of the vapour at the wall may cease 
and steam is generated via evaporation at the interface between 
liquid film and steam core. 

Whereas the concept of ideal annular flow is useful for analyti
cal purposes, in realistic cases there is a considerable amount 
of liquid entrained in the steam core in the form of small 
droplets. Due to the presence of surface waves the liquid-
vapour interface is quite irregular normally. 

Let us now briefly review some of the basic results of two-
phase flow theory*. Consider a heated channel in which water 
and steam are flowing upwards in direction z. The velocity 
of steam is given by the relation. 

For a more detailed discussion cf. the cited books of 
Wallis and Collier. 
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g о [kx + h ( 1 ' x ) ] + v <* /2-44/ 

Here 

U = axial velocity of the steam phase 
G = mass flux (mass flow rate) in the channel 

P » p£ = density of steam and water respectively 
x - mass vapour quality 
С = parameter characterizing the distribution of 

the steam content across the cross section of 
the channel ("distribution parameter") 

V d r = drift velocity 

For the calculation of С and V« several methods are avail-
o ar 

able. Prescriptions for bubbly flow, slug flow and annular flow 
were derived by Zuber /1967/. A method for general application 
was given by Dix /1971/. According to his results for given 
values of pressure and mass vapour quality the values of С and 
V. can be evaluated independently of the actual flow regime. 
It should be mentioned that in most cases of reactor interest 
the contribution of the drift velocity to the velocity of the 
steam phase is rather small. It is the calculation of the distri
bution parameter which is of primary importance in reactor cal
culations. 

To calculate the void fraction a, the relation 

»g - f- ! > 2- 4 5' 
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can be used. Inserting this equation into Eq. /2.44/ one 
obtains the relation given by Zuber and Findlay /1965/. 

x/p 
a = : 2 /2.46/ 

l p g p f J c 
С i - . - - i . <3r о 

If one neglects the drift velocity contribution in the denom
inator and considers that С depends only on the values of 
the steam quality and the pressure, Eq. /2.46/ becomes a 
general relation between a and x. The relation is influ
enced by the pressure value but does not depend on other 
parameters. 

The velocity of the fluid can be calculated via the equation 

u f - r£ r ^ ' 2 - 4 7 > 

In view of the foregoing discussion for the evaluation of axial 
steam velocity, water velocity and void fraction profiles the 
calculation of the mass quality profile ( x(z) ) is necessary. 
It is important to distinguish at this point between the 
•'true-quality" (x) appearing in all the above relations and 
the "equilibrium-quality" (x ) which is defined by heat 
balance. The difference between the two quantities is brought 
about by the subcooled boiling in the lower part of the core. 
To calculate true quality from equilibrium quality a model of 
subcooled boiling is needed /e.q. Levy, 1966/. 

Above the region of subcooled boiling x and x become 
gradually equal and Eq. /2.46/ reads: 
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x /p 
с = Ü 3 _ 2 

/X 1 - х Л V. 
С /_еа + е а ) + dr 
Ч pg pf / G 

/ 2 . 4 8 / 
x /p ^ eg g 

( x 1 - x \ 
_ea + §3) 

p g p f / 

2.2.2. Determination_of_the_axial_yelocity_and_yoid_fractign 

profile 

In Fitj. ',',.<'.. of Sec. 2.1. the cross-sectional view of the core 
of the Mühleberg reactor was shown. The measurements published 
by Kosály et al./1977b/ were performed in the measuring channel 
12-13 at the end of the fuel cycle with all the control rods 
withdrawn from the core. Data were taken at seven axial loca
tions as indicated in /•'/'./. ;'.;:. The transit times measured 
in the frequency band 4 Hz - 50 Hz are listed in Table 1. 
(cf. Sec. 2.1.). 

The experimental points in Fi>j. Í..10. indicate the velocity 
values obtained from the first (LPRM-TIP; TIP-LPRM) and 
second (LPRM-LPRM) columns of Table 1. The velocity value 
corresponding to each pair of detectors was taken to correspond 
to the midpoint between the two detectors. 

It has been mentioned in the discussion related to Eq. /2.3/ 
that according to the general view in the literature the 
velocity measured by the neutron-correlation method is the 
velocity of the steam phase. This point has been challenged 
recently by several workers /e.g. Kolb and Lembcke/ 1976/ 
who foel that the measurements provide the velocity of the 
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steam phase only in the lower part of the core where bubbly 
flow takes place. In the upper part of the core results could 
be influenced rather strongly by the fluid phase as well. 

According to Fig. 2.10. there is a rough eqreement between 
the measured points and the calculated steam velocity profile. 
(In the calculation the prescription of Dix /1971/ was used.) 
The agreement even seems to improve in the upper part of the 
core where annular flow takes place ( z > 1.4 m). The measured 
velocities are rather far from the calculated values of fluid 
velocity in the upper part of the core. 

Fit/. •". 11. shows experimental results obtained at the Georgia 
Power Company Hatch 1 Plant at normal operating conditions of 
80% flow and 83% power /Atta et al., 1978; King, 1978/. For 
comparison the Zuber-estimate of steam velocity is also 
shown. The experimental results lie between those for bubbly 
(slug) and annular flow in the region up to 7 ft. where 
according to flow regime maps the change to annular flow takes 
place. Above that elevation the results agree more closely with 
those for annular flow . 

Figs. :',.U). and ::. 1 i. makes one feel that the velocity measured 
by neutron-correlation can be identified with steam velocity 
even in the upper part of the core. If one accepts this point 
of viewjsemi-empirical values of void fraction can be evaluated 
via Eq. /2.45/ by using calculated values of G and x together 
with measured values of steam velocity. 

The last experimental point in Fig. 'A.n. is obviously 
too small. The cause of this effect is not known. 



- 55 -

Figs. 2. I?., and 2.13. show the semi-empirical void fraction 
profiles evaluated by the abov? procedure. The "experi
mental" points in figs. 2.1;'.. and 2.13. correspond to the 
measured velocities in Figs. V..10. and "./irrespectively. 
The agreement between the semi-empirical points and the calcu
lated curves is quite satisfactory. 

For a further discussion of the problem whether the velocity 
of the steam phase can be estimated by neutron-correlation we 
show in Fig. 2.14. semi-empirical values of void fraction 
versus equilibrium quality /Kosály et al.,1977b/. The points 
with error bars are identical to the last six points in 
Fig. /!. 7.'.'. . i.e. they come from neutron noise measurements 
performed in measuring channel 12-13 of the Mühleberg-core. 
Void fraction values obtained by y-attenuation measurements 
in out-of-pile loops are also shown in the figure /Christensen, 
1961; Nylund et al., 1969/. 

As by the у ~ technique one measures void fraction directly 
there is no reason to doubt the validity of the y-results 
in the actual out-of-pile cases. According to Sec. 2.2.1., 
however, in the upper part of the core where x ~ x the 
void fraction is related to x by Eq. /2.48/ which deter-

eq J ^ 
mines a single function a(x ) for each actual value of 

• — eq 
the pressure. As the y-results shown in Fig. P.. N. refer 
to reactor pressure it follows from the agreement between the 
y-results and the neutron-noise results that the neutron-corre
lation method provides valid estimates of the void fraction. 
Bearing in mind that the "neutron-noise void fractions" have 
been evaluated by inserting the measured velocities into Eq. 
/2.45/ the authors conclude that all of their measured velocities 
are velocities of the vapour phase. 

Equilibrium quality versus axial height can be calculated 
from heat balance along the channel. 
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As regards the physical picture behind the latter conclusion 
one has to distinguish between the lower part and the upper 
part of the core. Using flow regime maps given in the litera
ture /see e.g. Collier, 1972/ it turns out that pure bubbly-
flow is rather an exception in boiling water reactors. The de
tectors located in the lower part of the core (2 < 1.4 m in 
Figs. 'A. 10., P.. IP..; z < 7 ft. in figs. P.. IP.., P.. 13.) "see" 
an environment where bubbly-slug and occasionally also churn-
turbulent flow takes place. In these flow regimes bubbles may 
not be small anymore, or break up randomly but steam still flows 
in discontinuous formation in a continuous stream of water. It 
is the transit time of these discontinuous formations (bubbles 
for short) which is measured by the correlation method . 

The situation is of course different in the upper part of the 
core where annular flow takes place. A possible explanation 
of why the measured velocity agrees with the steam velocity 
even in this case, is that the correlated neutron noise is 
driven by the liquid droplets entrained in the vapour core. 
According to textbooks on two-phase flow /Wallis, 1969; Collier, 
1972/ these droplets are quite small and one may assume that they 
propagate with the same velocity as the steam phase, i.e. in 
the neutron-correlation method the velocity of the steam phase 
is determined via the measurement of the velocity of the 
droplets. 

In view of this discussion the deviation, seen in Fig. p.. 10., 
between the calculated steam velocity and the first three 
experimental points, may not have a fundamental physical 
reason. A possible practical reason for the deviation could 
be the uncertainty of the model of subcooling used in the 
calculation. 
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In the foregoing figures there is an overall agreement between 
the calculated steam velocity (void fraction) profiles and 
the measured values. Several authors have demonstrated, how
ever, that the situation is not always so favourable and there 
could be a gross disagreement between calculated and measured 
profiles /Kolb and Lembcke,1976; Frogner e. al. 1976; 
Dehringer and Kosály, 1978/. 

Commenting on the above finding let us remark that the theoreti
cal value of steam velocity (void fraction) at a given axial 
elevation is usually computed as the arithmetic average of the 
values referring to the four fuel bundles adjacent to the 
detector (cf. Fig. V..17. in Sec. 2.2.4.). It is an important 
point that the values referring to the individual bundles are 
usually horizontal averages over the total bundles. On the 
other hand, the discussion of the sensitivity range of the 
high frequency component of the noise (cf. Sec. 2.1.) suggests 
that the neutron detector located between the four bundles may 
not "see" the total bundle areas. As remarked at the end of 
Sec. 2.1.2. it is quite possible that only the "inner" parts 
of the bundles contribute to the signals of the detector. There
fore in cases where the steam velocity (void fraction) varies 
across the cross-section of the bundles;it is questionable 
whether it makes sense to compare the bundle averaged results 
with the experiments. In a recent investigation Behringer and 
Crowe /1979/ were able to account for the deviation between 
bundle averaged calculations and experiments by calculating 
radial steam velocity profiles for each axial elevation. The 
calculated velocity values referring to the inner parts of the 
bundles correlated much better with the measured curve than the 
radial averages over the bundles. 
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We conclude that the determination of the axial steam velocity 
profile by the neutron correlation method is still a contro
versial issue which needs further experimental and theoretical 
clarification. In spite of this some efforts have been already 
made towards the practical application of the method. 

It would be an important application of the experimental 
determination of the steam velocity profile if values of the 
bundle power and flow rate could be evaluated from the measured 
profiles. Ceelen et al. /1976/ and Gebureck et al. /1977/ report 
on varying flow rate and bundle power (both quantities are 
input parameters of steam-velocitv calculation) to reach 
the best agreement between the calculated and the measured 
profiles. As a result of this procedure, values of power and 
flow rate have been determined. 

A similar idea was followed by Naico et al. /1979/ who meas
ured the transit times between 10 j airs of LPRM detectors 
located in different radial positions. These authors compared 
the measured values with the calculated ones and obtained 10 
flow rate values which made the measured and calculated values 
equal. The aim of the investigation was to check the theoretically 
predicted values of the flow rate. 

Concerning the determination of the flow rate we refer to a 
recent remark of Espefält et al. /1978/. These authors show 
a numerical example where a 50% change in the flow rate does 
not influence appreciably the values of steam velocity in the 
upper part of the core. This finding can be understood via 
Eq. /2.44/ where, for high values of x, the linear dependence 
on G may be compensated by the inverse proportionality between 
x and G. 
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Л different type of application was attempted by Kosály et al. 
/1977b/.These authors used measured vilues of steam velocity 
(U ) together with calculated values of quality, flow rate and 
drift velocity (x, G, V, ) for the evaluation of semi-empirical 
values of the distribution parameter (C; cf. Eq. /2.44/). On 
comparing the resulting С versus x plot with Dix's prediction 
/1971/ considerable deviation was found in the region x < 0.04. 
It would be of course premature to conclude that Dix's prescrip
tion is not valid for low values of vapour quality. 

2.2 . 1. behaviour of _£ЬЬ'_!}*:У1:Е22_221§£_1и_£ЬЁ_Ук1?£Е_ЕЭЕ£_2£_£!}§ 
core 

According to the discussion of Sec. 2.1. the phase shift between 

two axially located in-core detectors becomes linear for f >> 1 II 

Kosály et al./1977b/ report on a deviation from this behaviour. 

(Similar deviation has been found recently at the Dodewaard BWR 

by Klciss /1979/.) Whereas the phase shifts between LPRMs 

Л, в and (.' were found to be linear in the entire frequency range 
4 Hz - 50 Hz, the pha:;e shift, between С and D followed a straight 
line only below 20 Hz and did deviate from the original line 
above this value. /•':',!. :./;'-. demonstrates this effect. The 
experimental points appear to join a second straight line above 
30 II z. 

According to the interpretation given in the cited report the 
two lines seen in !-''j- '• '•'•. correspond to two different 
perturbations of propagating character. One of the perturbations 
(propagation of the entrained liquid,' T - 0.132 sec) dominates 
below 20 Hz, the other ' тДп " 0.169 sec) becomes dominant 
above 30 Hz. 
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It is argued in the report that any "propagation line" has to 
extrapolate to zero at. zero frequency. That the second line in 
Fi.j. ,'.'./.'.. extrapolates to .160° within experimental error is 
a further indication of its "propagation line" character. 

An even stronger indication of the "delay box" phase shift 
character of the second line was given quite recently by 
Behringer and Crowe /l')7<)/ who measured the phase shift versus 
frequency plots between C-D, C-T1P and T1P-D (cf. the detecfoi 
positions in '';'. ".v.). They found that the sum of the slopts 
of the serond lines of the C-TIP, TIP-I) results was equal to 
the slope of the second C-D line. This is the behaviour that 
one expects if each slope is related to a transit time. 

Let us mention that the velocity value calculated from the 
slope of the second line in .'•'/',;. .'. /;•. is '3.4 m/sec. This value 
is quite close to the calculated value of the velocity of t lit 
interface between steam core and water annulus, indicating a 
possible connection between the high-frequency component ol th> 
noise and the fluctuation phenomena at this interface. Bypass 
boiling would be possibly related to a much smaller velocity <i 
void transport. 

I'fj. ' . /'•'. shows LPRI4 auto-spectra measured in the Mühleberg-
core. Лt position Л the spectrum (not indicated in the figm 
decreases even faster than at position B. At positions С and U 
a well defined peak appears in the high frequency region. 

It. was conclude«! in Sec. 2.1. (cf. Кц. /2.14/) that at high 
frequencies the normalized neutron spectrum at a given position 
is proportional to the steam auto-PSD at. the same position. <>ii' 
.'-.|хч ulates tlierefore that the above behaviour of the neutron ig-i-tii 
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along the axis may be related to changes of the two-phase flow 
dynamics along the axis rather than to neutron-physics effects. 
It seems to be quite possible that the peak emerging at С and 
D reflects the appearance of the same perturbation that makes 
the phase between С and D deviate from the first line in 
/•'?'</. ;:. /.'.. The experimental results indicate a strong link 
between the neutron noise results and the change of the flow 
regimes along the axis of the core. 

2.2.4. Use_of_the_neutron_noise_to detect_BWR-4_in;core 
instrument_tube_vibrations_ 
??S£!í9^_í2í_e^£í;?£ÍD2_^Bass_cgolant_boilincj 

Fig. 'A.17. shows an in-core instrument tube situated in the 

water gap between four fuel bundles. The bypass holes near the 

instrument tube penetration serve to improve cooling in the 

vicinity of the tube. While improving the cooling, the bypass 

holes also create a cross flow that induces the vibration 

of the instrument tubes. In several cases this vibration was 

of sufficient amplitude that the instrument tubes contacted 

the corners of the adjacent fuel boxes with sufficient force 

and rapidity to cause excessive wear of the boxes. 

The neutron noise technique contributed quite significantly to 

the diagnosis and confirmation of instrument tube vibrations. 

Let us discuss briefly the information content of the neutron 

noise driven by instrument tube vibrations . For a complete 

review of neutron noise and accelerometer results we refer to 

the reports of Mathis et al. /1977/ and Fry et al. /1979/. 

For a more detailed discussion of this problem we refer to 
the reports of Thie /1975 b, c/. 
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Several authors reported that the vibration of an instrument tube 
could be detected quite clearly in the spectra of the neutron 
detectors housed in the tube /Ackermann et al., 1975; Thie, 1975b, 
c; Mathis et al., 1977; Behringer et al.,1977b/. If the tube 
vibrates the auto-PSD has a clearly defined resonance near to 
the tube's fundamental vibration frequency. The cause of this 
peak is the vibration of the in-core detectors in the static 
flux in the water gap (bypass area). 

Resonances of the same origin can be seen in the 1 Hz - 3 Hz 
region in Fig. 2.18. where cross-PSDs between LPRM С and 
LPRM D are shown for different value of core flow /Fry et al., 
1979/. The change of the resonance frequency with core flow 
is attributed by the authors to nonlinear phenomena due to im
pacting of the instrument tube against fuel boxes. Inspection 
of Fig. 2. 1Я. shows that the resonance- in the 1 Hz - 3 Hz 
frequency range does not disappear at 50% flow. However, the 
broader resonance in the vicinity of 5 Hz diminishes as the 
flow is reduced. Bearing in mind that the calculated natural 
frequency of the fuel channel box is about 5 Hz, Fry et al. 
/1979/ suggest that the cause of this peak is the vibration 
of the boxes due to the impacting of the instrument tube. This 
motion should cause perturbations in the neutron flux that are 
coherent along the tube axis. „# 

This suggestion was verified by comparing the neutron NCPSDs 
in the 3.5 Hz - 6 Hz range with results from accelerometers 
mounted on the instrument tube flange. (The ability of the 
accelerometers to detect impacting was established independently.) 
By this comparison Fry et al. /1979/ determined an "impacting 
threshold". (For numerical values see the original report.) 
Whenever impacting occurs between the instrument tubes and the 
fuel boxes the NCPSD becomes higher than the threshold level. 
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In order to prevent significant further impacting at BWR-4 
plants, as an interim solution the core flows were reduced. As 
a final solution of the vibration problem all the BWR-4 plants 
have been altered either by plugging the bypass holes indicated 
in Fig. У..17. or by plugging the bypass holes and drilling 
new holes in the lower tie plate of some fuel bundles. These 
latter holes allowed alternate cooling for the instrument tube 
under symmetrical flow conditions. 

Fig. ::.!:>. a, b. shows cross-spectra and coherences before and 
after plugging the coolant holes. It can be concluded from the 
figure that plugging the bypass holes greatly reduced (and 
probably eliminated) impacting of instrument tubes against 
channel boxes. 

In some of the cases after plugging the bypass holes only leakage 
flow remained in the bypass region which was 6 to 8?. of the 
total core flow. In other cases when new holes were drilled into 
the lower tie plate of the fuel bundles the bypass flow was 
increased to 10 to 12%. 

Fry et al. /1978/ compared the neutron noise results obtained 
in the above two cases. In Fig. ,i..'f7. typical coherences are 
shown between the detectors LPRM С and LPRM D. One curve 
corresponds to the 6-8% bypass flow case, the other to the case 
of 10-12% bypass flow. As the flow inside the fuel bundles has 
remained basically unaltered, the authors conclude that the 
change in the coherence is due to void formation in the bypass 
f1 'in the 6-8% case. The inspection of the auto-spectra sug
gests the same conclusion. 

To support this conclusion Fry et al. /1978/ performed a 
thermal-hydraulic calculation to estimate the elevation at 
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which bypass boiling occurs as a function of the bypass flow 
rate. The results indicote that for 6-8% bypass flow the average 
bypass coolant temperature reaches saturation temperature be
tween the С and D detectors. For bypass flows greater than 9% 
the saturation temperature is not reached inside the core. 

Let us remark that in the 10-12% curve in Fi>j. :-:.SU. one still 
sees an "elbow" near 2 Hz and a peak at 5 Hz which are the 
respective characteristic frequencies of the vibration of the 
instrument tube and the fuel box. The appearance of this struc
ture makes one wonder whether some contribution from instrument 
tube vibrations has not been present. The values of the 
coherence at these frequencies are,however, smaller than the 
corresponding values measured before the bypass holes in the 
core support plate were plugged (cf. the upper curve in Fig. 
::.19. b.). Additional investigations /Fry, 1979/ performed by 
the authors (analysis of accelerometer signals and of the phase 
shift between С and D) gave further indication that a possible 
remnant vibration of the instrument tube was of secondary 
importance. It is concluded that reduced bypass flow causes 
boiling in the bypass region and this boiling causes the 
differences in neutron noise indicated in Fig. 2.20. 

2.3. Experimental investigations below 1 Hz 

According to the discussion given in Sec. 2.1. even the low-
frequency component of the noise field is space dependent, 
although its space dependence is milder than the space depen
dence of the high frequency component. That point model (space 
independent theory) is not valid below 1 Hz was illustrated in 
Sec. 2.1. by /•/'<;<;. :;.</., }>..'/. and ':. 8. which showed that the 
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coherence values decreased quite appreciably with increasing 
distance between the detectors. If the reactivity induced noise 
dominated for small frequencies the coherence would remain 
close to unity independently of the distance. 

To discuss further the space dependence of the low-frequency 
compone Л Sides et al. /19/7/ measured the coherences between 
APRM and individual \Л>Ш signals. Some of their curves are 
shown in /.'./. .••'.*•/. (The signal of each Average Power Range 
Monitor is the linear .sum of the signals of several individual 
LPRM detectors distributed evenly in the core. An APRM is a 
global detector which measures the fluctuation of the average 
power in the core.) 

/'/;/. '. '/. shows high coherence between an APRM and the detector 
В in the 32-33 string near the core center, and low coherence 
between an APRM and the В detectors situated in the more periph
eral strings 08-.'$3 am: 56-33. (The radial positions are in
dicated in /-'Л;- •:.•'''.) Side.-, et al. /1977/ conclude that the 
source of neutron noise is spatially independent nea>- the core 
center, but becomes more localized near the core edge. Another 
possible interpretation of /Л/. :. ' /. can be based on the 
behaviour of the transfer functions rather than on the behaviour 
of the noise sources. Quite obviously all the relevant transfer 
functions are more localized near to core boundary than near 
to core centre. 

An interesting feature of the experimental results exhibited in 
/•/'./.:. ::.i'. and ':.'./. is, that the coherence i:; always smaller 
in the frequency range below o.l Hz than above this value. As a 
rule transfer functions become; less sp<"»ei> dependent with decreasing 
frequency (ef. Sec. 1.3.) therefore the increase of the space 
dependence in the low frequency region cannot be explained 
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by transfer function behaviour. The most probable reason of the 
effect is that a particularly strong and spatially independent 
driving function is present in the frequency range near 0.5 Hz 
/Sides et al., 1977/. 

Let us mention that a powerful peak appears approximately at 
the same frequency in nearly all the measured auto-spectra. 
(See e.g. b'i g. '.:. I. See also the papers of Blomberg and 
о 
Akerhiolm /19 75/ and Nomura /1975/.) 

/'Л/. .'. ' '. ;.hows the coherence between an APRM signal and 
several process signals as measured in unit 3 of the Browns 
Ferry Plant by Sides et al. /1977/. Maximum coherences were 
found between an APRM signal and total core flow, total steam 
flow, core differential pressure and core outlet narrow-range 
pressure signals in the frequency range from 0.01 Hz to 0.1 Hz. 
The driver flow Л and steam flow A signals also exhibited sig
nificant coherence with an APRM signal in this range. In the 
range from 0.1 Hz to 1 Hz only tota. core flow and outlet pres
sure signals were coherent with an APRM signal. 

Ti,. ••bove results show that, of the signals analyzed, the 
average core neutron density has the greatest coherence with 
the total core flow and core outlet pressure. Particularly high 
is the coherence between APRM and core flow. 

These conclusions agree with the earlier experimental results 
о 

of Thie /1967/ and Blomberg and Akerhielm /1975/ who demonstra
ted a strong correspondence between the auto-spectra of neutron 
and core flow signals. Thie found a strong peak in the core flow 
spectrum of the Pathfinder-core corresponding to the neutron 

о 
noise peak near 0.6 Hz seen in /•'/'•/. ' . /. Blomberg and Akerhielm 
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found strong resonances at 0.6 Hz in the neutron flux and core-
flow spectra of the Swedish-built Okarshamn I plant . Both re
ports indicate reasonable agreement between the ratio of the 
neutron noise and core flow noise and the value of the control 
parameter relating static changes in the flow to corresponding 
changes in nuclear power output. 

One is tempted to conclude that the fluctuation of the core 
flow is the major driving source of the global (APRM) noise in 
a BWR. However, phase difference results of Sides et al. /1977/ 
show that at frequencies below 0.7 Hz the APRM signal leads 
the flow signal. Also, the neutron signal led the outlet pres
sure signal at all frequencies tested. It appears that at least 
in the actual case investigated by Sides et al. /1977/, it is 
the neutron fluctuation which drives the fluctuations of the 
core flow and the pressure rather than the other way round. 

Fig. ::.'/,3. shows the coherence between the core flow signal 
and the outlet pressure /Sides et al., 1977/. In view of the 
finding that the APRM signal leads both variables it is obvious 
to assume that a considerable amount of the coherence between 
them is caused by the influence of the neutron noise. 

The foregoing results were based on the measurement of auto-
spectra, phase shifts and ordinary coherence functions. A recent 
report of Kuroda and Yamaguchi /1977/ illustrates the limits 
of the ordinary coherence function technique via a simple model 
of BWR noise. The extensive experimental investigations of 
Fukunishi /1977 a, b / indicate that a deeper insight into 
BWR noise dynamics can be obtained by the use of the concept of 
partial coherence function**. 

A significant property of the peak near 0.5 Hz - 0.6 Hz is that 
it appears in BWR cores of different construction. 
The two cited papers represent only a part of the extensive 
Japanese efforts in the topic. We refer to the reports of 
Matsub ara et al. /1977, 1978/, Kitamura et al. /1977/ and 
Ando et al. /1977/. 
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In order to discuss the partial coherence function concept (cf. 
Bendat and Piersol, 1971) consider two noise signals Xi(t), 
Xz(t) and assume they are strongly coherent for a given fre
quency. Coherence as measured by the ordinary coherence function 
characterizes the "togetherness" between the variables. A high 
value of coherence means that the signals fluctuate "together" 
but does not necessarily indicate that there is a direct rela
tionship between them. It could well be that the coherence be
tween X,(t) and X 2(t) is only apparent, i.e. the "together
ness" is brought about by the influence of a third variable X,(t) 
which is related both to X,(t) and to X 2(t). 

The partial coherence function of X,(t) and X2(t) conditioned 
by Xj(t) eliminates the influence of X,(t) and measures the 
"direct coherence" between Xi(t) and X2(t) . In case of mere 
"apparent coherence" brought about by a third variable the 
partial coherence function is zero . 

Apparent coherence between two variables can be caused also by 
a set of variables rather than by a single variable. In such cases 
the partial coherence function between Xi(t) and X2(t) is 
to be conditioned by the set of variables influencing the cor
relation of the two variables. 

In many parts of the world old fashioned people tell children 
that babies are brought by the stork. It is remarkable that 
ordinary coherence analysis may even corroborate this view 
in some cases. 
Consider villages where the number of families is equal to 
the number of houses (each family owns a single house). As 
the number of babies correlates with the number of families 
it also correlates with the number of houses. The number of 
houses, on the other hand, correlates with the number of 
storks' nests, i.e. ordinary coherence analysis will indicate 
correlation between the number of babies (Xt) and the number 
of storks' nests (X 2). The coherence between the babies and 
the storks' nests disappears in proper partial coherence 
analysis where the number of houses (X,) is eliminated from 
the correlation. 
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Figs. 2.24., 2.25. and 2.26. show the results of Fukunishi 
/1977 a/ obtained at the Shiname I Plant (BWR-3). The noise sig
nals used in the analysis are the following: APRM, vessel pres
sure, total core flow, feedwater flow, water level and recircu
lation flows in the two loops. The results refer to 100% power . 

In Fig. 2.24. the ordinary coherence function between APRM 
noise and core flow noise is compared with the corresponding 
partial coherence conditioned by the other five variables. The 
ordinary coherence function indicates significant coupling be
tween the neutron noise and the core flow in the whole frequency 
range between O.Ol Hz and 1.0 Hz. (cf. also the coherence be
tween core flow and APRM in Fig. 2.22.) The partial coherence 
function reveals that the mechanism of the coupling is quite 
different below 0.1 Hz and above this frequency value. There is 
no direct coupling between the cere flow and the neutron noise 
below 0.1 Hz. However,the peak of the partial coherence function 
in the range between 0.1 Hz and 1 Hz indicates a direct rela
tionship between the two variables. 

Fig. 2.2b. shows the ordinary and the partial coherence function 
between APRM noise and reactor pressure. The direct coupling be
tween the variables is negligible above 0.1 Hz. 

The ordinary coherence function between core flow and pressure, 
shown in Fig. 2.26. indicates considerable coherence between 
the two signals (see also Fig. 2.23.). Partial coherence func
tion analysis demonstrates that flow rate and pressure correlate 
exclusively through other variables. To find out the relative 

Concerning the use of other possible sets of variables and 
results obtained at 75% power, we refer to the original 
report. 
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importance of the eliminated "intermediate variables" a more 
detailed analysis would be necessary. (Eliminating the variables 
from the correlation one by one, etc.) It is quite plausible 
to assume, however, that the most important among the eliminated 
variables is the neutron noise, i.e. the apparent coherence be
tween flow rate and pressure is caused basically by their coupling 
with power fluctuations (cf. also the discussion of Fig. 2.2.Í.). 

The above considerations indicate that the partial coherence 
function technique is a powerful method of the investigation 
of BWR noise dynamics. Coherence and partial coherence investi
gations completed by phase shift measurements may lead to a 
complete understanding of the linear dynamics of the system. 

The problem of the investigation of the many different inter
actions between the signals characterizing BWR noise dynamics 
below 1 Hz is to be distinguished from the task of the identifi
cation of the sources driving the noise. To discuss this point 
let us represent BWR noise by the m-dimensional state vector 
X(t). Let the components of this vector be the fluctuation of 
the APRM-signal (Xj(t)) and the fluctuations of the process-
signals (X2(t), X3(t) ...,X (t)). Using the frequency variable 
we write the fluctuation of the i-th variable as 

4L 
X. Ы) = iL G..(U) X (W) + Z. (ш) /2.49/ 
l k = 1 iK к i 

k*i 

The sum on the right hand side of the equation represents the 
contribution of the other m-1 variables to the fluctuation of 
the i-th variable. In the general case the i-th variable would 
fluctuate even if all the transfer functions G.. (u) 
(k = 1, 2, ... i-1, i+1, ... k) were zero. The term Z.(w) 
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accounts for this effect, i.e. it represents that part of the 
fluctuation of the variable X•(w) which is not induced by the 
fluctuation of the other m-1 variables. Following Fukunishi 
/1977 b / we call Z. (u>) the "inherent noise" of the i-th 
variable and consider it the i-th element of a m-dimensional 
vector Z(u). We write equation /2.49/ in a matrix form as 

Xjio) ••= G{u») X U ) + Z(w) /2.50/ 

The matrix G(w) comprises the transfer functions G.. (ID) i.e. 
it represents the linear dynamics of the system. Note that its 
diagonal element: are zero. Its first row (O, G|?, G ( 1,..., G ) 
represents the contribution of the process signals to the fluc
tuation of the power, its first column (0, G ?i, G ? ),..., G ) 
accounts for reactivity feedback . 

The solution of Hq. /2.50/ reads 

Х(ы) = II (u) Z(I.I) /2.51/ 

Mere 

H(M) - I - G(i..)l /2.52/ 

The symbol I stands for the m-dimensional unit matrix. 

in view of Eq. /2.51/ the state vector X(w), which represents 
BWH noise, is induced by the vector t{u>) which comprises the 
incoherent noise terms of the variables. It is reasonable to 

Л comment on partial coherence can be based on Eq. /2.50/. If 
(».. = G. . - 0 and Z, , 7,. are independent, the variables X, 
and X, can still be coherent via the other m-2 variables. 
However, the partial coherence conditioned by these m-2 
variables is zero. 
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consider Z(UJ) the driving source of BWR noise at the given 
frequency. 

Fukunishi /Í977 b/ assumes that the variables Z , Z. 
(i, k = 1, 2, ..., m) are independent white noise processes 
and defines the following matrices 

v ! 

4z,> , о , 
о , <zf), 

о , о , 

о \ 
о /2.53/ 

SU>) -

Si i (ы) , S n ( w ) , 
S? i (u>) , S 2 ? (ш) , 

S
;m<"> 

S
2 m ( w ) /2.54/ 

Sm, ( W ) ' S m , ( U ) ) ' ' S
m m

( a , ) 

mi m? mm i 

The quantities \ 7-I / » \ z ? / i • * • 4 z
m / a r e fc^e s e c o n d moments 

of the inherent noise processes. Z 2 is the covariance-matrix 
of the Z,, Z;, ... Z variables. 

m 
S,. (w) represents the cross-PSD between the variables X. and 
X. . S is the spectral-density matrix comprising the auto- anil 
cross-spectra of the observables. 

using Eqs. /<!.51/ t o /2.54/ we obtain that 

S>>) - H*(w) Z2 \£(ш) / 2 . «15/ 
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where the symbol * stands for complex conjugate and the 
symbol + transposes the matrix. 

In view of Eqs. /2.53 - 2.55/ the auto-PSD of the variable 
X̂ ^ can be written as 

m 
S U U ) = Z |Hlk(u>)|2 < Z ^ > /2.56/ 

The k-th term of the sum in Eq. /2.56/ represents the contribu
tion of the k-th inherent noise variable to the spectrum of 
the i-th variable. The quantity 

| H i k U ) | 2 < z 2 > 
Ф (u) = -_i* * _ /2.57/ 

S i i(w) 

measures the relative contribution. Obviously 

m 
£ * i k(«) = 1 /2.58/ 
k=l 

In the present philosophy Eqs. /2.56/ and /2.58/ represent the 
decomposition of the spectrum of the i-th variable into the 
contributions of the different noise sources ("inherent fluc
tuations") . 

In his report Fukunishi /1977 b/ uses Eq. /2.57/ for the 
identification of APRM-noise (i = 1) in the Shiname-1 boiling 
water reactor. We discuss again the case when the following 
seven signals were included in the analysis: APRM (k =• 1), 
core flow (k = 2), vessel pressure (k * 3), feedwater flow 
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(к - 4}, -ebsel water level (к = 5) and recirculation flows in 
the loüpi, A and В (к = 6, 7). The elements of the transfer 
function matLix G and the second moments <^Z 1^ , ^ Z / , ... 
,.., \ Z_/ were estimated in the time domain using multivariable 
autoregressive modelling . After evaluating the relevant ele
ments of the matrix H the factors *,ic(U)> (k = 1, 2, ..., 7) 
were calculated. The result is shown in Fi j • 

The vertical arrows in Fi<j. ::.::'/. indicate the quantities 
• k(w) for the given frequency . Ф . (ш) measures the relative 
contribution of the inherent noise of the k-th variable to 
the auto-PSD of the APRM signal. As, in the present treatment, 
the terms "inheient noise" and "noise source" are synonyms 
one may also define Ф . (ш) as the contribution of the k-th 
noise source to the APRM-spectrum. Note that íji(w) represents 
the contribution of the "inherent neutron noise" to the 
spectrum of the total neutron noise. 

F t ' . j . : .' shows that *II(OI) is always the largest among 
the * : k (''•') values. We conclude accordingly that the inherent 
process signal fluctuations are not the most important driving 
sources of the global (APRM) neutron noise. The neutron noise 
appears to be basically "self-induced" in the present model. 
Its main driving source seems to be the process Zifai), i.e. 
the "inherent part" of the neutron fluctuation. 

The figure indicates that the peak of the neutron spectrum in 
the frequency range near 0.5 Hz reflects the sudden increase 

A survey of this technique can be found in several papers 
(see e.g. Fukunishi, 1Э77 b). 
Small contributions of vessel pressure (k = J), feedwater 
flow (k = 4) and vessel water level (k = 5) are not in
dicated in the figure (for a more detailed version of 
Fig. ''..',,'. see the original paper of Fukunishi, 1977 b) . 
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of the inherent global neutron noise. It is quite plausible to 
assume that the peaks found near 0.5 Hz in the spectra of se
veral process signals (e.g. core flow) are of the same origin. 

Let us remark that the inherent noise processes defined in 
the foregoing considerations are of course not "inherent fluc
tuations" in the true sense of the word. They appear to be 
inherent only in the model defined by a very limited number of 
observables (APRM-signal and process noise signals). In actual 
fact they are driven by further quantities which were not 
included into the set of dynamic variables of the foregoing 
model. That the main contribution to the neutron noise comes 
from the "inherent neutron noise" means, that the most relevant 
quantities were not included into the analysis. t'ig. <:.Z7. 
suggests that for the identification of the sources of the 
neutron noise the investigation of the process signals is 
not sufficient. 

It was pointed out by several investigators /Nomura, 1968, 
1975; Fukunishi, 1977 a, b/ that the ultimate cause of the 
neutron noise is the boiling process and/or the fluctuation 
of the total steam conten. in the core. According to the simple 
stochastic model of Matthey /1977/ the global neutron noise 
has a peak at a resonance frequency which is related to the actual 
values of the power and of the void coefficient of the reactivity. 
Further investigations can only decide whether the peak appearing 
in the model is actually related to the 0.5 Hz peak found in 
the experiments. 
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i o n s 

A u t o - s p e c t r a o f two i o n i z a t i o n chambers i n t h e 
same r a d i a l p o s i t i o n ( P a t h f i n d e r BWR; T h i e , 1 9 6 8 ) . 

Core l a y - o u t and measuring p o s i t i o n s (MUhleberg 
BWR; Kosály e t a l . , 1 9 7 7 b ) . 

Phase s h i f t s ver sus frequency between B-C and D-C 
d e t e c t o r s . (Mühleberg BWR; Kosály e t a l . , 1 9 7 7 b ) . 

Coherence f u n c t i o n between LPRM В and LPRM С 
(Mühleberg BWR; K o s t i c , 1 9 7 6 ) . 

Gain o f the t r a n s f e r f u n c t i o n between two i n - c o r e 
d e t e c t o r s (Lingen BWR; Wach, 1973; Wach and K o s á l y , 
1 9 7 4 ) . 

Phase s h i f t between two i n - c o r e d e t e c t o r s (Lingen 
BWR; Wach, 1973; Wach and K o s á l y , 1 9 7 4 ) . 

Coherence f u n c t i o n between LPRM A and LPRM D 
(Mühleberg BWR; K o s t i c , 1 9 7 6 ) . 

Coherence below 1 Hz between В l e v e l LPRMs a t 
d i f f e r e n t r a d i a l p o s i t i o n s (Browns Ferry BWR; 
S i d e s e t a l . , 1 9 7 7 ) . 

Normalized a u t o - s p e c t r a of the f l u x r e s p o n s e s i n 
the c a s e o f a p r o p a g a t i n g p e r t u r b a t i o n . (Two-group 
d i f f u s i o n a n a l y s i s ; Behr inger e t a l . / 1 9 7 9 ) . 



Fig. 2.10. Measured and calculated velocity profiles (Mühleberg 
BWR; Kosály et al., 1977Ы . The measured values 
have been evaluated using the transit times given 
in the first two columns of Table 1. The change of 
the flow regime at the 1.4 m level is indicated by 
the flow regime map of Collier /1972/. Calculations 
were performed using the model of Dix /1971/. 

Fig 2.11. Measured and calculated velocity profiles (Georgia 
Power Company Hatch 1 Plant; King, 1978). The 
calculated curves show the Zuber-estimates /196 7/ 
of steam velocity. 

Fig. Í..12. Void fraction versus axial height (Mühleberg BWR; 
Kosály et al., 1977b). The points with error bars 
have been evaluated via Eq. /2.45/ using the measured 
values of velocity shown in Fig. 2.10. 

Fig. 2.13. Void fraction versus axial heighc (Georgia Power 
Company Hatch 1 Plant; Atta et al., 1977; King, 
1978). The experimental points have been evaluated 
via Eq. /2.45/ using the measured values of velocity 
shown in Fig. 2.11. 

F i 

• " ' • ; / • 

14. Void fraction versus equilibrium quality as measured 
by different techniques /Kosály et al., 1977b/. 
The points with error bars are identical to the last 
six points in Fig. 2.12. The Y~ray results were 
obtained in out-of-pile loops under reactor pressure. 

Measured phase shift between the positions С 
D. (Mühleberg BWR; Kosály et al., 1977b). 

and 



Fig. P.. 16. Measured auto-spectra at the LPRM positions В, С 
and D (Mühleberg BWR; Kosály et al., 1977b). 

Fig. 2.17. Instrument guide tube situated in the water gap 
(bypass area) between the fuel boxes in a BWR-4. 
The broken line indicates the vibration of the tube 
/Mathis et Л., 1977/. 

Fig. P.. 18. Flow dependence of the cross-spectrun between С 
and D detectors /Fry et al., 1979/. 

Fig. 2.19. Change of the neutron noise results at 80% flow 
before and after plugging the bypass holes indicated 
in Fig. 2.17. /Fry et al., 1979/. 
a/ |NCPSD| between С and D detectors 
b/ Coherence between С and D detectors 

Fig. 2.P.O. Coherence between С and D detectors at different 
values of bypass flow /Fry et al., 1978/. 

Fig. 2.21. Coherences between an APRM and individual В level 
LPRMs. The radial location« of the LPRM strings 
are indicated in Fig. 2.8. (Browns Ferry BWR; 
Sides et al., 1977) . 

Fig. 2.22. Coherences between APRM and process signals (Browne 
Ferry BWR; Sides et al., 1977). 

Fig. 2.23. Coherence between total core flow and reactor outlet 
pressure (Browns Ferry BUR; Sides et al., 1977). 



Coherence between APRM and total core flow. The 
partial coherence function is conditioned by reactor 
pressure, feedwater flow, vessel water level and 
recirculation flows in the two loops. (Shimane I 
BWR; Fukunishi, 1977a). 

Coherence between APRM and pressure. The pa.tial 
coherence function is conditioned by total core 
flow, feedwater flow, vessel water level and recir
culations flows in the two loops. (Shimane I BWR; 
Fukunishi, 1377a) 

Coherence between total core flow and reactor 
pressure. The partial coherence function is conditioned 
by APRM signal, feedwater flow, vessel water level 
and recirculation flows in the two loops. (Shimane 
I BWR; Fukunishi, 1977a) 

The frequency dependence of the quantities *,),(<»>) 
defined in Eq. /2.57/. Small contributions of reactor 
pressure (k = 3) feedwater flow (k - 4) and 
vessel water level (k = 5) are not indicated. 
(Shimane I BWR; Fukunishi, 1977b). 
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3. NOISE INVESTIGATIONS IN PRESSURIZED WATER REACTORS 

In the wake of the early investigations of Calcagno et al. /1970/, 
Gopal and Carteus /1971/ and Basti et al. /1972/ considerable 
activity has been devoted in recent years to the investigation 
of the noise problems of pressurized water reactors. It is an 
important conclusion of the investigations that noise measurements 
provide an effective way to monitor several types of reactor in
ternal vibrations. These include vertical and lateral core motion, 
shell modes Of the core support barrel and of the thermal shield 
and bending modes of the fuel assemblies. Since all these vibra
tions are significant sources of neutron noise, neutron noise 
analysis is an important method of vibration monitoring. 

A further source of neutron noise in a PWR is the fluctuation 
of the coolant temperature. This noise source acts primarly in 
the low frequency region and plays an important role in the 
change of the neutron noise during core life. 

Neutron noise technique is of coarse only one of the methods 
of vibration monitoring. More direct information can be obtained 
from the analysis of the signals of displacement sensors and 
acceleroireters. The measurement of pressure fluctuations provides 
valuable information both on the internal vibrations and on the 
sources driving the vibrations. 

3.1. The neutron noise driven by lateral core barrel motion 

The neutron noise driven by the lateral vibration of the core 
support barrel was discussed already in Sec. 1.4. It was explained 
in connection with Fig. 1.6. that because of the hydraulic forces 
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acting on the surface of the barrel, the core and the support 
barrel- as a unit-tend to move as a pendulum. In the course of 
the pendulum movement the thickness of the water gap between the 
core and the vessel varies (cf. Fig. 1.4. ) which in turn 
induces fluctuations of the ex-core detector signals. 

The lateral vibration of the core support barrel (CSB) has no 
direct influence on the neutron field inside the core, that is 
the neutron noise driven by this motion is a clear-cut example 
of pure a-.tenuation noise . Bearing this in mind we neglect the 
first term on the rhs of Eq. /1.12a/. The remaining term (A(t,6)) 
represents the attenuation noise measured by an ex-core detector 
positioned at angle 6 to the x axis (cf. Fig. 1.5. in 
Sec. 1.4.). 

Concerning the discussion of the attenuation noise driven by 
CSB vibration we refer to Eqs. /1.16 - 1.18/ which relate the 
neutron noise to the variables characterizing the motion (cf. 
also Fig. 1.7. in Sec. 1.4.). Eq. /1.19/ indicates an important 
and plausible feature of the noise induced by CSB motion. It 
shows that CSB lateral movement makes the signals of cross-core 
detectors fluctuate in opposite phase. 

We recall also Figs. 1.8. a, b, a which indicate CSB motion 
near to 13 Hz in the Stade Power Plant /KKS; Basti et al., 1972/. 
Fig. 1.8. с demonstrates the opposite-phase behaviour of cross-
core detectors++. 

CSB motion, however,has an indirect effect on in-core noise 
through the vibration of the fuel assemblies. This problem 
will be discussed in Sec. 3.2. 
For a further discussion of these figures and CSB/PV pendulum 
motion see Sec. 3.4. 
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Note, that opposite phase between cross-core detectors in itself 
is not a sufficient proof of lateral CSB notion. It will discussed 
in Sec. 3.2. that other modes of internal vibration may also 
result in a phase shift of 180° between some of the cross-core 
chambers. CSB lateral motion is, however, the only source of 
attenuation noise which makes the signals of all cross-core 
detectors fluctuate in opposite phase. 

The motion of the core barrel has quite often a preferred direc
tion or|at least,a few directions of preference corresponding to 
different frequency bands. If a pair of cross-core detectors 
happens to be colinear with a direction of preference corresponding 
to a particular frequency band, then the coherence between these 
two detectors will approach unity in that band /Mayo, 1977; 
Kryter et al., 1978/. The cause of this behaviour is that CSB 
motion represents a particularly strong joint source of the atten
uation noise measured by the two detectors. 

In order to represent the attenuation noise induced by lateral 
CSB motion with a strong directional preference,we use Eq. /1.18/ 
with a time independent value of the direction of motion 6. . 

A(c,6) = w C S B e(t) cos(6k - 9) /3.1/ 

Note, that if 6. is the predominant direction of motion only 
in a given frequency band, then Eq. /3.1/ refers only to that 
particular band. 

The case of an ex-core detector positioned just in the predomi
nant direction of motion can be represented by inserting í • Í. 
into Eq. /3.1/. If the angle 6, indicating the position of 
the ex-core detector, deviates from 6 V the contribution of the 
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CSB motion to the noise signals of the detector decreases, 
making thereby more important the relative contribution of the 
other noise sources. It is a consequence of this effect that the 
coherence between non-opposed detectors is always smaller than 
the coherence between those cross-core detectors which are 
approximately aligned with the direction of motion. The coherence 
becomes especially low if one of the detectors is positioned in 
the direction of motion (6 =* 8. ) and the other is situated 
perpendicularly to this direction (в « в. + 90 е). 

Fig. 3.1. illustrates this spatial behaviour of the coherence 
function which is typical of CSB lateral motion /Mayo, 1977/. 
The figure shows coherences between detectors located at 60° 
(non-opposed) and 180° (cross-core) around the core. (Note 
that the phase shift between the cross-core detectors was found 
to be 180° in the 1 Hz - 15 Hz region.) The coherence between 
the cross-core detectors approaches unity between 7 Hz and 11 Hz. 
That the coherence between the non-opposed chambers becomes 
smaller than 0.1 in the same frequency rangn indicates that 
this is the range where lateral CSB motion is dominant. (The other 
peaks seen in Fig. 3.1. will be discussed in Sec. 3.2.) The 
direction of preference coincides, at least approximately, with 
the line connecting the cross-core detectors. 

A basically similar case was dicuseed by Xryter et al. /1978/. In 
Fig. 3.2. and 3.3. the symbols A x С and В x D ehow the 
results of cross-correlation measurements between the cross-core 
detectors indicated in Fig. 1.4. of Sec. 1.4. 

Fig. 3.2. shows that in the 1 - 10 Hz frequency band the phase 
shift between the pairs of cross-core detectors is equal to 180°. 
The inspection of Fig. ? 3. reveals that the coherence for the r4 
А, С detector pair is highest in the 3 - 7 Hz frequency band, 
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whereas for В, D it is highest in the 6.5 - 8.5 Hz frequency 
band. It is reported furthermore that the coherences are quite 
low in the same frequency bands between detector pairs which are 
positioned at 90* apart. Kryter et al. /1978/ conclude from these 
observations that (1) there is CSB pendular motion in the 
3 - 7 Hz frequency band, principally along the line connecting 
the A and С detectors; (2) there is pendular motion in the 
6.5 - 8.5 Hz frequency band, principally along the line connecting 
the В and D detectors. Kryter et al. /1978/ remark that such 
oriented CSB motions are commonly encountered in four-loop PWRs, 
owing to the orthogonal driving forces provided by the coolant 
impinging on the barrel as it enters the down comers and to the 
mechanical restraint provided by the outlet nozzles. 

The location of the cross-core detectors is not always as 
furtunate as in the above case. We refer for example to the work 
of Wach and Sunder /1977/ who identified near 10 Hz CSB lateral 
motion as the major source of attenuation noise in the Neckar-
westheim Power Plant (GKN). Fig. 3.4. shows the phase shifts 
between the ex-core detectors at this frequency value. Inspection 
reveals that the preferred direction of motion lies in the range 
within +45° around the vertical line shown in the figure. 

Similar phases between ex-core detectors were found by EspefXlt 
et al. /1979/ near to 11 Hz in the Swedish built Ringhals Power 
Plant. The authors report that at this frequency the normalized 
cross-PSD of the detector pair (1, 3) was equal to the normalized 
cross-PSD of (2, 4). It was concluded using this additional in
formation that the direction of motion coincided with the vertical 
line shown in Fig. 3.4. 

If the CSB motion is independent of direction neither the 
coherences will behave as indicated in fig. 3.1., nor the phases 
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will follow the characteristic behaviour shown in Fig. 3.4. CSB 
lateral notion can still be identified by an increase of coher
ence between various detectors, by phase shifts of 180* between 
all cross-core detectors and by the use of displacement sensors. 
An a priori knowledge of the CSB characteristic frequency is 
of course always helpful. A new method for the identification 
of direction independent CSB motion was published quite recently 
by Espefält et al. /1979/. 

The statement that the CSB motion has a predominant direction 
does not mean that the motion takes place only in this particular 
direction. A detailed information on the notion is «jiven by the 
Lissajous curve of the instantaneous core displacement. It is 
remarkable that if there is a frequency region where the CSB 
motion is the dominant source of the ex-core noise, then the 
Lissajous curve can be derived from the signals of two ex-core 
chambers located 90° apart /Mayo, 1977/. (Such detectors ob
viously resolve orthogonal components of the motion.) An even 
more refined analysis can be made by estimating the joint pro
bability density distribution of these signals /Mayo, 1977/. 
This function provides a direct static display of the preference 
of the motion. Concerning these two methods of detailed analysis 
we refer to the report of Mayo /1977/ and Wach and Sunder /1977/. 

It was assumed in the foregoing discussion that the noise inside 
the core does not contribute to the ex-core detector signals, 
that is, the first term on the rhs of Eq. /1.12a/ can be neglected. 
This assumption is abandoned by Dragt and Tttrkcan /1977/ who 
besides CSB motion consider also a core noise contribution induced 
through reactivity fluctuations. As a further assumption they 
consider CSB lateral vibration as composed of different modes 
each corresponding to a particular direction ol motion. Using these 
assumptions one writes Eq. /1.12a/ in the frequency domain as 
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iTeT" G 0 U > 6p(u) • y C S B , . k I e.(w) cosie. - 0) /3.2/ 

Concerning the first tern on the rhs we refer toEq. /1.13/. The 
sun is an obvious generalizatlot. of Eq. /3.1/. 

Let us assume that CSB notion and reactivity fluctuations are 
independent and that coupling between different CSB modes can 
be neglected. One obtains by straightforward calculation the 
result /Dragt and Türkcan, 1977Л 

NCPSD„ft,,(w> - А,(и) + A 2(u) cos(e' + 6") • 'er,e /3.3/ 
• А|(ы) sin(e' • e") + A*(») cos(e' - в") 

Here 

NCPSD y e,i (u) 

Ai(u) 

A2(U») 

A 9(w) 

normalized cross-PSD between the signals of 
the ex-core chambers positioned at the respec
tive angles 6' and в'' 
|G«(u))|2 A P S D P ( W ) (APSD P(W) is the auto-PSD 
of reactivity fluctuations.) 

I »CSB I W W > С О в< 2 вк> к 
(•.. (w) is the auto-PSD of the variable 
ek(w).) 

\ »CSB l •kk(w> e i n < 2 V к 

The derivation of Dragt and Tttrkcan /1977/ account* also for 
a possible coupling between CSB motion and reactivity fluctua
tions. The results indicate, however/ that this coupling i* 
negligible*. 
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к 

The coefficient Ai accounts for the core noise contribution. 
In the present approximation this is identical with the contri
bution of the reactivity fluctuations. The coefficients A», A s 

Ац account for CSB motion. 

Dragt and Türkcan /1977/ analysed the signals of six ex-core detec
tors positioned at different angles around the core of the Borssele 
PWR. Fifteen cross-spectra between the six detectors provided 
sufficient experimental points to determine the coefficients 
Aj, ..., A* by a fitting procedure. Fige. 3.5. and 3.6. 
illustrate the results obtainable by this type of analysis /Dragt 
and Türkcan, 1977/. 

Fig. 3.S. shows an auto-PSD with uncorrelated background sub
tracted, the core noise contribution A] and the total CSB notion 
spectrum A*. One sees that the core noise contribution is large 
at low frequency (up to 2 Hz). A large peak of the core noise 
contribution can be seen at 9.2 Hz. The same peak appears also 
in primary circuit pressure noise. 

The authors remark that the method does not work quite well at 
low frequencies. This weakness is possibly caused by the assumption 
that the core noise contribution in Eq. /3.2./ follows point 
kinetics. The discussion given in Sec. 1.4. shows namely that the 
neutron noise in the core does depend on space even below 
1 Hz. In a more e ;act analysis one has to account also for the 
local component o. the core noise contribution. This component 
makes the core noise contribution angle dependent.Note,that 
further investigations of the authors show that the peak at 9.2 Hz 
is a genuine reactivity excitation/ i.e. it is induced by a 
perturbation which is homogenous over the core. 
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Fig. 3.6. shows the behaviour near 12 Hz. The core noise 
contribution Ai is very small, indicating nearly pure core 
barrel motion, visible iii A 2, A3 and A%. The A* curve shows 
two overlapping peaks at 11.5 Hz and 12.7 Hz. Owing to the 
different directions of motion corresponding to the different 
frequencies the two peaks are well separated in the A 4 and 
A 3 curves. 

In order to determine the direction of the motion corresponding 
to a CSB peak Dragt and Ttirkcan /1977/ compute the function 

F(u,e) = Аэ(ш) cos(260) - А2(ш) sin(260) /3.4/ 

as a function of 6 0. To determine the direction of motion cor
responding to a peak the angle 80 is varied until the peak 
disappears. In Fig. 3.6. the curve 0.438A2 -1- 0.899A, has no 
peak at 12.7 Hz, from which it follows that the direction of 
motion is Ö. « 77°. Also the other peak, 11.5 Hz, has nearly 
disappeared, which means a nearly perpendicular direction of 
motion. 

Commenting on the treatment we point out that in most frequency 
regions the neutron spectrum in a PWR is the sum of the contri
butions of several overlapping noise sources which makes the 
separation of the different noise sources very important in PWR 
noise studies. That the method of Dragt and Tttrkcan /1977/ is 
based entirely on cross-spectra makes the results independent 
of incoherent noise. It is a further advantage of the method that 
it can be easily automatized. 

In its present form the method does not account for other modes 
of vibration than CSB lateral motion. Such modes, however, can 
be included into the method by adding further terms with proper 
angular dependence to the rhs of Eq. /3.2/. 
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Consider next two cross-core detectors (designated by the respec
tive labels 1 and 2) which are situated parallel to the x axis. 
Assume that in the frequency band f.. - f. CSB motion with 
the single direction 8. = 0° is dominant» that is,the direction 
of the vibration is also parallel to the x axis, we insert the 
values 6. » 6' • 0* and 6" » 180° into Eq. /3.3/ and neglect 
the core-noise contribution Ai (u>). The result reads 

NCPSD I 2(w) « -y^ S B • (») /3.5/ 

Writing the above result the subscript к was suppressed. ' • (») 
is the auto-spectrum of CSB lateral displacement. 

By integration over the frequency band f„ - f_ we obtain the 
result /Robinson et al., 1977, 1978/'*' 

v//e2(t)S * ~±— 1 |NCPSDi2(f) |df 13.6/ 
• л r MCSB ' 

и 
If the "scale factor" of CSB motion (t>CSB? c f* БЯ* /1*16/) is 
known the above relation can be used to infer the RMS value of 
CSB lateral motion from ex-core measurements. 

A widely used value of the scale factor is 0.15 cm" /Thie, 
1973/ 1975a/.This value is based on the variation in the ex-core 
flux as a function of the variation of reactor inlet temperature 
and thus fluid density in the annul us. 

The present discussion refers only to the case when the motion 
is in line with the cross-core detector pair. For the discussion 
of more general cases we refer to the reports of Robinson et 
al. /1978/ and Xryter et al. /1978/. 
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Robinson et al. /1977, 1978/ report on an extensive transport 
theory analysis to predict the scale factor of CSB motion. Their 
result varies from approximately 0.059 cm" , for the detector 
at the surface of the biological shield, to 0.098 cm" , for the 
detector placed into the shield. 

In a recent paper Thompson et al. /1979/ report on a new experi
mental investigation of the scale factor problem. The measurements 
included simultaneous recording of signals of accelerometers 
attached to the core barrel and ex-core detectors. Based on the 
comparison of accelerometer and ex-core detector data the average 
value of the scale factor was found to be 0.17 cm~ . 

For the discussion of the possible sources of error in the meas
urement we refer to the original report. Note, that the precise 
identification of the noise sources is one of the major problems 
of both the experimental determination of the scale factor and 
the evaluation of the RMS of the CSB displacement via Eq. /3.7/, 
It is important to verify in both cases that фп the frequency band 
chosen for the analysis there is no significant contribution from 
other noise sources than CSB motion. For the verification the 
use of a valid method of the separation of the different noise 
sources,like the method of Dragt and Türkcan /1977/, is of primary 
importance. Thompson et al. /1979/ use the method of separation 
suggested by Mayo /1977/. We discuss this method in the next 
section. 

3.2. Analysis of the joint effect of several vibrational noise 
sources on neutron noise 

Several peaks seen in Fige. 3.1. and 3.3. lie outside the 
frequency range where CSB lateral motion was found to be dominant. 
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In Fig. 3.1. the peaks near 17 and 19 Hz show uniform coherence 
between non-opposed and opposed detector pairs. This behaviour 
is typical of the shell modes of both the core barrel and the 
thermal shield /Mayo, 1977/. 

A very systematic investigation of the different vibrational 
noise sources was performed by Wach and Sunder /1977/. Figs. 
3.7. t 3.8. a, b show typical results obtained at the Neckar
west he im Power Plant (GKN). 

Fig. 3.7. indicates the coherence between an ex-core detector 
and a displacement sensor attached to one of the lid screws of 
the reactor pressure vessel . Fige. 3.8.a, b show phase shifts 
and coherences measured between cross-core detectors (located 
at opposite sides of the core) and detectors located one above 
the other at the same side of the core. 

The symbol "A" indicates the calculated resonance frequency 
of the CSB lateral motion. That in the GKN at 10 Hz CSB lateral 
motion takes place was discussed already in connection with 
Fig. 3.4. 

Note that if the CSB executes lateral motion this movement will 
certainly be transmitted to the pressure vessel that rests on 
building foundation pads (cf. Fig. 1.6.). Thus the pressure 
vessel (PV) will also move as a pendulum, the net effect being 
a double pendulum movement of the CSB and the PV /Oesterle et 
al.,1973/. The characteristic frequency at "A" is,in actual fact, 
the lower eigenfrequency of the double pendulum model of the 
GKN reactor. The symbol "E" indicates the upper eigenfrequency 

Four such sensors are indicated in Fig. 3.14. in Sec. 3.4. 
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which, according to the figures, does not contribute to the 
neutron signals . 

The CSB/PV double pendulum movement results both in lateral and 
vertical displacement of the pressure vessel. The displacement 
sensor attached to á lid screw is sensitive to the vertical dis
placement of the pressure vessel/ i.e. it measures the pendulum 
movement via PV vertical motion. The ex-core detectors, on the 
other hand, are sensitive to the net lateral motion of the 
cere relative to the pressure vessel. 

The eigenfrequencies indicated by "B" and "C" were calculated 
from a model of vertical vibrations. The authors suggest that 
these modes contribute to the ex-core signals because of the 
pendular movement caused by some unsymmetries in the supportings 
of the system. 

Both the displacement sensor versus ex-core detector coherence 
and the coherences between the ex-core detectors increase consid
erably near to 25 Hz which is the frequency corresponding to the 
1500/roin. revolution of the main coolant pumps. Oesterle et al. 
/1973/ and Bauernfeind /1977 a, b/ report that this excitation 
is caused by residual unbalanced masses of the main coolant 
pumps and is mechanically conducted into the pressure vessel via 
the primary tubes. 

Fig. 3.9. shows the phase shifts at 25 Hz measured by Wach and 
Sunder /1977/. In view of the figure the excitation at 25 Hz 
induces the oválisátion of the core support barrel resulting in 
zero phase shifts between the cross-core detectors and opposite 
phases between the adjacent detectors. The authors report that 
the ovalisation of the CSB at 25 Hz is a forced motion. Calcula-

For a further discussion of the double pendulum model of CSB/PV 
vibration and its relation to ex-core measurements see Sec.3.4. 
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tions show namely that the actual eigenfrequency of the ováli
sát ion shell mode is at 23.5 Hz. Peaks of the coherences can be 
seen also at this frequency value (cf. Figs. 3.7. and 3.8.o.,b.). 

Zero phase shift between cross core detectors and opposite phase 
between adjacent detectors Was found near 20 Hz in the measurements 
of EspefSit et al. /1979/. It was concluded also in this case 
that the ovalisation shell mode of the CSB was the major contri
butor to the ex-core noise at this frequency. 

Note that the behaviour of the phase shifts seen in Pig. 3.9. 
belongs only to the particular shell mode indicated in the 
figure. The behaviour brought about by other modes will depend 
on the order and the orientation of the actual mode. However, 
any shell mode will result either in 0° or 180° phase shifts 
between all possible pairs of ex-core detectors. Due to the 
deterministic relationship between the displacements at different 
points of the shell, the neutron noise induced by shell mode 
vibrations will show approximately uniform coherence around the 
core /Mayo, 1977; Mayo and Currie, 1977/ . 

Shell modes do not change the water thickness between the core 
and the ex-core detectors, therefore the mechanism transmitting 
shell mode displacements to the ex-core detectors differs from 
the corresponding mechanism transmitting lateral core barrel 
motion. 

The transport theory calculations of Mayo and Currie /1977/ 
demonstrate that shell mode displacements of the core barrel can 

Cf. the peaks near 17 Hz and 19 Hz in Fig. 3.1. 
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be associated with two different sources of ex-ccre noise. One 
of these is a modulation of the leakage flux energy spectrum 
by the change in the relative thickness of the water gap inside 
and outside the shell. Die second noise source is the modulation 
of the flux in the exterior fuel assemblies. Because of this 
latter effect shell mode vibrations of the CSB are observable 
also in the signals of in-core detectors located in assemblies 
near the edge of the core /Mayo et al., 1975/. 

We refer now to the concepts introduced in Sec. 1.4. in connection 
with Fig. 1.5. and Eqs. /1.12 a, b, c/. We conclude that the 
shell mode vibrations of the CSB result in the appearance of 
both a core noise term (C(t,6)) and an attenuation noise term 
(A(t,9)) on the rhs of Eq. /1.12a/. As both terms are proportional 
to the actual shell mode displacement we write that 

1(6) S PCSB;shell 6*CSB;shell ( t , ö ) / 3 * 7 / 

A similar equation refers to the ex-core noise induced by the 
shell modes of the thermal shield. 

^ f l e l 1 - >*TS;shell "TS;shell ( t' 6 ) I3'*' 

In the above equations, like in Eq. /1.12a/, the quantity 
61(t,6)/1(0) represents the normalized fluctuation of the ex-core 
detector positioned at the angle в to the x axis. MCSBtBhell 

and ^TS;shell r e P r e 8 e n t t n e shell mode displacements of the 
core barrel and of the thermal shield/ respectively. ^CSB;shell 
and Рте. Sh eii a r e t n e respective scale factors relating the 
shell mode displacements to ex-core noise. Note that the above 
equations are of similar structure as Eq. /1.16/ which refers to 
lateral CSB motion. 
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Bernard et al. /1977/ used one dimensional transport calculations 
to determine the scale factors corresponding to the different 
types of internal vibrations. It follows from their results 
that 

yCSB; shell &• 0 2 

MCSB 
/3.9/ 

UTS;shell ^ _ 3 

PCSB 

Here Мрев Is the scale factor of CSB lateral motion introduced 
in Eq. /1.16/. That the scale factor M C So i s relatively large 
is one of the reasons which make CSB lateral motion a particu
larly powerful source of ex-core noise. 

Recent measurements of Bernard et al. /1979/ performed at the 
Fessenheim Power Plant illustrate very clearly the joint influence 
of lateral motion and shell modes on ex-core noise. Besides the 
peak corresponding to CSB lateral motion further well resolved 
peaks appear in the ex-core auto-spectra. The peak locations 
correspond to characteristic frequencies of the shell modes of 
the core barrel and the thermal shield. 

The symbols fj, f2 and t\, fj in Fige. 3.7., 3.8. a, b. indicate 
the calculated eigenfrequencies of the fuel assembly bending 
modes, (fi « 1.8 Hz and f{ • 11.2 Hz correspond to the case 
when the lower end of the assembly is fixed and the upper end 
is free, it • 4.5 Hz and fj » 17.5 Hz correspond to the case 
when both ends are fixed.) 
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It is well known that the coolant flow excites lateral vibrations 
of the individual fuel assemblies. Figs. 3.7. and 3.8.a. 
indicate however, that besides independent vibrations, the fuel 
assemblies execute also coupled vibrations. 

Independent vibrations of the fuel assemblies obviously do not 
excite the motion of the pressure vessel, that is,they do not 
contribute to the signals of a displacement sensor attached 
to a lid screw.Coupled vibrations, however, are able to induce 
pressure vessel motion. The peaks at the fuel assembly bending 
modes seen in Fig. 3. 7. indicate a significant coupling between 
the lateral vibrations of the fuel assemblies situated in different 
parts of the core. (Note that the symbol "3 й shows a characteris
tic frequency of the primary loop. It coincides approximately 
with f2.) 

Fig. 3.8.a. shows that at the fuel assembly bending modes the 
signals of cross-core detectors fluctuate in opposite phase. One 
concludes from this finding that the coupled vibrations of 
the fuel assemblies are in response to the lateral vibration of 
the core support barrel /Wach and Sunder, 1977; Mayo and Currie, 
1977; Mayo, 1979b/.According to this conclusion the opposite 
phase of cross-core detectors at the fuel assembly bending modes 
is caused by the fuel on one side of the core bending closer 
to the detector, while the fuel on the other side bends the same 
direction but farther away from its detector. The fuel assembly 
vibrations are coupled to the core barrel motion through the 
lower and upper support plates. 

The above discussion shows that the ex-core noise caused by the 
coupled vibrations of the fuel assemblies is partly attenuation 
noise associated with a relative phase of 180° between cross-core 
detectors. Coupled vibrations,however, induce also fluctuations of the flux 



- 93 -

in the core, which in turn contribute to the ex-core noise. It 
follows from the geometry of the problem (the flux-gradients 
have opposite signs at opposite edges of the core) that this 
contribution induces fluctuations which likewise have a phase 
shift of 180° between cross-core detectors. 

That lateral fuel assembly motion contributes significantly to 
the ex-core noise was demonstrated also by Steelmann and 
Lubin /1977/ who performed ex-core measurements at Calvert 
Cliffs Unit 1. The phase shift between cross-core detectors was 
found to be 180*in the whole frequency range between 1 Hz and 
10 Hz. The authors report, however, that the direct influence 
of the CSB motion is confined to the б - 10 Hz range. Below 
6 Hz fuel assembly bending was indent!fied as the major contri
butor to ex-core noise. As regards the relative contribution 
of the different noise sources Steelmann and Lubin point out 
that less than 10% of the mean square noise in the 1 - lO Hz 
range is caused by the direct influence of CSB motion. 

The characteristic frequency of CSB lateral motion is, as a 
rule, higher than the frequencies associated with fuel assembly 
bending i.e. the coupled vibrations of the fuel are induced by 
the low-frequency part of the core barrel motion. 

Different situation was found by Fry et al. /1973, 1975/ in 
early measurements performed at the Palisades plant. In this 
case the ex-core noise was found to be more significant below 
1.5 Hz than above this value which indicated that the most 
powerful source of ex-core noise was at low frequencies. However, 
the signals of the cross-core detectors fluctuated in opposite 
phase and were very coherent in the entire 0.1 Hz to 5 Hz range. 
The coherence between ex-core and in-core detectors was negligible 
below 1.5 Hz and became near to unity between 2 Hz and 4 Hz. 
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For the discussion of these results we recall that pure CSB 
motion does not induce changes of the neutron field in the core. 
In the vicinity of the fuel assembly bending modes, however, 
the CSB motion causes coupled vibrations of the assemblies 
which in turn induce flux-fluctuations measurable by in-core 
detectors. The coupled vibrations contribute to the ex-core 
noise via the mechanism discussed in connection with Fig. 3.8.a. 

Fry et al. /1973, 1975/ and Thie /1975a/ concluded that in the 
actual case pure CSB motion took place below 1.5 Hz. In the 
2 to 4 Hz frequency range the major contributor to the correlated 
noise of the ex-core and in-core detectors was the lateral motion 
of the fuel assemblies relative to the "shaker table" represented 
by the vibrating core barrel. That the frequencies associated 
with CSB lateral motion were so low was explained by loss of 
clamping due to excessive wear /Thie, 1975a/. 

Recently Wach and Sunder /1977/ and Bernard et al. /1979/ dem
onstrated that the coherence between ex-core and in-core de
tectors increased at the fuel assembly bending frequencies. 
These results can be interpreted by the same philosophy as in 
the Palisades case. 

That the fuel assemblies execute coupled vibrations can be 
concluded also from the investigation of the coherences between 
in-core detectors located in different parts of the core. 
Numerical calculations of Mayo and Currie /1977/ show that the 
neutron response to the vibration of an individual assembly is 
very localised/ that is, if two in-core detectors are located 
in a considerable distance form each other, they respond to 
the vibrations of different assemblies . That the coherence 

Note that a simple one group diffusion approach gives the 
same result. In view of the recent calculations of Pázsit and 
Analytis /1979/ the response to a localised perturbation/ in 
a typical PWR core decreases to one-half of its peak value 
within a distance of 30 cm. 
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between distant in-core detectors shows peaks at the fuel assembly 
characteristic frequencies is a further indication of coupled 
vibrations /Mayo and Currie, 1977; Bernard et al., 1979/. Note 
that the fuel assembly eigenfrequencies appearing in the meas
urements of Mayo and Currie /1977/ and Bernard et al. /19 79/ 
corresponded to fixed end conditions. 

We stress that it does not follow from the above considerations 
that the fuel assemblies execute only such vibrations which 
are coupled in the whole core. Wach and Sunder /1977/ report 
that in the 6KN reactor a significant amount of fuel assembly 
vibration takes place independently in the different quadrants 
of the core. This conclusion was based on extensive investigations 
during the preoperational tests and on the comparison of several 
ex-core and in-core neutron noise measurements /Wach, 1979/. 
Low coherence values seen in Fig. 3.8.b. at the frequency 
values fi and f2 suggest the same conclusion. Note, however, 
that low coherence values between cross-core detectors do not 
necessarily indicate that the signals of the two-detectors are 
driven by different noise sources. Low measured coherence may 
also be the result of partial cancellation between in-phase and 
out-of-phase noise sources /Mayo, 1977/. 

In order to discuss the role and the consequences of the joint 
influence of in-phaee and out-of-phase noise sources we consider 
again a pair of cross-core detectors designated by the respective 
labels 1 and 2. It was observed by Mayo /1977/ that above 1 Hz 
the major sources of ex-core noise are either in-phase or out-of-
-phase between cross-core pairs'*'. Following Mayo's treatment we 

Lateral CSB motion and coupled fuel assembly vibrations are 
out-of-phase sources, reactivity fluctuations are in-phase 
sources, shell mode vibrations act either in-phase or out-of-
-phase. 
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consider two independent signals, one being the sum of all 
in-phase contributions to the core-signals, the other being the 
sum of all out-of-phase contributions. Designating the in-phase 
signal by X and the out-of-phase signal by Y we write the signals 
of the opposite detectors as 

S,(t) = X(t) + Y(t) + s,(t) 
/3.10/ 

S 2<t) = X(t) - Y(t) + s2(t) 

Here Si(t) and S?(t) are the respective ex-core signals. 
Whereas X(t) and Y(t) represent noise sources which 
contribute to the signals of both detectors, the noise sources 
represented by Sj(t) and s 2(t) influence only one of the 
ex-core chambers (e.g. independent vibrations of the fuel 
assemblies in the different quadrants.) 

From Eq. /3.10/ one obtains by usual techniques that 

CPSD,2(u) = APSDx(w) - APSDy(u) 

APSDi (u>) = APSDv(w) + APSDv(u>) + APSD e (u>) 

APSD2(u>) = APSDv(w) + APSDv(w) + APSD„ (u>) 
Л I S 2 

Assuming that the relation 

APSD e iu>) = APSD„ (ш) « APSD (w) /3.13/ 
SI S 2 S 

holds the coherence between the signals of the cross-core 
detectors can be written as 

/3.11/ 

/3.12a/ 

/3.12b/ 

|APSDx(w) - APSD y(u)| 
APSDv(u>) + APSDv(u) -»• APSDe(w) X Y 8 

/3.14/ 
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Significant properties of the cross-spectrum given in Eq. /3.11/ 
are the following /Mayo, 1977/: 

1/ The phase can be only 0° or 180° 
2/ The phase is 0° when APSDx(u) > APSDy(w) 
3/ Tha phase is 180° when APSDx(u) < APSDy(u) 
4/ The cross spectrum vanishes when APSD„(u>) « APSDy(w). 

Figs. 1.8.С., 2.2. and 2.8.a. demonstrate that the phase 
shift between cross-core detectors can be either 0° and 180° 
which is in accordance with the above properties. The same 
effect can be seen in Fig. 3.10. which refers to a cross-core 
detector pair at a Babcock and Wilcox 177 fuel assembly PWR 
/Mayo, 1977, 1979b/.This latter figure shows very clearly that 
the amplitude of the cross-PSD exhibits sinks at the frequencies 
where the phase shift "jumps" between 0° and 180°. He conclude 
that the experimental results confirm the assumption of Mayo 
/1977/ that the major noise sources of ex-core noise are either 
in-phase of out-of-phase between cross-core pairs. 

Eq. /3.14/ indicates that there are two different effects 
which both result in low coherence between cross-core detectors. 

1/ The coherence becomes low if major parts of the signals 
of the two detectors are driven by different noise 

2/ 

sources, i.e. 
the spectrum 
The coherence 

if in Eq. /3.14/ the contribution of 
APS08(w) is significant. 
becomes also low if the spectra of the 

in-phase and out-of-phase processes are approximately 
equal. 
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In the first case the low value of the coherence function 
reflects "true incoherence" between the signals. In the second 
case, however, the incoherence is only apparent. The signals 
of the two detectors are driven by the sane noise sources. It 
is obviously difficult to decide in an actual case which effect 
is reponsible for low measured coherences. 

A further difficulty is related to the phase shift between two 
detectors. Eq. /3.11/ shows that if the measured phase shift 
in a given frequency range is e.g. equal to 180*, it is still 
possible that quite important in-phase noise sources are "hidden 
in the same frequency range. It is obviously desirable to have 
a method which makes possible the separation of the in-phase 
and out-of-phase terms of the signals of the opposite detectors. 

In order to establish a method of separation Mayo /1977/ 
neglected the spectrum APSD (ID) in Eq./3.14/ i.e. he postu-
lated that low measured coherence between cross-core ion 
chambers can only be the result of partial cancellation between 
the in-phase and out-of-phase noise sources. With this assump
tion Egs. /3.11/ and /3.14/ can be readily solved yielding 
/Mayo, 1977/. 

* 

1 + COHizioi) 
2COHJ2(w) CPSDI2(w) , if CPSD12(ü>) > О 

APSDY(«) »< /3.15a/ 
Л ! 1 - C0H,2(w) 

2COH,2((o) |CPSD,2<»>| , i f C P S D 1 2 ( w ) < 0 
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1 - СОН | 2(ш) 
З С 0 Н 1 2 Ы C P S D > *<W>' i £ СР80„Ы) >0 

APSDy((D) = < /3.15b/ 
1 + COH12U) 

2СОН12(ь>) |CPSD12(a>> |, if CPSD,2(w) < 0 

The above relations serve to evaluate the spectra of the in-phase 
and out-of-phase processes from cross-correlation measurements 
between opposite ionization chambers. 

The coherence function shown in Fig. 3.11. refers to the same 
measurement as Fig. 3.10. Fig. 3.12. shows the in-phase and 
out-of-phase spectra evaluated from the results seen in Fig. 
3.10. and 3.11. We illustrate the expediency of the separa
tion method by the discussion of Fige. 3.10., 3.11. and 3.12. 
/Mayo, 1979b/. 

The large peak of the coherence function seen in the 7 to 11 Hz 
range corresponds obviously to the characteristic frequency of 
C CB lateral motion. Note that in this frequency range the out-of-
-phase spectrum shown in Fig. 3.12. is equal both to the ampli
tude of the cross-spectrum (see Fig. 3.10.) and to the auto-
spectra of the detector signals (not indicated). Mayo /1979b/ 
concludes that CSB lateral motion is the only significant source 
of noise in the 7 to 11 Hz range. 

Comparison with calculated eigenfrequencies and measurements 
using further detector pairs indicate that the peaks seen above 
11 Hz in Fige. 3.11. and 3.12. correspond to shell mode 
vibrations of the core support structure /Mayo, 1979b/. 

In using Eqs. /3.15a, b/ one has to consider that 
CPSDj2(w) > 0 corresponds to a phase shift of 0°, whereas 
CPSD 12(b)) < 0 corresponds to a phase shift of 180*. 
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The peak in the coherence function near to 3 Hz (Phase shift -
= 180°) is due to fuel assembly bending response to the lateral 
motion of the CSB below its characteristic frequency. Fig. 3.12. 
shows that fuel assembly bending is represented by a small broad 
peak in the out-of-phase spectrum. Inspection of the out-of-phase 
spectrum indicates that the spectrum of CSB lateral motion 
increases in magnitude with decreasing frequency in the region 
of fuel assembly bending mode. This non-white input to fuel 
assembly motion produces a slight difference between the actual 
eigenfrequency and the peak observed in the neutron response 
/Mayo and Currie, 1977/. 

Conspicuous is the rapid change of the phase shift between 180° 
and 0° in the vicinity of 6 Hz. Whereas the coherence becomes 
very low near to 6 Hz, the in-phase spectrum exhibits a well 
defined peak at this frequency. The resonance is due to a global 
oscillation associated with the moderator coefficient of reac
tivity. The low coherence near to 6 Hz is caused by cancellation 
between this in-phase noise source and the out-of-phase source 
represented by low frequency CSB lateral motion /Mayo, 1979b/. 

The separation method reveals an in-phase peak near to 12 Hz, 
that is, in a frequency range where the phase shift is equal 
to 180°. This can be explained by the dominance of CSB motion 
up to 14 Hz. Examination of all possible cross-spectra and 
coherence functions identified some ion-chamber pairs where 
this resonance appeared in the out-of-phase spectra, establishing 
it as shell mode /Mayo, 1979b/. 

An obvious difficulty of the method originates from the neglec-
tion of APSD (w) in Eq. /3.14/. Independent noise sources 

О 
influencing the two detectors jeopardize the validity of the 
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Separation, therefore other tests must be applied to evaluate 
the significance of the "true coherence" between the signals. 
One fairly simple approach - suggested by Mayo /1977/ - is to 
note that incoherence will decrease the coherence function so 
that according to Eqs. /3.15a, b/ the evaluated in-phase and 
out-of-phase spectra will become equal. A significant difference 
in the in-phase and out-of-phase spectra is one indication that 
any incoherent signal components are small. Inspection of 
Fig. 3. IP., suggests that the neutron noise signals are 
essentially free of incoherent noise below 25 Hz /Mayo, 1977/. 

The separation methods of Dragt and Türkcan /1977/ and Mayo 
/1977/ are useful tools of the identification of the sources 
of ex-core noise. However, the interpretation of the spectra 
cannot be based only on the application of these methods. For 
a complete identification of the noise sources variety of meas
urements (ex-core, in-core, displacement sensors etc.) and 
calculations are needed. 

It was mentioned in Sec. 1.2. that in the Soviet-built 
WWER-440 PWR the major source of neutron noise is the indepen
dent vibrations of the control elements. It was demonstrated 
by Grunwald et al. /1978/ that using two in-core detectors 
placed in the vicinity of a control element,the Lissajous curve 
of the lateral displacements of the element can be determined 
by neutron noise analysis. 

In order to extract the contribution of a particular element 
from the in-core signals correlation with the accelerometer 
fastened to the drive mechanism of the element was used 
/Grabner et al., 1977/. The method is based on the expectation 
that the global component of the noise driven by control 
element vibrations is negligible compared to the local component. 
For the discussion of this and related problems we refer to the 
reports of Pázsit /1977, 1978/ and Pázsit and Analytis /1979/. 
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3.3. Increase of the ex-core noise with operating time 

Fig. 3.13. shows the results of Wach and Sunder /1977/ measured 
at the GKN plant. The spectra remain basically unchanged in 
the region where lateral CSB motion is dominant (vlO Hz; cf. 
the discussion in Sees. 3.1. and 3.2.). There is, however, 
a strong increase with operating time below 8 Hz. 

Several authors concluded in recent years that the major source 
of neutron noise below 2 Hz was the fluctuation of the moderator 
temperature /Thie, 1977; Dragt and Türkcan, 1977; Robinson 
et al., 1977; Steelman and Lubin, 1977; Wach and Sunder, 1977/. 
Kryter et al. /1978/ report that the magnitudes of the temper
ature fluctuations remain reasonably constant throughout a fuel 
cycle, that is, the increase of the neutron noise below 2 Hz, 
seen in Fig. 3.13. t is due to the change of the transfer between 
the temperature noise and neutron noise. 

The increase of the low frequency neutron noise with operating 
time is illustrated also by the several NRMS versus boron 
concentration plots published in the literature /Thie, 1977; 
Dragt and Türkcan, 1977; Steelman and Lubin, 1977/. The general 
experience that these plots are linear is explained in most 
cases by a reference to the known linear relation between the 
temperature coefficient of reactivity and the boron concentration. 
(As the boron concentration decreases the temperature coefficient 
becomes more negative.) 

Note, however, that according to the discussion given in Sec. 
1.4. the neutron noise does not follow point kinetics even 
below 2 Hz (see the discussion e.g. after Eq. /1.13/). This 
result is further substantiated by Kryter et al. /1978/ who 
report that the coherence between cross-core detectors is very 
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weak in the low frequency range indicating that the temperature 
fluctuations are statistically independent in different spatial 
regions of the core. 

We conclude that a single global parameter, such as the temper
ature coefficient of reactivity, is not fully appropriate to 
represent the transfer between the temperature noise and 
neutron noise. For a detailed interpretation of the neutron 
noise driven by temperature fluctuations a space dependent 
model is needed /Thie, 1977/. 

In order to discuss the time dependence seen in Fig 3.13. in 
the 2 to 8 Hz range we recall that in the GKN plant the peak 
near to 5 Hz corresponds to fuel assembly bending (cf. the 
discussion of Figs. 3.7., A.8.a.tb. in Sec. 3.2.) . The 
reduction of the frequency of the peak seen in Fig. 3.13. is 
most probably due to irradiation induced spacer-grid relaxation. 
The corresponding increase of the amplitude of the vibration 
is further amplified by the shape of the spectrum of CSB 
motion which is the input of fuel assembly bending. As it was 
discussed in Sec. 3.2. in connection with Fig. 3.12. in the 
actual frequency range the CSB spectrum increases with decreasing 
frequency. Consequently as the bending mode frequency decreases 
the peak shifts into increasing core support structure motion 
/Mayo, 1977? Wach and Sunder, 1977/. 

It can be concluded that in the frequency range where fuel as
sembly vibrations are dominant a major part of the time dependence 
of the neutron noise is due to spacer-grid relaxation. Steelman 
and Lubin /1977/ and Robinson et al. /1977/ suggest, however, 
that a boron/burn up related neutronic effect may be also present 
in the same frequency range. 
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Mayo and Currie /1977/ and Mayo /1979b/ report an interesting 
example of time dependence which is related to the 6 Hz peak 
seen in Fig. Ó.1''.. in Sec. 3.2. Because of the dependence 
of the moderator coefficient of reactivity on boron content, 
with increasing boron content the 6 Hz resonance is gradually 
reduced to a value where it is slightly less than the out-of-
-phase noise driven by CSB motion. (Fig. Ó. l'A. refers to a 
relatively low value of boron content, when the peak is still 
slightly larger than the out-of-phase spectrum.) when at 
high values of boron content the peak is already below the 
out-of-phase spectrum the phase shift does not switch any more 
from 0° to 180° in the vicinity of 6 Hz. Whereas the switch 
to 0° is present in Fi.j. $.10. which refers to a relatively 
low boron content, it is absent in the fresh core. The in-phase 
spectrum, however, always exhibits a peak near to 6 Hz. 

3.4. Analysis of displacement and pressure signals driven 
by vibrational noise sources 

Extensive investigations using direct vibrational sensors and 
pressure gauges have been performed in recent years. The in
vestigations comprised calculations and measurements performed 
both during the preoperational tests and during operation. Meas
urements on properly designed test loops were found also be 
useful. /Basti et al., 1972; Oesterle et al., 1973; Duborg et 
al., 1974; Basti, 1974; Basti and Bauernfeind, 1975; Assedo et 
al., 1975; Bauernfeind, 1977a, b; Carre et al., 1977/. 
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As an example of this type of activity we discuss the results 
obtained at the Stade Power Plant (KKS) (German built Kraftwerk 
Union reactor, 4 loops, 600 Mw(e)). 

Fig. J.i4. shows typical sensor locations applied in the KKS 
measurements /Basti and Bauernfeind, 1975/. 

A12V-A15V are absolute displacement sensors fastened 90 е apart 
on lid screws of the pressure vessel. A similar sensor was 
used in the GKN measurement shown in Fig. Í.7. in Sec. 3.2. 
As discussed there these sensors measure vertical displacements 
at the measuring points. Pendular motions of the pressure 
vessel are detected via their vertical components. 

Rll measures relative displacement between the lower core 
support plate and the secondary core support. It serves to 
measure the net displacement between the pressure vessel and 
the core barrel. The auto-spectrum of this sensor was shown in 
Fig. 1.8.a. in Sec. 1.4. 

G03V is a velocity gauge measuring the vibration velocity of 
the lower core support plate. P01, P02 and P08 are pressure 
gauges. 

The most important task of the investigations was to establish 
correspondence between the information contents of internal and 
external sensors. (Only the latter sensors can be used during 
operation .) The results of the investigations are empirical 
relations and theoretical models which make possible to estimate 
internal vibrations from the signals of the external sensors. 

Neutron detectors are also important means of vibration moni
toring during operation. One of the aims of the referenced 
investigations was to clarify further the information content 
of the neutron noise signals. 
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It is an important result of the Investigations that the 
vibrations of the pressure vessel and internals can be repre
sented by two distinct models. One model accounts for the 
coupled pendular motion of the components, the other for the 
vertical vibrations /Basti and Bauernfeind, 1975; Bauernfeind, 
1977a/. This finding applies also for other KWU (Kraftwerk 
Union) PWRs. The eigenfrequencies indicated in Figs. 3. 7. 
and Fige. 3.8.a., b. were calculated using the respective models 
accounting for the pendular and vertical vibrations of the 
GKN reactor. 

Fig. 3.15. indicates that a rough distinction between the 
pendular and vertical modes of motion can be made by considering 
the phase shifts between the displacement sensors A12V-A15V. 
For a more detailed analysis the auto-spectra and the magnitudes 
of the cross-spectra are also needed. 

In order to illustrate the information content of the signals 
of the displacement sensors A12V-A15V w« show Fig. 3.16. 
/Basti and Wach, 1975; Bauernfeind, 1977a, b/. 

The sharp peaks at 25 Hz and at 75 Hz are both related to the 
revolution of the main coolant pumps. As discussed in Sec. 
3.2. the peak at 25 Hz corresponds to the 1500/min. revolution 
of the pumps. This excitation is brought about by the redidual 
unbalanced masses of the pumps and is mechanically conducted 
into the pressure vessel via the primary loops. The peak at 
75 Hz corresponds to the revolution of the three impeller 
blades (3 x 25 Hz • 75 Hz). This excitation propagates through 
the coolant as an acoustic wave. It excites the vertical 
vibrations of the vessel and the internals. 



- 107 -

Inspection of Fig. 1.6. and the discussion given in Sees. 
1.4. and 3.2. make obvious that the lateral motion of the 
core support barrel (CSB) is, in actual fact, a coupled pendular 
motion of several components. In the double pendulum model of 
the reactor one considers coupled CSB and pressure vessel 
(PV) movements relative to the building foundations /Oesterle 
et al., 1973/. The peaks seen in Fig. '6.16. at 13 Hz and 
21 Hz correspond to the lower and upper eigenfrequencies of 
the double pendulum model of the KKS /Oesterle et al., 1973/. 
Fig. 3.16. demonstrates that the sensors A12V-A15V are well 
suited to the monitoring of pendular vibrations. 

Discussion of the double pendulum model shows that at the lower 
eigenfrequency (13 Hz) the CSB and the PV vibrate in the 
same phase, whereas at the upper eigenfrequency (21 Hz) the 
two components move in opposite phase /Oesterle et al., 1973/. 

Let us remark that in-phase CSB/PV motion does not mean parallel 
motion of the components, i.e. the net distance between the 
CSB anä the PV does vary with time even in the in-phase mode. 
This remark explains that the 13 Hz peak appears also in Fig. 
1.8.a. in Sec. 1.4. where the auto-spectrum of the Rll sensor 
is shown. (Rll measures the relative displacement between the 
lower core support structure and the secondary core support. If 
in-phase CSB/PV motion meant parallel motion of the components 
the 13 Hz resonance would not appear in the Rll spectrum.) 

As regards the upper eigenfrequency (opposite-phase motion) 
Basti /1974/ points out two problems: 

1/ This eigenfrequency does not result in a peak in the 
Rll spectrum (cf. Fig. 1.8.a.). 
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2/ It cannot be detected in the ex-core neutron meas
urements either <cf. Figs. 1.8.b., a. Note that 
Figs. 3.7., 3.8.a.t b. indicate the same thing 
at the GKN power plant.) 

As regards the first problem Basti /1974/ remarks that the 
unexpected strong horizontal vibration of the secondary core 
support may have invalidated Rll as an appropriate gauge of 
CSB/PV relative motion in certain frequency ranges. 

Oesterle et al. /1973/ argue in a different way about the same 
problems.They claim that the opposite-phase motion is more 
influenced by viscous damping than the in-phase mode, moreover, 
that the magnitudes of the exciting forces decrease strongly 
with increasing frequency. These arguments would explain that 
the higher mode does not appear in the Rll and in the ex-core 
results. That the 21 Hz peak is so clearly visible in Fig. 3.16. 
seems to refute these arguments, however. 

Note that it is rather unexpected that the counter-motion of 
the core barrel and the pressure vessel cannot be detected by 
neutron noise analysis. Intuitively one would think that this 
mode contributes more significantly to the ex-core noise than 
does the lower eigenfrequency mode related to the in-phase 
motion of the two components. 

The same heuristic way of thinking is behind the elementary 
approach which attributes the CSB resonance of the ex-core noise 
to the single pendulum motion of the CSB relative to the im
movable PV. The single pendulum notion of the CSB vibration, 
however, corresponds to the opposite-phass mode of the double 
pendulum model which, according to the above cited investigations, 
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does not с« гtribute to the ex-core signals. According to these 
investigations the resonance appearing in the ex-core spectrum 
is, in actual fact, the in-phase eigenfrequency which cannot be 
inferred from the single pendulum model. This would suggest 
that the single pendulum model is totally inadequate for the 
interpretation of the ex-core noise driven by CSB lateral 
motion. Further investigations are needed, however, to decide 
whether this conclusion is valid. 

The resonance near to 40 Hz in Fig. 2.16. is due to the hori
zontal vibration of the secondary core support (SCS). That the 
horizontal vibrations of this component drive the A12V signals 
indicates that these vibrations are coupled with the pendular 
motion of the pressure vessel. In order to account for this 
resonance Bauernfeind /1977a, b/ replaced the CSB/PV double 
pendulum model with a CSB/PV/SCS triple pendulum model. The 
resonance seen in Fig. 3.16. леаг to 13 Hz, 21 Hz and 40 Hz 
correspond to the eigenfrequencies of the triple pendulum model 
of the KKS reactor /Bauernfeind,1977a, b/. 

Originally the resonance corresponding to SCS vibration was 
at 37.5 Hz. Due to loosening of the attachment between the SCS 
and the PV the resonance shifted gradually to 35 Hz. The resonance 
appeared at 39.5 Hz after the SCS had been refastened. It is 
remarkable that the changes due to loosening and refastening were 
detectable by noise analysis /Bauernfeind, 1977a, b/. 

Let us discuss now the information content of pressure fluctua
tions /Bauernfeind, 1977a, b/. The pressure noise in the reactor 
and in the primary system can be divided into two parts. The 
far-field pressure noise is well correlated between different 
positions within the primary system. It propagates at the speed 
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of the sound through the loops. The near-field pressure noise, 
on the other hand, has a small correlation length. The near-
field noise measured at a given position is generated by flow 
turbulence in the vicinity of the measuring point. 

Because the near-field noise is due to flow turbulence its 
spectrum is white, or at least smooth in a very broad frequency 
range. The far-field spectrum exhibits sharp peaks, that is,the 
far-field pressure noise consists of nearly periodic excitations. 
Practical procedures for the separation of the two components 
can be based on their spectral differences. 

As regards vibrations the near-fieId noise plays the role of 
a white (or at least smooth) stochastic excitation. In order 
to establish models of reactor vibrations the experimental and 
theoretical study of the near-field noise is necessary 
/Bauernfeind, 1977a, b/. 

The far-field noise, on the other hand, playc a double role 
concerning vibrations. It induces, but it can also be induced 
by vibrations. (As a matter of fact far-field pressure noise 
is in most cases induced by mechanical vibrations of the compo
nents.) Remarkable is the strong feedback between mechanical 
vibrations and pressure noise. The pressure noise induces 
mechanical vibrations which in turn induce far-field fluctua
tions of the pressure signals. 

In order to illustrate the feedback mechanism we show in 
Fig. г.17. the auto-spectra of the sensors G03V and P02 meas-
ureavat Tirferent times after the main coolant pumps were 
switched off during preoperational measurements at the KKS plant 
/Bauernfeind, 1977a, b; Basti and Bauernfeind, 1975/. At t = 0 
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when the pumps still work at full speed the 75 Hz peak - discussed 
in connection with Fig. 3.16. - can he seen in both spectra. As 
the revolution of the pumps becomes gtadually slower the excitation 
caused by the impeller blades shifts to lower frequencies. As a 
consequence the GC3V spectrum exhibits marked peaks at the times 
when the downward shifting excitation hits at a vibrational 
resonance of the system. 

The spectra of the outlet-pressure are shown in the right side 
of the figure. One would expect that the '/ 5 Hz peak becomes 
gradually broader with increasing time. The figure shows that 
the system resonances excited by the downward shifting pressure 
excitation in turn excites strong pressure fluctuations via 
the feedback between mechanical vibrations and pressure. Note 
that the above pump shutdown test is one of the means of deter
mining system resonances from pressure noise measurements 
/Basti and Bauernfeind, 1975; Bauernfeind 1977a/. 

Fig. 3.18. shows pressure spectra measured in the annular gap 
between the core barrel and the pressure vessel (P08 cf. Fig. 
3.14.). The curves illustrate the spectral differences between 
the far-field and the near-field components of the pressure 
noise. 

The upper curve corresponds to the operation of all the four 
coolant pumps. This curve is basically smooth, only a few peaks 
of the far-field contribution can be seen. In order to use the 
near-field spectrum as the input of e.g. a pendular model, the 
peaks are to be removed by smoothing the spectrum. 

The lower curve corresponds to the operation of only one coolant 
pump. Due to the lower flow turbulence the structure of the 
far-field pressure noise emerges very clearly. 
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The near-field noise does not contain information about the vibra
tions. Consequently those measuring points are suitable for 
vibration detection via pressure signals where the flow is 
relatively quiet, that is, the contribution of flow turbulence 
is relatively small. The pressure transducer at the inlet (POD 
obviously satisfies this requirement. It is a further advantage 
of this transducer that, contrary e.g. to P08, it can be used 
also during operation. 

Fig. 3.19. shows the spectrum measured by the sensor POl during 
the operation of the KKS plant /Bauernfeind, 1977a, b/. The 
peaks appearing at the frequencies 13 Hz, 21 Hz and 37.5 Hz 
indicate that, the pendular motions discussed in connection with 
Fig. 3.16. drive far-field pressure fluctuations at their 
eigenfrequencies. It is comprehensible that the counter motion 
of the CSB and the PV excites stronger pressure fluctuations 
than the two other modes. (37.5 Hz as the resonance charac
terizing SCS motion .shows that Fig. 3.19. refers to an earlier 
time than does Fig. 3.16. where the SCS frequency was near 
to 40 Hz.) 

Similarly as in Pig. 3.16., the peaks seen at 25 Hz and at 
75 Hz in Fig. 3.19. are related to the revolution of the main 
coolant pumps. The nature of the two peaks is different though. 
As mentioned earlier the 75 Hz peak is induced by the revolving 
impeller blades. At this frequency we have an acoustic wave 
propagating along the primary system. Fig. 3.16. indicates 
that this pressure resonance induces mechanical (vertical) vi
brations which are measurable by the sensors A12V-A15V. The 
25 Hz resonance, on the other hand, is a mechanical excitation 
which - according to Fig. 3.19. - induces pressure fluctuations 
in the primary system. 
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Investigations performed at the KKS plant /Bauernfeind, 1977a/ 
showed that the peaks of the displacement and pressure noise 
which during operation appear in the 45 to 65 Hz range (cf. 
Figs. 3.16. and 3.19.), appear during the preoperational tests 
in different frequency ranges depending on the actual values 
of the temperature and the pressure. Between the values 60 C°, 
32 bar and 315 C°, 155 bar the resonance frequencies shift 
downward with about 40%, which correlates well with the cor
responding change of the sound velocity. It is concluded that 
the peaks seen in Fig. 3.19. between 45 Hz and 65 Hz correspond 
to standing pressure waves in the primary tabes /Bauernfeind, 
!Э~""э, b/. The corresponding structure in Fig. 3.16. represents 
vaiti.cal vibrations induced by the pressure waves. 

He close the discussion by pointing out an important difference 
between pendular and vertical vibrations. Pendular vibrations 
are driven by a smooth pressure spectrum therefore the peaks 
seen in the displacement and pressure spectra correspond to the 
el genfrequencies of the pendulum. Vertical vibrations, on the 
other hand, are driven partly by far-field pressure fluctuations 
(such as standing waves, 75 Hz etc.) therefore the displacement 
spectrum exhibits peaks both at the system resonances and at 
the resonances of the pressure input. 

The discussion of Fig. 3.19. indicates that the analysis of 
the far-field pressure component is a helpful tool of vibration 
monitoring. 



Figure captions 

Fig. 3.1. Comparison of the coherences of cross-core (180°) 
and non-opposed (60°) ion chambers /Mayo, 1977/. 

Fig. 3,'A. Phase shift between the pairs of cross-core detectors 
indicated in Fig. 1.4. /Kryter et al., 1978/. 

Fig. 6. 3. Coherences between the pairs of cross-core detectors 
indicated in Fig. 1.4. /Kryter et al., 1978/. 

Fig. 3.4. Typical behaviour of the phase shifts when the 
predominant direction of the barrel motion lies in 
the range within +45° around the vertical line 
indicated in the figure /Wach and Sunder, 1977; 
Espefält et al., 1979/. 

Fig. 3.Ő. The core noise contribution Aj and the core 
motion contribution A 4 in comparison with auto-PSD 
minus background (Borssele PWR; Oragt and Türkcan, 
1977). 

Fig. 3.6. Noise spectrum components around 12 Hz, viz. the 
core noise contribution At and the core motion 
terms A 2, A] and А ц. (Borssele PWR; Dragt and 
Türkcan, 1977.) 

Fig. 3. 7. Coherence between an ex-core neutron detector and 
a displacement sensor attached to a lid screw of 
the pressure vessel. The locations of the displacement 
sensors are indicated by A12V - A15V in Fig. 3.14. 
(Neckarwestheim Power Plant (GKN); Wach and Sunder, 
1977). 



Fig. 3.8. Results of correlation measurements between 
cross-core detectors and detectors located one 
above the other at the same side of the core (GKN; 
Wach and Sunder, 1977) . 
a/ Phase shifts 
b/ Coherences 

Fig. 3.9. Phase shifts between ex-core detectors typical of 
an ovalisation shell mode of the core support barrel 
/Wach and Sunder, 1977; Espefält et al., 1979/. 

Fig. 3.10. Amplitude and phase shift of the cross-spectrum 
between cross-core detectors /Mayo, 1977, 1979b/. 

Fig. 3.11. Coherence between cross-core detectors /Mayo, 1977, 
1979b/. 

Fig. 3.12. Spectra of the in-phase and out-of-phase processes 
evaluated from Fige. 3.10., S.U. via Eqs. 
/3.15a, b/ /Mayo, 1977, 1979b/. 

Fig. 3.13. Time dependence of the ex-core neutron spectrum 
during a fuel cycle (GKN; Wach and Sunder, 1977). 

Fig. 3.14. Typical locations of the displacement and pressure 
sensors used in the investigations at the Stade PWR 
(KKS) /Basti and Bauernfeind, 1975/. 

Fig. 3.16. Behaviour of the phase shifts between the displace
ments sensors A12V - A15V for different types 
of vibrations of the vessel /Basti and Bauernfeind, 
1975/. 



Fig. 3.16. Autospectrum of the sensor A12V measured during 
operation (KKS; Basti and Wach, 1975; Bauernfeind, 
1977a, b). 

Fig. 3.17. Auto-spectra of the sensors G03V and P02 meas
ured after switching off the four pumps during the 
preoperational tests of the KKS /Basti and 
Bauernfeind, 1975; Bauerfeind, 1977a, b/. 

Fig. 3.18. Pressure fluctuations measured during the preoper
ational tests of the KKS with one and with four purps in 
operation. /Bauernfeind, 1977a/. 

Fig. 3.19. Auto-PSD of the sensor P01 measured during oper
ation (KKS; Bauernfeind, 1977a, b). 
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