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Abstract 

A f i l i a l blockage of the cooli.ig channels of a fuel element in a swimming 
pool iic.ctor could kad to vapour generation s»nd to burn-out. To detect such 
anor-.jies, a pattern recognition algori'nm Wased on power spectra density 
(PSD^ proposed by Piety was father dc'fioped and implemented on a PDP 
11/23 f"r on-line applications. This algorithm identifies anomalies by mea
suring the PSD on the process signal and comparing them with a standard 
baselin- previously formed. Up to 8 decision discriminants help to recognize 
spectral changes due to anomalies. 

In our application, to detect boiling as quickly as possible with suffi
cient st-hsitivity, Piety's algorithm was modified using overlapped Fast-Fourier-
Transform-processing and the averaging of the PSDs over a large sample of 
preceed:ng instantaneous PSDs. This processing allows high sensitivity in 
detecting weak disturbances without reducing response time. 

The algorithm was tested with simulation-of-boiling experiments where 
nitrogen in a cooling channel of a mock-up of a fuel element was injected. 
Void fractions higher than 30% in the channel can be detected. In the case of 
boiling, it is believed that this limit is lower because collapsing bubbles could 
give rise to stronger fluctuations. The algorithm was also tested with a boiling 
experiment where the reactor coolant flow was actually reduced. The results 
showed that the discriminant D5 of Piety's algorithm based on neutron noise 
obtained from the existing neutron chambers of the reactor control system 
could sensitively recognize boiling. The detection time amounts to 7-30 s 
depending on the strength of the disturbances. Other events, which arise 
during a normal reactor run like scrams, removal of isotope elements without 
scramming or control rod movements and which could lead to false alarms, 
can be distinguished from boiling. 

Another aspect of this work was the clarification of the applicability of 
Cerenkov light as a tool for boiling detection. Cerenkov light signals are more 
sensitive than neutron noise for detecting anomalies in cooling channels. How
ever, a practical handicap to the operators is the installation of a surveillance 
system using Cerenkov light. Moreover, gas bubbles arising a certain distance 
away from the top of the core would not be detected. 
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Zusammenfassung 

Eine partielle Blockage von Kühlkanälen eines Brennstoffelementes des Swim-
ming-PooI-Reactors SAPHR am "Paul Schcrrer Institut" kann zu einem "Burn
out" führen. Gemäss den Empfehlungen der "Hauptabteilung der Schwei
zerischen Kernkraftwerke" wurde Piety's Algorithmus weiterentwickelt und 
in eine PDP 11/23 für on-line Anwendungen implementiert. Dieser Algo
rithmus identifiziert Anomalien, indem Leistungsdichtespektren des Signal
prozesses gemessen werden und mit einem Referenzspektrum, der vorher bes
timmt wurde, verglichen werden. Acht Entscheidungsdiskriminanten dienen 
zur Feststellung von Abweichungen. 

Bei der Erfassung von Sieden in Kühlkanälen geht es darum sie möglichst 
schnell zu detektieren. Deshalb wurde Piety's Algorithmus modifiziert, indem 
eine ganz spezielle Leistungsspektrum-Messtechnik angewendet wurde. Hier 
weisen aufeinanderfolgende Kurzeitspektren einen hohen Oberiappungsgrad. 
Die Leistungsspektren, die im Algorithmus zur Anwendung kommen, werden 
über eine grosse Anzahl vorhergehender Kurzzeitspektren gemittelt. Dieses 
Vorgehen führt zu einer hohen Empfindlichkeit in der Detektierung von Störun
gen mit dem Vorteil, die Ansprechzeit klein zu halten. 

Der Algorithmus wurde an Siede-Simulationsexperimenten getestet. Hier 
wurde im Leistungsbetrieb in einem Kühlkanal einer Atrappe eines SAPHIR-
Brennstoffelementes Stickstoff durchgelassen. Der Algorithmus reagierte erst 
dann, als der Voidanteil im Kanal ungefähr 30% betrug. Im Falle von Sieden 
wird vermutet, dass diese Grenze niedriger ausfällt, da dass Kollabieren von 
Dampfblasen Anlass zu grösseren Schwankungen im Neutronenrauschen geben 
könnte. Der Algorithmus wurde auch noch an einem Experiment ausgetestet, 
wo der Durchfluss des Kühlflusses durch den Kern gedrosselt wurde bis er
ste Anzeichen von Sieden in Kühlkanälen auftraten. Auch hier zeigte es sich, 
dass die meisten Diskriminanten (vor allem D5) des Piety-Algorithmus recht 
empfindlich reagierten. Andere harmlose Ereignisse wie z.B. Kontrollstabver
stellungen, die einen falschen Alarm auslösen können, werden vom eigentlichen 
Sieden unterschieden. 

Ein anderer Punkt war die Möglichkeit des Cerenkovlichtes zur Siedede-
tektierung abzuklären. Die Arbeit zeigte, dass Cerenkovlicht empfindlicher 
gegenüber Gasen in Kühlkanalen ist als das Neutronenrauschen . Jedoch bildet 
die Installierung von Fernsehkameras ein Hinderniss für die Operateure. 
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Chapter I 

Introduction 

1.1 General 

In the past few years, noise analysis techniques have been widely investigated 
to develop surveillance methods for diagnosing abnormal states of operation 
in nuclear reactors. The goal is to prevent destruction of reactor components 
and instrumentation and to avoid also long and costly downtimes and also to 
minimize possible radiation exposure to the public. 

Various noise monitoring methods such as noise analysis, where the detec
tion of anomalies is obtained from the fluctuating reactor signals, and pattern 
recognition techniques are used. In the latter case, statistical descriptions are 
introduced to automatically recognize significant changes due to anomalies in 
noise signatures such as power spectral density (PSD) functions or coherence 
functions. 

Recently, expert systems first developed for market research are finding 
increasing application in nuclear technology. Here one attempts to overcome 
the disadvantages of human experts, who, for example, are expensive and not 
available the whole day. These systems require the efficient storage of the 
proper knowledge for the judgment of faulty behaviour of the plant. 

The suitability of surveillance systems depends on different qualifications 
such as detection sensitivity to real anomalies, low false alarm rate, ability 
to process the signals in real time (usually on a mini-computer), detection 
of anomalies as quickly as possible, use of existing plant sensors for signal 
diagnosis, etc. 

1.2 Description of the Problem 

The light water moderated swimming pool research reactor SAPHIR of the 
Paul Scherrer Institute ( £ S I) »» normally operated at a power of 10 MW. 
Figure 1 shows a cross-section of tht> reactor with the movable bridge to which 
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2 CHAPTER I. 

the grid plate supporting the core is fixed. In Figure 2 a top view of the reac
tor is shown. A top view of the grid plate having 9 x 9 = 81 drill-holes, where 
standard elements containing the fuel or isotope elements are inserted, is de
picted in Figure 3. Isotope element positions are used to irradiate substances 
such as iodine or silicon for hospitals and industry. (The irradiation of mate
rials represents one of the most important activities at the SAPHIR reactor, 
together with the production of neutron beams for scattering experiments). 
In Figure 4, a cross-section of the grid plate is shown. Only three standard 
fuel elements are depicted. During a reactor run not all grid locations are 
used. Figure 5 shows a typical core assembly. The beryllium elements serve 
as reflector elements for the neutrons and the regulation elements are special 
fuel elements containing the control rods used to adjust the multiplication rate 
of neutrons in the reactor. 

Under the grid plate, a funnel accumulates the cooling water, which is 
sucked in by two pumps. The downwards cooling flow through the whole core 
(fuel elements and grid plate) amounts normally to about 200 1/s. 

Figure 6 represents a standard element, which contains 23 fuel plates. The 
fuel ("meat") in the plates is a UA1„/A1 alloy clad in aluminum. UA1X/A1 
consists mainly of UAI3, but also contains UAI2 and UAI4. The water gaps 
between the fuel plates serve as cooling channels. A risk study performed for 
SAPHIR showed that foreign substances, such as heavy plastics or screws, 
which can fall into one or several fuel elements, may cause a partial blockage 
of the forced down-stream cooling flow in the water gaps. Depending on the 
degree of the blockage, local boiling in the water gaps could occur, which may 
lead to local dry-out and melting of the fuel plates. Photographs No. 1-3 
depict the extent of destruction of a physical burn-out accident at the Siloe 
reactor in Grenoble [1]. The reason for this accident was probably a flake of 
paint falling from the ceiling into the core. 
Photograph No. 1 shows how the cladding bulges at the top of the fuel element 
whe-e the cooling water is sucked in. Not only fuel plates were destroyed, 
but also a side-plate (photograph No. 2). Photograph No. 3 shows how the 
cladding of the fuel plates with the numbers 2, 3, 4, 5 and 6 (numbered as on 
photograph No. 1) is for the most part melted away. In 1973, a similar accident 
happened at the SAPHIR reactor; hence the Swiss Nuclear Safety Authority 
attempted to develop an on-line surveillance system to detect boiling. Such 
accidents signify no serious danger for the attendants of the reactor [1,2] and 
no danger at all for the environment. However, such events involve rather 
long interruptions in the operation of the reactor (decontamination of the 
pool water, clarification of the circumstances of the accident) and significant 
costs of damaged fuel elements. 

The purpose of the following work is a study of the use of an on-line 
surveillance system for SAPHIR utilising Piety's algorithm on the one hand, 
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and a further investigation on the usefulness of the change in Cerenkov light 
signals in boiling situations on the other hand. 
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Photograph No. 2 
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Photograph No. 3 

(N.B. The above pictures are copies taken from photos taken 20 years ago; 
the originals are no longer available) 
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Fig. 1 Cross-section of the reactor 
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Fig. 2 Top view of the reactor 
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Chapter II 

Boiling Heat Transfer in Water Gaps of Fuel Ele
ments 

11.1 Introduction 

Before describing the boiling simulation experiments in the next chaoter it is 
important to point out some mechanisms which may result in a burn out situ
ation. The purpose is not to provide a complete description of all phenomena 
but rather to show basic principles, which may lead to a destruction of the 
fuel plates. 

11.2 Basic m e c h a n i s m s of the burn-out 

In practice (e.g. for the design of boilers and refrigerators) one usually assumes 
that, if the coolant liquid reaches the saturation temperature, boiling begins. 
In the present case of forced convection heat transfer with large differences 
in temperature between the fuel plates and the cooling liquid, this premise is 
not valid. Here toiling starts before the cooling liquid reaches the saturation 
temperature. This phenomenon is known as subcooled boiling and is caused by 
the fact that the temperature near the fuel plates is higher than the saturation 
temperature (Figure 1). Small vapour bubbles form on the wall but collapse 
near the surface of the fuel elements (nucleate boiling). With increasing length 
of the coolant channnel, the difference between saturation temperature and 
temperature of the coolant decreases. Bubbles break away into the coolant 
where they may swim freely and condense slowly. The bubbles may be so 
numerous that insufficient liquid can reach the heated fuel plates and a vapour 
film (film boiling) completely or partially blankets the surface permanently. 
This phenomenon poses a limitation on heat transfer from the fuel plates to 
the forced coolant and is known as departure from nucleate boiling (DNB) or 
burn-out. The corresponding heat flux at this point is called the critical heat 
flux (CHF). In reactor operation such a situation must be avoided. Burn-out 
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is accompanied by a sudden drop in the boiling heat transfer coefficient and a 
large temperature rise in the heated walls of the fuel plates, which may cause 
their destruction. 

11.2.1 Flow instabilities 

Burn-out mechanisms are in reality more complex lhan discussed in the previ
ous section. In many cases flow instabilities reduce the CHF below the value 
obtainable with stable flow. This observation can be ascribed to sudden re
ductions of the flow rate through the cooling channel resulting in a premature 
burn-out. 

Flow instabilities can be divided into two main categories namely excursive 
and oscillatory instabilities. Excursive instabilities (also known as Ledinegg 
instabilities) can be understood from Figure 2. This figure shows the pressure 
drop across a cooling channel versus flow rate; such an "S shaped" characteris
tic may result under certain conditions [10]. Assuming a single cooling channel 
parallel with many others, which has an initial flow rate w and pressure drop 
Ap given I y point 1 in Figure 2. If in this single channel a small reduction 
in the flow rate occurs, the flow rate could decrease further until point 3 is 
reached, since Ap remains constant in this multichannel system. The lower 
flow rate at point 3 can lead to a premature burn-out. 
The oscillatory instabilities mentioned above are classified into two categories 
namely density wave and pressure drop oscillations. The latter instabilities 
appeared to be important in a downflow [13]. 

Density wave oscillations [3,6,7] are attributed to the multiple feedbacks 
between the flow rate, vapour generation rate and pressure drop in a cooling 
channel. In Figure 3 an example of density wave oscillations of the flow rate 
resulting in a burn-out of the cooling channel is shown. 

11.2.2 Effect of dissolved gases on boiling 

The presence of dissolved gases in water could also limit heat fluxes in cooling 
channels and damage of the fuel plates [9,12,14] could occur. Figure 4 shows 
how dissolved gases have a decisive role in the formation of the first bubbles. 
The dissolved gases reduce the heat flux for the onset of nucleate boiling 
($ONB) by a factor as large as three. 

At the SAPHIR reactor, several experiments indicated that dissolved gases 
could also be a significant factor for the onset of nucleate boiling. In September 
1986 [16] an experiment at SAPHIK. was performed in which the coolant flow 
rate through the reactor was reduced in steps until the first Cerenkov light 
shadow effects appeared in a water gap. This was interpreted as being caused 
by local boiling. The measured heat flux of nucleate boiling (*ONB) was 1/3 of 
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the calculated one from the existing thermohydraulic program for the SAPHIR 
reactor. An analysis of the gaseous content of the pool water showed that it 
was almost saturated with gases. Table 1 gives the compositions of gases after 
the reactor had been in operation for one week. 

Some calculations can now be made to give a better understanding of how 
noncondensable gases which are dissolved in the water could reduce the heat 
flux for the onset of nucleate boiling (•ONB)-

Nucleation of bubbles occurs preferentially in smzll cavities on the heating 
surface (Figure 5). In a simplified model of the situation, it is postulated that, 
if the temperature of the liquid surrounding the top of the bubble exceeds that 
needed for a bubble of radius r to remain in equilibrium (T9), the bubble may 
grow further and depart [8j. The temperature Tg is given by [5] : 

Tj = TM+ . / Inl 1-r ) (II.l) 

where : 

T = 

R = 

a = 

Temperature of the bubble 

Saturation temperature 

Universal gas constant 

Surface tension 

*/» = 

M = 

P/ = 

r = 

Latent heat of vaporization 

Molecular weight of water vapour 

Pressure in liquid space 

Bubble radius 

The liquid temperature distribution near the heated wall can be approxi
mately written in the form: 

Ti(r) = TW- (II.2) 



12 CHAPTER II 

where : 

Tw = wall temperature 

Ti(r) = water temperature at distance r (r near the wall) 

$ = heat flux 

kj = thermal conductivity of liquid phase 

Figure 6 depicts two water temperatrres T*(T) and T*(r) for two different heat 
fluxes $ a and $* respectively ($„ > $4). The bubble equilibrium temperature 
Ta is also shown. Bubbles arise and grow as soon as the line representing the 
water temperature (T,) intersects with Tg(r). 
The coordinate of the intersection point on the r-axis is called the critical 
radius (j/'). This means that nucleation occurs in all the cavities which have 
a mouth radius larger than y'. In the presence of dissolved gases in water the 
water equilibrium temperature Tg(r) can be corrected as [5]: 

Tf(r) = T„t + £ i £ g £ - ln(l + ( 1 ^ - - M ) (H.3) 
ijgM \ \p/r pjjj 

where pa is the partial pressure of the gas in the bubble. pa <\ wends on the 
concentration wg of dissolved gas in the water surrounding the oubble and on 
the temperature of the bubble. In the range of validity of Henry's law wa is 
given by : 

pa = Hwa (II.4) 

where H is Henry's constant. 
It is difficult to determine the partial pressures of the gases in the bubble 

owing to the presence of temperature gradients near the bubble (Figure 7). 
Also the gas diffuses at finite rates from the water into the bubble [5]. 

Torikai [15] found experimentally that the temperature (Tg) could be re
duced at most by 2°C due to the presence of dissolved gases in water at a 
liquid pressure of 1 bar. The intersection point in Figure 6 is then 2°C lower 
than that without gases in water. Near the wall, eq. (II.2) becomes 

Ti(r) a Tw (lib) 

This means that the wall temperatures can be decreased by about 2°C. 
The heat flux for the ONB is given in S.I. units by [1] : 
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where : 

* O N B = 1 5 . 6 p 1 1 5 6 ( A r ^ (II.6) 
V /ONB 

p = pressure of the water 

ATM= Tw-T, 

T, = saturation temperature 

• = heat flux to cause boiling 

For a 2°C lower wall temperature, the ratio of the ONB heat flux considering 
the effect of dissolved gas ($QNB) t o l^ e n e a t ^ u x w i th°u t taking into account 
the dissolved gases ($ONB) is given by (p « 1.6 bar, AT*,, ss 6°C [17]) : 

a t m/^Fi£)a
m,M ( I l T > 

*ONB V &r„, / 



14 CHAPTER II. 

References 

[1] Bergles A., Rohsenow W. (1963). "The Determination of Forced Convec
tion Surface Boiling Heat Transfer". (Paper 63-HT-22. Paper presented 
at the 6th National Heat Transfer Conference of the ASME-AICHE held 
at Boston) 

[2] Bergles A., Rohsenow W. (1964). "The Determination of Forced Con
vection Surface-Boiling Heat Transfer". J. Heat Transfer, Trans. ASME 
86:365-372 

[3] Boure J., iSergles A., Tong L. (1973). "Review of Two Phase Flow 
Instability", Nad. Eng. Design, 25, pp. 165-192 

[4] Brown W.T. (1967). "A Study of Flow Surface Boiling", Ph. D. Thesis, 
M.I.T., Mech. Engng. Dept. 

[5] Collier J. (1972). "Convective Boiling and Condensation". Mc Graw-
Hill, New York. 

[6] Collins D., Gacesa M., Parson C. (1971). "Study of the Onset of Pre
mature Heat Transfer Crisis Daring Hydrodynamic Instability in a Full 
Scale Reactor Channel", ASME Paper No. 71-HT-ll 

[7] Griffith P., Maulbetsch J. (1966). "System Induced Instabilities in Forced-
Convection Flows with Subcooled Boiling", Proc. 3rd. Int. Heat Trans
fer Conf., Chicago, Vol. 4, pp. 247-257 

[8] Hsu Y. (1962). "On the Size of Range of Active Nudeation Cavities on 
a Heating Surface", Trans. ASME J. of Heat Transfer, 84,207 

[9] Kreith F., Summerfield M. (1950). "Pressure Drop and Convective Heat 
Transfer with Surface Boiling at High Hi»at Flux", Trans. ASME, Vol. 
72, No. 6 

[10] Ledinegg M. (1938). "Instability of Fin* Daring Natural and Forced 
Circulation". Die Warme, pp. 891-898 

[11] Mayinger F. (1975). "Blasenbildung und Warmeubergang beim Sieden 
in freier und erzwungener Konvektion", Chcmie-Ing.-Techn. 47, No. 18, 
pp. 737-782 

[12] McAdams W., Kennel W., Minden C , Carl R., PicroneU P., Dew J. 
(1949). "Heat Transfer at High Rates to Water with Surface Boiling", 
Ind. Eng. chem., Vol. 41, No. 9, pp. 1945-1953 



IS 

[13] Mishima K. (1984). "Boiling Burn-oat at Low Flow Rate and Low Pres
sure Conditions". Ph. D. Thesis, Research Reactor Institute, Kyoto 
University 

[14] Rohsenow W. (19S2)."Handbook of Multiphase Systems", pp. 6.5-6.47, 
McGraw-Hill, N«w York. 

[15] Torika K., Schimamune H., Fujishiro T. (1970). "The Effect of the Dis
solved Gas Content Upon Incipent Boiling Super Heats". Heat transfer 
1970; 4th Int. Heat Transfer Conf., Paris-Versailles, Vol. 5, paper B2.ll. 

[16] Winkler II. (1986). "Siedeexperiinent worn 5. September". TM-53-86-04 

[17] Bucher K. (1979). Thermohydraulische Untersudmngen und ONB-
Rechnungen fur die Brenndemente des Reaktors SAPHIR". TM-IN-651 

http://B2.ll


£ 
* 
3 

H, 
N, 
0 , 
Ar 

CO, 

Concentration in 
the pool water 

(n»j/k(i«,o) 

0.34 
11.5 
11.4 
0.42 
1.1 

Concentration of Nj, Oj and 
COj in water in equilibrium 
with the Atmosphere at 1 bar and 
30"C (Landolt-Bornitein, 1923) 

12.9 
8.1 
— 
0.4 

Table 1 » Dissolved gases in the pool water of the reactor SAPHIR at a depth 
of about lot (temperature * 30*C , pressure *> I bar) one week after start-up 
of the reactor (equilibrium conditions). 

r«. 

Heated surface 

a> 

Tig. 1 Representation of subcooled boiling (4). 
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MASS riOW AATt.w 

Fig. 2 t Value of Ap as a function of 
flow rate of an excursive instability. 
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Fig. 3 Pressure drop oscillations due to 
density wave oscillations [13]. 
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Fig. 5 Formation of bubbles in cavities 
of the heated wall [14]. 

Fig. 7 Temperature field of a growing 
bubble (p=0.4 bar,^ = 46 W/cmx)[ll]. 

oo 

Fig. 6 Formation of bubbles of vapour over cavities with 
a cavity mouth radius r larger than y' [2]. 



Chapter III 

Observables Usable for Detecting Anomalous Reac
tor Conditions 

111.1 Introduction 

The sensitivity of a surveillance system depends strongly upon the choice of 
the fluctuating observables which are generally referred to as reactor noise. 
Different possibilities can be chosen such as neutron noise, temperature fluc
tuations, acoustic noise and Cerenkov radiation. 

Two methods, namely the analysis of acoustic noise and neutron noise, 
have been used successfully in many reactors to identify anomalous processes 
[1,2,3,4]. The detection of boiling based on acoustic noise rests on the observa
tion that vapour bubbles produced at the surface of the fuel plates generate a 
characteristic sound when they collapse into the sum unding subcooled water. 
Behringer et al [5] demonstrated, however, that at the reactor SAPHIR, neu
tron noise signals deliver more unequivocal signals in comparison with acoustic 
signals. Accordingly, acoustic signals have not been considered in this work. 

Another observable, which is also a useful tool for detecting anomalous 
reactor conditions prevailing in SAPHIR, is the Cerenkov radiation from the 
core. This work will only deal with the investigation of Cerenkov radiation 
and neutron noise. Before proceeding with some boiling experiments, it is 
necessary to give some brief explanations about the evolution and nature of 
the Cerenkov radiation which is not so well known in reactor noise analysis as 
neutron noise is [6]. 

111.2 Cerenkov radiation 

Cerenkov radiation is produced in a refracting medium if a charged particle 
travels at a velocity greater than the phase velocity in that medium. The 
medium is polarized in the environs of the charged particle and, if the charged 
particle leaves this region, the conditions are reestablished by the emission 
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of light. This point will now be explained. In Figure 1 a cross-section of an 
amorphous medium, where the molecules are represented by circles or ellipses, 
is given. A charged particle polarizes the molecules (elliptical shapes in Fig. 1) 
by disturbing slightly the atomic electron orbits, so that molecules develop a 
positive charge at one end and a negative one at the other. A dipole moment, 
which is the sum of the contributions from the polarized molecules, is devel
oped at the location of the charged particle. After the passage of the electron, 
the local polarization in this region vanishes. It is the creation and decay of 
this dipole moment that produces the Cerenkov radiation. 

When the charged particle moves with a velocity which is lower than the 
velocity of the emitted spherical wavelets from different positions along the 
track of the charged particle, the wavelets do not form a coherent wavefront 
(Fig. 2a). But if the velocity of the charged particle exceeds the velocity of 
light in the medium, that is : 

t; > c/n (III.l) 

where : 

v = velocity of the charged particle 

c = velocity of light in vacuum 

n = refractive index of the medium 

the waves create a wavefront (Fig. 2b) similar to the shock wave of an object 
travelling through the air at a speed higher than that of sound. 

The waves of the Cerenkov radiation form a wavefront-cone with a char
acteristic angle called the Cerenkov-angle (Fig. 2a), which is given by the 
relation : 

c o s ( 0 c ) = - i - (III.2) 
D • n 

where : 

B = v/c 

Since cos(dc) is limited to 1, the threshold velocity for each medium is given 
by: 

"min = c/n (III.3) 

below which no Cerenkov radiation is produced. 
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III.2.1 Cerenkov radiation spectrum 

The number of photons emitted per unit path length may be written as [9] : 

™'*-4^LA1-•*&*)••*•* (,II4) 

where : 

A = wavelength 

h = Planck's constant 

e = electron charge 

Since n(A) could be regarded as approximately invariant with A [10], the num
ber of photons per path length emitted by an electron within a spectral region 
defined by the wavelengths Ai and A2 is given by : 

(provided that Bn > 1 over this band) 

The number of photons per wavelength interval produced by an electron trav
elling along a track from x0 (having an initial energy of E0) to x\ (having the 
threshold energy Ec — 0.257 MeV for Cerenkov radiation) is then: 

d£ _ 4-7T2 

dX ~ ~ A2 • /l • w x o T / * ' ( ' - =T5i) •"' (UM) 

Equation (III.6) may also be written using the fine structure constant 

a = -TTT = Wi ( I I I J ) 

dJV - 2 - T 

JE' i1 ~ ^ T B 5 ) dEKdEldx>> (IIL8) dX 137 • A2 JEo 

where dE/dx is the rate of charge of ionization energy loss with respect to 
distance travelled, which is given for electrons by [11] t 
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-£=^Mr^)-(»^->^>+'-'< !} 
(I»9) 

where : 
N = number of electrons per cm3 

me = mass of the electron 

/ = average excitation potential of the atomic electrons 
( 7«Z-11.5eV) 

Z = atomic number 

The spectra dNJdX from electrons having kinetic energies of 0.5 MeV and 
1 MeV are shown in Fig. 3. The figure indicates that the Cerenkov radiation 
has a very large ultra-violet component in the range of 2000 A< A < 3300 A. 

In the visible region (Fig. 4), violet light (3500 A< A < 4000 A) should 
provide the main contribution to the total light of the Cerenkov radiation. 
The reason that the reactor shines with a bluish light (hence SAPHIR), when 
observed from the edge of the swimming pool or bridge is due to the relatively 
high transmissive exponent (K) in pure water for violet light given by: 

- ^ = t~K^L (111.10) 

where 

L = length of path in which the 
intensity is reduced from IQ to / 

The transmissive exponents for different wavelengths are depicted in Figure 5. 
These were used to produce Fig. 6, which shows that the maximum intensity 
of light emerging at the surface of the pool (£Q) by an electron travelling at a 
depth of 7 m lies in the blue part of the spectrum. The initial kinetic energy 
of the electron is 0.5 MeV. The distance of 7 m corresponds to that between 
the core and the bridge (Fig. 1, Chapter I). The intensity, without considering 
scattering and absorption of light (E\), is also given. 
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III.2.2 Cerenkov radiation and t h e C o m p t o n effect 

In th** case of a nuclear reactor. Cerenkov radiation arises from Compton 
electrons produced by the scattering of 7-rays by the core material and the 
surrounding water and ^-radiation from fission products. The contribution 
of the /}-radiation of the fission products to the total electron radiation can 
be neglected since the range of the /3Ts in the fuel plates is small. Thus the 
Cerenkov radiation is mainly due to the Compton electrons and is therefore 
proportional to the 7-rays which produce recoil electrons with an energy above 
the threshold energy for Cerenkov radiation. These 7-rays have two sources: 

1) prompt 7-rays which arise immediately after the fission (on the average 
7 photons with a total energy of 8 MeV per fission) 

2) delayed 7-rays due to the /3-decay of the fission products (on the average 
8 photons with a total energy of 0.7 MeV per fission) 

Figure 8 shows the calculated spectral distribution of the 7-rays for the 
Dido reactor [13] at a power level of 100 kVV. The predominant energy range 
lies between 0 and 2 MeV with a maximum in the 7-flux at 0.6 MeV. The 
Dido reactor is a heavy water research reactor, which is normally operated at 
a power level of 26 MVV. For the SAPHIR reactor it is assumed that the shape 
of the curve remains the same. 

An interesting question arises regarding the depth d of the layer in the fuel 
plates (Fig. 7) where the Compton electrons that are produced have enough 
energy to produce Cerenkov radiation in the cooling channels. The value d 
depends upon the maximum energy of the recoiled Compton electrons and 
their angular distribution. The maximum energy of the Compton electrons 
may be estimated in the following way: Considering photon energies in the 
range where the spectrum of Fig. 8 peaks, i.e. below 2 MeV, the range of 
angles between primary photon beam and direction of recoil electrons pro
ducing Cerenkov radiation lies between 0 and 55 degrees [14]. The angular 
distribution of the recoil electrons is strongly biased in the forward direction. 
In a first approximation, only those 7-rays are considered which travel in the 
fuel plates at an angle d — 0 (Fig. 7) with an energy of 0.6 MeV (maximum 
energy in Fig. 8) and recoil electrons at an angle 4> — 0 between the primary 
photon beam and the direction of the recoil electrons. In this case the energy 
of the recoiled electrons amounts to 0.4 MeV [14]. 

The range in aluminium of an electron with an initial energy £1 = 0.4 MeV 
and slowing down to an energy £0 = 0.257 MeV (threshold energy for Cerenkov 
radiation) may be calculated by : 
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*A , = .4 ^ ^ ^ " r , ^ ^ - * 1 (mii) 

From Figure 9, it can be seen that RM amounts to about 0.3 mm. This 
means that most of the electrons which produce Cerenkov radiation in the 
cooling channels arise from a layer about 0.3 mm from the surface of the fuel 
plates. 

Another important consideration is the ratio r of the production of Comp-
ton electrons in water (JVH2°) and in aluminium (NM) given by : 

ATHJO 
' = -NAF (HI.12) 

Since the fuel plates are very thin, the attenuation of the 7-rays in alu
minium can be neglected. The case of the forward scattering (tf = 0) is also 
considered in water. The ratio r is then : 

r = ^ ( l - e - ^ o ^ H O ) ^ nH,o-*H,oZH,o w 2 5 ( i n 1 3 ) 

JV0(1 - e-"AL^AL*AL) nAL-<rAL-xAL 

where : 

NQ — number of photons per second 
travelling in aluminium perpendicular 
to the fuel plates at x = 0 (tf = 0, Fig. 7) 

WH2O = number of atoms per cm3 in water H2O 
nAj = number of atoms per cm3 in aluminium (Al) 

cM = ZMae 

ZM = atomic number of medium Af(H20 or Al) 
*H2o = 2mm (width of the cooling channel, Fig. 6, Chapter I) 
Âl = 0.3 mm 

at = cross-section for scattering of a single electron 

Normally the 7's are emitted at angles different from #=0 degrees. How
ever, for other angles d the ratio is the same, on the assumption that the 
forward scattering of the recoil electrons dominates. 

Equation (III. 13) shows that it is the water in the cooling channels that 
plays an important role for the production of Compton electrons able to pro
duce Cerenkov light; the number of such electrons produced in the plates is 
lower. 
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III.2.3 Cerenkov radiation and fluctuating shadow effects 

Fluctuating shadow effects often appear in the cooling channels of the SA PHIR 
reactor and were first discovered by Mr. 11. Winkler (responsible for the re
actor). These effects happen particularly in winter during start-up when the 
primary cooling water is for a short time strongly under cooled by the heat 
exchangers cooled by cold river water (Fig. 10). In this case, Cerenkov light 
variations appear first and vanish after about 10-15 minutes after start-up. 
These shadows sometimes cover the whole area of the side cooling channel 
(sc-channel) between two fuel elements (Fig. 11) or the whole core. For safety 
reasons the reactor power is not increased until the fluctuations disappear, to 
avoid even stronger Cerenkov light fluctuations. The shadows are also observed 
in sc-channels if the coolant flow through the core is reduced to a certain crit
ical level (Section IV.5), but also appear very rarely during a normal reactor 
run (Photo No. 1, 2a, 2b). 

The origin of these Cerenkov light shadow effects is not completely under
stood, but two sources could be considered as being of importance : 

1) Bubbles in the cooling channels due to boiling or degassing of the coolant. 

2) Scattering of Cerenkov light due to temperature gradients in the cooling 
channels without boiling. 

The first point is regarded as the main source for fluctuating Cerenkov light 
shadows; there are two reasons for this. Firstly, the production of Cerenkov 
radiation in water vapour or in gases such as iV^Oj, etc. is practically neg
ligible in comparison to its production in water. This can be shown in the 
following way. The ratio of intensities of the Cerenkov radiation per unit path 
in steam and in water for B « 1 is given by [16] : 

_la_ _ nw (A) 
Iw n c ( A ) 

where : 

IQ = intensity of the radiation in steam or gases 
Iw = intensity of the radiation in water 
no = index of refraction in steam or gases 
n\y = index of refraction in water 
A = wavelength 

Since the index of refraction for water vapour or gases is practically one, 
eq.(III.14) becomes zero. 

" G ( A ) - 1 

n ^ ( A ) - l 
(111.14) 
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Secondly, in Section (IV.4) it will be shown that relatively small quantities 
of gas (0.2 - 1 % voids) can cause remarkable shadows in the cooling channels, 
especially for a rather low water velocity of 0.5 m/s, as that found in the 
sc-channels. Therefore, it is believed that degassing of the coolant, or local 
boiling, could cause these fluctuating shadow effects. 

The reason that the shadows first appear in sc-channels and not in the 
internal normal tooling channels (nc-channels) between two fuel plates of a 
regular fuel element (Fig. 11) is that ti-.e water velocity is about one-third 
lower in the sc-channels [17]. As a consequence, water may be heated up more 
in the sc-channels and thus gases may be able to come out of solution more 
easily, or boiling could take place earlier than in nc-channels. 

Boiling in a cooling channel may lead to the destruction of a fuel element, 
hence the reason why these Cerenkov light anomalies must be monitored. 

The second origin for the Cerenkov light shadow effects mentioned above, 
namely temperature gradients in cooling channels (without boiling) caused by 
the flow of cold and warm water "pockets" in the water gaps, are not regarded 
as a possible reason. This couid be explained in the following manner. As 
shown in Fig. 12, not all Cerenkov light beams will reach the observer at O. 
Only those electrons which have an angle of incidence 6e to the fuel plates and 
a Cerenkov light cone angle (Section III. 1.2) $c fulfilling the condition : 

0e + 0c=18O° (111.15) 

produce light beams, which come out straight and will reach the observer at 
A. Figure 13 shows how a light beam (1) from a Cerenkov light cone fulfilling 
eq. (III.15) is scattered through a water region with a lower temperature than 
the surrounding water. However, assuming that the Cerenkov light production 
is isotropic in the cooling channel, the same layer which scattered away the 
light beam (1) could allow another beam (2) which does not fulfil eq. (III.15) 
to leave the channel and reach the observer A. 

Experiments with a long tube, through which cold water having a temper
ature of 4°C was injected in the nc-channels and the sc-channels at a reactor 
power of 10 MW, showed no shadow effects in the Cerenkov light. For these 
experiments the flow through the tube with a diameter of 6 mm was 13 1/min 
and the water velocity was about 6 m/s. The water flow and velocity in a 
nc-channel were 14 1/min and 1.7 m/s, respectively and in an sc-channel 4.7 
1/min and 0.55 m/s. The cold water was injected into the nc-and sc-channels 
perpendicularly and obliquely to the core. The same experiment with this 
tube was performed at an irradiated fuel element, which was taken out of the 
core and was lowered to a depth o'5 m in the lower part of the swimming-pool, 
opposite the core. The element was active enough to produce Cerenkov light in 
the cooling channels. The flow through the fuel element was zero. The exper-
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iment showed again that temperature gradients (but with no boiling present) 
do not give rise to any shadow effects. 
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Photograph 1 Photograph of core taken by the telescope arrangement. The 
faint shadow is just risible - due the blue light situation, no photographic filtering 
could be done. 

SHADOW 

Sketch of Photograph 1 (1:1 correspondence) showing the shadowed area enhanced for 
more clarity, see Photograph 1 for comparison. 
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SHADOW 

Photograph 2 The tame section is shown as in Photograph 1. In Photograph 2a, the 
shadow covers approximately one third of the channel whilst in Photograph 2b, practically 
the whole channel is covered by the shadow. 
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Fig. 1: Local polarization in an amorphous medium due to the fast passage of 
a charged particle [6] 

Fig. 2: Spherical wavelets of electromagnetic fields produced by a charged parti
cle travelling with velocity v less than (Fig. 2a) and greater than (Fig. 2b) 
the velocity of light c/n in that amorphous medium. When v > c/n a 
wavefront is produced, similar to that of a shock-wave in acoustics. This 
wavefront moves in a direction given by the Cerenkov angle Oe [4] 
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Fig. 3 Spectrum of Cerenkov radiation from an electron with an initial kinetic 
energy of E = 0.5 MeV and E = 1.0 MeV 

WAVELENGTH . m 

Fig. 4 Full electromagnetic spectrum (LW: Long Wave; MW: Medium Wave; 
SW: Short Wave; VHF: Very High Frequency; UHF: Ultra-High Fre
quency) [6] 
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Pig. 6 The relative intensity of an electron producing Cerenkov radiation with
out (Ei) and considering the absorption and scattering of light after 7 m 
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Fig. 10: Sketch of the primary and secondary cooling loop of the S APHIR reactor 
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Fig. 11: Two fuel elements with nc-channels and the conunon sc-channel 

7 meter 

Fig. 12: A fast electron (E) is travelling 
along the track from A to B at 
a velocity Ve forming a Cerenkov 
cone BC with a velocity Vc 
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7 m«t«r 

Fig. 13: Two light beams (1 and 2) scattered 
in a water 'pocket' W with a different 
temperature than the surrounding water 



Chapter IV 

Investigations of Changes in PSD Patterns of Neu
tron and Cerenkov Light Noise Caused by Anoma
lous Reactor Conditions 

IV. l Introduction 

The suitability of a surveillance system depends, among other things, on how 
quickly boiling can be detected and how it can be distinguished from other 
anomalous events which might appear during a reactor run, such as control-
rod movements or the removal of an isotope element. The first point (the 
response time to anomalies) is investigated in Section V.5. The second point 
(identification of anomalies on neutron and Cerenkov light PSD) is discussed 
in this chapter. 

Three experiments were performed. For the first experiment, a mock-up 
element (MUE) was designed and placed in the core, where bubbles in a single 
cooling channel were produced by introducing nitrogen through porous filters 
to simulate boiling. In this experiment nitrogen was chosen instead of air 
because nitrogen shows no activation problems. 

Since PSDs play a fundamental role in Piety's pattern recognition system, 
which is described in Chapter V, changes in the neutron PSDs are investigated 
at different nitrogen injection rates. Observing changes of the PSDs is a useful 
tool for detecting anomalies and is used by many diagnosis systems [1,2,3,4]. 
Indeed, the amplitudes of signals generated by anomalous reactor conditions 
could be very small at an early stage so that they are indistinguishable from 
normal signal fluctuations. 

Another important goal of the first experiment was the clarification of 
the origin of the Ccrenkov light shadow effects which could serve as a first 
indication of boiling. 

For the second experiment, the MUE was removed and the total water Pow 
was decreased stepwise at constant reactor power until fluctuating shadow ef 
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fects in the Cerenkov light were observed in one or several cooling channels 
(JJeduced-C.ooIant-Flow experiment, RCF experiment). These shadow effects, 
which are similar to those shown in Photographs No. 1-2 of Chapter III, are 
interpreted as being due to boiling or degassification in the cooling channels. 
RCF experiments cannot be maintained for very long because of safety con
siderations. It is difficult to determine the void fraction in the channel where 
the Cerenkov light anomalies occur, due to its small size and it is not possible 
to predict precisely in which channel boiling will take place. 

In the third experiment, the effect on the PSD of two kinds of events 
(e.g. control rod movements or scrams) which can arise during normal reactor 
operation is investigated. 

In Section IV.4.1 it will be shown that Cerenkov light noise is a more 
sensitive variable than neutron noise for detecting small amounts of gas. On 
the other hand, the monitoring of anomalous reactor conditions using neu
tron noise has, in contrast to Cerenkov light signals, the advantage that no 
additional reactor instrumentation is needed. The realisation of a detection 
system using Cerenkov light would require the installation of at least 10 tele
vision cameras in order to facilitate complete and continuous surveillance of 
the whole core. Cameras however, installed on the bridge, would create a 
considerable handicap for the reactor operators. Therefore the main PSD 
investigations have been concentrated on the use of neutron no:*e. 

IV.2 Experimental set up for the M U E experiment 

An MUE with the same external dimensions and material as a standard S_apbir 
element (SSE) was constructed. The MUE has only one cooling channel in
stead of 23 as found in the SSE. The plates forming this channel have the same 
size as the fuel plates of an SSE but contain no fuel. In Figure 1 a sketch of 
a cross-section of the MUE is depicted. At different lengths along the MUE, 
eight porous filters with a pore diameter of 0.087 mm were builf; into one plate. 
Through these filters, which are described in Section IV.2.1, nitrogen can be 
injected under pressure to produce fine bubbles in the cooling channel. In the 
lower part of the channel, two drill-holes contain the neutron chambers used 
to detect the appearance of the first bubbles in the cooling channel; this is 
necessary to investigate how quickly Piety's surveillance algorithm reacts in 
detecting anomalies in neutron noise. The velocities of the bubbles can also 
be determined by measuring the cross-correlation function of the signals of 
the two neutron chambers. Thus an important parameter, namely the void 
fraction can be determined. It is given by [5]: 

A • v. 
(IV.l) 
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where : 

Qg = volumetric nitrogen flow rate 

A = flow area of the channel 

vg = velocity of gaseous phase 

The flow in the cooling channel can be regulated by means of a cone in 
the locating foot. The cone is fixed to a revolving shaft (Si in Fig.l), which 
extends through the whole MUE. At the other end of the shaft, another shaft 
(S2 in Fig. 1) can be connected, extending up to the bridge (a distance of 
6.5 m). In this way, water velocities in a range between 0 and 2 m/s can be 
obtained. In Figure 2 another cross-section of the MUE is given which depicts 
the eight porous filters (numbered from 1 to 8). The water in the channel 
flows through hole B (Fig. 1) into the lower plenum. In Figure 3, a top view is 
shown which depicts the box with the gas supply for the filters, electrical leads 
for the neutron detector chambers and connections to the pressure measuring 
points near the entrance and exit of the channel. 

Photograph No. 1 shows how the MUE is set into the core. The PVC 
tubes for the gas supply to the filters and the electrical leads for the miniature 
ionization chambers in the MUE are also visible. Photograph No. 2 shows a 
top view from the bridge with the single channel of the MUE. 

IV.2.1 Out-of-core porous filter experiment 

In an out-of-core experiment, filters with different pore diameters (0.087, 0.25 
and 0.45 mm) were used in a cooling channel made from Perspex to produce 
fine bubbles with a diameter of about 0.7 mm, at different water velocities, 
for void fractions of 0.1% - 1%. Photograph No. 3 shows two filters with pore 
diameters of 0.087 mm and 0.25 mm. The filters, which are made from porous 
stainless steel, are electron-beam welded to the wall of the cylinders. These 
cylinders, through which compressed nitrogen is passed, are introduced into 
holes in the Perspex model until the filters reach the channel (Fig. 4). 

A sketch of the experimental set-up is given in Fig. 5. Nine filters were 
built into one side of the Perspex channel. The flow to these filters could be 
individually controlled by closing and opening valves. Two other valves served 
to adjust the water velocity through the channel and the pressure at about 
1.65 bar. This pressure corresponds to that which prevails at the upper edge of 
the reactor core. The water velocities investigated were 0.5 m/s (approximate 
water velocity of an sc-channel during a normal reactor run) and 1.7 m/s 
(approximate water velocity of an nc-channel during a normal reactor run). 



42 CHAPTER IV. 

The choice of this low void fraction range mentioned above was made for 
the following reason: the in-core experiments (Section IV.4) should show 
if the onset of nucleate boiling (ONB), which produces low void fractions, 
is detectable. The theoretical diameter of a bubble as it leaves the heating 
surface is given by [5] as: 

Db = Ci • L / / „ J 1 / 2 - («/a)5/4 (IV-2) 
9 • {Pi - Pv) 
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For water at a pressure of 1.65 bar and a wall superheat of 10°C , the 
bubble departure diameter is then about 1.1 mm. 

Sandervag [7] calculated and measured the bubble diameter distributions 
for a heated tube with an upstream water flow for different inlet water veloc
ities in a range between 0.72 m/sec and 2.1 m/sec. The distribution function 
indicates that the mean diameter amounts to about 1 mm and is independent 
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of the inlet water velocity; accordingly, a bubble diameter of about 0.5 mm is 
believed to be large enough in this out-of-core filter experiment. 

If the MUE is placed in the core, the water in the MUE channel could then 
rise in temperature, up to 40°C for water velocities of 0.5 m/s in the chan
nel. Therefore a temperature range between 20°C and 40°C was selected to 
investigate whether the bubbles produced by the filters would have a different 
average diameter at a higher temperature. Photographs were taken of flow 
patterns having different void fractions, water velocities, and temperatures in 
the ranges mentioned above. The photographs were enlarged (Photograph No. 
4 shows an example), and the diameters of the bubbles measured with the aid 
of a graduated magnifying glass. The experiment showed that filters with a 
pore diameter of 0.087 mm can be used to produce bubbles with a diame
ter of 0.7 mm within the velocity and temperature range mentioned above. 
The experiment also showed that the influence of temperature on the bubble 
diameter can be ignored, in the range between 20° to 40°C. 

IV.2.2 Flow patterns in the cooling channel 

The flow patterns encountered in the cooling channel of the MUE are im
portant for the formation and distribution of shadows in the Cerenkov light 
during the in-core experiments which are discussed in Section IV.4. Therefore 
the same experimental set-up a* in Section IV.2.1 was used to photograph flow 
patterns for different water velocities and nitrogen flows. The void fractions 
used were higher by between 5% and 40%, than those discussed in Section 
IV.2.1. 

Photographs 5-6 show that, for a low water velocity (0.5 m/s), large bub
bles arise for low nitrogen flows of 40 ml/min (void fraction 0.9%) and 100 
ml/min (void fraction 2.2%) and that the bubbles are distributed over the 
channel length. This result is important in the in-core experiments with 
Cerenkov light discussed in Section IV.4.1. 

The formation of large nitrogen pockets in the case of a downwards stream 
in a thin rectangular channel has several causes. One is buoyancy and the 
other is the wall friction. In experiments with a water velocity of 0.5 m/s 
and a void fraction of 1%, bubbles with a frontal curvature radius of 0.5 mm 
across the channel width have a velocity relative to the channel of 0.45 m/s, 
and those with a radius of 2 mm, a velocity of 0.11 m/s. This suggests that 
as the bubble diameter approaches the size of the spacing of the channel, the 
wall friction becomes dominant and the downwards velocity decreases rapidly. 
These results show how unfavourable downwards water flow could be at low 
water velocities and in thin cooling channels. Assuming that boiling takes 
place in the channel, then large vapour bubbles are difficult to remove by the 
water flow, and local melting of the walls could take place. 
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Figures 6a and 6b demonstrate how the formation of large nitrogen bubbles 
could occur. In this picture, bubbles are drawn into a downward stream at 
different times. In Figure 6b two bubbles, numbered 4 and 5, have collapsed 
into bubble 6. The resulting bubble, numbered 6', exhibits a lower velocity 
in the downwards direction than those bubbles with lower bubble diameter, 
due to the larger buoyancy and friction. Other, smaller bubbles (e.g. bubble 
No. 3 in Fig. 6b) could also collapse into bubble 6'. An example is shown in 
Photograph No.5, where two bubbles with numbers 1 and 2 could collapse into 
the large bubble, number 3. The formation of large bubbles occurs mainly in 
the upper third of the channel. 

At a relatively low nitrogen flow of about 0.2 1/min (corresponding to a 
volumetric flux of 1.32 m/s ), the flow pattern changes from bubbly flow (Fig. 
7a) to annular flow (Fig. 7b). The continuous nitrogen core nearly extends 
over the whole channel width (Photograph 7), and its flow pattern remains 
unaltered (Photograph 8) as the nitrogen flow rate is increased up to 1 1/min 
(corresponding to a volumetric flux of 6.6 m/s). 

For a water velocity of 1.7 m/s, the bubbles are not distributed over the 
whole channel as with a water velocity of 0.5 m/s, and large nitrogen pockets 
are no longer observed. At a nitrogen flow rate of about 2 1/min the bubbly 
flow pattern (Photograph 9) changes to an annular one (Photograph 10). The 
size of the nitrogen core, measured along the width of the channel, changes 
slowly in the upper half of the test section with increasing nitrogen flow rates 
(Photograph 11). In Photograph 11, unusual spreading of the nitrogen core 
can also be observed in the middle of the channel. This phenomenon is not 
readily explained, but one reason could be the compression of the nitrogen 
core in the upper half of the channel, which is also observed in the upper half 
of Photograph 11. This core compression may result in flow instabilities. 

IV.2.3 Out-of-core pressure drop measurements for the determi
nation of the velocity in the MUE channel 

For the in-core experiments that follow, a quick and simple determination of 
the water velocity in the MUE channel is needed. One possibility, simple to 
realize, is to measure the pressure drop between the entry and exit of the MUE 
channel. Between the pressure drop Ap and the water velocity v there exists 
a relationship given by: 

A P = A . A . ^ - V
J (IV.3) 

where : 
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The relationship between Ap and v was determined in an out-of-core exper
iment. The whole MUE, which was to be put into the core at a later time, 
was placed inside a tube. The water velocity in the MUE cooling channel was 
determined by a rotameter, and the pressure drop along the channel measured 
by a Rosemount differential pressure gauge. In Figure 8, a cross-section and a 
top view of the tube with the MUE is given. Since the water temperature in 
the MUE channel can attain 40°C at low water velocities under reactor oper
ating conditions, the pressure drop measurements were performed at different 
water temperatures. A "Lauda device" (pump and preheater) delivered a con
stant flow at the required water temperatures. The water in the secondary 
circuit containing the MUE, was regulated by valves to deliver a pressure of 
1.65 bar, which prevails at the upper level of the core. The results are shown 
in Fig. 9 for water temperatures of 20°C , 30°C and 50°C . The experiments 
showed that the pressure drop decreases as the temperature rises, for the same 
water velocities. However, the reduction over this temperature range is rather 
small. Measurement error of the pressure drop was less than 2%. 

IV.3 Experimental apparatus for measuring Cerenkov light 
fluctuations 

Photograph 17 shows a part of the experimental apparatus for measuring 
Cerenkov light signals. A telescope fixed in a swivelling arm could be fo-
cussed onto the core and single channels selected on the ground glass eyepiece 
(Photo 12). The Cerenkov light signals of a single channel can be measured 
by putting a block of glass (Photo 18) on the ground glass screen (Photo 19). 
A light guide, L (Photo 18), leads the signals to a photomultiplier, where the 
signals are amplified, sent to a spectrometer and finally recorded on magnetic 
tape. 
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IV.4 MUE experiment 

After the porous filters had been tested (Section IV.2.1) and built into the 
MUE, and after having concluded the out-of-core pressure-drop measurements 
(Section IV.2.3), the MUE was positioned at the edge of the core (position 63). 
The reactor core configuration with fuel and reflector elements is shown in 
Figure 10. The MUE experiments were executed during a normal reactor run 
of 10 MW and with a total coolant flow through the cere of about 200 1/s 
corresponding to an average velocity of 1.7 m/s for nc-channels (Fig. 11 of 
Chapter III) and 0.5 m/s for sc-channels (Fig. 11 of Chapter III). During the 
in-core experiments the following signals were measured: 

1. Neutron signals from two neutron chambers, Dev. 1 (Deviation-1 cham
ber) and Dev. 2 (Deviation-2 chamber) 

2. Neutron signals from two miniature boron ionization chambers in the 
MUE 

3. Cerenkov light signals in a single cooling channel of an MUE. 

Dev. 1 and Dev. 2 are compensated boron ionization chambers from the 
reactor control system. Their positions are shown in Fig. 11. 

The experimental apparatus for measuring Cerenkov light fluctuations is 
described above. All five signals mentioned above were measured and recorded 
on an HP 3968A magnetic tape recorder for later evaluations at only two initial 
water velocities 0.5 m/s and 1.7 m/s with void fractions in the range 0% to 
about 40%. 

TV.4.1 MUE experiments with a water velocity of 0.5 m/s 

As a first step, at a water velocity of 0.5 m/s (measured without gas), nitrogen 
was passed through every single filter in the MUE. In Figures 12, 13 and 
14 the PSDs of the neutron signals are shown, for different nitrogen flow 
rates through filters No. 1, 3, 5 and 7 (for the numbering of the filters, see 
Fig. 2). The monitoring conditions were: 20 Hz analyzer frequency, transform 
size 1024 points, Hanning spectral window, 50% overlap, signal band-pass 
filtered in the range between 0.1-20 Hz, 40 sample averages for the PSDs 
shown in Fig. 12 and Fig. 14, and 36 sample averages for the PSDs shown 
in Fig. 13. In Figure 12, at frequencies of 1, 2, ... 5 Hz, intervals are drawn 
in which the values of the PSDs should fall, due to the statistical nature 
of the neutron noise (measured at the same frequency points and with the 
same monitoring conditions during normal reactor operation) . The figures 
showed that anomalous noise due to the nitrogen flow seems to be confined to 
a frequency range between 0 Hz and 7 Hz. However, the perturbations affecting 
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the neutron noise due to the nitrogen flow are rather small in comparison with 
the boiling experiments described in Section IV.5. 

Figure 12 also demonstrates that changes in the neutron signal PSDs are 
observable if the amount of nitrogen exceeds about 0.2 l/min (corresponding 
to a void fraction of about 6% assuming that the inlet water velocity amounts 
to 0.5 m/s). Therefore it is believed that the detection of an ONB producing 
a low void fraction of about 0.1%-2% is not detectable. 

It is possible to show how the neutron PSDs increase with increasing 
nitrogen flow rate by summing the relative incremental changes due to nitrogen 
at each frequency defined by: 

1 «2 

5 = 
(*2 - «'i + 1 ) -rft 

P{Ji,B)lP*Ui)-l (IV.4) 

where : 

Si = i-AS (i = 0 , . . . , J V / 2 - l ) 

A / = 1/T 

T — measuring time for one instantaneous PSD 
(explained in Chapter V.) 

N = transform size (number of sampled points during T) 

P{Ji,B) is averaged over a number of instantaneous PSDs during the time 
over which a constant nitrogen flow rate of B l/min> 0 passed through the 
MUE channel. P*(Si) is averaged over the same number of instantaneous 
PSDs as P(Si,B), with no nitrogen in the MUE channel. The void fraction 
as a parameter is not useful for a water velocity of 0.5 m/s and nitrogen flow 
rates higher than about 5 ml/min, because the void fraction is not constant 
due to flow reversal; this point is discussed below. The monitoring conditions 
were the same as before. The selected frequency range was given by ij = 1 
and »2 = 400. The results are shown in Fig. 15 for filters No. 1, 3, 5 and 
7 and with flow rates in the range 0.1-1.2 l/min. The figures show that the 
function s of eq. (IV.5) applied to neutron PSDs is approximately linear for 
nitrogen flows higher than 0.1 l/min. The figures also demonstrate that the 
increment of the neutron PSDs is nearly independent of the height, at which 
the nitrogen is injected into the channel. Only foT high flow rates of about 1.2 
l/min is the increment of s larger for filters No. 5 and 7 than for filters No. 1 
and 3. 

The MUE experiments with a water ' ^locity of 0.5 m/s also showed that 
relatively small void fractions (upwards JI 0.1 %) could cause remarkable 
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shadow effects, even if the spectrum of the neutron noise of Dev. 1 and Dev. 2 
showed no change. Photograph No. 12 shows a section of the core with the 
MUE channel, containing no nitrogen; no shadows are observed in this figure. 
Photograph No. 13 depicts the same section, but with a void fraction of 0.5%; 
shadows covering the whole channel are now observed. The reason that rela
tively small void fractions can cause strong shadow effects can be explained in 
the following way. Photographs No. 5 and 6 show how, at a velocity of 0.5 m/s 
and a void fraction of 1% large nitrogen bubbles are formed in a cooling chan
nel and finer bubbles are distributed over almost the whole channel width. 
The production of Cerenkov light in these nitrogen bubbles is practically zero 
(see Section III.2.3). 

In Figures 16, 17 and 18 are shown the PSDs of the Cerenkov signals at 
different nitrogen flow rates through filters No. 1, 3 and 7. The monitoring 
conditions were: 100 Hz analyzer frequency range, transform size 1024 points, 
Hanning window, 50% overlap, 120 sample averages. The detection noise level 
is also shown in Fig. 16a. The figures indicate an increment in the PSDs due to 
the increased void fraction, in frequency ranges which change with increasing 
flow rates. (The results were similar for filter No. 5). In Section IV.4.2 it will 
be shown that bubbles can only be detected in the upper half of the channel. 
Filters No. 5 and 7 are in the lower half of the channel which suggests that 
the increment in the PSDs in Fig. 18b is due to flow reversal. 

The same function s of eq. (IV.5) was also applied to Cerenkov light PSDs. 
The monitoring conditions were the same as for neutron noise (mentioned 
above with the same selected frequency range). For filter No. 1, Fig. 15 shows 
that Cerenkov signals are more sensitive to the presence of nitrogen in the 
MUE channel than neutron noise. Figure 15 also shows, for filters No. 3, 5 and 
7, that the lower the nitrogen injection height, the smaller the increment of a. 
The relatively large increment of s at a flow rate of 1.2 1/min for filters No. 3, 5 
and 7 is caused by the rapid and successive flow reversals in the MUE channel. 
These flow reversals took place at flow rates above 5 ml/min. The gas leaves 
the channel explosively through the entrance of the channel (Photograph 14) 
and is sucked through the cooling channels of neighbouring fuel elements. This 
occurred with a cyclic time of 20 s over a period of two minutes, depending on 
the nitrogen injection rate. The Cerenkov light shadows, which showed in the 
neighbouring channels of fuel elements usually disappeared after only a few 
seconds. 

One reason for the flow reversals could be th< heating of large stagnant air 
pockets (Photograph 5 and 6) in the MUE. Indeed, the MUE stands next to a 
regular fuel element plate (No. 1 in Fig. 3) that produces 5.5 kW of heat. A 
fraction of this heat flows by conduction through the MUE external plate into 
the MUE coolant channel. Measurements of the channel inlet and outlet water 
temperatures showed that this fraction amounted to 1.5 kW. The expanding 
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gas in the channel of the MUE could stop the flow through the channel and 
cause the flow reversal. Flow reversals were not observed in the out-of-core 
experiments of Section IV.2.3. 

IV.4.2 Conclusions concerning the experiments with a water ve
locity of 0.5 m/s. 

The MUE experiments with a water velocity of 0.5 m/s demonstrated that 
neutron PSDs show changes due to nitrogen in the MUE channel confined to 
a frequency range 0-4 Hz. This result is important for Piety's algorithm where 
the investigated frequency range can be selected. A detection of gases at the 
core's edge, the most probable place for an accident due to falling objects from 
the bridge, should be possible. However, a detection of the ONB is believed 
to be impossible; Photograph No. 14 shows bow channels of neighbouring 
standard fuel elements are covered with nitrogen for a few seconds although 
the neutron PSD showed no changes. 

The MUE experiments demonstrated that Cerenkov light is a very sensitive 
method for detecting gas in the MUE channel. The shadows appeared at a 
void fraction of about 0.2% and covered practically the whole channel as shown 
in Photograph No. 13. 

The MUE experiments also showed that a water velocity of 0.5 m/s, as it 
prevails in sc-channels during a normal reactor run, is unfavourable because 
the nitrogen pockets, whose formation is explained in Section IV.2.2, cannot be 
removed by the water flow. It is believed that if boiling would occur, stagnant 
vapour pockets would be formed again which also cannot be removed by the 
flow and would lead to a premature burn-out. 

IV.4.3 MUE experiments with a water velocity of 1.7 m/s 

Nitrogen was introduced through different filters into the MUE channel in 
the same way as described in Section IV.4.1. In Figures 19-21, neutron signal 
PSDs are shown, where the nitrogen gas was admitted through filters No. 1,3,5 
and 7. The anomalous noise due to the nitrogen flow seemed to be confined 
to the frequency range of 1 to 13 Hz. 

The results of function s in eq. (IV.4) applied to neutron noise are shown 
in Figure 22, demonstrating that the function s increases very slowly with 
increasing void fraction. This result can be seen in Photographs No. 10 and 
No. 11. The nitrogen introduced into the channel with water velocities of about 
1.7 m/s forms a stable core, and does not give rise to such strong fluctuations, 
as when the water velocity is 0.5 m/s. The figure also shows that the function 
a is practically independent of the height at which the nitrogen is injected into 
the channel. 
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The PSDs of the Cerenkov signals with nitrogen injection rates of 2 and 
4 1/min, introduced through filters No. 1 and 3, are shown in Figures 23 and 24. 
The increment in the amplitude of the Cerenkov light PSDs due to nitrogen 
is not as large as in the MUE experiment with a water velocity of 0.5 m/s. 
The difference can be due to the different flow patterns for water velocities of 
0.5 m/s and 1.7 m/s. 

The same function s was also applied to the Cerenkov light signals. Fig
ure 22 shows that the lower the nitrogen injection height the smaller the incre
ment in the Cerenkov signal PSD. The function s does not change within the 
limit of measuring error even when filters No. 5 and 7 are used. This result 
could mean that bubbles can only be detected in the upper half of the MUE 
by using Cerenkov light noise (in contrast to when neutron noise is used). 

IV.4.4 Conclusions concerning the MUE experiments with a water 
velocity of 1.7 m/s 

The experiments with a water velocity of 1.7 m/s showed again that Cerenkov 
light is a more sensitive method than neutron noise in detecting nitrogen in the 
MUE channel. However Cerenkov light can only detect nitrogen in the above 
half of the channel in contrast to neutron noise. This result is important for a 
detection system using Cerenkov light; boiling should begin in the middle of 
the channel since the heat flux has its maximum here. A detection of boiling 
with Cerenkov light would then be impossible. 

Another important result for Piety's algorithm was the frequency range, 
where the PSDs showed changes due to nitrogen in the MUE channel; it was 
from 0-13 Hz. 

IV.5 Boiling experiments by reducing the total coolant flow 
rate through the core 

A bubbly flov/, with nitrogen gas at temperatures of about 35°C cannot simu
late all boiling phenomena, such as the ONB, where vapour bubbles arise and 
collapse immediately next to the cooling channel wall. Therefore another kind 
of experiment was performed, where the coolant flow through the core was 
reduced in a stepwise manner (an RCF-experiment), until fluctuating shadow 
effects on the Cerenkov light were observed. These shadow effects were inter
preted as being due to boiling (see Section III.2.3). 

In one of the RCF experiments, the reactor SAPHIR was brought to a 
power level of 1 MW using a flow rate of 73.5 1/s. The power was then slowly 
increased to 1.75 MW. The first shadows appeared in an sc-channel between 
two fuel elements standing in grid positions 43 and 53 (Fig. 25). These shadows 
became larger as the power was increased to 1.875 MW. At this power level 
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the shadows disappeared after about 30 seconds following the startup of a 
second pump. The total flow through the core was then 134.6 1/s. When the 
second pump was turned off the shadows appeared again in the same water 
channel. The Cerenkov light fluctuations of the sc-channel mentioned above, 
the neutron noise signals of Dev. 1 and Dev. 2 and those of an additional 
ionisation chamber, which was installed at grid place 74, were all measured 
and the signals recorded on an HP 3968A magnetic tape for later analysis. 

The PSDs of the Cerenkov light signals and neutron noise signals of Dev. 1 
of the sc-channel under normal and boiling reactor conditions are depicted in 
Figures 26 and 27. The monitoring conditions for the Cerenkov light PSDs 
were: 100 Hz analyzer frequency, 120 averages, Hanning window, transform 
size 1024 points, 50% overlap. The monitoring conditions for the neutron 
PSDs were: 20 Hz analyzer frequency, 40 averages, Hanning Window, trans
form size 1024 points, 50% overlap. Figure 27 shows a weak increase in the 
PSD in the frequency range up to 3 Hz. This also ocurred in the MUE ex
periments described in Sections IV.4.1 and IV.4.2. Thu Cerenkov light PSD 
in Fig. 26 shows a decrement in the frequency range between 0 and 50 Hz. 
This could be explained with Fig. 22a. Here the sum of the relative increment 
s in each frequency point given by eq. (IV.4) decreases with increasing void 
fraction after a certain quantity of voids. 

Further RCF experiments should have followed, but, after the Chernobyl 
reactor accident, the PSI management prohibited experiments of this kind. 
Therefore, the data of another type of RCF experiment were used, which was 
originally carried out for the boiling detector [8]. 

In this RCF experiment the initial reactor power was 6.3 MW with a 
coolant flow of 126 1/s. The flow was then reduced in steps to li5.6 1/s, 
105.2 1/s, 99.8 1/s and 95.6 1/s and finally raised to 126 1/s. The first shad
ows appeared in an sc-channel at a flow rate of 126 1/s. Figure 28 depicts 
the PSDs measured during the time when the coolant flow was 126 1/s and 
115.6 1/s (Fig. 28a), 105.2 1/s (Fig. 28b), 99.8 1/s (Fig. 28c) and 95.6 1/s 
(Fig. 28d). The monitoring conditions for neutron PSDs were: 20 Hz an
alyzer frequency, 66 averages, Hanning window, transform size 1024 points, 
50% overlap. Figure 28 also shows an increase in the neutron noise PSD in 
the frequency range up to 4 Hz and also shows an amplitude decrease above 
4 Hz. This last behaviour is not readily understood, because MUE experiments 
with i water velocity of 0.5 m/s showed that the nitrogen in a cooling channel 
increases the neutron PSD in the 0 to 7 Hz range. A possible explanation 
could be that throttling the flow through the core reduces the vibrations of 
the mechanical structure (e.g. control rods, bridge, core). This could be why 
peaks decrease in the 5 to 10 Hz frequency range. 
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IV.6 Effect o f reactor conditions other than boil ing on the 
n e u t r o n PSDs 

During a normal reactor run, isotope elements are often put into or removed 
from the core. If an isotope element is not at the edge of the core, the reactor 
must be scrammed before it can be rennvod, otherwise it is removed without 
scramming. Also as a rule, the control rods should be moved once every day, 
because of the burn-up of the fuel elements. All these manipulations have an 
effect on the PSD of the neutron signals. The possibility of distinguishing 
scrams and control rod movements from boiling conditions, to reduce the rate 
of false alarms, is investigated in this section. 

Figure 29 shows the change in the PSD due to a control rod movement 
of 5 mm. The monitoring conditions for both PSDs were : 20 Hz analyzer 
frequency, transform size 1024 points, Banning spectral window, 50% overlap, 
signal band-pass filtered in the range between 0.1-20 Hz, 4 sample averages. 
The measuring time T for the PSD where the control rod movement took 
place is shown in Fig. 30. At frequencies of 1,2,... 6 Hz, intervals are drawn 
in which the values of the PSDs, measured at the same frequency points 
and monitoring conditions during normal reactor operation, should fa'l due 
to the statistical nature of neutron noise. The figure shows that control rod 
movement increases the amplitudes of the PSDs in the frequency range 0 to 
6 Hz. The same effect occurs if gas is found in a cooling channel (e.g. Fig. 12). 
It could therefore be difficult to distinguish between these two events. 

However, since control rod movement and scram show, contrary to boil
ing, characteristic waveforms in the time domain, it may be possible to use 
this property to distinguish between the two kinds of disturbance. Figure 30 
contains an example of the effect of control rod movement on neutron noise . 
Here large peaks with opposite sign follow each other within a few seconds. A 
scram shows the same behaviour, but here the first peak has a positive sign 
and the second a negative one. Figures 31 and 32 show neutron noise signals 
before and after a scram, respectively. 

In Section V.4 it will be shown that Piety's algorithm can be used to detect 
boiling conditions with sufficient sensitivety. Here characteristic waveforms in 
the time domain are not always observed. It is therefore believed that a useful 
boiling surveillance system in the SAPHIR reactor would be one using Piety's 
algorithm, and recognition of scrams, reactor start-up after the scram and 
control rod movements with the circuit shown in Fig. 33 if one wants to be 
curiipletely self-contained. 

In the case of control rod movement, the circuit uses the principle that 
large peaks follow each other with opposite signs (Fig. 30). Here the signals 
(Fig. 34 a) are first rectified in the diodes DI + and DI - (Fig. 33). The 
positive and negative signals are then subtracted from a set voltage by means 
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of the analog addition devices A + and A - (Fig. 33). The resulting signals 
(Fig. 34b) are then squared by devices S + and S - (Fig. 33) so that large 
peaks due to a control rod movement can be better conirasted. If the resulting 
signals (Fig. 34c after S+ and Fig. 34d after S-) excitii a certain limit, the 
discriminators (DIC + and DIC • in Fig. 33) give pulses D + and D - (Fig. 34e). 
The timer is then started, sending pulses with different durations (ii < t2 < 
<3 < t«, Fig. 35a, wheT Fig. 35a is an enlargement of Fig. 34e). In the case of 
control rod movement, DIC - initially sends a pulse whose duration should be 
greater than ti. This is necessary in order to neglect the large short-duration 
peaks which are also observed in neutron noise. The pulse from DIC + should 
follow within a time interval h to 13 seconds, otherwise it will be neglected. A 
pulse which lasts t4 seconds is necessary to reset the "flip-flop" FF3 in Fig. 33. 
The "and gates" (Gl <oid G2) and "flip-flops^ FFl, FF2 and FF3) make it 
possible to recognize control rod movement. 

A scram can be recognised by squaring the signals, and averaging them 
over a given time (all these procedures are performed by the circuitry RMS 
seen in Fig. 33) and comparing these against a fixed level. When the reactor 
is operating, the level is exceeded and DIS in Fig. 33 gives a pulse, but when 
the reactor is not operating no pulse is sent by DIS. 

Due to time constraints, the circuit could be tested only during 8 hours. 
However, Ave scrams and five control rod movements took place in this time 
and all the events could be unequivocably recognized. 

Another event, the removal of an isotope element from the edge of the 
core without scramming, also increases the amplitudes of the PSDs in the 
frequency range 0 to 6 Hz. A clear recognition of this event is not possible 
because the measured signals and PSDs depend on how quickly the isotope 
elements are removed by the operator. A solution to avoid a false alarm is 
discussed in Section V.6. 

IV.7 Conclusions 

The results obtained in this chapter are summarized as follows: 
1. Cerenkov light is a useful tool for detecting gas in cooling channels. 

Small gas amounts can be detected by visual observation of the core and also 
by measuring PSDs of Cerenkov light noise. Measurements showed, however, 
that bubbles can only be detected if they arise in the upper half of the channel. 
Another disadvantage of using Cerenkov light is the creation of a detection 
system. Ten television cameras, at least, should be installed to facilitate the 
surveillance of the core. These cameras at the reactor bridge, however, are a 
handicap to the reactor operators. 

2. Neutron noise is, in contrast to Cerenkov light, not so sensitive even 
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when nitrogen is sucked in through cooling channels of standard fuel elements. 
Detection of the ONB is not possible. Neutron noise PSDs show changes due 
to nitrogen, but only above a relatively high void fraction of about 30%. The 
reason for this high limit of void fraction can be explained with Photographs 
No. 10 and No. 11. Here large gas amounts are removed in stable cores 
which do not give rise to strong fluctuations in neutron noise. (For a water 
velocity of 0.5 m/s the nitrogen leaves the channel periodically through the 
entrance of the channel due to flow reversals; the void fraction cannot be 
determined). It is belived that the limit given above is lower if boiling occurs, 
because collapsing vapour bubbles leaving the superheated wall and reaching 
colder water regions could give rise to stronger fluctuations in neutron noise 
at a lower void fraction. 

The realisation of a detection system using neutron noise is not as tedious 
as for Cerenkov light noise; compensated boron ionization chambers from the 
reactor control system could be used for measuring neutron PSDs. Neutron 
noise has, in contrast to Cerenkov light noise, the advantage that bubbles can 
be detected over the whole channel. The detection of gases at the core's edge, 
the most probable place for an accident, should be possible. 

3. The boiling und the MUE experiments showed that gas in a channel 
with a water velocity of 0.5 m/s, measured without gas, give rise to a signal 
amplitude change for neutron noise in the frequency range below 4 Hz (50 Hz 
for Cerenkov light noise). For a channel water velocity of 1.7 m/s the MUE 
experiments showed that the frequency range where the neutron noise signal 
amplitudes increase due to gas is below 13 Hz (30 Hz for Cerenkov light noise). 

4. The out-of-core experiments and the MUE experiments demonstrated 
that a low water velocity of 0.5 m/s, as it prevails in the sc-channels during 
a normal reactor run, are unfavourable; bubbles cannot be removed by the 
water and the formation of stagnant pockets is the result, which could lead to 
burn-out. 
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Legend: 

M MUE 

GS : PVC tubing for gas supplies 

P : Shaft S2 

B : Box containing gas supplies for 

porous filters and electrical cables 

Cj'. Coariie control rod 

C 2 : F i n e control rod 

F : Fuel elements 

C Channel of the MUE 

Photograph No. 1: MUE set in the core at grid position 63. 

Photograph No. 2: Top view of the core with the MUE. 
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4iM 
Photograph No. 3: Two porous filters with different pore diameters (left 0.078 mm 
and right 0.25 nun) 
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I Direction of flow 

Photograph No. 4i Downwards flowing bubbles in a vertical channel. The average radius 
of the babbles is 0.3 nun in the region A of the test section (Water velocity; 1.5 m/s. Void 
fraction: 0.3 %, pressure in the test section: 1.7 bar). 



Photograph 5 Photograph 6 

Photographs No. 5 and 6s Large bubbles (LB) of nitrogen in the channel due 
to buoyancy and friction (water velocity O.S m/s, nitrogen flow rate in Photograph 
No.5 40 ml/rain and in Photograph No.6 100 ml/min). 
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Photograph 7 Photograph 6 

Photographs No. 7 and 8 : Annular flow patterns for nitrogen flow rates 
of 0.2 1/min (Photograph 7) and 1.01/min (Photograph 8). 



Photograph No. 9: 
Bubbly flow pattern at a ni
trogen flow rate of 0.1 1/min. 

Spreading 

(Ti 

Photograph No. 10: 
Annular flow pattern at a ni
trogen flow rate of 2 1/min 

Photograph No. 11: 
Annular flow pattern ».t a ni
trogen flow rate of 6 1/min. 
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Photograph No. 12: In this photograph, a section of the core with the MUE and its 
channel observed through a telescope is shown. The water velocity in the channel is 
0.5 m/s, 0 % void fraction. 

Photograph No. 13s In this photograph the same section as in Photograph No. 
12 is shown, but now a nitrogen flow rate of 10 ml/min (1 % void fraction) is let 
through porous Alter No. 2 into the channel. The water velocity without nitrogen 
amounts to 0.6 m/s. 
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4 
Photograph No. 14: This photograph shows how the nitrogen gas in the channel of 
the MUE explosively leaves the channel caused by a flow reversal. The nitrogen flow rate 
through porous filter No. 2 was 10 ml/min. 

Photograph No. 15: The same core section with the MUE is shown. Nitrogen is let 
into the channel through porous filter No. 2. The void fraction amounts to 0.5 %. 
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Photograph No. 16i Nitrogen gas is let into the channel through porous filter No. 3. 
The void fraction is 0.5 %. 
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Photograph No. 17: Telescope (T) for the measurement of the Cerenkov light. 
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Photograph No. 18: Head glass (HG), light cable (L) and box (B), which contains the 
photo-multiplier. 

r * 
T+* 

I HG 

Photograph No. 19: Head glass (HG) fixed onto the ground glass of the telescope (T). 
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Legend 
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Porous filters 
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neutron chambers 

Locating foot 

Cone 

Access hole to 
the lower plenum 

Lower plenum 

Pressure 
measurement points 

Channel 

Fig. J Side view cross-sectional sketch of the MUE 
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Legend : 

51 : Shaft SI 

52 : Shaft S2 

PF : Porous filters 

D : Drill holes for the 
neutron chambers 

L 

C 

LP 

B 

: Locating foot 

Cone 

Lower plenum 

: Access hole to the 
lower plenum 

Fig. 2 Front view cross-section of the MUE 
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Legend : 

C : Channel of the MUE 

GS: Gas supplies for porous filters 

SI : Shaft ( S I ) 

EL : Electrical leads for 
neutron chambers 

PP: pressure measurement points 

PF: Porous filters 

CO : Connections to the PP 

FP : Fuel plates 
SFE: Standard fuel element 

Fig. 3 : Top view of the MUE standing next to a standard fuel element. 
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Fig. A Location of porous filter 
for bubble production 
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Fig. 5 Sketch of the experimental s e t - u p 
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legend : 

V :Volve 

S -.Shalt lor water velocity 
regulation 

RM :Roscmount pressure gauge 

FM :Flow meter 

LO : Lauaa device 

GE :Gas evacualor 

MUE: Moek-up element 

WS : Water supply 

CS :Gas supply 

PF : Porous filter 

Fig. 8 Side and top views of the out-of-core experiment 
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Legend : 
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Pig. 12 Neutron signal PSDs measured under different nitrogen flow rates through 
porous filter No. 1 (initial channel water velocity without nitrogen equals 0.5 m/s). 
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Fig. 13 Neutron signal PSDs measured under different nitrogen flow rates through 
porous filter No. 3 (initial channel water velocity without nitrogen equals 0.5 m/s). 
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Fig. 14 Neutron signal PSDs measured under different flow rates ihrough porous filter 
No. 5 (left column) and No. 7 (right column) (initial channel water velocity 

without nitrogen equals 0.5 in/s). 
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Fig. 16 Cerenlcov light noise PSDs measured under different 
nitrogen flow rates through porous filter No. I (initial 
channel water velocity without nitrogen equals 0.5 ra/s). 
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Fig. 17 Cerenlcov light noise PSP' measured under different 
nitrogen flow rates through porous filter No. 3 (initial 
channel water velocity without nitrogen equals 0.5 m/s). 
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Fig. 18 Cerenkov light noise PSDs measured under different nitrogen flow rates 
through porous filter No. 7 (initial channel water velocity without nitrogen 
equals 0.5 m/s). 
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Fig. 19 Neutron signal PSDs measured under different nitrogen flow 
rates through porous filter No. 1 (initial channel water velocity 
without nitrogen equals 1.7 m/s). 
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Neutron signal PSDs measured under difTerent nitrogen flow 
rates through porous filter No. 3 (initial channel water velocity 
withou* nitrogen equals 1.7 m/s ). 
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Fig. 21 Neutron signal PSDs measured under different nitrogen flow rates through 

porous filter No. 5 (left column) and No. 7 (right column) (initial channel 
water velocity without nitrogen equals 1.7 m/s). 
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23 Cercnkov light signal PSDs measured under different 

nitrogen flow rates through porous filter No. 1 (initial 
channel water velocity without nitogrcn equals 1.7 m/s ). 

30 to SO 60 70 

FREQUENCY [ H Z ] 

a 

00 

10 20 

t^^-^Jk^iy^yht^^^rn^f^, 

- - - 1 0 _ 

0 10 20 JO «0 50 60 70 00 90 100 

FRE0UENCY [HZ] 

b 
Fig. 24 Cerenkov light signal PSDs measured under different 

nitrogen flow rates through porous filter No. 3 ( initial 

channel water velocity without nitogren equals 1.7 m/s ). 
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Fig. 25 Core configuration for the RCF experiment with first appearance of 
shadows between fuel elements with grid place numbers 43 and 53. 
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Fig. 28 Neutron signal PSDs measured under different coolant flows. 
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Fig. 29 Neutron signal PSDs measured under normal conditions (NO) and measured 
during a control rod movement (OCR). 
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Fig. 30 Neutron signals measured during a control rod movement. (B denotes the 
beginning and E the end of the control rod movement). 
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Fig. 31 Neutron noise measured during a scram (B denotes the start of the scram). 
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Fig. 32 Neutron noise measured after a scram. (E denotes the end of the scram). 
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Fig. 35 Processing of a control rod movement. 



Chapter V 

Piety's Pattern Recognition Algorithm using 
Overlapped FFT-Processing of Data and Sliding 
Averaging for PSD Estimation 

V. l Introduction and elements of the surveillance method
ology of Piety's algorithm 

Piety's algorithm [1] is an on-line method for model-free recognition of changes 
in spectra of signal fluctuations. During an initial learning period, where it is 
assumed that the reactor is operating normally, trend PSDs (TPSDs), which 
are the averages of an integer number of instantaneous PSDs, are repeatedly 
calculated. The average of a number of TPSDs which are the performance sig
natures that characterize the most recent state of the reactor, are used to form 
a baseline. After the learning period (Fig. 1), a working period follows. Here 
TPSDs are measured periodically and compared to the baseline by utilizing 
the 5 discriminants of Piety's algorithm. The discriminants were selected to 
detect : 

1. Fluctuations in the integral power of the spectrum 

2. Spectral shape changes 

3. Deviations in the magnitude of individual 
TPSDs at a given frequency 

4. Shifts in the frequency of spectral peaks 

The features of the first 5 discriminants are given in Table 1; G{ji) 
(i = 1, . . . JV) denotes the value of the TPSDa at the frequency point fi , (?"(/,•) 
denotes the corresponding point in the baseline. These discriminants are 
checked against alarm levels. If it is assumed that the process signal is Gaus
sian distributed, the theoretical alarm levels can be derived exactly. However, 
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Piety's algorithm is adaptable to signals which do not fully meet this assump
tion. The adaption is made during the learning period, in which averages 
and variances of the discriminants are calculated to correct the theoretically 
derived criteria limits. 

With regard to the application to neutron noise, only the first 5 discrim
inants in Piety's algorithm are investigated, because the last 3 discriminants 
have been found to be not as effective as the others with respect to the problem 
at hand [2]. 

To sensitively detect anomalous conditions as fast as possible, Piety's 
method was modified to PSD estimation using overlapped £FT-processing 
of data with sliding averaging of PSDs (OFSA PSD estimation). The pur
pose was to cover cases where boiling occurs at low void levels. 

The results showed that the sensitivity of Piety's algorithm to anomalous 
noise could be improved considerably. The investigations also showed that 
an on-line surveillance application is possible and that the use of the most 
sensitive discriminant, namely D5 (defined in Table 1), is sufficient (Section 
V.4), since all discriminants are correlated and deliver no new information 
concerning the application to boiling detection. 

Another improvement is a considerable reduction of learning time, which 
is eight times faster than that without OFSA PSD estimation. 

V .2 OFSA PSD e s t imat ion 

OFSA PSD estimation is a novelty for surveillance systems. It allows high 
sensitivity in detecting anomalous conditions without redacing lesponse time. 
In this section, a brief overview of this technique is given. 

Consider the signal x(t) from an ergodic process, which was observed for 
a time interval of T seconds. To obtain estimated TPSDs, which are de
noted by G(f) at frequency / , we apply to {*(<)} » uniform data window 
(Fig. 2), as depicted in Fig. 3, of duration tw seconds (ft* < T) in the inter
vals {0,tw), (ts, ts + tw), ...{(TP-l)ts,{TP-l)ts + tw)- TPis the 
number of instantaneous PSDs for one TPSD, ts is the time-shift each neigh
bouring window undergoes and so determines the degree of overlap (DOV) 
which is defined as: 

DOV = iw~ts ( v . l ) 

The Fourier transformation on the pin window is obtained as follows: 

Y,(f, tw) = J" exp(-2>r,V) x{t) • w(t - *-f - (p - 1) • i5) * (V.2) 

\<p<TP 
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This gives, fo» the first spectral estimate at point / , for TP averages: 

2 TP 

G\f)=~pY:\Yp(f^v)\2 (V.3) 

with 

! W,'iv)!2 = l*;R(/,*iv)|2 + \Yj{f,tWtf (V.4) 
where : 

> ' * ( / . M = [°°x(t) casitoft,.*, (t-'-%--{p-l).ts)-dt (V.5) 
JO V * / 

*-„'(/, tw) = - j f ° x(t) sin(2T/0 w (t - *-f - (p - 1) ^ dt (V.6) 

The NPth TPSD averaged over TP instantaneous PSDs at frequency point 
/ is then given by: 

TP 
G"VP(/) =

 T^PTP £ W^V'Wl2 (v.7) 
p = l 

with 

\ip{f,tw,NP)\2 = \Yp
R(f,tw,NP)\2 + \Yj(f,tw,NP)\2 (V.8) 

where again : 

Y*{f,tw,NP) = J x(t)cos(2-ft)w(t-Y~(p-l)ts-(NP-l)NWtsydt 

(V.9) 

Yp
rU,tw,NP) = -J x(t)sm(2nft)w(t-t-Y-(p-l)ts-(NP~l)NWts)dt 

(V.10) 

jVW= number of new instantaneous PSDs added to the last TP - NW 
instantaneous PSDs previously used in calculating the (NP - l)th 
TPSD 

In Figure 4, an example is shown with TP = 5, WW = 3 and tw = tsl^ to 
illustrate the OPS A PSD estimation. This PSD estimation has an advan
tage, which can be explained in the following manner: 
Normally, the TPSDs are averaged over a finite number of instantaneous 
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PS Da. That is why the values at particular frequencies scatter around a 
mean. The degree of scattering, which depends upon the choice of DOV, TP 
and NW, could be so strong that weak disturbances could not be detected. In 
the case of PSD estimation without overlap (15 = t\v) and sliding averaging 
(NW = TP), the normalized standard error (Er) is given by [3]: 

^ = ^ ^ = V ^ T 7 iv.ii) 

where : 

Gl(f) - PSD averaged over 
TP instantaneous PSDs 

Gx(f) = true spectrum 

Equation (V.ll) shows that scattering can be diminished by choosing a large 
number of averages, TP. On the other hand, averaging over many samples 
would mean an extended reponse time. This handicap can be avoided in the 
following way. To attain fast response in the detection of anomalous condi
tions, a high degree of overlap in the Fourier Transform is introduced. To avoid 
large scattering of the PSD estimation without reducing the response time, 
sliding averaging is performed using a high portion of preceding instantaneous 
PSDs to form a new TPSD (i.e. TP > NW). 

In eq. (V.2) a continuous time signal is used, while in the following sections 
the discrete case of eq. (V.2) is considered. For the discrete case, samples of 
x(t) should be taken At seconds apart, whereby At is given by [3] as : 

At = 0.5//c (V.12) 

where : 

fc = cut-off frequency 

x(t) should be low-pass filtered before use, to avoid aliasing errors. 

V . 3 Stat ist ics of the discriminants 

A knowledge of the probability density function (PDF) of the discriminants 
is necessary to decide if anomalous reactor conditions exist in the learning and 
working period. During the learning period where the baseline is formed, reac
tor conditions like a scram could occur. These events would completely falsify 

http://iv.ii
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the baseline. A proposal to decide if a baseline could be accepted is by compar
ing the calculated theoretical means (TMs) and theoretical standard deviation 
values (TSDVs) of the discriminants with their actual sample means (5A/s) 
and sample standard deviation values (SSDVs). The TMs and TSDVs are 
calculated from the PDFs. The SMs and SSDVs are calculated from the 
same TPSDs, which are stored on a file and are used to form the baseline. If 
the SMs and SSDVs are within given tolerances, the baseline is accepted. 

For the working period, another faster concept for detecting anomalies 
is chosen. Here, the discriminants are checked against confidence intervals. 
These intervals are calculated from the PDFs of the discriminants to given 
confidence coefficients. If a two-sided alarm level is established, the confidence 
interval (zo^i) 1S given for example by : 

/ ° p(x) • dx = a/2 I °° p(x) • dx - a/2 (V.13) 
J—00 Jx\ 

where : 

p(x) = PDF of the discriminant 

I — a = confidence coefficient 

When the discriminants lie outside the intervals (or docs not reach the 
alarm level if a two-sided limit criteria is established ) due to anomalous reactor 
conditions, an alarm is given. 

To describe the statistical behaviour of the discriminants D1-D5, a knowl
edge of the distribution function of the following statistical relationship is 
necessary [4] : 

£•(/,) 
where 

/, = t A / = ^ - i = 0 , l , . . . , J V T / 2 - l (V.15) 

Here NT denotes the transform size [3], G(/i) the TPSD and G*(fi) ^e 

reference PSD at the frequency point fc . 

In Appendix A, it is shown that independence of different points in the spec
trum (i.e. Cov(G(fi),G(fe))= 0, for fi ^ / e ) can be assumed. Thus, all 
frequency points given by eq. (V.I4) have the same probability distribution 
function. 

Equation (V.14) can also be written in the following way: 
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y = InGifi) - /nCT(/,) (V.16) 

The probability density function fc(jr) of this difference is given by [4] as : 

*(>)= / ° ° / ( « ) «(y + «)d« (V.17) 

where : 

/(«) = probability density function of InG(fi) 

g(u) — probability density function of lnG*(fi). 

In eq. (V.7), GNP(f) is the som of correlated Gaussian variables. The 
sampling distribution for GNF(fi) (for simplification G{Ji) is written instead 
of GNF(fi)) can be evaluated in the following manner; firstly G{fi) can be 
expressed as follows: 

with 

This givps: 

°= G(fi) = T^TP EfinVoi* + in'usn2} 

*% 
r2 \YR( f\\2 t 1 TP 

1 •T / > K -!,...,! J 

r2 \Ylif\\2 b — 1 IP xTP+k - | mjp\Yk\J%)\ K — l,...,I r 

Kx 

* = E 4 Nt = 2-TP 

Then the sampling distribution of s is given by [4] as : 

(V.18) 

(V.19) 

(V.20) 

(V.21) 

V(») = ̂ f^dwexp(-iws)F(w) (V.22) 

where F(w) is the generalized characteristic function: 

F(w) = J ...J dx, . . .dxW |-expH»/(x, , . . . ,xW l)Jp(*i. .*iO (V-23) 

and 

/ (x , , . . . ,xAr I ) = £ x ? (V.24) 
1=1 

p(xi,.. .,XJV, ) >s the TVj-dimensional Gaussian distribution [5]: 

p(x1,...Ixiv1) = ( 2 1 r ^ ' v • / 3 . | C r ^ • e x p | - i ( f - m ) T . C - , ( £ - m ) | (V.25) 
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where: 
x = stochastic variables written =»s a column vector 

m — E(x)= Mean of the stochastic variables 

C~l — E\(X- m)(x - m)T l= Covariance mat nx 

For simplifying calculations only the central quadratic form of cq.(V.25) in 
which TO = 0 is considered. In the general (noncentral) case, analogous trans
formations can be given. With the transformation 

«?=n-e- 1 x (V.26) 

where the matrices ft and 6 are given by the following relationships [6] : 

C= 

e= 

A= 

A= 

e er 

transposition of 0 

non-singular lower triangular matrix 

ftT • e T • 0 -fl 

diagonal matrix oi eigenvalues of QT • Q 

one can find the following expression for eq. (V.23): 

F(u) = (2w)-y,/3 • J ... I dwi ...dwNlexp(i w wT A w) expl~-wr w) 

(V.27) 
where : 

/ A , 

A = 
A2 

(V.28) 

, 0 AiVj / 

The U7,(i = 1 , . . . , iV,) are independent unit normal [iV(0,1)] variables and 
the numbers X\ > A3 . . . > A/v, are the eigenvalues of the matrix 0 r • 0 . 
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Integration of eq. (V.25) leads, from [7], to: 

F{u) = J ] ( l - 2iu>\j)-
1'7 (V.29) 

i=i 

The probability density distribution of eq. (V.18) is then given by: 

1 r°° %, 
p(s) = — <L,. exp(-*u;5) ]\{1 - 2iu\} y}'2 (V.30) 

p(s) can be expressed by an infinite sum of generalized Laguerre polynominals 
if the ratios Aj/A2, A2/A3,... ,AJVJ-I/AJV, are not far from 1 [6]: 

*s)=% i2"1'2 • r ( * i / 2 ) ) " ' • ( i ) ( J V l / 2 1 > • e",/(2B,) 

• %C]'Br •jl' r W U i ) ^ ' / 2 " 1 ) ( , / ( 2 J l ) ) ( V 3 1 ) 

where L^ l'7~l'(s/{2Bx)) are the generalized Laguerre polynomials defined 
by: 

M ) " ^ i ! ( r - i ) ! r 0 + 7 + l) y > ( V ' 3 2 ) 

For the C] 's the following representation can be used : 

B\ is defined as : 

in the case that 

c\ 
T-l 

= (2r)-,5>_,-.CJ (r>l) 
j=0 

5r = E(51-AJr 
j=0 

/v 

1=1 

^ 1 

(V.33) 

(V.34) 

(V.35) 

(V.36) 
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The sai ipling distribution of u = InG(Ji) K then : 

/("' = l ; r ' / : ! ' r ( ' v ' / 2 » ] {k) '~''n2B'> 

• ps-rtf- wuBi)^"'^1^ (V-37) 
where : 

Ni = 2TF (V.38) 

TP = number of PSDs for one T P 5 D 

The sampling distribution of v — lnG*(fi) is similar to that of the variable u 
given in eq.(V.37) : 

• f Cf •(*.r'-i! f^^-lS* /»- , )(«V(M,)) (VJ9) 

where : 
N2 = 2TPNA (V.40) 

N A = number of TPSDs for the baseline 

t= i 

under the condition 

where the numbers /Ji > ^2 • • • > PX2 a r e the eigenvalues. 

Eq. (V.37) and eq. (V.39) inserted in eq. (V.17) gives the PDF h(y) of 

y = ln[G(fi)fG'Ui)}-

(V.41) 

(V.42) 
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h( ) - ^^C}-Cl-jl-V.-(B1)-i'(B2)-
i 

W ( 2 ( ^ / 2 + ^ / 2 ) ) - ^ . ^ ' ^ ^ T{Ni/2 + j)-T(N2/2 + i) 

l! 'v ' '2- ,>(e»+72B !) • . - • « » ' • «-**•/»»>*, (V.43) 

Slepian [8] gives another representation of eq. (V.31) which converges more 
rapidly without using Laguerre polynomials. However, both cases are numer
ically too tedious. For the baseline, one should calculate eigenvalues of a ma
trix of the order of 1000 (e.g. TP=6, JV>1=100, N1 in eq.(40) is then 1200). 
Therefore an approximation is given, which can be more easily handled by the 
computer : In the case that a uniform data window is used, independence of 
different points in the spectrum can be assumed (Appendix A). The PDF of 
the variable y in eq.(V.14) is given by Fisher's z-transformation defined as : 

h(„ nrnm- *-r((DT + DB)/2)-(DT/DB)DT'* h(y,DT,DB) _ _ _ _ _ 

/ DT \ ~[DT+DB)/2 
• exp(DT • y) • (1 + — - • exp(2 - y)\ - oo < y <+oo 

(V.44) 
where : 

DT = degrees of freedom of a TPSD 
DB = degrees of freedom of the baseline 
r = gamma function 

The DT and DB are defined as [9] : 

DB = 2 • T f 2 ^ f / l \ \ i = l , . . . , i V T / 2 - l (V.46) 

where 
Var{G'{fi)) 

E{) = mean 
Var() — variance 
G(fi) = TPSD at the frequency point /< 
G'(fi) = reference PSD at frequency point /,• 

Under the assumption that fi is greater than the bandwidth of the spectral 
window of the data window w(t), eq.(V. 45) eq.(V. 46) are given by [10] as: 
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2TP 
DT a — j j ( V - 4 7 ) 

L-K=-(TP-l)yl TP}\ *„(0) 

DBKDTNA (V.48) 

where : 

4>w = Autocorrelation of the data window 

TP = Number of PSDs Tor one TPSD 

ts = time-shift of adjacent time windows (Section V.2) 

For uniform weighting, the above assumption is always fulfilled; see Ap
pendix A. 

The PDFs dPx, dP2, tfP3, dP4, dP5 of the discriminants Dx, D2, D3t D4, D5, 
which are not treated exactly or not derived Ike dP2 and dP3 by [1], are then 
given by : 

dP1(y) = h(y,DT',DB') (V.49) 

where : 

DT' = integer(-DT • L +0.5) 
DB' = integer(££ • L +0.5) 

^ ( E T O J V E T O ) ) 1 (v.50) 
1=1 1=1 

h{y,DT,DB)-dy) h(x,DT,DB) (V.51) 

dP3(x) = N-(r k(y,DT,DB)-dy\ h(x,DT,DB) (V.52) 

1 f+oc / /+oo \ N 

dP4(x) = — du • exp(iux)• I / dz -exp(-iuz/N) • h(z,DT,DB)\ 

• ~°° ~°° (V.53) 

dP5(x) = Y I duexp(iux)- U dz • exp(-ivz2/N) • h(z,DT,DB)J 

(V.54) 
where : 
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N = number of points in the selected frequency range 

The statistics of the discriminants D1-D5 have been tested with a series 
of 400 TPSDs. The parameters for a TPSD were : TP = 180, NW=6, 
transform size = 64 points, DOV = 90%, investigaisd frequency range 0.61 to 
0.36 Hz (N = 20 in Table 1). For this investigation 0.1-10 Hz band-pass filtered 
signals produced by a white noise generator were digitalized at a frequency of 
25.6 Hz. The first 200 TPSDs were used for obtaining the baseline, sample 
means and standard RMS values of the discriminants D1-D5. Table 2 shows 
good agreement between the theoretical and sample means and the theoretical 
and sample standard RMS values. 

300 TPSDs were taken to count the discriminant's values which fall in
side the limits calculated for given confidence coefficients of 66.67% (Table 3) 
and 90% (Table 4). The tables show that nearly all discriminants are in the 
acceptance regions based nn an approximate 5% level of significance under the 
assumption of statistical independence between points of the discriminants. 

It can be concluded that the approximations for the PDFs evaluated in 
this section are valid. 

V.4 Comparison between different possibil it ies for 
PSD est imation 

In this section it is shown that Piety's algorithm using OFSA PSD estimation 
is a sensitive method for detecting anomalies. For comparision, two other pos
sibilities of PSD estimation for Piety's algorithm have been used : 

1} Habitual RSD estimation wjthout using overlapped EFT processing of 
data and gliding averaging (PEWOFGA)(proposed in [I]). 

2) P.SD estimation by an autoregressive model (PEAM) as given in Ap
pendix B of this chapter. 

For comparison, the signals of the second initiation-of-boiling experiment 
described in Section IV.2.8 were taken. In Figures 5, 6 and 7 the discriminant's 
reactions are shown in the frequency range 0.9375 Hz -6.25 Hz (N=18) for ail 
three kinds of PSD estimations mentioned above. UL1, UL2, LL1, LL2 denote 
the lower and upper discriminant limits (either one- or two-sided, see Table 
3). The figures contain the period where the reference PSD was measured 
(100 TPSDs for all three PSD estimations) and when the reactor operated 
normally. Two other periods, where the coolant flow through the core was 
reduced in steps from 126 1/s to 116 1/s and 106 1/s, are also shown. The 
monitoring conditions for the three possibilities of PSD estimation mentioned 
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above are given in Table 5. The segmentation of input data for PEWOFGA 
and PEAM is shown in Fig. 8. The figure shows that the segment length (NC) 
is chosen in such a way that the following relationship holds: 

NC = TPNT (V.55) 

where : 

TP = Number of instantaneous PSDs 

NT = Transform size 

to facilitate a comparison between PEWOFGA and PEAM. The calculation 
of the PSDs for all three kinds of PSD estimation begins at the same time 
point. Figures 5, 6 and 7 show that the discriminants react most sensitively if 
OFSA is used. This result can also be shown with Fig. 9 for the discriminant 
D5. Here, for the three cases oi PSD estimation mentioned above, the values 
of D5 are sectionally averaged when the flow rates are 126 1/s (normal case), 
116 1/s and 106 1/s. Then the increments of these averages relative to the 
averages at 126 1/s were calculated and drawn. 

Figure 9 also shows that the discriminants exhibit no significant difference 
when PEAM or PEWOFGA is used, although it is often mentioned [11,12] 
that parametric methods (e.g. an autoregressive model) are more appropriate 
for small sample analysis. 

Figures 5, 6 and 7 also show that the most sensitive discriminant is D5 and 
that the discriminants are correlated. Therefore in the following investigation 
only the discriminant D5 is considered. 

V.5 Detection time 

One important question is how quick anomalies can be detected by Piety's 
algorithm. Based on the experience of an incident in 1973 at the SAPHIR 
reactor, the detection time should occur within about 30 s. Neutron noise 
data, for incidents in which fuel elements are destroyed due to accidents, are 
not available. Experiments where fuel plates are melted through are, in the 
current political climate, not allowed. Therefore the following investigations 
should show if the above demand of 30 s (or better) could be fulfilled. 

In Figure 10 the reaction of discriminant D5 to the second boiling initia
tion experiment described in Section IV.2.8 is shown, where the coolant flow 
through the core was reduced in steps from 126 1/s to 116 1/s. The monitor
ing conditions for OFSA PSD estimation were the same as shown in Table 
5. The level (L) where an alarm is given when the discriminant D5 exceeds 
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it, was set at a confidence alarm level of 99.999921 %. A simple calculation 
shows, that the theoretical false alarm rate per reactor run (3 weeks) is then 
less than 1 with the monitoring conditions chosen for Fig. 10 (every 1.406 s 
a new D5 discriminant value). Figure 10 demonstrates that Piety's algorithm 
could recognize boiling in a cooling channel within 30 s if it is taken into ac
count that the time to throttle the coolant flow through the core from 126 1/s 
to 116 1/s amounts to about 30 s-40 s. Thus the above requirement could be 
fulfilled. 

The detection time is highly dependent on the strength of the disturbances. 
This is shown in Fig. 11 where the reaction of discriminant D5 to an MTJE 
experiment described in Section IV.2.6 is depicted. The nitrogen flow in the 
channel amounted to 2,4 and 61/min and was introduced through porous filter 
No. 3. The water velocity without nitrogen flow was 1.7 m/s. The points in 
time, when the channel contained nitrogen were detected with the miniature 
neutron chambers described in Section IV.2 and are shown by vertical dashed 
lines in Fig. 11. The monitoring conditions were : 25.6 Hz analyzer frequency 
range, NT=64, DOV=90%, NEW=6, TP=500, analyzed frequency range 0.91 
Hz to 6.97 Hz (N=21). The alarm level (L) in Figure 11 corresponds to a 
confidence alarm level of 99.999921 %. The figure shows that, at a nitrogen 
flow rate of 2 1/min, bubbles are no longer detectable because the change in 
the PSD is too low (Fig. 20 of Chapter IV). Nitrogen flows of 4 and 6 1/min 
are, however, detectable, though the detection time is longer than that of 
the initiation-of-boiling experiment described above. Figures 12 and 13 are 
amplifications of the transitions of the discriminant D5, where the nitrogen 
flow amounted to 4 and 6 1/min, respectively. The detection time is about 
108 s for 4 1/min and about 45 s for 6 1/min. These results show that small 
changes in the PSDs could be detected, but the detection time increases so 
that the above demand of 30 s maximum could not be fulfilled for all weak 
disturbances. 

It is believed that real accidents, which could lead to the destruction of the 
fuel elements could occur within seconds. These cases could give rise to consid
erable changes in the PSDs. Therefore it is investigated if the discriminant D5 
using OFSA PSD estimation could detect strong disturbances within short 
periods of time (e.g. seconds). For these investigations simulated data were 
used because in the available experimental data the beginning of boiling can
not be determined exactly. The simulated data were generated by a program 
"RICEGEN" [14], which calculates random data from a given input PSD. In 
Figure 14 two smoothed neutron PSDs are shown which are measured [15] 
under normal and boiling conditions. It is believed that in this experiment the 
amount of boiling is higher than in the RCF experiments described in Section 
IV.5 because the reactor boiled at three water gaps. 

From the PSDs of Fig. 14 measured under boiling and normal conditions, 
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two time series i® and x^ (1 < n < / ) respectively are calculated by "RICE-
GEN". In order to prevent discontinuities from x% to zf (Fig. 15) when the 
discriminant D5 is utilized to analyse anomalies, a new time series i„ is formed 
in the following manner : 

xn := *£ (1 < n < Jo < I) 

xn := x% - exp-a(n- /o)A* +(1 - exp-a<n- /o)'A ') • x%_h (I0 < n < J) 

(VA7) 

Figure 16a shows the reaction of the discriminant D5 to simulated boil
ing conditions. The parameters for OFSA PSD estimation were : NT=64, 
NEW=6, TP=300, DOV=90%, NA=z00. The alarm level (L) corresponds 
to a confidence alarm level of 99.999921%. Figure 16b shows an enlargement 
of the transition in Fig. 16a where the boiling conditions begin. This figure 
demonstrates that the detection time amounts to 7 s. Therefore it is believed 
that the discriminant D5 using OFSA PSD estimation is a useful method in 
detecting boiling in a time range of 7-30 s depending on the degree of boiling 
in the reactor. 

V.6 Installation of Piety's algorithm on a PDP 11/23 

Piety's algorithm was installed on a PDP 11/23 for an on-line application. A 
difficulty for the realisation of an on-line program on the PDP is the timing 
of digitalisation of time records, transfer of the time records to the memory 
of the computer and the evaluation of FFT, instantaneous PSDs and the dis
criminant D5. Subroutines which need a relatively large amount of computing 
time are written in Assembler code, a machine language of a lower level than 
Fortran. 

At the moment, due to time constaints, the program only calculates the 
discriminant D5 for different transformsizes (NT=64-256) and different de
grees of overlap (DOV=0-90%) in an on-line application and gives alarm if 
a level is exceeded. Figure 17 shows a proposal for a flow chart of how the 
program could work in connection with the circuit, which already exists and 
is separately tested as demonstrated in Section IV .6. First the transform size 
(NT), the number of instantaneous PSDs for a TPSD (TP), the degree of 
overlapping (DOV) and the number of TPSDs for the baseline (NA), the 
analyzed frequency range (FR), the theoretical mean (MD5), the theoretical 
rms value (RMSD5) of D5 and the alarm level (L) should be given. The pro
gram generates (in the learning phase) the baseline and calculates the sample's 
mean (SMD5) and variance (SRMSD5) of the discriminant D5 as mentioned 
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in Section V.3. The last two values are checked against the theoretical mean 
and theoretical variance of the discriminant D5. If the sample values are not 
within a given tolerance, a new baseline is formed. In the working phase, the 
discriminant D5 is checked against a given level. If this level is exceeded due 
to boiling, acoustic and visual alarms can be given, for example. 

If a scram or control rod movement takes p'ace, the circuit described in 
Section IV.6 sends rectangular impulses to the computer (Fig. 17). In the 
case of a removal of an isotope element without scram the operator sends a 
rectangular impulse by pressing a switch. The pulse width for a scram or 
the removal of an isotope element without scram depends on the duration of 
the operations at the reactor. The pulse width for a control rod movement 
is fixed at 20 s. The signals of channels 1, 2 and 3 (Fig. 17) are continu
ously digitalized and stored in the memory of the computer under different 
addresses (N1,N2,N3). In the case of a scram, a control rod movement or the 
removal of an isotope element without scram, the values (VNl,VN2,VN3) of 
the three addresses are different from zero. The program periodically reads 
the contents of the three addresses and checks if they are greater than zero. 
In this way a distinction can be drawn, and a possible alarm suppressed for 
the case of a control rod movement. In the case of the removal of an isotope 
element without scram, or a scram itself, the calculations are stopped and the 
program waits in a loop until the values under the corresponding addresses 
are again zero. Then the calculations are started again with a new updated 
baseline. 

V.7 Conclusions 

1. The discriminant D5 of Piety's algorithm using OFSA PSD estimation 
is a sensitive method for detecting boiling within 7-30 s. 

2. An on-line application is possible with the advantage of using reactor 
instrumentation for the neutron noise signals. 

3 . Other events, which arise during a normal reactor run like scrams, 
removal of isotope elements without scramming or control rod movements 
and which could lead to false alarms, can be distinguished from boiling. 

4. Weak disturbances, which cannot be detected by the present reactor 
instrumentation (e.g. period meter) or the existing boiling detector, could be 
recognized by the discriminant D5 using OFSA PSD estimation. 

5. In the present application concerned with neutron noise this new PSD 
estimation makes possible a faster detection of anomalies (« 5 times faster) 
than with the PSD estimation proposed in the Pie.y's algorithm and shows 
a faster learning time (« 8 times faster). 
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APPENDIX A 

Covariance be tween spectral points 

In [10] the covariance between spectral estimates at frequencies fi and ft is 
given by: 

, , . TPTP f 

+ j^EEi/^w«-' ,W'-'')-«i ,( i"2 , r ' ,('-») , ' ')-*i ! <A1) 

where : 

W = Fourier transform of the data window 

TP = number of averages for one test PSD 

ts = timeshift each adjacent data window undergoes 

fi = i • A / = i/tw i = 0,..., NT/2 - 1 (A.2) 

U = e • A / = e/tw e = 0,..., NT/2 - 1 (A.3) 

where : 

tw — duration of the data window 

NT — transform size 

In the case of a uniform data window, W in eq,(A.l) is given by [3] as : 

""-"•(^gOr1) ( A 4 > 
The shape of the standardized function WS of eq.( A-4) given by : 

WS{x) = W(x/tw)/tw (A.5) 

is shown in Fig. (1) where : 

x = ftw (A.6) 
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Fig.l: Dlustration of window function WS(x) 

Let BS and B be the frequency half-value bandwidth for WS and W respec
tively. From Figure 1 it can be seen that BS amounts to about 0.7, then the 
approximate value of B is : 

B « — = 0.7 - A / (A.7) 

This means that 

\fi-f,\ = *f-\i-e\>B i*e (A.8) 

is fulfilled. As a result, W(f, - ft)- W(fe + fi) and W(f, - /x)- W(fe - fi) in 
eq.(A-l) are essentially zero for f; / fe as well as the covariance. 
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APPENDIX B 

PSD Estimation by an autoregressive model 

Assume a random record x(i) be sampled at points A* apart. 

xn = x{t0 + itAt) n = 1,2,.... A' (B.l) 

with 

4l> = 0 <B-2> 
t = l 

(Otherwise xn(n = 1,2,..., N) can be replaced by A'i — xn -x, 
where x = £Z£L,x„ )• 

The goal of an autoregressive model is to determine *he order A' and the 
autoregressive coefficients U], . . . ,I*K so that the process {*„} can be fitted in 
the following manner: 

x„ = a } * * * . . , + «<*>xx_2 + . . . + jPsn-K + elK) (B-3) 

A' + 1 < n < JV 

under the restriction that the variance of the residuals f* (a white noise 

process) defined as: 

»8(A*>=£SX>* <B, ) 

n—l 

is a minimum. The residuals £* should satisfy the following conditions 

E[e*] = 0 (B.5) 

£[£*.**.] = 0 njtn' 

It can be shown that an autoregressive model has an interesting similarity 
with recursive digital filters [3]. A simple standard type can be described as 

K 

where zn denotes the sampled data of the irput record {z(t)},yn denotes the 
sampled data of the output record {y(t)} and hm are the filter coefficients. 
If we compare eq.(B.3) with eq.(B.6) we can conclude that in the case when 
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{z{t)} is a white noise signal process, the antoregressive model and recursive 
digital filters describe data in a similar way. 

Equation (B.3) has a transfer function 

H(f) = j± (B.7) 

Th» PSD follows from 

PSD(S) = | H(f) | 2 <r*(A) • Af (B.8) 

Different method* exist for solving the fitting procedure. The code MLOCAR 
from the Japanese program package TIMSAC is used here, based on the least 
square fitting method using the Householder transformation [13]. 
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Table 1: Discriminant features 

Definition 

\»=1 i=l / 

Dt = min |log10 fG(fi)(G'(fi)J J for all i 

D, = mo* {log,0(G(/0/C?*(/0j } for all i 

^ = E,oeio(c(/0/G*(/i)Viv 

^ = E{ 1 O KIO( G (A) /<? ' ( /O)} /* 

Sensitivity 

integral spectral shifts, dominated 
by the large amplitude values 

disappearance of spectral peaks 

appearance of spectral peaks 

uniform spectral shifts, sign can
cellable 

uniform spectral shifts, sign not can
cellable 

Table 2: Means and Standard deviations 

Mean Standard deviation 

Disci. theoretical sample A (%) theoretical sample A (%) 

Dl -0.2993B-03 -0.2379E-03 -20.5 0.1620E-01 0.1434E-01 -11.5 
D2 -0.1309E+00 -0.1307E+00 -0.2 0.3770E-01 0.4223E-01 11.8 
D3 0.1124E+00 0.1143E+00 1.7 0.3103E-01 0.2093E-01 -32.6 
D4 -0.4805E-02 -0.4887E-02 -2.5 0.1454E-01 0.1534E-01 5.5 
D5 0.4252E-02 0.4136E-02 -2.7 0.1374E-02 0.1157E-02 -15.8 
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Table 3: Counting Statistics for a confidence coefficient 
of 66.67% 

Discr. 

Dl 

D2 

D3 

D4 

D5 

Rejection 
Region 

two-sided 

lower-sided 

upper-sided 

two-sided 

upper-sided 

Confidence 
coefficient 

[%] 

66.67 

66.67 

66.67 

66.67 

66.67 

observed number 
of counts 

IX] 

64.7 

59.7 

51.0 

58.7 

58.1 

Acceptance region-
number of counts 

1%) 

58-74 

58-74 

58-74 

58-74 

58-74 

Table 4: Counting Statistics for a confidence coefficient 
of 90.0% 

Discr. 

Dl 

D2 

D3 

D4 

D5 

Rejection 
Region 

two-sided 

lower-sided 

upper-sided 

two-sided 

upper-sided 

Confidence 
coefficient 

[%] 

90.0 

90.0 

90.0 

90.0 

90.0 

Observed number 
of counts 

I%] 

83.3 

86.7 

80.7 

81.7 

82.0 

Acceptance-region 
number of counts 

84-94 

84-94 

84-94 

84-94 

84-94 
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Table 5: Monitoring data for PSD estimations 

PSD estimation 

PfiWOFGA 

PEAM 

OFSA 

Averages for an 
instantaneous 

TPSD 

6 

— 

300 

Transform 
size for a 

TPSD 

64 

— 

64 

DOV 

[%] 

0 

— 

90 

Segment 
length 

— 

384 

— 

Order of the 
autoregressive 

model 

— 

50 

— 

Number of 
TPSDs for the 

baseline 

100 

100 

200 
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Fig. 1 : Learning and working period in Piety's algorithm. 
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Fig. 2 t Data window 
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Fig. 3 : Data windows applied to the process. 
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> £'(/) : trtn<1 W D obtained by averaging the lit, 2nd, 
3rd, 4th and Sth instantaneous PSD. 

> G*(/) : trend PSD obtained by averaging the 4th, Sth, 
6th, 7th and 8th instantaneous PSD. 

• C*(/) : trend PSD obtained by averaging the 7th, 8th, 
Sth, 10th and 11th iiutantaneonf PSD. 

Fig. 4 : OFSA PSD estimation technique with TP=b, NW=Z and *,=*u,/4. 
The measuring time for a TPSD equals tw. TP is the numbei of instanta
neous PSDs for a TPSD. NW is the number of new instantaneous PSDs 
added to the last two (TP-NW=2) instantaneous TPSDs previously used in 
calculating the TPSDs. 
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Fig. 8 : Segmentation of input data for FFT and AR modelling (for 200 PSDs by 
NAV averages). 
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Fig. 10 t Reaction of D5 to boiling due to a water flow reduction from the normal 
value of 126 1/s to 116 1/s, where boiling commenced (L =alarm level). 
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Fig. 11 t Reactions of D5 to nitrogen flow rates of 2 l/min, 4 l/min and 6 l/min in 
the MUE channel (L=alarm level). 
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Fig. 12 : Reaction of D5 to a nitrogen flow rate of 4 1/min in the MUE channel 
(L=alnrni level). 
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Chapter VI 

S u m m a r y a n d C o n c l u s i o n s 

VI . l Mechanisms which could cause a premature burn-out 

This work showed that the effect of dissolved gases cannot be neglected for 
the calculation of the onset of nucleate boiling (ONB). The measured heat 
flux at ONB was one third of that which was calculated from an existing 
thermohydraulic program for the SAPHIR reictor. 

The experiments with a mock-up of a fuel element and the out-of-core ex
periments showed that at a water velocity of 0.5 m/s such as the one prevailing 
the cooling channel between two regular fuel elements (an sc-channel) bubbles 
may not be are not removed by this flow rate due to friction and buoyancy, 
and formation of large "pockets" can result. Such phenomena could lead to 
premature burnout in the case of the presence of vapour bubbles in the chan
nel. 

VI.2 Surveillance system based on Cerenkov light 

Experiments with a mock-up of a fuel element showed that anomalies in the 
Cerenkov light signals are a very sensitive tool for detecting gas in the cool
ing channels. Void fractions larger than 0.2% and 0.5% can be detected in 
sc-channels and channels between two fuel plates of a regular fuel element 
(nc-channels), respectively. Hrwever, the realisation of a surveillance system 
utilising Cerenkov light is not pratical due to the access problems mentioned 
in Section 1V.7. Another disadvantage is that bubbles can only be detected 
over the upper half of the channel. Therefore the unequivocable detection 
of an ONB in the middle of the channel where the heat flux is maximum, is 
doubtlul using Cerenkov light signals alone. 
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VI .3 Piety 's surveillance s y s t e m based on neutron noise 

Piety's surveillance system based on neutron noise has the advantage that the 
signals obtained from the existing neutron chambers of the reactor control 
system can be used. Another advantage is that bubbles can be detected any
where in the channel in contrast to the Cerenkov light signals. However, the 
detection of an ONB producing low void fractions is not possible. Perhaps a 
more sensitive neutron chamber situated nearer to the core could give better 
results. 

The work showed that the discriminant D5 of Piety's algorithm using PSD 
estimation using overlapped FFT-processing of data with sliding averaging of 
FSDs is a useful tool in detecting anomalies within 7-30 s depending on the 
strength of the disturbance. The algorithm can be implemented on a PDP 
11/23 for on-line surveillance. Other harmless events (control rod movements, 
isotope element removal etc.), which can arise during a normal reactor run, 
can be separated from potentially dangerous boiling events. 


