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ABSTRACT

The intent of this investigation was to acquire design base 

information to specify a practical acoustic boiling detection system 

for use in natural convection pool type reactors. Background noise 

arising from routine reactor operation was compared with the acoustic 

boiling spectrum. The acoustic components of most sources of mechanical 

background noise and outgassing were found to be negligible beyond 4 
or 5 KHz. Exceptions were found to result from cavitation and 

"impulsive" (banging) noise sources, which had higher frequency com- . 

ponents. Fortuitously, the boiling spectrum components were found to 

exist into the tens of kilohertz, which provided a methodology for 
distinguishing between boiling and spurious noise sources. A prototype 

detection system was thus constructed to monitor high frequency boiling 

signals. It was determined that minute amounts of boiling could be 

detected over several meters of source-detector separation distance.

A practical detection system was then specified arising from1these 

experimental results.

x



CHAPTER 1

INTRODUCTION AND THEORY

1.1 ' Boiling Detection, An Overview 

Pool type reactors are usually concerned with producing large 

amounts of neutrons or gamma radiation for experimental purposes. It 

can be shown that the heat generated is proportional to neutron flux, 

and is a consequence of reactor operation. Briefly, temperature 

limitations of the fuel and fuel rod cladding determine the maximum 
level of neutron flux (or heat) that can be safely produced. These 

limitations on temperature, flux level, and the amount of heat generated 

are usually chosen by very conservative safety considerations to avoid 
boiling of the reactor coolant. Although small amounts of boiling 

per se, are not dangerous, the onset of boiling is considered as a 

conservative safety threshold for operation of pool-type reactors.

Thus, the detection of the onset of boiling would be an indication 

that some type of operating limitation was being exceeded. With this 

information, action could then be taken to avoid a potentially 

dangerous or undesireable condition from occurring.

Currently no practical boiling detection system exists for use 

in pool reactors. Studies performed to date have been in support of 

developing a detector for either liquid metal cooled or light water 

power reactors. Many of the formidable problems encountered in the

1



development of detectors for these types of reactors donft exist for 

pool reactors. Although the development of a reliable boiling detector 

appears to be the simplist for pool reactors, this class of reactor 
seems to have been largely ignored.

A survey of existing literature, indicates several types of 

boiling detectors would be available for use in pool reactors. Three 

types demonstrating the most promise includet

1) Neutron noise devices

2) Ultrasonic devices

3) Acoustical devices

Neutron noise detectors measure small fluctuations in the 

neutron population as a consequence of small amounts of voiding in 

the reactor core. Unfortunately, no distinction can readily be made 

between the voiding produced by boiling and outgassing.

Ultrasonic devices have the desireable ability to predict the 

incipence of boiling. This type of detector measures the remaining 

amount of energy required to produce ultrasonic cavitation in the 

coolant. An unfortunate limitation is that it is only suitable to 

monitor a small volume of coolant, localized around the probe. Thus, 

sub-cooled nucleate boiling occurring even a short distance from the 

probe could go undetected.

Acoustic detectors work by measuring a pressure differential 

produced by sound transmitted through water. With sufficient sensi
tivity, acoustic devices have the ability in principle, to detect the



onset of boiling anywhere in the reactor pool. A major handicap is 

that their operation is subject to interference by background noise.
This includes noise produced by the operation of mechanical devices of 
the reactor facility, outgassing and electronic noise in the detector 

system.

1.2 Objectives 

The type of detector best suited for use in pool reactors 

appears to be the acoustic type. The remainder of this report is . 

concerned with the development of a practical acoustical boiling de- ' 
tector for use in natural convection pool-type reactors. This report 

is a continuation of studies performed by Ferri [5], who investigated 

the acoustical characteristics of outgassing, nucleate boiling, and 
boiling resonances. It is the intent of this report to:

1) Verify FerriTs conclusions concerning outgassing and boiling

spectra in an actual reactor facility,

2) Analyze and quantify background noise levels produced in routine

reactor operations.

3) Identify methods of mitigating background noise from interfering 

with boiling detection.

4) Evaluate the performance characteristics of a prototype 

acoustical boiling detection system.

5) Recommend final specifications for a realistic" detection system. 

The physical nature of boiling and boiling spectra will mainly

be considered in the context of how they might affect the success/



suitability of detector operation. Emphasis will be placed on how the 

acoustic signals produced by outgassing and boiling, may be differen

tiated from one another. Besides outgassing, other sources of background 

noise inherent in the operation of a reactor facility, represent a 
major obstacle to the proper operation of a detection system. A 

comprehensive treatment of these mechanical noise sources is therefore 

required. Unfortunately, the various mechanical components giving rise 

to this background noise will obviously differ for each individual 

reactor facility. For this reason, some of the results of this report 

will be site-specific to the University of Arizona TRIGA. It is in

tended however, that the basic conclusions of this report should be 

generally applicable tovany similar type reactor facility.

1.3 Some Theoretical Foundations 

Before proceeding, an understanding is needed about the nature 

of boiling noise production and transmission. A brief survey of 

existing theory arising from the experimental work of others can be 

used to predict and interpret the results obtained in this study. It 

was mentioned in Section 1.1 that a drawback of choosing an acoustical 

boiling detector was possible interference by outgassing noise. The 

frequencies over which boiling and outgassing noise can be expected to 

occur, can readily be predicted from studying a physical model of 

bubble noise production.. Hopefully, this type of information can be



used to distinguish between these two noise sources. Proper interpre

tation of the signals detected also requires knowledge of some basic 

theory already developed that describes the underwater transmission of 
sound.

Both outgassing and boiling bubbles have three possible modes 

of noise production. They are:

1) Bubble growth

2) Bubble volume oscillation with movement through the fluid.
3) Bubble collapse.

Considering noise produced by bubble growth. Ram [11] found that 
it was limited to frequencies below 100 Hz.

Minnaret 19'], derived a formula for the frequency of bubble 

volume oscillation. Repeated here:

f (1.1)
where

f = volume oscillation frequency

R = bubble radius
y = ratio of specific heat of bubble vapor

P = static pressure

p = bulk fluid density 

For subcooled water at atmospheric pressure Eq„ (1.1) becomes9



with R in millimeters and f in KHz. Good agreement with Eq„ (1.2) was 

found by Strasberg [16] who measured the volume oscillation of air 

bubbles from a nozzle and Ferri [4] who observed air bubbles from a 
pressurized air line. Peak sound pressures were found to be 1 KHz 
and 2 KHz respectively.

Consider now the mechanism of bubble collapse. It is commonly 

observed that air bubbles rising in water don’t readily collapse. Air 
is extrained in water by a relatively slow diffusion process. This 

process is much longer than the time it takes for air bubbles to rise 

to the surface for depths characteristic of reactor pools. Thus, no 

noise contribution can reasonably be expected from collapse or re- 

. dissolving of outgassed bubbles. The collapse of boiling bubbles on 

the other hand, takes place over a relatively short time scale. The 

following derivation developed from non-linear acoustic theory lends 

insight into the phenomenon.

The collapse of a boiling bubble can be considered by 

visualizing a bubble of radius R in an ideal incompressible liquid.

The equation of motion of a fluid surrounding a bubble can be written 

for the velocity u at a point r as,

H + U f  . ■ (1-3)
with the continuity equation as



where

PQ = liquid density 

p = static pressure 
t = time

For irrotational flow the velocity potential can be introduced as 

u ' ! £
Substituting (1.5) into (1.3) and integrating r to infinity yields; 

,2
Pr 0

p °

where <j) = 0, u = 0, and p = p^ at r = °°. 

Evaluating the integral yields.

It 3. _ P(r)_ ̂ _ P” = 0
9t 2 po

integration of the continuity equation (1,4) from r to ™ givess 

r2u = constant

If the velocity at the surface of the bubble of radius R is U 9 

then the constant is found to be R2U 9 yielding the expression,

' u . u £ i . | ±  
r2 31

thus (j) becomes,

= u R2

upon substituting into (1.6) we obtain,

r R 2 H  + f E D I ¥ ‘ l  + <p-"pr) ■ 0rH o

(1.5)

(1.6)



this can be simplified by setting

thus

(1.7)

This equation was used by Rayleigh 12] for modeling a

collapsing bubble with assumptions of constant hydrostatic pressure

at infinity., pQ=p , and a vacuum inside the bubble* Equation (1.7) 

can then be solved to yield.

inside the bubble* Ferri [4] states that other researchers have

much less. Although, only order of magnitude agreement can reasonably 

be expected, this theory does indicate an important trend* Condensa

tion of boiling bubbles occurs over a much shorter time scale than 

growth, volume oscillation, or diffusion of outgassing bubbles. An 

additional insight can also be gained into the frequency response

7* (—  T 1)

The time to collapse such a bubble was found by Rayleigh to be

(1.8)
Thus, for the properties of water at atmospheric pressure, 

and a bubble radius of Rq - 10~ 2cm, the time of collapse is found to 

be 10~ 5 seconds. Recall that the assumption used was for a vacuum

measured this collapse time to be of the order of 10  ̂sec and possibly



characteristics of boiling bubble collapse. Harrison [5], found that 

the pressure pulse produced by the collapse of individual bubbles could 
be fitted by the function

It can be seen from this relationship that the magnitude of the expected

For the value of t^ found from Eq. (1.9), boiling will produce a flat 

noise spectrum up into the tens of kilohertz. Thus, existing analytical 

theory can be used to point out an important distinction between boiling 
and outgassing. Noise from outgassing will be most likely due to growth 

and volume oscillation, occurring at low frequencies. Collapse of 

boiling bubbles can be expected to produce noise into the ultrasonic 

region.

that condensation of the vapor bubble would produce a shock wave in 

the water medium. Calculations performed by various workers in the 
field [6,7], suggest that the liquid-vapor interface would attain

-t/tc (1.9)

where

t = characteristic collapse-time constant, c
Ferri performing a Fourier transformation on Eq. (1.9) found the

following relationship.

(1.10)
c

pressure wave will be independent of frequency for values of f«l/t^.

The very rapid collapse time found from Eq. (1.8) suggests



10
high velocities within a range of M = 0.1 to 10.0, (where M is the 

mach number, for water). These shock waves were assumed to propagate 

from a collapsing bubble when the inward motion of the collapsing 

bubble was stopped by an incompressible sphere at the origin. Analytical 

work performed by Hickling and Plesset [6], on relating the decay of . 
shock waves with transmission through a water medium, appears in :
Fig. 1.1.

Several conclusions can be drawn from this graph. Clearly, 

there is a decay of the shock pressure greater than 1/r divergence as 

a pressure wave propagates through the medium. The pressure discon

tinuity produced by the collapse of a bubble will result in a continuous 
power spectrum beyond a relative distance of one bubble radius. Most 

importantly, the high frequency end of the spectrum was found by 
Hickling and Plesset to diminish proportionally to f~2.

Here a contradiction appears to exist. Eq. (1.10) predicts a 

flat boiling spectrum into high frequencies, and Hickling and Plesset 

suggest the spectrum to vary proportionally to f-2. This contradiction 

will be reconsidered after reviewing the results of this experiment. 

Proper interpretation of these results however, requires a basic dis

cussion of the theory of sound transmission through a water medium.

Consider first the attenuation of sound by increasing distance 

from a point source. The acoustic intensity is simply defined as power 

Po, per unit area A. Thus;

I = Pq/A = Pq / (4irr2) (1.11)
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12
Power po as used in Eq. (1.11), is the power produced at the acoustic 

center. The acoustic power of a sound wave at any position and frequency 

is proportional to the square of the sound pressure at that same loca

tion and frequency. The frequency and position dependent acoustic power 
can be defined by

P(r f) =- , p-c

where

p = density of the medium 

c = speed of sound 

p = sound pressure

The spherical divergence of acoustical intensity (at a single frequency),

can be examined by setting I as the intensity at a range of one meter
' 1 . : from the acoustic center. Equation (1.11) yields,

. I. = P /4ir i o

Thus, the relative intensity would be

I(r)/I1 = 1/r2 (1.12)

if L is the value of I expressed on a decibel scale then;

L(r) = 10 lo§ ICr)
L = 10 log I 1 1

and

L (r) - L = 20 log r (1.13)
Figures 1.2 and 1,3 show these types of divergence relationships, .
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Consider next, the absorption of sound In a medium. As 

acoustic energy is transmitted through a medium, some of this energy 

is converted to heat. Thus, the expected signal will vary from the 

spherical divergence relationship just presented. The absorption of 

sound in water will vary with distance, frequency, and bulk fluid 

temperature. The spherical divergence of sound intensity due to 

absorption is obtained as follows: let n be a constant fraction of

sound energy absorbed per unit time and converted into heat. The 

decrease of the sound power level, dP is then equal to the power 
dissipated within the medium,

dP = -’-nPdr 

where
n = absorption coefficient of water 

integration between ranges r^ and r^ has the solution,

P2 = Ple-n(r2-ri) (1.14)

Equation (1.14) can be related to intensity from Eq. (1.11) to yield,

I = I e~n r̂2~rl̂2 1
Taking 10 times the logarithm to the base 10 of both sides,

10 log I2 - 10 log I]= -10n(r2~r1) log e

Writing a = lOn log e, the change of intensity between range r^ and r^ 

becomes,

10 log I2 - 10 log Ii = - (r^-r^) . -

This equation can then be rewritten to yield the following expression
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for a.t, 9

10 log Î  - 10 log I2 
a = "---- - r:-r;    a.15)

The quantity a is the logarithmic absorbtion coefficient and is ex- . 

pressed in decibels per yard (db/yd). This means for each yard sound 

travels through a medium, absorbtion diminishes the sound intensity 

by a db.

In pure water the absorbtion of sound is caused by two effects. 

The first is the effect of shear viscosity derived theoretically by 
Rayleigh [173,

16ir2u
a = f2 (1.16)

■3pc‘
where

a = absorbtion coefficient, cm-1
- shear viscosity, poises (about 0.01 for water) 

p = density, (g/cm3, about 1.0 for water) 

c = speed of sound (about 1.5 x 105 cm/sec) 

f = frequency, (Hz)

The value of a computed by this formula is 7.3 x lO"*^ f2 db/m, and 

amounts to only about one-third of the actual absorbtion measured in 

pure water. The additional absorbtion is due to volume viscosity 

which adds an additional term to Eq. (1.16),

16tt2a = (y + 3/4 y ) f2 (1.17)
3pc3 s V
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•The ratio Uv/ug has the value of 2.81 for water, yielding 
ct = 2.3x10 13f^db/m.

Figure 1.4 shows the variation of ahsorbtion with frequency 

for both sea water, and fresh water from Beranek [1]. Clearly, 

absorbtion increases with increasing frequency. Recall that the 

boiling spectrum predicted from Eq. (1.10) is flat to high frequencies. 

It can be immediately recognized that some variation from a flat 

boiling spectrum could be expected to occur under the frequencies 

of interest to this experiment. An evaluation of the effects of the 

absorbtion phenomenon upon the experimental data is therefore necessary.

Finally, the phenomenon of reverberation must be considered, 

since it can also be expected to influence the results of this experi
ment. Because of the complexity of reverberation theory, its effects 

will only be considered here qualitatively. Reverberation is simply 

reflection of sound from objects, walls, or the pool surface. 

Theoretically, no reverberation exists in an unbounded, homogeneous, 

uniform fluid. Pool-type reactors, however, have a bounded, in-
i

homogeneous, anisotropic liquid medium, due to temporal stratification 

and spacial variations of, the coolant. Obviously any reverberation 

of a signal will be additive in some manner, to the unreflected signal. 

It is also apparent that the shorter the path length of a reflected 

signal, the greater the contribution will be to the measured signal. 

Figure 1.5 qualitatively shows the variation from spherical divergence
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with the effects of reverberation, absorbtion, and a source of finite 

dimension. The boiling signals detected in this experiment will be a 

combination of the competing effects represented by this figure.



CHAPTER 2

EQUIPMENT AND EXPERIMENTAL PROCEDURES

2.1 Equipment

Two different equipment setups were used to collect the required 

data. The wave analyzer setup appearing in Fig. 2.1 was used to 

determine the acoustical spectra of boiling, outgassing, and background 

noise. All data were collected using a bandwidth setting of 1000 Hz 

and sweep rates of 100 Hz/sec and 1000 Hz/sec. The signal amplitudes 

were measured and reported in R.M.S. volts rather than decibels for 

convenience. Data chosen for analysis were taken using a multispeed 

strip chart recorder. The wave analyzer was calibrated before each 

usage according to the manufacturer’s specifications. Additionally, 

the electronic background noise of the system was compared with noise 

levels from previous experiments to check for consistency.

A comparison was made of the acoustical spectra obtained from 

boiling, outgassing, and mechanical noise sources. This information 
resulted in the development of the prototype detection system appearing 

schematically in Fig. 2.2. This system was intended to supply the 

necessary design base information for specifying a practical working 
detection system.

21
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Fig. 2.1 Wave Analyzer Setup ;

1) Hydrophone 3) Strip Chart Recorder
2) Wave Analyzer

Fig. 2.2 Prototype Detection System

1) Hydrophone 4) Bandpass Filter
2) Preamp 5) Oscilloscope
3) Variable Amplifier
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The prototype system was used to repeat the background noise 

and boiling experiments first performed with the wave analyzer setup.

The prototype detector was set for a maximum gain of 1300. Two 

different bandwidths were investigated, 200 Hz-40 KHz and 4 KHz-40KHz. 

Signal amplitudes were reported in mean peak to peak volts. The 

limitation of the gain of the prototype system precluded the use of a 

signal integrator which will be specified in the final system 

recommendations. The use of a peak to peak signal was found to extend 

the detection of boiling to the lowest possible threshold commensurate 

with inherent equipment limitations.

Boiling was produced by an electrically heated 30 gauge nicrome 

wire wrapped around a ceramic tube. This wire coil heater was connected 

to a variable A.C. power supply. Heat fluxes produced ranged up to 

131.0 watts/cm2 and were corrected for the effects of self-inductance. 

The onset of boiling was determined to occur at 43 watts/cm2. The

heater was unable to produce film boiling at the bulk pool temperature
0of 6.5 C. The wire heater was found to produce a minimal amount of 

outgassing, which was desirable to avoid measuring■the combined effects 
of boiling and outgassing.

Attempts to develop a cylindrical heater with the dimensions 

of a TRIGA fuel element were abandoned because sufficient heat fluxes 

could not be achieved for nucleate boiling, without burning out the
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heating element. Since the number of active nucleation sites at low 
heat fluxes is proportional.to the heat flux, the wire heater produces 

a boiling signal amplitude similar to an identical sized area on a 

TRIGA fuel pin, operating at the same heat flux. This applies to wire 

with a radius greater than 2.5 x 10-lt cm.

There was a recognized need to study outgassing acoustically,
without the interference of a boiling signal. Outgassing was therefore

. - -
modeled by connecting a perforated latex tube to a variable flow 

rate source. The tube was perforated with a known number of holes 
of uniform diameter.

Background noise produced as a consequence of reaction 

operation was analyzed using the University of Arizona TRIGA facility. 

The reactor pool dimensions and layout appear in Fig. 2.3. Mechanical 

background noise produced by the following systems were investigated,

1) Demineralizer system

2) Control rod drives

3) Transient rod operation

4) Coolant system

Data could not be obtained for either a diffusor or a pneumatic transfer 

system because these devices were not operable at the time of the ex

periment. The mechanical components that give rise to the noise signals 

from these devices will be discussed individually in Chapter 3. An 

equipment list of the instrumentation used in this experiment appears 
in Table 2.1.
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■■
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Fig. 2.3 Elevation of Reactor and Pit



Table 2.1. Equipment List

Device Manufacturer Model #

Hydrophone Clevlite Ch-24F

Wave Analyzer Hewlett-Packard 3590A

Strip Chart 
Recorder Dohrmann Inst. Co. RSV-850

Preamp Homemade -

Variable
Amplifier Hewlett-Packard 460 AR

Oscilloscope -.Tektronix':. Inc., ' 535

Veriack Superior Elec. Co. BP 653
Airline “ Latex tube 3/8 O.D.
Heater Ceramic tube (3/4" by 9")

7 ft. Nierome wire 30 gauge - 0.025"



2.2 - Experimental Procedures

The acoustical spectra of the mechanical background noise 
produced by the systems described in Section 2.1, were first measured. 

The wave analyzer setup was used for this purpose. The acoustical 
boiling spectra were.studied next to determine how they were affected 

by:
1) Heat flux at a constant source-detector separation distance,
2) Radial separation distance at constant heat flux,

3) Axial separation distance at constant heat flux.

Trial 3 was performed...to give an indication of the-,offect of 

changing static pressure on the spectrum signal. '

The acoustical spectrum of simulated outgassing was investi

gated with respect to

1) Radial distance at a constant flow rate

2) Flow rate at a constant separation distance
Comparison of the acoustic spectra of mechanical noise and 

boiling were used to determine the high pass filter setting. An 

optimum setting would maintain a low signal to noise ratio commensurate 

with the largest possible peak to peak signal. The mechanical back

ground noise sources were reinvestigated with the prototype system to 

quantify :

1) Signal strength vs heat flux

2) Signal strength vs axial distance

3) Onset of boiling and detection threshold.
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The locations of the hydrophone and heater used in the various 

experiments are given in Chapter 3 and 4« The background noise measure

ments were all conducted with the hydrophone located 1,4 meters above 

the top of the reactor core at a depth of 2,7 meters. It was felt that 

this was a reasonable position for locating a hydrophone in a radiation 
field.



CHAPTER 3

ELECTRONIC AND MECHANICAL BACKGROUND NOISE

3.1 Introductory Remarks .

In Section 1.1, several different types of boiling detectors 

were discussed. The most promising for use in pool reactor systems 

appeared to be the acoustical type. It was pointed out that the major 

drawback of acoustical detectors was the interference of extraneous 

noise sources with the boiling signal. The successful development of 
an acoustic boiling detector requires that the effects of background 

noise sources on detector operation be minimized. Noise can be

considered to arise from several major sources;

1) Outgassing

2) Mechanically produced noise from components of the reactor 

facility

3) Internal electronic noise of the detector system

The significance of each type of noise as it affects the operation of

a boiling detector will be outlined here briefly.

Outgassing occurs when dissolved air comes out of solution from 

the reactor coolant. The fuel pins of pool reactors, (when operated 

at elevated power levels), will serve as riucleation sites for outgassing 

as well as boiling. A detector that is unable to distinguish between 

boiling and outgassing could give the erroneous impression that the

29
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onset of boiling has occurred when in reality only outgassing is 

present. This could result in undue restrictions being placed on 

operating power levels.

The operation of the various components of a reactor facility 

give rise to mechanically produced noise. Mechanical noise can 

manifest itself in many different forms, several obvious types are:

1) Pump cavitation

2) Flow induced vibrations

3) Transmitted vibrations through piping, structures, etc.

4) Metal to metal contact, both impulsive (banging) or continuous 

movement (scraping).

5) Coolant systems that employ a refrigeration cycle where a 

change of phase occurs in expansion coils.

The acoustical spectra of each of these types of noise sources can, 

of course, be quite different. The implication that some types of 

mechanical noise will interfere with, or obscure a boiling signal, 

is quite evident.

The internal electronic noise of the detector system itself 

presents one important problem. Electronic noise determines the lower 

bound of a detectable signal, since the system sensitivity is determined 

by the amount of electronic noise.

In this chapter, noise associated with reactor operation such 

as the coolant system, demineralizer system and operation of the 

control rods will be compared to both the electronic system noise



and a small amplitude boiling signal. For reference. Table 3.1 shows
the level of background noise for each device operated separately.

This data was collected using the prototype detection system. Results 

of acoustical background noise spectrums performed with the wave 

analyzer setup, are represented graphically. Electronic background 

noise of both the wave analyzer and prototype system was reported, 

and the results appearing in this chapter are corrected for this 
electronic noise. The magnitudes of the voltage signals for both 

systems are based on the output of the hydrophone, either in R.M.S. 

or peak to peak volts as specified.

Preliminary conclusions and recommendations are considered 

at the end of each section of how the individual types of background 

noise can be accounted for.

3.2 Electronic Noise and a Small Amplitude Boiling Signal 

The electronic noise produced by the wave analyzer and . 

hydrophone system were determined with the hydrophone first disconnected 

then connected in an acquiescent reactor pool. What was measured was 

the internal electronic noise of the wave analyzer. There was no change, 

in the noise spectrum with the hydrophone connected. Thus, it can be

inferred that any noise in the reactor pool, in its dormant state, is

negligible compared to the electronic noise of the wave analyzer setup.

Figure 3.1 shows the internal electronic noise compared to a 

weak boiling signal. The importance of this figure is that it repre

sents the frequency components of electronic noise compared to a



Table 3.1. Background Noise Measurements for Prototype System*

Devices Bandwidth

200 Hz-40 KHz 4 KHz-40 KHz
(xlO-3 volts) P.P. (xlO-3 volts) P.P.

Prototype System 
Electronic Noise

0.060 ± 0.002 0.061 ± 0.002

Demineralizer
Operation

0.073 ± 0.002 0.069 ± 0.002

Coolant System 0.19 ± 0.15 
Fluctuating

0.17 ± 0.11 
Fluctuating

Transient Rod 
Screening Pulse

4.6 ± 0.1 4.6 ±0,1

Simulated
Outgassing

Not Detectable 
Above Electronic 
Background Noise

* Voltages specified are peak to peak values appearing as the 
hydrophone output. These values were calculated from a known 
System gain of 1300.
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threshold boiling signal» The noise spectrum is seen to be about 10 pv 

in magnitude at 1 KHz9 and diminishes rapidly. For frequencies of 

3 KHz and larger .the background noise of the wave analyzer can be 

considered negligible.

Electronic background noise produced by the prototype system 
setup appears in Table 3,1, It is found to have a magnitude of 

approximately 60 yvolts. This noise was introduced by a combination of 

both the band pass filter and the variable amplifier used. Since the 
minimum boiling signal detectable with the wave analyzer setup can 

also be detected with the prototype system, it is believed that the 

boiling signal and electronic noise are additive in some manner. 

Nevertheless, the electronic noise is large compared to the threshold 

boiling signal and should be reduced to the lowest practical level /in 
a final design. This would, of course, extend the sensitivity and 

certainty of the measurements -performed,

3,3 Demineralizer, Nitrogen Diffusor,
;J Pneumatic:Transfer'System

The noise produced by the demineralizer system is shown in

Fig, 3,2 and is corrected for electronic background noise. This

noise spectrum is low frequency in nature, which is characteristic of

mechanical equipment noise. Table 3,1 shows that the magnitude of

the signal produced is near the level of the electronic background

noise in the prototype system. It is rather uncertain if the band

pass filter removes a significant amount of this noise source in an
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effective manner« What is important is that the demineralizer pump, 

separated from the reactor pool by some two or three meters of piping 
is still detectable acoustically*

Transmission of the demineralizer pump noise is most likely 

through the system piping* Because the pump is external to the reactor 

pool, it is unlikely that a cavitation signal could be detected*
' Cavitation produced in the reactor pool by any type of pump would, of 

course, be a severe handicap to an acoustical boiling detection system* 

Saxe [15], points out that the signals produced by boiling and cavita

tion are similar and even small amounts of cavitation could mask a 

boiling signal*

A nitrogen diffusor system is commonly installed in large pool- 

type reactor facilities, (where operating power levels exceed 100 KW) <> 

Unfortunately, the university reactor is not equipped with such 

a system at the present time so no data could be obtained* Noise 

could be expected to arise from both mechanical and flow induced vibra

tions* Similar to the demineralizer system, the mechanical vibrations 

produced by a diffusor pump would probably be transmitted through the 

system piping* Being in closer proximity to the reactor pool, a 
diffusor pump could potentially produce a larger amplitude noise signal 
than that of the demineralizer system pump* An additional problem of 

flow induced vibrations can also be recognized* Specifically, the dis

charge of the diffusor system could cause the control rods to vibrate 

within the upper grid plate slots* Fortunately the noise arising as a
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consequence of a diffusor system can most likely be expected to occur
in the low frequency range, For such a case, the use of a high pass 

filter would be a satisfactory solution.
The pneumatic transfer system for the University TRIGA was 

unfortunately dismantled for repair prior to this investigation•

It is uncertain what kind of acoustic response this type of system 

has and it will not be speculated upon.

Several obvious recommendations can be suggested. First, since 

both the diffusor and demineralizer systems operate at low pressure, 

flexable couplings or bellows could be used to diminish the noise trans

mitted by inlet and outlet piping. Any possibility that pump cavitation 

would be detected, could be eliminated by locating pumps external to; 

the reactor pool, reducing pump speed, or increasing backpressure where 

possible. Noise produced by a pneumatic transfer system could be 

treated more simply. Operators could be instructed to ignore any possi

ble alarms coinciding with the transfer system usage. This precaution 

is considered practical since most pneumatic transfer systems are used 
intermittently.

3.4 Coolant System Noise 
Cooling of the reactor pool is accomplished by heat being 

exchanged to a 7.5 ton vapor refrigeration unit, utilizing Freon as 

a working fluid. Freon is circulated through aluminum evaporator coils 

located along the reactor pool wall. Since these coils are located
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far enough above the reactor to avoid activation of the Freon9 this 

axial position was chosen as a realistic design-distance to locate a 
hydrophone in a radiation field.

Noise produced in the coolant system includes both mechanical 

vibration produced from the compressor and the Freon undergoing a change 

of phase in the evaporator coils. The acoustic spectrum of this system 

can be seen in Fig. 3.3. No distinction can be made between the noise 

produced by vibrations and that produced by the Freon boiling, but .. 

quite reasonably the mechanical noise would.probably appear as a 

low frequency component of the spectrum. Very well defined broad 

resonances that are well separated in frequency were found to occur*
Table 3.2 more accurately shows this resonance information.

It should be noted that this acoustic spectrum has been 

reproduced identically at different times, indicating that the resonances 

are not random in nature. An explanation for the occurrence of these 

resonances will not be attempted.

The signal of the prototype detection system was found to 

oscillate about a mean value and this value was found to vary slowly 

with time. Peak magnitudes will be found in the ranges of 0.17 mv 

to 0.11 mv, for the bandwidth of 4 KEz-4QKHz. With the bandwidth changed 

to 200-40 KHz, the peak signal values ranged from 0.19 mv to 0.15 mv.

The implication that the operation of a Freon cooling system 

would interfere with boiling detection is quite evident. Most larger 

pool-type reactors fortunately have external water to water heat
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Table 3.2 Freon Coolant System Resonances

Resonance
Location

Hz
Width of 
Resonance 

Hz
Peak 

Amplitude 
Volts xlO-6

1500 1600 60.0

4100 2000 25.0

9200 1600 5.5

15,000 1800 , 3.5 ,
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exchangerso Noise produced by such a system would of course be low 

frequency (associated with mechanical vibrations) and could be readily 
filtered out *

3*5 Control Rod Drive Noise 
The acoustic spectrum of control rod drive noise appears in

Fig* 3*4, This figure was generated by continuous movement of at least

one control rod and sometimes two* No distinction was made between

insertion or withdrawl of a control rod. The spectrum data was found to 

have sharp resonant oscillations that are of short duration. These 

sharp resonances were not found to be reproducible with identical 

frequencies upon subsequent experiments. Fortunately9 data from 

multiple experiments yields an upper envelope that can be used to connect 

the resonance peaks. Figure 3.4 shows how resonance peaks from two 

separate experiments form this upper envelope.

This noise again appears to be the result of mechanical 

vibrations transmitted into the water from the control rod drive 

motors. Another contributing possibility would be the metal to metal 

contact between the control rod itself and the grid plates. The 

resulting "scraping” could account for the short duration resonances of 

Fig. 3.4. Operation of the control rod drives as the graph suggests 

would cause fluctuation in an integrated acoustic signal. A high pass 

filter setting blocking out signals less than 4 or 5 KHz* appears to 

remove most of this undesired noise.
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■ 3.6' Transient Rod Noise

The rapid transient rod movement is accomplished by means of 

a compressed air system. Since this noise is produced impulsively, a 

continuous acoustic spectrum could not be obtained or presented 

graphically. Instead, data from 5 KHz to 17 KHz was collected with 
the wave analyzer setup at several specific frequencies for alternate 

pulsing and scramming of the transient rod. Pulsing produced a 

characteristic double spike signal, whereas scramming produced a 

single spike. These signals were found to be of virtually the same 

magnitude. Maximum amplitudes were constant at 14 pv for frequencies 

of 7 KHz and larger. From 7 KHz to 5 KHz the signal rapidly increased 
to a 22 yv amplitude and would perhaps be larger at lower frequencies. 

The signal widths were found to be approximately 1.0-1.5 seconds 

depending on whether there was a single or double spike.

Table 3.1 shows the magnitude bf the transient rod scrams to 

be 4.6 mv peak to peak with an estimated time duration of 0.25 seconds. 

This result obviously does not agree favorably with the wave analyzer 

results. Since the acoustic pulse duration of the anvil noise is 

likely to be shorter than the response time of the chart recorder, the 

output would then be proportional to the integrated pulse-amplitude 

time curve, and not to the amplitude reported by the prototype system. 

The prototype system values are thus considered to be correct, so 

the results of the wave analyzer and strip chart recorder system 

should be neglected. The wave analyzer trends showing the amplitude
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decreasing with increasing frequency are considered to be correct, but 

knowledge of the actual amplitudes are nebulous because of the relatively 

slow response time of this equipment setup.

The nature of the noise produced is somewhat in doubt. It is 
not believed that the loud hissing sound from pressurized air flowing 
into the transient rod drive mechanism is detected by the hydrophone.

This compressed air system is external to the reactor pool and only 

noise from mechanical vibrations would probably be transmitted through 

the control rod extensions to the pool. Clearly, the transient rod 

hitting the upper and lower limits would produce a portion of the noise. 

Additionally, the impulsive movement of the transient rod may produce 

pressure waves that could be detected as a noise source. The low 

velocity of this type of wave front would, of course, limit any noise 

produced by this motion to low frequencies.

Noise produced by transient rod pulsing and scramming due to 

its large amplitude should be accounted for in some manner. A reactor 

operator could be instructed to ignore any possible hydrophone alarms 

coinciding exactly with transient rod pulsing or scramming. A better 

system would be one that would both energize and de-energize the 

acoustic alarm system triggered before and after transient rod move

ment. A similar triggering system should also be considered to guard 

against possible spurious alarms resulting from scramming of the 

other rods.
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-3° 7 ' Simulated Oatgassiiig 

Outgassing was produced by the heating coil, but was so minute 
it could not be distinguished from the incipience of boiling with 

certainty. At full power, the heating coil produced about three 

bubbles per second that reached the pool surface. The bubbles had 

what appeared to be a mean diameter of 0.25 cm approximately.

Outgassing without boiling was simulated using a submerged 

air line perforated at the end. A known number of holes of uniform 
size were punched in the line as a means for determining flow rates 

and the number of bubbles produced. It became apparent that accurate 
determination of flow rates was unnecessary. Flow rates can be 

estimated qualitatively without compromising the final conclusions.

An air flow of what was considered to be indictive of extensive 

outgassing for a pool-type reactor, was not detectable using the wave 

analyzer setup. This flow can be estimated to be about 20 bubbles per 

second with a distribution of sizes, with 0.5 cm appearing as a mean.

It should be noted that the detector was positioned radially about 

half a meter from the air line, which is unrealistically close.

Figure 3.5 represents a bubble flow rate estimated to be 100 

bubbles per second or more. These air bubbles appeared to have a mean 

size distribution of approximately 1.0 cm, and upon reaching the 

pool surface produced a vigorous "swelling" motion. This flow rate 
is considered to be completely unrealistic and was included to identify 

only the spectrum trend. It can be seen from the graph that bubbled
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air produces a substantial low frequency noise at 4 KHz and lower.

Above 4 KHz, the bubble flow produces a virtually flat amplitude re- \ ?. 

sponse. These results are in qualitative agreement with the observa

tions of Ferri [4] and Saxe [13], who studied outgassing, and Meir 

[8], who investigated non-condensible gas in isopropanol.

Recall now the physical model of bubble noise production 
presented in Section 1.3. Since air bubble collapse was not observed 

to occur, noise is believed to be only a consequence of bubble growth 

and volume oscillation. Since there was a very large number of bubbles 

produced, with a distribution of sizes, applying Eq. (1.1) would 

qualitatively predict the shape of the spectrum obtained. Strasberg [16] 

and Ferri [4] experimentally observed peak sound pressures occurring 

at frequencies of 1 KHz and 2 KHz respectively. An actual low frequency 

peak was not obtained since the wave analyzer had an integrating band

width of 1000 Hz. What is of importance here, is that bubbled air could 
only be detected at unrealistically high flow rates, over low frequencies, 

and at small separation distances from the hydrophone. It can be con

cluded that outgassing noise produced by, pool-type reactors will not 
interfere with.the operation of an acoustic boiling detector.



CHAPTER 4

BOILING SIGNAL CHARACTERISTICS

4.1 Introductory Remarks 
Results of Chapter. 3 indicate that many sources of background 

noise associated with the operation of a typical pool reactor are 
significant at frequencies up to 4 or 5 KHz. Clearly then, for an 

acoustical boiling detector to be practical, boiling must exhibit a 

strong high frequency component. Eq. (1.10) suggests that boiling 

noise should exist up to high frequencies with a flat spectrum. This 

prediction will be investigated using the wave analyzer setup. The 

various boiling signal magnitudes will be measured using the prototype 

detector to compare against the background noise magnitudes of 

Chapter 3.

A hydrophone must be located a certain design distance away 

from a reactor core to prevent damage from radiation. It is then 

necessary to determine how the boiling signal changes with axial 

distance to verify that small amounts of boiling can still be detected. 

After choosing a realistic separation distance for a hydrophone, changes 

in the boiling signal due to varying heat fluxes will give an indication 

of the threshold of a detectable signal. The effects of static pressure 

on boiling detection can be determined by comparing signal magnitudes 

at identical radial and axial separation distances.

48
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In this chapter, the experimental results of the procedure 

outlined in Section 2.2 will be discussed. Conclusions regarding the 

nature of boiling resonances and the concept of a characteristic 

frequency of boiling will also be mentioned. Finally, an unexpected 

variation from the predicted flat boiling spectrum will be discussed, 

along with the observations of other researchers.

4.2 Boiling Spectrum Resonances and Reverberation
Many discussions and observations are available in literature 

on the interpretations of boiling resonances. As was mentioned earlier, 

the characteristic frequency of boiling was sought by many investiga

tors. A good survey is present by Ferri [4]. These resonances peaks 

were usually considered to be inversely proportional to the bubble 

radius as presented in Section 1.3. The existence of these charac

teristic resonances will not be sought in this study. Interpretation 

of the nature of resonances in general, is necessary to an understanding 

of this report.

It is desirable to. study first the acoustical effects of. vessel 
geometry without boiling. This information can then be satisfactorily 

used to explain the occurrence of boiling resonances. Consider now the 

following experiment contrived for this purpose. A hydrophone was 

connected to the output of a signal generator, and immersed in a pyrex 

tank 19.5 cm in radius and 29.5 cm high. A dual trace oscilloscope 

displayed the output of both the signal generator and a second
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hydrophone used as the,.detector. Many of the harmonic and sub^ 

harmonic frequencies of the tank were readily determined. When the 
water level, bulk temperature3 or separation distance between hydro-. 

phones was changed 9 drastic shifts in resonant frequencies were observed 

to occur. Similar trials repeated in the reactor pool were hampered by 

the difficulty of detecting the small amplitude signal. Recall now the 

discussion of reverberation in Section 1.3. Resonances arise from the 

constructive combination of signals reflected from the walls and surface 
of the tank. The much larger reactor pool can be expected to have a 

smaller contribution to the detected signal due to a diminished amount 
of reverberation.

A brief survey of the observations of other researchers yield 

somewhat similar conclusions. Boland et al. [3] found resonances to 

be a result of container geometry. Their calculations of standing 

waves were correlated with the vessel used. Nishara [lo] studied 

resonances in different sized tanks. He concluded that acoustic noise 

generated in vessels of finite dimensions could not be free of wall 

reflections and container resonances. Ferri [4] was able to determine 

analytically the resonance frequencies of his container, and verify 

all but two of the resonances experimentally. Saxe [13] states that 

any resonances, i.e., any variation from a flat spectrum, are due to:

1) cooperative collapse behavior of boiling bubbles,

2) acoustic characteristics of the vessel in which boiling occurs.



51
3) statistical variation in the number of boiling events occurring 

in time.

Observations made in this experiment confirm that shifting source- 

detector locations and changing container geometry shifts the locations 

of boiling resonances and changes their amplitudes. Conclusions 

offered by Saxe will be reconsidered in Section 4.6.

The first boiling experiment was performed to investigate the 

effects of reverberation. Figure 4.1 shows boiling spectra taken in 
the reactor pool and pyrex tank at identical heat flux and separation 

distance. As expected, the boiling signal in the reactor tank is 
much smaller than that observed in the pyrex tank. It is also impor

tant to notice that at a small separation of 15 cm, the boiling spectra 
cannot be satisfactorily approximated by the lines drawn. This will 

be discussed again later.

Two preliminary conclusions important to the conduct of this 

experiment can be stated here. First, it is fruitless to search for a 

characteristic resonance frequency of boiling, at least in a small tank. 

Second, the larger the tank the smaller the amplitude of the expected 

signal due to diminishing effects of reverberation. Reverberation in 

this context can be considered desirable since it would account for 

some additive deviation from spherical divergence of an already weak 

boiling signal. This type of deviation was discussed in Section 1.3.
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4.3 Acoustical Effects of Static 
Pressure and Radial Distance

Trials were conducted to compare the difference in signal 

strengths between axial and radial separation distances. It was 

originally thought that changes in the static water pressure due to 

changes in axial location of the hydrophone might be a significant 

consequence to the detection of the boiling signal. The signal 

strength was compared at about 2 meters in both the axial and radial 

directions. No difference in the magnitude of the signals could be 
determined using the prototype system. Comparison of wave analyzer 

results showed the spectrum magnitudes were virtually identical, except 

for the location of various small resonances.

The effects of changes in static pressure on resonances were
also investigated by Boland et al., [3]. A hydrophone was placed. 2.5 cm 

from a wire where boiling was produced. Pressure trials were conducted 

between 50 to 300 psi. Boland observed no noticeable shifts in peaks 

of the boiling spectrum.

No apparent advantage could be identified in locating a hydro

phone along a pool wall. The inherent disadvantages of asymetric loca

tion relative to the core and proximity to an intense radiation field 

are undesirable. Since no apparent difference in signal strength were 

observed between identical axial and radial distances, it was decided 

that a comprehensive analysis of axial separation distance would be 

sufficient for specifying a practical system.



54
Table 4.1. Peak to Peak Signal Amplitude at Various Axial and Radial 

Locations for a Heat Flux of 131 w/cm2

Axial
Separation
Meters

Radial 
Separation 
Meters ....

Depth of 
Hydrophone 

.....Meters.....

Signal Magnitude 
4 KHz to 40 KHz 

....(volts x 10-3).

0.46 0.46 3.65 0.92 ± 0.05

1.39 1.39 2.72 0.48 ± 0.03

2.30 — 1.80 0.38 ± 0.03 .

3.20 0.90 0.35 :± 0.03
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' 4,4 Acoustical;Ef|ee£g 'of, Axial Distance •

As an alternative to locating a hydrophone radially in the 

reactor pool, the effects of axial separation distance on a boiling 
signal, were evaluated. The acoustic spectrum of boiling with respect 

to axial separation is shown in Fig.4.2. Signal magnitudes for the 
same positions and heat fluxes appear in Fig. 4.3.

Lines drawn through the data points of Fig. 4.2 are not meant 

to describe the boiling signal over the entire acoustic spectrum with 

accuracy. These lines are drawn to indicate trends for further analysis, 

so undue significance should not be attributed to them. It appears that 

increasing axial distance diminishes the amplitude of the high frequency 

spectrum somewhat selectively. Sharp resonances are not as noticeable 

as the ones appearing.in Fig. 4.1. Clearly, increasing separation 

distance causes some loss of both the low and high frequency components 

of the boiling signal. Figure 4.3 shows the peak to peak signal 

magnitudes for these same locations. Past 2 meters, the signal magni

tude appears to be flat. At 1.5 meters and less, the signal grows 

rapidly. This curve can be compared qualitatively to Fig. 1.2. Error 

bars show how the fluctuation of the waveform grows with approach to 

the source. As separation distance was increased, the signal coalesced 

into a more constant and continuous waveform. This, of course, is the 

reason why there appeared to be no sharp resonances in Fig. 4.2 while 

there were sharp resonances in Fig. 4.1, whose separation distance was
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only 15 cm. Figure 4.4 shows photographs of oscilloscope traces 

corresponding to several different axial locations. The differences 
in the waveforms and how they coalesce can be clearly seen.

Several important conclusions can be made from these graphs. 
Beyond a certain distance, the magnitude of the signal strength 

appears to be constant. Since minimum axial distance must be main

tained for radiation considerations, it would appear that a detector 

would operate in this "constant signal-strength region". The concept 

of placing a detector "as close as possible" to the source is only 

meaningful if it can be located ahead of this constant signal strength 
region shown in Fig.4.3.

4.5 Acoustic Effects of Heat Flux . 
and the Threshold of Boiling

The effect of heat flux on both the acoustic spectrum and the 

peak to peak signal strength were investigated. It was hoped that 

information could be used to relate the onset of boiling to the 

threshold of a detectable signal.

Figure 4.5 shows a family of curves of the acoustic spectrum 

as it varies with heat flux. The lines are drawn to indicate more 

clearly the spectrum trends. These experiments were performed at an 

axial separation distance of 1.4 meters with heat fluxes ranging 

between 83.0 to 131.0 watts/cm2. The obvious trend is that decreasing 

the heat flux lowers the amplitude of the boiling signal over all
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Fig. 4.6 Boiling Signal Waveforms Coalescing with 
Separation Distance
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frequencies. Comparison with Fig. 4.2 shows that much more of the 

low frequency component is lost by small changes in heat flux than by 

relatively large changes in separation distance, (due to signal 

spreading).

The peak to peak signal strength corresponding to the spectra 
of Fig. 4.5 appears in Fig. 4.6., The threshold of a detectable signal 

appears to be 60.0 pv, which is the magnitude of the electronic noise 

produced by the prototype detection system. The heat flux at this 

threshold is 74.0 w/cm2 at an axial separation of 1.4 meters. The 

onset of boiling was determined to be about 40.0 w/cm2 with the detector 

at a radial separation of 5 cm.

Now recall it was stated in Chapter 2, that the number of 

active nucleation sites on a boiling surface is proportional to the 

heat flux. Fig. 4.6 suggests that the signal amplitude is not directly 

proportional to either the heat flux or number of nucleation sites.

This can be investigated by cross plotting Fig. 4.5 to yield a graph 

of amplitude vs. heat flux at several selected frequencies. Fig. 4.7 

shows that over a wide range of frequencies, the signal amplitude is 

proportional to heat flux to the sixth power. Thus ,

A a q"6 (4.1)

This can be written in decibels as;

db = 60 log (q'Vq^) (4.2)

where q" corresponds to the peak heat flux. A simple relationship
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for frequency dependence suggested from Fig. 4.8 is,

db = 10 log [(q"/qr,)6(f/f )~2] (4.3)o o
Fig. 4.8 indicates that Eq. (4.3) is valid over a frequency range 
of 8 KHz and greater.

Nishara [10], has done similar heat flux experiments using a 

platinum wire 8.0 cm long with a diameter of 1 millimeter. The tank 

used had dimensions of 145 cm by 170 cm high. His work differed from 

the work of other researchers in that he had a relatively large tank 
which accommodated larger radial separation distance and a reduced 

amount of reverberation. Nishara observed boiling signals that 

diminished by 60 db/decade with frequency, with few large sharp 

resonances. He found that the intensity of a boiling signal assumed 

a maximum value at a heat flux of 320 w/cm2, where it had an increased 

low frequency amplitude and a decreased high frequency amplitude.

Nishara did not observe such a well defined family of exponential curves 

as in Fig. 4.5, his curves diminished only slightly with lowered heat 
fluxes.

Several important conclusions can be stated from the results 
of this section. Figure 4.3 suggests that any signal that is detect

able at 1.4 meters, should be detectable at the surface of a reactor 

pool. Figure 4.6 shows that at 1.4 meters the minimum detectable 

signal has a heat flux twice that required for the onset of boiling. 

Clearly then, for any practical system there will be a certain amount 

of boiling that will go undetected. It is implied from Eq. (4.1) that
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a significant area of a reactor core may have to reach the onset of 
boiling to produce a detectable signal. However, at elevated heat 
fluxes, only a very small core area would be needed to produce the 
required signal magnitude.

4.6 Boiling Spectrum Shape

The experimental results obtained in Section 4.5 do not . 

correspond to a white frequency spectrum, as had been implied in 

Chapter 1. In order to determine the shape of the spectra appearing 

in Fig. 4.5, a plot of the relative intensity level vs. log frequency 

(using the amplitude at 1 KHz as the reference value), appears in 

Fig. 4.8. Between 8 KHz to 50 KHz the acoustic spectrum appears to 

diminish by 20 db/decade. The idealized cavitation spectrum resulting 

from experimental observation (Ross [12]), has also been found to 

decrease at 20 db/decade (6 db/octive) beyond a certain peak frequency, 

of approximately 100 Hz. Figure 4.9 is a qualitative representation 

of this idealized cavitation spectrum. This information however, is 

not conclusive. The phenomena of boiling and cavitation result from 

different mechanisms, where cavitation is due to a rapid reduction of 

local static pressure rather than exceeding the coolant saturation 

temperature.

Experimental results obtained by Ferri [4], on the other hand, 

suggested a flat boiling spectrum over a wide range of frequencies. 

Ferri's experimental results for two different heat fluxes appear in 

Fig. 4.10. Recall now the information presented in Section 1.3 on
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absorbtione Consider the possibility that absorbtion could account for 

differences in spectrum shapes (flat vs. f~2) due to the differences 
in the source-detector separation distance. Ferri/s results were based 
on a separation distance of the order of 10 cm whereas the measurements 

of Fig. 4.8 were for a separation distance of 1.4 meters. From Eq.
(1.17) the loss of signal strength at 1.4 meters based on a frequency 
of 50 KHz is 10^3 db. This value is far too small to account for any 

variation from the flat boiling spectrum presented by Ferri. Thus, 

the effects of absorption are negligible compared to the effects of 

signal spreading over distances characteristic of reactor pools.

A survey of the conclusions of other researchers as to the true 

shape of the boiling spectrum are also contradictory. In Section 1.3, 

analytical work by Ferri suggested a flat boiling spectrum up to high, 

frequencies, where Hickling and Plesset [6], predicted the spectrum to 

drop off proportionally by f”2. Saxe [13, 14, 15], states that the 

boiling spectrum is flat, but could vary from flat for the reasons 

outlined in Section 4.2. From experimental observation, Boland et al.

[3] found a flat spectrum, while Nishara [10], found an exponential 

spectrum.
Clearly, the exhaustive analytical and experimental work of 

other researchers is in disagreement as to the shape of the boiling 

spectrum. The objective of this study however, doesnft require that



these contradictions be resolved. The boiling spectrum regardless of 

the shape, extends into the tens of kilohertz, which is unique only to 

the boiling phenomena. A detector thus monitoring the correct frequency 

range with sufficient amplification, would clearly operate successfully.



CHAPTER 5

CONCLUSIONS AND RECOMMENDATIONS

5,1 Conclusions 

The objective of this investigation was to obtain design base 

information to develop a practical acoustical boiling detection system. 
This system is specifically intended for use with natural convection 

pool-type reactors. The feasibility of utilizing an acoustic system 

is dependent upon two important criteria: .

1) Avoiding the interference of background noise upon boiling 

detection.

2). Developing a system with high sensitivity for detecting weak 

boiling signals.

First, consider conclusions regarding background noise. The 

operation of many mechanical systems produced noise that is insignifi

cant above 4-5 KHz. These systems included the demineralizer and „ 

control rod drives. Although investigations of a nitrogen diffusor 

system, pneumatic transfer system, and a water to water heat exchanger 

(for a typical reactor cooling system) could not be performed, indica

tions are that noise produced by these systems would also be low fre

quency in nature. The coolant system analyzed was a Freon refrigeration 

cycle with evaporator coils located in the reactor pool. Because a 

change of phase occurs in the Freon, this type of coolant system would

71
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impose a severe handicap on the successful operation of an acoustic 

detector. Fortunately, this type of system is not the most general type 
of coolant system employed by pool-type reactors. One source of noise 

identified as absolutely interfering with the operation of an acousti

cal detector, is the pulsing and scramming of the transient rod. It is 

concluded that the most desirable solution would be to energize and 

de-energize the acoustic detector, triggered directly from the pulsing 

circuit. All other sources of mechanically produced noise could be 
successfully accomodated by the use of a high pass filter (specified 
in the recommendations).

Outgassing is a special consequence of high power reactor 

operation. It was investigated since it could potentially be mistaken 

for the onset of boiling. Simulated outgassing could only be detected 

under unrealistically contrived conditions. It can be concluded 

that no precautions are necessary to avoid the spurious detection of 

outgassing.
Five conditions can be identified as affecting the sensitivity 

of a practical detection system.

1) Choice of a hydrophone

2) System amplification

3) - Electronic system noise

4) Axial separation distance from the boiling event

5) Absorbtion of the boiling signal

The first three items are influenced by the system design and are
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considered in the next section. Location of a hydrophone of the piezo

electric crystal type is not considered practical within one meter of 

a reactor core because of radiation considerations. It was found that 
beyond 1.4 meters, the amplitude of the detected signal diminished only 

slightly. The implications are that some small amounts of boiling will 

go undetected5 and that any boiling detected at 1.4 meters is detectable 

anywhere in the reactor pool.

The shape of the boiling spectrum encountered in this experiment 

appeared to diminish according to f~2 (20 db/decade). Literature was 

found to support both flat and f""2'shaped boiling spectra. However, a 

determination of the true shape of the boiling spectrum, whether flat 

or not, remains inconclusive.

The difficulties encountered with background noise and insuring 

adequate detector sensitivity, also appear to have satisfactory solu

tions. Clearly some limitations will exist in the operation of a 

practical system. The first boiling bubble produced cannot be expected 
to be detectable, but the results of this experiment do show that the 

relatively small amount of vapor produced was readily detectable under 

realistic circumstances.

This investigation has shown that a practical acoustic boiling 

detector can be successfully developed for pool reactors. The 

recommended detection system is described in the following section.
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5.2 Recommendations

It is recommended that a detection system similar to the 
prototype system be designed and constructed. The system should consist 

of a hydrophone suspended above the core centerline and vibrationally 

isolated. A distance of 1.4 meters was chosen as a reasonable design 

distance to place a hydrophone in an intense radiation field. Only one 

hydrophone is suggested since no apparent advantage could be recognized 
for a multiple hydrophone system.

The A.C. output from the hydrophone is fed to a high gain 

multistage preamplifier. The gain should be selected to yield a con

venient operating system voltage sensitive to a minimum hydrophone 

output of at least 25 pv peak to peak. The gain of the prototype 

system was limited to 13009 which affected the performance of the 
band pass filter. A gain of 106 is suggested as a conservative de

sign estimate, to avoid this difficulty. , The preamp should have a 

large gain between each state to minimize electronic noise, and should 

not clip the output signal. The frequency response should be flat 

from 1 KHz to 50 KHz or more. Unfortunately, there is a trade-off 

between flat frequency response and minimizing electronic noise, 

where fewer stages favor less noise. Three stages with a gain of 100 

each, is realistic with a prudent choice of op-amps. Output from 

the preamp should then go to a variable high pass filter. The 

frequency cut off should be reasonably sharp and set to yield a 

large signal to noise ratio. The recommended frequency cut off based
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on the results of this experiment should be between 3 KHz-6: KHz* 

with a 5 KHz cut off suggested. This amplified peak to peak signal 
should then go to a signal rectifier/signal integrator. The output 

will then be in D,C, volts with no frequency dependence. This output 

should be displayed on a meter with annunciator alarms consisting of 

both a panel warning light and audible alarm. The annunciator alarm 

system should be self-resetting. When the acoustical signal drops 
below a certain alarm set point voltage. The alarm set point should 

be readily adjustable to provide flexibility in the system operation.

A schematic of the recommended system just described appears in 
Fig. 5.1.
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Fig. 5.1 Recommended Acoustical Boiling Detection System

1) Hydrophone
2) Variable Amplifier
3) Highpass Filter
4) Signal Integrator/Rectifier
5) Meter/Annunciator Alarm System
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