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(i) 
SUMMARY 

This thesis presents a theoretical and experimental study of 

special instrumentation systems proposed for the protection of sodium 

cooled fast neutron reactors. 

The growth and future potential of the fast reactor project is 

reviewed and the reasons why its protection represents a special 

instrumentation problem outlined. 

Various possible methods by which mal-function may be detected are 

examined. One such method, namely the detection and recognition of 

acoustic noise in a sodium cooled nuclear environment is believed to Be 

have been originated by the author. The development of these systems has 

necessitated the introduction of at aks of detecting signals from the 

reactor environment, 

A large experimental programme was carried out to assess the 

transducers and collate the information produced during simulated fault 

conditions. This investigation included both "out of pile" and "in pile" 

experiments, electrical heaters being used to simulate nuclear heating. 

The "in pile" experiment was carried out in the Dounreay Fast Reactor 

As a result of this programme a system was designed for the 

DoE eR 

The design of such a system takes into account ine thee of the 

sieadurenens and correlation of random noise. Theoretical and aanchinentat 

work is presented which examines the conditions to be satisfied in order that 

spectral correlation analysis is statistically significant. 

The prototype system has operated successfully in the D.F.R. fora 

few months and two recent non-crucial failures of experimental nuclear 

fuel elements tend to validate the system in that the installed 

instrumentation detected and correctly identified the source of the 

mal-function.
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CHAPTER 4 

INTRODUCTION 

1.1 An Appreciation of the Current State of Nuclear Power 

Deve lopment 

The genesis of a nuclear power programme, whatever its detailed 

technical features, is dependent upon the existence in uranium of 0.7% 

of the only naturally occurring fissile isotope 235 U. Natural. uranium 

is used directly in graphite or heavy water moderated thermal neutron 

reactors. Alternatively, if a daftuedontls myeliae ic. thermal reactors © 

using enriched uranium can be designed which, at the cost of the 

diffusion operation, impose less onerous restriction upon the use of 

neutron absorbing materials, having desirable properties such as high 

temperature strength and corrosion resistance. 

The economic importance of conserving natural uranium depends upon 

its price as determined by demand and supply, that is by the size of the 

nuclear power programme and the cost of mining and refining known deposits 

of ore. 

The pressure of a nuclear power programme on uranium supplies is a 

function of the combined nuclear and thermal performance of the reactors, 

and of the efficiency of the diffusion and fuel reprocessing plants (if 

used). 

The cost of electricity is additionally affected by reactor develop- 

ment cost, capital cost, flexibility of siting as influenced by safety 

characteristics, and time of construction as influenced by simplicity of 

arrangement and the like, 

Thermal neutron reactors are classified as converters. 238 U is 

converted in them to fissile 239 Pu. The neutron economy is such that 

fewer plutonium atoms are produced than are uranium atoms fissioned, 

The newer forms of thermal neutron reactor are known as "advanced 

converters", "Advanced" may imply technical features such as improved 

neutron economy, better thermodynamics, lower capital cost and so forth;



it should, and ultimately must, mean an effective combination of these 

technical features resulting in lower cost electrical energy. 

In fast neutron reactors, the neutron economy is superior and it is 

both possible and economic ba breed plut oniun, If as is widely expected 

cheaper electricity becomes available from fast breeders than f rom 

competing systems, the satisfaction will have been obtained of conserving 

natural uranium supplies, and of ensuring both short and long term 

supplies of cheap energy. 

Fast neutron reactor cores must however be primed with large 

(relative to thermal reactors) quantities of fissile material. Since in 

equilibrium operation fast reactors will eventually supply themselves with 

self generated plutonium it is natural to consider starting with 

plutonium generated in thermal reactors. The technically feasible 

alternative of priming the fast reactors with 235 U turns out to be 

economically unattractive. The fast breeder and thermal convertor 

therefore, constitute an interdependent dual system, 

Surveys (1.1, 1.2, 1.3, 1-4) of the overall possibilities in nuclear 

power development tend to produce curves of the type shown in Figure 1.1. 

A judgement is made of the result of competition between nuclear fuels, 

fossil fuels, and hydroelectric resources and an estimate arrived at of 

the likely size of nuclear power programme. It is assumed that fast 

reactors achieve the lowest cost of energy production, which is auceaias 

minimally dependent on fluctuations in uranium price, and that the 

converter reactors are used as dual BReOOGt plants making electricity for 

immediate use and plutonium to prime fast reactors under construction. 

The fast reactors eventually become self supporting and the use of thermal 

converters declines. 

A version of Figure 1.1 applying to the world as a whole might be 

Figure 1.2. This diagram is intended, not as a forecast, but to show 

the exuberance and variety of the competition for a share in the market 

for converter reactors.



In the United Kingdom the thermal converter programme has been based 

on the Calder Hall type of reactor, and will be based in the future on 

the Windscale Advanced Gas Cooled Reactor. 

The 0.E.C.D. Dragon Reactor Experiment and the Steam Generating Heavy 

Water Reactor are alternative systems which may in the longer term, play’ 

a part in the United Kingdom thermal reactor programme. 

A major part of the United Kingdom effort is being applied to the 

development of the sodium cooled fast breeder reactor. The Dounreay Fast 

Reactor is supporting a major irradiation programme which will provide 

tried and tested fuel sub-assemblies to make up the core of the Prototype 

Fast Reactor, now under construction at Dounreay, The same irradiation 

programme is yielding invaluable information and results to the designers 

of converter reactors, at a rate which cannot be rivalled by materials 

testing reactors employing thermal neutrons.
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CHAPTER 2 

DESCRIPTION OF THE UNDERLYING FLUID MECHANICAL PHENOMENA 

IN LIQUID COOLANTS 

2e1 General 

Fast reactor cores as envisaged at present will consist of a 

compact array of closely spaced fuel rod assemblies in wrappers and it 

is thought that such cores by virtue of their geometry and high power 

density are,in the absence of precautions not specified herein, espec-— 

ially susceptible to disturbances caused by solid or gaseous matter 

leading to coolant boiling and then some form of hydrodynamic instability. 

The underlying fluid mechanical problem is not dissimilar to that fouad 

-in any equipment in which heat is being put into a number of channels 

operating in parallel. Reference to the relative power densities in 

Table 2.1 which compares the power per unit volume in the currently 

operating and proposed reactor systems, shows that the fast reactor, 

because of its high fuel inventory, requires for economic Por ciange a 

very high power density. Hence any overheating tie to develop. on 

a fast timescale, and a suitable means should be found of detecting 

quickly mal-operation of such fast reactor cores. 

TABLE 2.1 

Some comparisons between an advanced thermal reactor 

and a typical fast reactor design 

  

  

  

  

  

Advanced thermal Reactor ' Fast Reactor 

Specific Power kW/kg 905 142 

Reactor Power MW 1500 . 600 

Core Volume at 500 Ll 

Power density MW/m? 3 600        
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There are several possible modes of failure and it is not important 

to discuss these in detail here, It is sufficient to say that all 

involve partial or complete flow blockage between pins. This blockage 

may be caused by solid matter or,more likely in a oractival yatem by 

gaseous matter either being released from failed fuel pins or carried 

into the heat transfer region by the liquid metal coolant. It is fairly 

clear that if the liquid metal flow, which is taking the heat away from 

the fuel pins, is either reduced in velocity or replaced by gas then 

serious temperature excursions both of the fuel pin and the remaining 

low velocity coolant will occur. Due to the turbulent mixing of the fluid 

from the exit from the fuel channels it is in principle possible to 

suggest that such disturbances may be detected by observing the fluct- 

uations in temperature, which we will call temperature noise, at the out- 

let of such channels and clearly this could well be the first early warning 

system which we propose to investigate. If, however, we assume that the 

process proceeds without interruption then at some stage in the 

development coolant boiling will occur. 

2.2 Pressure Drop Characteristics of Heated Channels and Related 

Parallel Channel Problems including Sonic Effects 
  

It can be said of the majority of operating reactors that their 

installed safety systems have never been called upon to protect the peactur 

against an uncontrolled departure from intended conditions, Neverthless, 

in the interest of ultimate safety, a great deal of effort is expended 

on analysing the behaviour of reactor cores in accident conditions. 

A reactor core consists, almost inevitably, of a multiplicity of 

parallel channels through which coolant is forced by a common pressure 

drop. The number of channels is large, and accordingly flow failure in 

one channel has a negligible effect on core pressure drop. 

Ir. a heated, liquid cooled channel, reduction of flow at constant 

heat input leads to a pressure drop characteristic of the type shown in 

Figure 2.1. If an accidental flow reduction occurs in a channel operating 

at design point A, an alternative 'stable' operating condition B may be



ei 

reached, in which the flow of boiling liquid gives rise to a pressure 

drop equal to that obtained with a much higher flow of sub-cooled liquid. 

The word ‘stable? has been used in a restricted hydrodynamic sense and 

certainly in a sodium cooled reactor the fuel containment ducaia ton ate By 

would be intolerable. 

The speed at which events would move in changes proceeding from A 

towards B has occupied the attention of ane investigators and attention 

has focussed, interalia, on the velocity of sound in two phase mixtures, 

which may set a limit to the speed of ejection of boiling fluid froma 

parallel sided channel. 

The author has with others (2.1) measured the speed of transmission in 

an air water mixture of a mild shock due to the rupture of a metal dia- 

phragm and has obtained the values plotted on Figure 2.2. 

A simple theory for air/water : ‘ gives the 

curve on Figure 2.2. The low velocities obtained are qualitatively 

explicable, in that, in an incompressible fluid, the velocity of sound 

would be infinite. If compressible voids are introduced into a nearly 

incompressible liquid the effect is likely to be dramatic, as the curves 

indeed show. 

In France the quantity of gas entrained in flowing sodium has been. 

deduced (2,2) by measuring the velocity of sound in the mixture. 

In a boiling liquid the transmission is rendered complex by the 

possibility of bubble condensation. The condensation of water vapour bubbles 

by a pressure shock has been demonstrated experimentally in the United 

States by Karplus (2.3). Whereas sound transmission is usually taken to 

be isentropic it is clear that waves of significant amplitude in a 

vaporising liquid are transmitted by a process which is more nearly 

isothermal than isentropic. 

2.3 Nucleate Boiling in Liguid Cooled Reactors 

The boiling of a liquid around a heated surface can best be under- 

stood by referring to what is known as a boiling curve Figure 2.3 shows 

heat flux plotted against excess temperature At (temperature difference
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surface to bulk liquid). In the initial stages of the curve the pre- 

dominant mode of heat removal is natural convection. As At increases a 

superheated layer forms around the heater and ultimately small vapour 

bubbles form at nucleation points or sites in the heated crake: As 

the wall temperature further increases the bubbles break away and a 

steady output of vapour bubbles streams into the bulk liquid. This 

section of bulk curve is known as the A tieee boiling regime.. “As the 

. heat flux is still further increased the frequency of bubble production 

from nucleation sites increases as also does the number of nucleation 

sites until finally the rate of bubble production is so large that bubble 

coalescence takes place resulting in the formation of a vapour film. This 

point is called the departure from nucleate boiling and for bracttoat 

purpose) synony aous with burn up. The predominant heat transfer is by 

radiation and with most meta] heatar: materials the temperature of heater 

rises to above the melting point.
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2.4. Onset of Nucleate Boiling in a Liquid 

The temperature of a heated surface producing nucleate boiling 

bubbles must be in excess of the normal See ica temperature corres- 

ponding to the static pressure at the surface. Simple equilibrium iHesry 

for the growth of a spherical bubbles radius r, shows that the surface 

temperature is given by: 

logk/ (P + = - Pa) 

where \ is the latent heat of vapourisation, G the gas constant, P the 

imposed static pressure, o the surface tension at the bubble interface 

and Pa the partial pressure due to dissolved gas in the liquid. k isa 

constant in the Clausius Clapeyron equation. The normal saturation 

temperature is given by: 

6 sat = NG (2) 

log*/P 

The difference between (1) and (2) is termed the superheat necessary to 

initiate nucleate boiling. 

In practice the bubble radius r and the pressure due to dissolved 

‘gas will be unknown. However, estimates may be made covering dissolved 

gas contents between zero and the saturation value of about 0.1 p.p.m. 

for argon in sodium, 

In the experiments described in this thesis, (Chapter 5),it was 

decided to try to model reactor boiling conditions as closely as possible. 

To this end indirectly heated standard fuel tube was used as the boiling 

surface. The first series of experiments was carried out using a - 

horizontal tube configuration, as shown in Figure 2.4. The pin was welded 

into adaptors in the vessel wall. On several occasions when high values 

of superheat were present the temperature gradient was such that these 

welds acted as nucleation points. This fact was established as the wall 

temperature of the pin did not fall to saturation temperature when boiling
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began. For the second series of experiments the rig was designed so that 

no welds, or rough surfaces, existed to act as nucleation points. It 

was necessary therefore to have a vertical tube configuration as shown in 

Figure 2.5. The cover gas used for both experiments was argon. 

Claxton (2.4) has argued that nuclear radiations are unlikely to 

induce nucleation at pressures near one atmosphere, It is suggested therefore 

that the acoustic behaviour of boiling odian in reactor conditions can 

be inferred from these experiments. 

2.5 Differences Between Water and Sodium 

The equations above show that the necessary superheat for the 

initiation of nucleate boiling in sodium is much higher than that required 

in water for the same bubble size and partial pressure of tke dissolved 

gase As the solubility of argon is very much lower than that of air in 

water this intrinsic difference is likely to be anplified. 

Mathematical models exist (see section 3.5) which attempt to analyse 

the growth of a bubble in a superheated layer of liquid and its sub- 

sequent collapse in a sub-cooled region. These models, which take into 

account both heat transfer and hydrodynamic effects, predict that water 

bubble growth is heat transfer limited whilst sodium bubble growth is 

inertia limited. During collapse bothare inertia limited at large sub- 

cooling, the final collapse being "cushioned" by the non-condensible gas 

within the bubble. Reduced cushioning is likely in a sodium system due 

to relatively low gas solubility and hence higher frequency acoustic 

signals are to be expected.
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CHAPTER 3 

THE CENTRAL PROBLEM OF DETECTING LOCAL OVERHEATING 

321 Core Instrumentation 

The instrumentation of a reactor core is required to show that the | 

power output of the core is being safely removed by the heat transfer 

system when operating at design conditions and to detect deviations from 

normal. Departures from intended power level are normally detected by 

neutron flux monitoring ion chambers. Departures from specified oper- 

ating conditions of the heat transfer system are relatively difficult 

to detect because the total flow and average outlet temperature of the 

reactor are insensitive to local high temperature (local Bidckase) In 

any economical reactor design the expensive core must be exploited Pe 

high power density. It is impractical to measure the flow and tempera- 

ture distribution within the compact fuel assemblies and it is necessary 

therefore to develop alternative detection schemes which will give prompt 

warning of local fault conditions. If possible this instrumentation 

should be capable of giving location as well as detection of fault 

conditions. The large and expensive fissile inventory in a fast reactor 

results in economic power densities much higher than in thermal reactors, 

Local flow stagnation is therefore particularly saleette and although 

filters are incorporated which make blockage with solid material most 

unlikely its detection is nevertheless important. However gaseous 

impurities are much more difficult to eliminate and cause pressure 

drop effects and local reduction in heat transfer. 

3.2 Some possible ways of detecting local f ailure are measurement 

of Local Flow Velocities in as Many Positions as Possible. 

Bearing in mind the environment in which such measurements would 

have to be made this seems a most difficult line to follow, It would 

“rely on the development of miniature flowmeters capable of operating 

in high neutron fluxes under liquid sodium at temperatures round about
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600°C. The leads to such instruments would be a gross impediment to flow. 

It is thought that the technological difficulties of such a development : 

are such as to make any investigation along this line quite fruitless. 

3.3 Temperature Fluctuations as a Fault Detector 

A system which may give a warning before boiling occurs is the 

detection of the so-called thermal noise (temperature fluctuations) in 

the coolant stream, The coolant issuing from a sub-assembly containing 

a blockage will be to some degree stratified into hot and cool streamse 

At an optimum distance from the exit mixing will result in temperature 

fluctuations of maximum amplitude. Since the temperature distribution in 

a healthy element is non-uniform, there will be a steady noise background, 

relative to which a change must be detected. There is no published 

information on the existance of temperature fiuebhaticns at tel ehively 

high frequencies, above a few Hz, in sodium. In fact very little has 

been published on the application of random noise analysis to turbulent 

heat transfer. Corrsin (3.1) initially treated the decay of isotropic 

temperature fluctuations in isotropic flow and later developed expressions 

for the spectrum of temperature fluctuations. 

A more detailed analysis of the spectrum of convected quantities 

in low conductivity fluids was carried out by Batchelor (3.2) and by 

Batchelor, Howells and Townsend (3.3) for large conductivity fluids. 

Previous experimental work on the measurement of the space and time 

dependance of the statistical properties of temperature fluctuations has 

been limited to work on fluids such as air, water, mercury, ethylene 

glycol. Tanimoto and Hanratty (3.4) used a modified anemometer to 

measure temperature fluctuations in a pipe containing turbulent flowing 

air. 

Rust and Sesonske (3.5) investigated experimentally the turbulent 

temperature fluctuations in mercury and ethylene glycol in a pipe.
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They used a fast response thermocouple having a time constant of the 

order of 10% secs to measure the fluctuations in a 0.925 inch diameter 

pipe. The results showed the thermal mixing lengths compared well with 

the Von Karmans theoretical predictions, The spectral density results 

show the existance of measurable fluctuations up to several hundred Hz, - 

The shape of the spectrum follows only partially the theoretical shape 

predicted by Corrsin and Batchelor. This agreement holds in the region 

20 to 60 Hz- above which the experimental spectrum falls off much less 

rapidly than predicted by theory. The authors regard this evidence as 

tentative and can not be taken as validating the theory. 

Further experimental work on the same problem was carried out by 

Bobkov, Ibragimov and Subbotin (3.6) using water and mercury. Again 

rapid response thermocouples were used, the outputs of which were amplified 

with a band pass of 0.15 to 300 Hz. The resulting empirical formula 

they propose is ere a ey - It is not clear however what is 

meant by the expression"maximum pulsation frequency". 

Temperature measurement in sodium cooled reactors is by mineral 

insulated chromel-alumel thermocouples sheathed in stainless steel. 

These are rugged and corrosion resistant,and have adequate sensitivity 

and response time for normal temperature measurement. When such couples 

are applied to the detection of thermal noise the band width is limited 

to below about 1 Hz. In an attempt to increase the effective band 

width of the noise sensor, Oe was carried out (see 4.3.b) by - 

the author and colleagues on the development of an eddy current probe. 

In this probe changes in the impedance of an encapsulated inductance 

reflect instantaneously resistivity changes corresponding to fluctuations 

in the coolant temperature. The difficulty is to provide electrical 

insulation adequate for high temperature in a radiation field.
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304 Measurement of the acoustic noise produced by bubbles during 
the nucleate boiling stage. 
  

Vibrating bubbles as a sound source 

Gas bubbles in a liquid can under certain circumstances be 

sources of large amounts of sound energy. The sound of air bubbles 

formed at a nozzle was first investigated experimentally in 1933 by 

Minnaert (3.7). He showed that the sound of an oscillating bubble 

was essentially due to volume pulsations and desig peda like a simple 

second order damped system, The frequency of oscillation in this 

simple mode is given by 

f -t sa Ay 
. Qnur i 

In general however a bubble may oscillate in a variety of modes 

and it was not until 1956 that Strasberg (3.8) calculated the sound 

pressure radiated from a bubble oscillating in a number of different 

modes. It is shown quite clearly in this paper that the only mode of 

practical importance is the one observed previously by Minnaert, the 

next highest mode being a factor of 10° down in radiated pressure. Sone 

of the various oscillations together with the frequency of oscillation 

are shown in figure 3.1. It is postulated that a vapour bubble that is 

produced in the super~heated layer during nucleate boiling will behave 

in a very similar manner to a gas bubble, in that condensation and evap 

oration of the vapour in the bubble will be eliminated as long as the 

bubble remains in the super heat layer. 

3.5 Collapsing bubbles as a sound source x 

“In recent years, considerable attention has been given to the problem 

of the growth and @mllapse of vapour bubbles in a liquid. This has arisen. 

from considerations of nucleate boiling, cavitation damage, and two 

phase flow phenomena, such as flashing flow in desalination plants(3.9). 

The problem is extremely intractable, but a great deal of literature now 

_ exists on the subject. For a survey of the analytical aspects of. vapour 

: ¥ abstracted hone an icwtermmal e<pork by GO ceam Rue_D
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bubble dynamics, the reader is referred to the paper by Din-Yu Hsien (3.10), 

Detailed theoretical treatments, including numerical results, on the 

growth and collapse of a vapour bubble are given by Zwick and Plesset 

(3.11), Ivany and Hammitt (3.12) and Florschuety and Chao (34'S), The 

paper by Florschuety and Chao (3.13) also includes useful experimental 

data. These papers all contain extensive bibliographies, 

The problem which is discussed hone initially is :the determination 

of the motion of a vapour bubble which has grown ina suns heated region 

of the fluid and is suddenly transported to a cooler region of the liquid. 

This implies that the external pressure on the bubble will exceed the 

saturated vapour pressure in this region, causing the bubble to collapse. 

As the bubble collapses, vapour will condense at its surface, releasing 

latent heat. This heat will be conducted away into the surrounding 

liquid raising the temperature of the bubble wall and thus increasing 

the vapour. pressure inside the bubble. For high sub—coolings, this heat 

transfer effect will be small until the final stages of collapse, when 

high pressure and temperature transients of short duration will occur. 

It is these final transients which give rise to the high frequency end 

of the acoustic spectrum, 

The complete solution to the problem would require the simultaneous 

solution of the continuity, momentum and energy equations for the liquid 

and vapour, coupled by the conservation of mass momentum and energy across 

the bubble surface. In practice, to obtain any solution several simpli- 

fications are necessary. The model of bubble collapse which will be 

dave vines relies on the following assumptions. 

(i) The bubble collapses in a spherically symmetric fashion. 

Without this assumption, it is doubtful if much theoretical progress. 

can be made. Its validity has been questioned by several experi- 

menters (3613, 3014, 3.15), who have seen various examples of 

unstable collapse, generally in large pressure gradients, (Some 

experimental work by the author and colleagues at D.E.R.E. fin 

the stability of collapsing vapour bubbles produced by sub-cooled 

hoilinse ie cehown in nhotooranhic form in figen. 4.9 and 2.3).
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(ii) The liquid is incompressible. For moderate degrees of 

sub-cooling, the liquid velocities should remain considerably 

less than the sonic velocity, enabling the liquid to be regarded 

as incompressible. This is not the'case for very high sub- 

coolings or cavitation bubbles (3.12). The liquid may also be 

regarded as inviscid (3.12) and for initial radii greater than 

-01 cm, surface tension effects Se hes licinie. 

(iii) The bubble interior is assumed to be uniform. In this case 

it is necessary that the motion be slow enough for a she iat 

pressure to be nitnital wed in the bubble, Some variations in 

the vapour temperature are bound to occur, but it will be 

assumed that the vapour is compressed isentropically throughout 

most of its volume. It is further assumed that the vapour obeys 

the ideal gas law, 

(iv) Thermodynamic equilibrium is assumed between the liquid and 

vapour at the interface, This is permissible as long as the 

velocity of the vapour relative to the interface is small compared 

with the speed of sound in the bubble, 

(v) Physical parameters such as latent heat, specific heat, 

thermal conductivity, liquid density etc., are assumed to remain. 

constant during nition: Although temperature dependent forms of 

these quantities could be included, their variation over the 

temperature ranges experienced will be small and it is doubtful 

if the increased complexity would be justified. 

The justifications and implications of the above postulates are 

‘discussed at great length in. the references mentioned above, 

BASIC EQUATIONS 

Using assumptions (1) and (2) above, the momentum equation for 

the liquid reduces to
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ptR a? R/at” ha (aR/at)? } AD eD. (1) 

and the pressure at a point in the liquid is given by 

pir) = pp +R f(,- Py) /p + 065 (aR/at)? L1-@/r)? /f/r (2) 

The heat conduction equation is 

po fatfat + (R/r)” (aX/at) 2e/ar} = (1/r?) 2(r*k a0/ar) (3) 

The energy balance across the bubble wall is somewhat complex, but 

Florschuety and Chao (3.12) provide an argument that a good approximation 

is 

k(30/dr)_, = 0 ,AaR/ at (4) 

The vapour pressure is given as a function of the bubble surface 

temperature by integrating the Clapeyron ~— Clausius equation using 

assumptions 5 (iv) and 5(v) above to give 

py(8,) = py(6,) exp £-Ni/e, - /0,/G § (5) 

Assuming that the vapour is compressed adiabatically, the vapour 

temperature is given by 

=. (y -1)/r B=, {p,(6,)/p, (6)3 () 

In| principle equations (1) - (6) can be solved to give the 

bubble radius and vapour pressures as functions of time, In practice, 

the problem reduces to two-coupled non-linear partial differential 

equations, and their solution, even numerically would entail great 

difficulty. 

The only significant step towards solving these equations was made 

by Plesset and Zwick (3.16). They showed if the temperature variation 

in the liquid is appreciable only in a thin layer around the bubble 

surface, then it is possible by a procedure of successive approximations 

to obtain a solution to equation (3). In practice, they show that the 

zero ~ order approximation is quite sufficient in the case of water 

vapour bubbles. This is equivalent to ignoring terms of the order
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§ (r/R)? ~ i} in the thin liquid layer, over which temperature 

variations are appreciable, and leads to the expression 

Got R7(x) _(87/8r) r = R(x) 
- a dx (7) 

nS OY) ’ iy R* (y) ay } : ye
 f

ll
 

Use of this expression gives good results for the initial stages 

of collapse, but the assumption of a thin thermal layer breaks down as 

the bubble radius approaches zero. The high conductivities of idita 

metals may also make this assumption less realistic. Unfortunately, 

it is these final stages of collapse which give rise to the high 

frequency end of the acoustic spectrum, It would be desirable if other 

approximations, which do not rely on thin boundary layers, could be 

used to examine this stage of the collapse. With this aim in mind, 

it was proposed that rather than try to obtain approximate answers to 

equations (1) - (6) by means of mathematical simplifications, it would 

be preferable to use judicious physical intuition, to simplify the 

physical model and then solve the resulting equations exactly.” 

The author is greatly indebted to G. C. Cornfield who carried out the 

mathematical analysis and organised the tremendous amount of computational 

effort needed to present the theoretical result shown in fig. 3.4 

SPECTRAL RESOLUTION 

Once the pressure time relationship, given by equations 1-6 has 

been derived for some point in the liquid, the power density spectrum 

of the acoustic signal can be found by evaluating the finite Fourier 

integral of the pressure signal 

F(f) = f’ p(r,t) exp (-2ni ft) dt (3) 
0 

where 7 is the lifetime of the bubble.
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It has been shown by Rice (3.17) that if the average number of 

bubbles generated per second is y, then the power density is related £6 

F(f) by: 

p(t) = 2yfece) |? : (9) : 

The limiting case of bubble collapse is the one of a theoretically. 

empty spherical cavity subjected to an external pressure. This is a 

classic problem studied by Rayleigh (3.18). The results of his analysis 

is compared to the case of vapour bupble collapse in figure 3.5. 

A typical experimental acoustic frequency spectrum for sub-cooled 

nucleate boiling in water is shown in figure 3.6. The shape of the 

spectrum is dominated by the vessel in which boiling takes place, and 

the upper. cut off by the response of the hydrophone used. The curves 

do however show the activation of more bubbles as the heat flux is 

increased,
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CHAPTER 4 

SYSTEMS AND TRANSDUCERS FOR THE DETECTION OF RANDOM, 

NOISE IN A REACTOR ENVIRONMENT 

4.1 Environmental Conditions 
  

Any information detector positioned in the stream of sodium after it 

has passed through the reactor core will be subject to an extremely destr- 

uctive environment, The temperature of the sodium will vary up to a 

maximum of round about 650°C and a neutron flux in the region of 10! 

neutrons per square cm. per sec. 

The corrosion of waterials by the alkali metals has been a subject 

of intermittent but extensive work for the last eighteen years in support 

of reactor and space programmes, Studies in the U.K. and U.S. have est- 

ablished corrosion rates of various steels at sodium temperatures of a 

GO 725% The main factors affecting corrosion in wetals are the ambient 

temperature, the dissolved oxygen content, and the sodium flow velocity. 

In general an increase in each one of thee parameters increases the cor- 

rosion rate. The only coimon materials compatible with sodium for any 

period of time are nickel, mild steel and stainless steel of which stainl- 

ess steel is by fer the best at elevated temperatures. To ensure a 

reasonable life-time the minimum ihlcuene of any device is considered to 

be about 10 thou. The neutron flux causes damage to all materials and any 

device can, only Have a limited lifetime in this environment, The neutron 

flux in the operating position is higher than previously available in | 

materials testing reactors and the possible lifetime, ope tabi of inst- 

ruments, can only be extrapolated from limited information which has been 

obtained at much lower neutron fluxes. Any transducer, used in numbers 

in the future, would provide unique information concerning the durability 

of its component parts which would lead to the development of improved 

materials and transducers.



402 

35- 

Transducers for the Detection of Acoustic Noise 

(a) Under Sodium Microphone 

The schematic drawing of a proposed under-sodium microphone 

is shown in Figure 4.1 and it may be seen that the construction 

is extremely robust consisting essentially of two concentric | 

cylinders. The inner cylinder is insulated with flame sprayed 

aluminium oxide ond Ghaenout over the centre portion to give 

a necessary gap between the alumina and the outer shell. The 

operation of the microphone is by the elastic deformation of. the 

outer shell of the device. This deformation is accommodated by 

providing a gap between the outer shell and the alumina, The 

advantage of using a microphone of this form is the relative 

ease by which such a device may be manufactured; a circular 

symmetry enabling machining operation to be carried out without 

much trouble. The materials of construction, namely stainless 

steel and aluminium oxide, are both compatible with the reactor 

environment mentioned above. 

A mathematical theory of the operation of the transducer is 

givenin Al ‘pa shows clearly that the sensitivity of the trans- 

ducer is linearily related to the pressure and to the square of 

the diameter of the outer shell. A typical transducer was 

manufactured and tested under water us ing a simple substitution 

technique with reference to a standard hydrophone. The results. 

of this test, showing the comparison between hydrophone and 

transducer, are shown in Figure 4.2 and are further summarised 

in Figure 4.3 which shows as a function of frequency the com-_ 

parison between the theoretical and experimental response and 

sensitivity. It is noticed from the figures that reasonable 

agreement exists in the absolute magnitude of aeheiuvaie. 

For the size of transducer tested the first resonance is at about
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5 KHz ; As resonant frequencies will be inversely 

proportional to the diameter of the microphone it is clearly 

possible to make transducers having a high natural frequency, 

but examination of the theoretical analysis Appendix I and II 

shows that the sensitivity will be decreased.
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(b) Acoustic Wave Guides 

One system of detecting acoustic energy in hostile 
~~ 

environments is conceptually very simple, Anto the liquid from 

which the acoustic information is desired, is inserted ates 

steel bar, into which the acoustic energy will squbik albeit 

with some loss of about 10 db. Nevertheless, the energy which 

is coupled into the rod is ded along its length and can be 

taken to another part of the system in which the environment is 

less hostile. In the reactor application, the rods are long 

vertical rods protruding from a cool low neutron flux region, 

down through suitable sealing and acoustically insulating 

regions into the area from which the acoustic information is 

desired. At the top end of the acoustic wave guide con- 

ventional piezo electric accelerometers are mounted and ne 

conversion of the acoustic to electrical energy is accomplished 

at this point. A diagram of an acoustic wave-guide assembly is 

shown in Figure 4.4. 

Following the scheme by which the under sodium microphone 

was evaluated typical wave-guides were manufactured and again 

calibrated under water by a simple substitution technique with 

reference to a Grulton SSQ-28 hydrophone. 

The sensitivity of the hydrophone was —90 db relative to 

one volt per micro bar. The way in which these acoustic wave- 

guides have been applied in the Dounreay Fast Reactor is shown 

in Figure 4.5. This diagram shows how the normal seal plug was 

modified to carry three acoustic wave-guides protruding into 

the central region of the reactor.
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463 Transducers for the Detection of Temperature Noise 

(a) Thermocouples 

One method which has been used successfully to detect 

random noise fluctuation of temperature in the low end of 

the spectrum is by the use of conventional stainless steel 

sheathed chromel-alumel thermocouples. Because the thermo— 

couple element itself has necessarily to be sheathed in stain- 

less steel, the resulting thermal time constant associated 

with this device is finite. Typically a Vath diameter 

thermocouples, which is of the robust type, normally used in 

reactor environment, has a time constant of the order of one 

second. It is clear, therefore, that information on temperature 

fluctuations will be limited to regions below about one cycle 

per second. Bachelor and others have shown that beaberature : 

fluctuations exist up to very much higher frequencies in the 

order of 100 Hz. There is a clear incentive to pursue the 

development of devices which are capable of measuring temper~ 

ature fluctuations in this high frequency end of the spectrun, 

(b) High Temperature Eddy Current Coils for the Detection of 
Temperature Noise 

As the coolant in which the tempereture fluctuations exist 

is liquid sodium, which is a very good conductor, the temper- 

ature fluctuation will be accompanied by instantaneous change 

in the electrical conductivity of the liquid sodium. It is 

clear, therefore, that measurements of the electric conduct~- 

ivity fluctuations will give an accurate measure of the temper- 

ature fluctuations which are causing these conductivity changes. 

In principle, therefore, if one measures the complex impedence 

of a simple inductive coil immersed in and coupled electro- 

magnetically with the sodium, then by measuring changes in this 

impedence it is possible to deduce the temperature fluctuations 

which are responsible for the impedence fluctuations, The 

initial work on the development of a suitable transducer has



been carried out by Hughes (4.1). From this initial work a 

practical system has been developed capable of operating at 

temperatures up to 600°C in liquid metal cooled reactor 

environments. 

A photograph of two different sized transducer assemblies 

is shown in Figure 4.6, 

The transducers is essentially a short inductance wound 

from mineral-insulated standard thermocouple nBBie. Gahie 

diameters of 4 m.m. and 1 m.m. have been used in transducers 

manufactured at D.E.R.E. The way in which the transducer is 

applied to a reactor environment is shown in Figure 4.7. The. 

details of the coil connections and the use of the transducer 

inv’ bridge configuration is shown in 4.8, | 

A detailed account of the construction of this probe is 

given in (4.2) anda summary of its intrinsic sensitivity in 

(4.3). 

Typical results of the response of the probe to gross 

conductivity changes, caused by air bubbles Passing through 

mercury, are shown in Figure 4.9.
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CHAPTER 5 

EXPERIMENTS CARRIED OUT TO ASSESS THE TRANSDUCERS AND MEASURE 

THE INFORMATION GIVEN OFF DURING COOLANT BOILING 

5-1 Some Comparisons Between the Static Pool Boiling of Sodium 

and Water 

In order to compare the behaviour of boiling sodium to that of 

boiling water, on which much more work has been done in the past, a simpte 

static test rig was built in which either water ors odium could be intro- 

duced around a standard fuel tube. A brief description of the test rig 

and the associated instrumentation together with the results obtained is 

given below, 

5.1 a) Description of Test Rigs 

Horizontal Tube Installation ( Fig a4) 

After a surface finish check a standard fuel pin was seal welded 

into adaptors on the wall of the boiling pot. The system was hydrauli-+ 

cally tested, degreased and dried out, 

Eight one-millimetre chromel-alumel, stainless steel sheathed, 

winetet insulated thermocouples were used. One thermocouple was firmly 

pressed against the centre of: the upper surface of the tube. The re- 

“mainder were arranged to show the axial and radial temperature dis tribas 

tion. 

The tube heater assembly is shown in Figure 5.1. After the copper 

end-pieces were screwed into the titanium tube adaptors this assembly was . 

ground into the tube previously welded into the boiling vessel until 

0,005 in. diametral clearance was achieved. "Brimor", a high temperature 

strain gauge cement, was brushed onto the heater and the assembly baked 

at 150°C. The heater was then pushed into the tube. 1 

The boiling vessel was now lowered into an outer sodium leak contain- 

ment, which was helium filled to ensure good heat transfer between the 

heater tube and the outer tube.
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Piezo electric accelerometers were screwed to the top of the wave 

guide, a 1 in. dia, stainless pipe closed at both ends, which extended’ 

through the flange into the sodium, 

Vertical Pin Installation (F.g2-5) 

This rig was basically the same as the previous case except that 

the pin now extended from the top flange through the bottom of a boiling 

vessel, 5 in. diameter x 10 in, deep. The other difference was that all 

surface finishes were extremely carefully controlled, The boiling 

vessel finish in the range 10-204 in. and the pin in the range 30-40u in, 

Also, the boiling vessel was turned from a stainless steel bar, the only 

weld in it being the seal weld where the fuel tube went through the 

bottom of the vessel. As this weld was rdatively cool dur ing the experi- 

‘ment it could not act as a nucleation point for boiling. All thermo~ | 

couples were polished and before assembly all surfaceSin contact illite 

sodium were given an acid-water~solvent treatment, 

Three thermocouples were pressed against the 3 in. long heated 

section of thetube, The remaining thermocouples again aieasured the bulk 

liquid metal temperature throughout the vessel, 

An outer containment was again fitted for sodium leak and heat 

transfer reasons as in the previous case, 

5-1 b) Instrumentation 

(i) Main Heater Power Control 

When assembled the main heater has a resistance of 0.02 ohms at 

800-900°C, and an ambient temperature insulation resistance of 50 MQ 

at 100 volts. Power was supplied from a heavy current transformer with 

output tappings arranged so that at a heat flux of 160 watts/om* the 

ciadenh was 350A at 7 volts. Power was measured by wattmeter, voltage 

was taken directly across the heater and current metered via a 100 : 1° 

‘current transformer, Control was by means of a variable transformers on 

the primary side of the heavy current transformer, 

(ii) Temperature Recording
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Signals from chromel alumel thermocouples were fed directly into 

two 0-1000°C potentiometric recorders, The chart speed was 24 in/bhr 

and the response time 4.5 secs per full scale deflection, The main 

heater temperature was displayed ona single pen recorder and the bulk 

temperatures on a 16 point selector recorder, 

(iii) Acoustic System 

Of the piezo electric accelerometers secured to thewave guide, 

two had a natural frequency of 20-25 K c/s and the third a natural 

frequency of 160 K c/s, 

The high frequency accelerometer signal was fed through a 

frequency analyser and then displayed on a logarithmic chart recorder. 

In this way the frequency spectrum could be checked for component s up 

to 650 K c/s. 

One low frequency accelerometer signal went to an audio amplifier 

‘and was used for control purposes, 

The other low frequency signal fed a logarithmic analyser and 

recorder which could plot, on-line, a frequency spectrum from 20 c/s - 

20 K 6/8 6 In parallel with this system was a tape recorder which stored 

the boiling signal when there was insufficient time available for on-line 

analysis, 

(iv) Blanket pressure measurments were made intermittently 

on a valved mercury manometer (Figure 2.4 and 2.5). 

en ) Experimental Technique 

Horizontal Tube 

The sodium was transferred through the filter to the boiling 

vessel, Trace heating enabled the bulk temperature to be raised to 550°C. 

The main heater was then switched on, and the temperature allowed to 

rise until the pin wall temperature was approximate ly 30°C below the © 

saturation temperature, The blanket pressure was then reduced to the 

value using the mercury manometer. The wall temperature continued to in= 

crease until boiling occurred,
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When boiling Waa established acoustic and temperature measurements 

were taken, The blanket pressure was then increased and boiling supp- 

ressed when preparations were made for adjustment to the next point on 

the Pressure/Temperature curve (see Figure 52h5 

The procedure was: similar, but higher heat losses to the environ- 

ment slowed down the rate of temperature rise and resulted in longer 

periods of sub-cooled boiling, 

5-1 d) Results 

The results are shown in tabular form in Tables I and II and 

graphically in Figures 5.2 to 5.11. 

5.1 e) Discussion of Results 

Heat Transfer 

~The heat transfer properties of the sod ium dur ing boiling are 

shown plotted in Figures 5.2and 5.3. Both horizontal and vertical systems 

yielded a natural convection curve which approximately fo lowed the the o-- 

retical relationship AB= if, and showed a sudden increase in the heat 

transfer coefficient when boiling began, | 

Superheat 

The experimental and theoretical wall temperatures Ae) are shown 

in Figure 5.4. The theoretical value for o. is given by therelationship: 

Bo acct nae () 

log k/(P + 28 - Pa) 

The extniie values for @ , when P = O and P = saturation 
Ww a a 

(0.1 ppm) are shown for a cavity radius of 10 p. The experimental 

points: for G., were widely scattered but a range of values are shown for 

different horizontal pins. The dominant variable appears to be cavity 

size. This could explain the difference between horizontal and exper im- 

ental curves as the argon partial pressure seems to indicate a cavity



size of about 10 p, 

The variation of superheat for the horizontal tube is shown in 

Figure 5.5. For the first series of boiling tests a low superheat curve 

was yielded, which appeared to be characteristic of all "virgin". 

horizontal tube tests. The departure from low to high superheat values 

appears to be only a function of "boiling history™ and to have little 

relation to immersion time, 

The superheat varied for the vertical tube in a random manner as 

shown in Figure 5.6. On two occasions when the pressure was decreased 

with the wall temperature almost equal to the corresponding saturation 

temperature, boiling began with zero superheat, 

Another interesting phenomenmwas observed during the sodium boiling 

runs: which is shown in Figure 5.7. When boiling began, either with ; 

zero or with appreciable superheat, the process was quite normal but 

then on some occasions the boiling would become more and more eCrracic, 

until it finally stopped. Then with all parameters remaining constant 

the boiling would in fact start again and repeat the same pattern. This 

"stop-start" phenomena had an easily recognisable cout erpart in the wall 

temperature as it went through its various phases, The boiling acoustic ~ 

signal also changed accordingly and became more spasmodic, as the boil- 

ing stopped, 

The acoustic noise produced during nucleate boiling is assumed to 

be caused by bubble growth, collapse or oscillation. It is thought that 

the oscillatory mode will predominate in the low frequency end of the 

spectrum whilst the collapse mode will predominate in the higher frequ- 

ency range. The amount of dissolved gas in the liquid will effect the 

total sound intensity by attenuation particularly at the higher end of 

the spectrum and also by "cushioning" the final collapse of the bubble, 

Figure 5.8 which compares the relative acoustic spectrum of the
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boiling noise of fresh water, degassed water and sodium shows: that 

the amount of dissolved as in the fresh water seriously reduces the 

sound output. 

Figure 5.9 show the decrease in the sound ouput at a typical 

high frequency of about 3 kHz with decreasing sub-cooling. This 

decrease is probably due to the partial change over from the collapse 

mode to the oscillatory mode. Because of the very different thermal © 

conductivities of the two liquids, this effect should be sivnficant 

over a much larger sub-cooling range with water than with sodium, The 

rapid decrease that is evident in the water trace at about 11°C sub= 

cooling is thought to be due to bubble obtch tees which is known to 

take place at the heat fluxes used at this sub-cooling, This figure. 

also illustrates the much more continuous nature of the boiling water , 

noise. 

Figure 5.10 represents the smoothed data in the audio frequency 

band and compares the relative acoustic outputs of water and sodium 

boiling noise as a function of sub-cooling, 

Figure 5.11 shows typical high frequency comparisons of sodium to 

water boiling noise at constant sub-cooling. The importance of the amo— 

unt of dissolved gas on the bubble collapse mode of sound production 

has been mentioned earlier in this thesis, Although the water used was 

degassed by reducing the blanket pressure to a few m.m, Hg, the diss- 

olved air content would be gross compared to the dissolved argon in the 

sodium, It is believed that these gas: nuclei are responsible for the 

ultra high frequencies being suppressed in the water experiments.
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CONCLUS IONS: 

The tubes used in these experiments may be thought to nave an 

equivalent active cavity size of about 10 He 

The magnitude of the superheats observed in this practical situ- 

ation are acceptable in the sense that the energy release when nucleation: 

takes place can be contained. 

The nucleate boiling of sodium is a non-reproduceable phenomenon 

compared to that of water. 

The variation in amount of dissolved argon in these experiments, even 

from zero to saturation level does not strongly affect the superheat 

necessary to initiate nucleation. The dissolved argon content is impor- 

tant however in the suppression of very high frequencies when the. bubbles 

are collapsing. 

These experiments show that acoustic similarity between water and. 

sodium is good in the audio range provided degassed water is used. 

Boiling sodium continues to produce sonic energy up to much higher 

frequencies than degassed water, 

Due to limitations imposed by the heater, only a small part of the 

superheat/pressure curve has been investigated. Future work therefore 

will be concentrated in the following unknown areas. 

a) Expansion of the superheat/pressure curve to pressures 

greater than 1 atmosphere by using an electron bombardment heater, 

b) Influence of impurity levels in the liquid metal on ee boiling 

characteristics. 

c) High frequency spectrum to be investigated more fully.
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TEST RESULTS STATIC SODIUM BOILING 

TABLE I 

hong ontal tubo , 
  

Relative 

  

                      

Sat. |Bulk |Wall |Super| Sub- |(@,- 
a oe ae ae Temp. |Temp. |Temp.|Heat | Cooling 6p) Acoustic | 

-E oe AOC, Bee. deter Fe °¢ °C |Intensity |’ 

1 6/4 | 60. 1.103 702 | 690 | 730 | 28 12 40 - 
2 80 90 692 | °:700 -|-755 1 43 - 8 35 - 
3 oO 1°55 122° £73501 FOS Pb 49 - 8 35 =| 
4 80 | 190 7: 1145 1-780: 7.30 > 35 - 
5 BO. 290. | 7850-1. 770.4 840-1 27 13 40 - 
6 80 | 340 198 1 298 1-859" F38 7 45 7 
7 80 | 495 $35 31820 486541. 52 15 45 -~ 
8 |16/2} 80 51 650 | 655 | 690 | 40 5 35 25 
ao 80 9D 697 | 700 | 740 | 43- eo 40 1s 

10 80 | 120 Tid }725 | 765 52 12 40 44 
41 90 | 180 746 | 745 | 790 | 44 1 45 43 
42 90 | 270 77 70 | 810 | 33 7 40 20 
43 AGS. |. S55 801 | 780 | 840 | 39 24 60 47 
44. Wb 17458 824 | 810 | 860 |. 36 44. 50. 26: 
45. 6/51 00 65 670 | 655 | 690 | 20 15 a5 ~ 
16 80 | 110 716: | 690 1.730.) 44 26 40 - 
17 80 427 748.4720" 1 FeO. 4 - 2 40 ~ 
18 90 | -190 190.) TAO A 785. 1-38 10 45 54 
19 90 | 260 774 | 765 | 810 | 36 19 45 27 
20 135° 1 395 801 | 780 |. 835 | 3% 19 55 ae: 
24 1445 | 448 822 ‘| 84 860 | 38 42 50 9 
22 16/4} 60 60 659 | 645 | 680 | 21 14 a 24. 
235 80 90 692 4 699°) (25.1 35 - 3 30 25 
a 80 | 140 Tae LALA OT UD Te on 4. 35 22 
25 90 | 200 F534, 743° 1-785. Se 8 40 aT 
26 90 | 220 761 | 770 | 810 | 49 -9 40 +3 
27 445 | 565 804 | 795 | 840 | 36 21g 45 25 
28 475 7 440 824 | 845 (855 |: 34 7 6 40 9 
29 115 58 650 | 685 | 700 | 50 - ~ 22 
30 A f 679.4710. (55°3" Se - = 18 
51 1415 | 140 725 | 745 | 765 | 40 ~ - 15 
32 1415 | 200 753 | 765 | 785 | 32 ~ ~ 14 
33 445°) 275 780 | 785 | 810 | 30 - ~ aes 
34. [16/1] 150 72 678.4675 5 709 27 3 30 24. 
35 450 | 140 124 4 J10 pee 14 25 45 
36 150 | 160 735-4 720 | F700) 35 = 5 30 26 

37 450 1-200 C30.) een TY 1 4 ~1 2 25 i) 
38 450 12250 774 780 | 815 | 44 ~ 9 a2 44 

D9 450 |. 355 801 8051340" 1°°59 ~ 4 35 14 
40 450 | 400 811 | 830 | 860 } 49 =-19 30 15 
AA AGF 150-4: 100 700 | 665 | 705 5 35 40 48 
42 150 | 140 720 710. 740c } 20 10 30 48 
43 450-7 465 Tae 10140.) ied 00 ~ 6 30 49 
44, 450 | 190 T4914 755 1.90. 1 BA - 6 35 mh, 
45 150 | 280 100" P7908. | B25 1 45 15 30 16 
46 \16F 80 66 670 | 660 | 690 | 20 40 50.) 2 34 
47 80 | 100 700: FOO -f 755:1 35 0 35 25 
48 80 | 140 T2447 25:. + 760 4. 36 eA el 25 36 
49 90 | 185 140 TGS 4-100. A 95 2 35 ye 
50 90 | 220 761 | 770 | 800 | 39 ~ 9 30 17 
5 A451 S65 805°) 790. 1835 }'32 13 55 28 —    



  

  

                      

Sat. |Bulk |Wall |Super| Sub- |(6,- {Relative 
re ‘eee oe ae Temp. Temp. Temp. Heat Cooling 9p) Acoustic 

ri . ea Cac hee c Cc C |Intensity 

52 445 | 440 | 820 | 815 | 865 | 45 40°: 4 30 - 
a 115 | 320 793 | 820 | 835 | 42 ~27 13 23 
BA 147) 200 1 984 | 658 | 601-725 | 27 18 “a5 ~ 
55 200 | 108 | 705 | 685 | 730 | 25 20. 1-45 ~ 
56 200 | 113. | 708 | 685 | 735 | 27 23 50 - 
57 200.| 148 |°729 |: 710 -| 760 | 31 19 50 - 
58 zuo. 7 49) Toe t 290 40> 1 3 12 55 = 
59 200 1498." | F554 150 129081. 37 23. 1°60 - 
60 200 | 208 756 | 750 1 785 4.29 16 55 - 
61 200 | 226 765.1765 1 Ho 1 47 - 2 45 ~ 
62 200 | 283 | 781 | 765 | 830 | 49 16 | 65 - 
63 200 | 508: 1 788. 1775.1 B40.) 52 43.565 - 
64 200 | 358 | 802 | 785 | 850 | 48 A7.1'65 - 
65 200 | 358 | 802 | 785 | 850 | 48 17° 1 65 _ 
66 448/41 4140. | 445 710. | 680.1728} 45 50.1 45 - 
67 110 | 158 T5414 109 1755: 1. 24 25 46 25 
68 440 | 208 | 756 | 735 | 785 | 29 24 50 20 
69 140. | 258-1 373 [750-1 B05 + $2 1) 41-49 20 
20° -148/21,440. 4 128. | 7d | SOS") Fas 1 18 32 | 50 ~ 
71 410 1478 TA 169 4 7854-41 9 50 - 
72 140 | 228. |. 763 | 820°} 37: 8 65 ~ - 

ie, 140 | 341 Tot 1 79 890 1 55 7 60 e 
74 |18/3| 140 | 108 | 705 | 695 | 750 | 45 40: 135 - 
75 1440 | 158 oe + (90.1 190 | BA 4 65 ~ 
76 440 1-250: 4-772: [= 810] 38° - ~ - 
T 440 | 528) 794 |: 795: | 8654 71 -1 | 70 ~ 
78 118/4| 140 | 88 691 | 655 | 720 | 29 36 «| 65 42 
79 140 | 138 7181 Fi0’ | 7a0. }..62 8 70 51 
80 140 | 188 | 749 | 740 | 820 | 71 9 | 80 25 
84 440-1258 - | 768] 770 ot B28 1-77 = 2 | 75 19 
82 118/5]| 140 88 691 | 675 | 760 | 69 16 85 - 
83 140 | 138 (23 Sb 790+ 87 8 75 “ 
84 140 1188 | 748 | 740 | 820 | 72 8 | 80 - 
85 1440 | 258 | 773 | 770 | 845 | 72 8 <b 80 ~ 
86 |18/6}| 180 | 138 423 |. 200-1 970 F a7 23° | 701 58 
87 1480 | 188 | 748 | 748 | 835 | 87 -2 | 85 40 
88 480 | 321 792°) 785 | 365 1% 7) BO 47 
89. 148/74: 200° | 138. -| 723. | 685°. 7751 52 38 | 90 ~ 
90 200 | 248 |770 | = | 850 | ge - | 80 ~ 
91 |18/8| 200 | 188 | 748 | 720 | 810 | 62 28 90 48 
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TEST RESULTS STATIC SODIUM BOILING 

  

  

  

TABLE I1 

vey heal tub. 

Relative 

Ref, |Test |Flux, |Press a $2 ie sae ao Keowthke 

No. |No. |w/cm |m.m.Hg ot Sa Sa Sc ob tatenaity 

: 
at 3.5 Kc/s 

92.4.4 450 | 145 730 | 680 | 730 |zero | 50 42 

oF 12 150 | 145 730 | 680 | 725 | = 5 | 45 30 

94 13 150 | 145 730 - 745 15 - - 

Of 14. 1.460 1.445 1°750. 1 715.4 Yoo |. 25°77 4 45 

96 | 5 | 165 | 145 | 730 | 695 | 730 jzero | 355 he 

971.6 165 | 145 730.1690 | 725. p= 5. |.35 32 

O8 | Fo 465 1.145. | 750 | 700 4 740 <1 10 1 40 5: 

99° 1.8 465 | 145 730 | 690 | 725 |= 5 | 35 32 

100 | 9 165 | 145 730 | 645 | 740 10...) 49 aD 

4014. | 9A | 165] 145 7301-705 | 750 20°45 - 

402 140. | 165 1.145 | 730 | 710 | 755 | 25 | 43 20. 

103 |10A | 165 | 145 730 | 715..| 765 55.1 5D - 

404 {11 465 1145 730 | 700 | 45 45 | 45 42 

405 142 | 165 | 145 | 725 | 700 | 755 | 14 | 35 36 

406 113 165 | 145 730 | 685 |:725 |= 5 | 40 ° 

107 |14 465 96 695 | 650 | 680 | =15 | 30 - 

408 115 165 96 695 | 690 | 730 35 | 40 - 

409 |16 465 96 695 | 760 | 700 5 | 40 36 

AO 197 465 96 695 | 645 | 680 | -15 | 355 * 

144.0148 165 | 130 719. |.687 4-725 6 | 38 - 

442. 149° 1zero 70 675 | 680 | 685 10 5 - 

413 |20 165 96 695 | 650 | 690 | = 5 | 40 - 

414 [21 465 96 695 | 655 | 690 | -' 35 - 

415 |21A | 165 96 | 695 | 685 | 730 35°) 42 “- 

416 |22 465 96 695 | 680 | 715 20. | 35 - 

a7 Veo 465 96 695 | 685 | 720 25 1 35 - 

418 |24 165 96 695 | 685 | 723 28 | 38 -                   
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iTEM NO DESCRIPTION. 

s D:- O23" L sTOFUEL TuBe. 72. Soo 

é BRIMOAR INSULATING COATING. (BRUSHED ON) 

5: COPPER LEAD. 

4. TITANIUM ADAPTOR, (WELDED To HEATER TUBE) 

5. HEATER TUBE |. TITANIUM = 0/0: 0-190" 
3" LONG 

2. S. STEEL 0/0:- 0197" 

3” LONG. 

@ ® & ) a 
i ell oe 

i i a 
ee ee . ka ee 

a eee — eee 5 ee ee ae t/t. 
          

NOTE :- EXPERIMENTAL RATINGS OF 200 warts/em? AT Gy = 800°C. WITH Lz 370 AMPs. 

Ve 75 vours, 

  

FIG. SI “HEATER ASSEMBLY.  
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  , FIG..5:2 HEAT TRANSFER IN SODIUM — HORIZONTAL TUBE. | 

Ae 
= 

(0,
- 
9)
, 

100   

  

90   

  

    8&0 

    

    70 

  

    60   

  
  

50   

  

40   

  

30 ead 

  

  

  

20 |   

  

    
                                    

° é 49 80 120 ISO 200 24-0 

  

HEAT FLUX waTTs/om®, 

280: 300 

  

  
‘FIG.%.2 

   



5m 
  

  

  100 

  

  » $0 

  

  
80 

  

  
70   
  

    60 

  

        §9 a 
ov 

Ae 

oO 
    

  
    
  

  30 

Ae
 

“@
,-

 
°s
) 
a
,
 

  

    

4   20 y 

  

  

ee
e 

                                  
  

oO 40 &O {20 1@0 200 

  

HEAT FLUX WATTS / Om 2, 

FIG 5.3. HEAT TRANSFER IN SODIUM—VERTICAL TUBE, 

24.0 280 300 

  

  
FIG. 5.2. 

  
 



  

fe
. 

T
E
M
P
E
R
A
T
U
R
E
 

  

rs
 

O1
3     

X- EXPERIMENTAL. 3 “THEORY... = IO JL; 

  

  

  

  

            
                  
        

  
  

  

  

  
  

  

  

                                                    
  

11@o 

'6a0 

1000 

GUAVE FOR. 
se ARGON Op.pm. 

psec 
joanne 

THEGRETIGAL GUARVE FOR ee oe 
DISS@LVED ARGON Qippm) xX. Oo | 

840 SATURATION LEVEL x este —T% | packs 
ween ae NSATURATION TEMPERATURE. oo 

ee f —— 
ee eee al | 

Teo0t KA | 

LZ aH Pd 

Way G30 “A 

/ 

GOO Lf J 
o 80 {GO a} 320 400 eBO 560 640 720 806 880 S50 

ae 

(P) PRESSURE ———=— mm. Hg. 

Wonzontal tube , Bye 
FIG.5-4 WALL TEMPERATURE NECESSARY FOR THE: ONSET OF NUCLEATE “BOILI 

wo a on we 
LING IN SODIUM,     

“
O
5
~



  

    S'
S 

9l
d 

  

8 
SU
PE
RH
EA
T 

= 
(@
,~
@5
) 

Xx — BOLING POINT (Cz z Ss) 

  

    

      
        
    

  

                      

  

  

  

  

    

  
  

  

    
  

  

      

  

                

00 200 300 400 550 

  

                                          

PRESSURE 

  

mom. rig. 

FIG.5:.5 SODIUM SUPERHEAT VALUES FOR HORIZONTAL TUBE. 

CT — BonING POINT (@g = Gs) 
_ $0 90 30 30 | 

80 80 80 7 iy &O [ 
7 

‘ 18/2 i 1B / Li | 18/4 
70 8/1 70 / 790 / = 70 7 / 

60 G0 of. 60 af 60 36 

x 
50 yi 50 50 7 SO E 

Te ¥ 
40 7 40 40 d. 40 

30 “s 30 7 30 30 

20 Lf) 20 Zo Zo 
° 00 86200 «360 400 S00 0 00 200 300 400 500 O 0 R20 300 400 500 o 100 «260 «63300 400) «05500 

go 30 30 30 
ia/s O  haje B/e Fis 

Bo &O f 80 80 - 
ee & 

Le ee 70 ee 70 70 70 & Xie / x 
oe a G 

6o GO 60 j 60 Q V 7 $ ; 
L x x isl 50 50 50 : 50 « ! 7 7 < 

a / > % 
40 4o-—4 40 4oL_/ Ss = GC . Fis 
a) 30 30 26 a 

204 Zo 20 20 af 
eS © 018 200 300 4006 5096.6 100 200 300 405 500 Oo 100 200 300 400 500 

  

~
b
g
~
 

 



  

    2
)
 F 
| 

  

190 

30 

80 

70 

6
,
 

GO 

50 

40 

30 

£0 

SU
PE

AH
EA

T 
& 

( 
®,

,-
 

9)
 

X SUPERHEAT FOR BOILING. 

OQ SUPERHEAT FOR BOILING AFTER STOP -START, 
  

SUPERHEAP FOR BOILING WHEN BOILING STARTED Q 

  AS THE PRESSURE WAS BEING REDUCED. 

12. DURING DYNAMIC CONDITIONS. 

  

  

  

  

  

  

  

    
  

    
                      

                                

ae ee x | i ee VA ce Nig Z| ml 

| 1 O 

RUN N@ < | 

2 = 4 5 & a & 

RUN APT [50 m.m. Hg 

FIG.5-6 TYPICAL VARIATION 

  

3 OU 12 is lif tS 16° 417-18 iS = 20. 42) ce 23. 24 

foes RUNS AF (COmm. Hg. 

IN SODIUM SUPERHEAT. FOR THE VERTICAL TUBE. 
  

  

 



=63- 

  
  

                    

Me 
I 1 

Op = 714%. REDUCING POWER 
RUN COMPLETE. 

SPASMODIC LARGE 
INTENSITY NUCLEATION. 

° 

Garin. PRESSURE INCREASED 
TO ATMOSPHERE 

BOILING. LOW NOISE. 

BOILING STOPPED 

CHART SPEED = 24 “uA. O54 Ps: 

BOILING, 

Loup CRACKS. 

Op: 720% 

a ° 

CRACKS BEGINNING. ee 

CONTINUOUS | Noise. 

BOILING STOPPED 

BOILING 146 mm. Hg. 6g: 715%. 

BOILING. 
2-2k.w. RUN NOS o 

START. 

BOILING STOPPED 

+ =114°, 

700 800 9300 1CCoO 700 800 900 looo 

wall 
FIG 5"7: TYPICAL}. TEMPERATURE TIME CHART AT CONSTANT HEAT FLUX AND PRESSURE 

SHOWING “STOP START” PHENONEMA, CONTINUOUS AND 

"SPASMODIC” BOILING OF SODIUM. (VERTICAL PIN ) 
FIG. 5-7



  TAAST WNSIS 
J
Z
A
I
L
V
I
3
9
4
N
 

, DEGASSED WATER FROM FRESH WATER 

AND SODIUM AT 40°C. SUB COOLING.   COMPARISON OF THE ACOUSTIC SPECTRA S28.   FIG, FIG. 
5:8



6
s
 

Sl
s 

R
E
L
A
T
I
V
E
 

L
E
V
E
L
 

G
B
.
 

  

DEGASSED 

    

  

RE
LA

TI
VE

 
LE

VE
L 

dB
. 

                
  

= nals <— 30 tl S o 

SUB COOLING °C. 

  

25 20 15 
: 

  

SUB COOLING. °C. 

FIG.5-9 COMPARISON OF ACOUSTIC NOISE BETWEEN DEGASSED WATER AND SODIUM AS A FUNCTION 

OF SUB-COOLING, FREQUENCY APPROX, 3Kc/s.   

=
G
9
-



  

    Ol
's
 

‘D
IJ
 

  

IN
TE

NS
IT

Y 
E
V
E
L
 
—
~
 

@b
, 

RE
L.

 
TO
 

IO
vo

LT
S 

AT
 

3 
ke
/s
, 

AP
PR

OX
. 

x SODIUM. 

  

  

    
  

© WATER. 

50 

§5 

eee rae, 

60 a ef 

@s cial —— ! 
  

  

oa 
7O 

| 

75 
  

  
Ee 
      

390 
    9:39   

100 
      10S ts 
                                          

oO 5 iO 20 30 4o 50 SO 7O &o0 

SYUB-COOLING (Sg> Gy) Se. 

FIG. SIO.RELATIVE INTENSITY OF WATER TO SODIUM BOILING NOISE AT to
 

so 

oo
 

a ~~
, 

Ww @ 

1Oo   
    

-
 
9
9
~



-67- 

  

SCDIUM., 

  

  

      
160 Ke/s. 

a 500k¢/s. 
PoweER ON, 

Ske/s. 

  

50K¢/s leke/s 

lOdb 

  

—> tima 

Odb (MUIRHEAD ANALYSER 

  

DEGASSED WATER. 

  

  

  

      be ry Gua 
  

    ‘ l@0Ke/s 
500 Ke/s 

    oKe/s 

Odb (MUIRHEAD ANALYSER) 

i 
5k¢/s.   
  

lOKe/s. 

  

lOdb,     
    

POWER ON. 
  

FIG. 51l. COMPARISON OF ULTRA HIGH FREQUENCY NOISE FROM DEGASSED 
WATER AND SODIUM AT SAME SUB-COOLING(40°C), GEOMETRY 

AND HEAT FLUX =— (VERTICAL PIN.) 

FIG. S-Il.



=68— 

5e2 Forced Convection Experiments Using Water 

In order s imultaneously to measure and to assess the effect of 

superposition of turbulent flow noise on boiling noise and to assess the 

influence of flow on the boiling process forced convection experiments 

‘were carried out, one using water as a coolant. The water experiment is 

basically simple and is shown in diagrammatic form in Figure 5.12. 

The acoustic emission was detected using acoustic wave guides following 

lines along which it is envisaged that wave guides will be used in m= 

clear reactors. The resulting comparison between flow noise and.boiling 

noise are shown in Figures 5.13 and 5.14. It is interest ing to note that 

the flow noise falls off as the frequency increases whereas the boiling 

noise tends to increase as the frequency increases. On the basis of this 

sort of test it would be reasonable to assume that the signal to noise. 

retio for the detection of boiling in a flowing system is enhanced if the 

detection is made at a higher end of the frequency spectrum,
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5.3 Forced Convection Sodium Experiment 

In order to obtain direct experience of the detection of the boil- 

ing process in liquid sodium, an experiment was carried out ina pumped 

sodium loop at the D.E.R.E. laboratories. This loop is known as the 4 

inch loop simply because the pipe work is mainly 4 in, in diameter, 

a5; 8) Description of Rig 

The 4 in. loop at D.E.R.E. is a conventional figure-of-eight Liquid 

metal rig with an electromagnetic pump circulating the metal 70/30 Nak. 

The specimen chamber is nominally 12 in. inside diameter and can accomm- 

odate rigs up to 9 ft. 0 in. long. The er of mounting test ee in 

the specimen chamber is to hang the rig from the specimen chamber sealing 

flange. The experimental sub-assembly was mounted in this manner. (see 

Figure 5.15) but as it is fairly complex it has a sealing flange as an 

integral part of the assembly, 

The working section makes up the bulk of the assembly and consists 

of a wrapper channel into which are mounted electrical heaters. The 

wrapper channel which is approximately 48 in, long and 5 in. in diameter 

is constructed in four sections and manufactured from solid teak 

steel, Machining of the wrapper channel is such that when the dummy 

heaters are mounted in place they form the same flow channels round the 

nine electrical heaters, representing fuel pins, as exists ina typical 

fuel pin sub-assembly (see Figure 5.16). The heaters are of the electrical 

resistance type and their construction is simply concentric stainless 

steel tubes with magnesium oxide as an insulant. To achieve the O25- in. 

diameter reqiired to simulate fuel rods the heaters Were swaged down from 

standard material, Grids hold the heaters in position relative to one 

another and to the dummies in the same manner as in the typical fast 

reactor fuel assemblies. Once clear of the wrapper channel the heaters 

are joggled and carriedtbrough the inlet containment and sealing flange 

to where the electrical connections can be made,
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The inlet containment was fitted to make sure that no by-pass ex- 

isted on the inlet to the assembly. To achieve this everything passing 

through the top flange has to be sealed. This was done by fitting staine 

less steel olives and clamp nuts. 

As the specimen chamber sealing flange is the container for the 

liquid metal and gas blanket, all joints at this level as far as possible 

were welded. The exceptions were thermocouples which were brought through 

the standard type of stainless steel olive gland. As well as the thermo~ 

couples, there is mounted on the assembly pressure transducers, monitor ing 

the inlet and outlet pressure of the wrapper channel, ‘and aceeTerducters 

for picking up the signal produced by boiling, 

52 b) Experimental Procedure 

The control of the power input to the dummy sub-assembly is via 

nine thyristors, three in parallel on each of the three phase systems. 

The power can be smoothly controlled over the range zero to about 120 kw, 

The upper limit is set by the heat rejection capabilities of the rig, 

The experiment was carried out by setting the power to a fixed 

value (18 kw) and gradually reducing the flow noting the outlet Miecce 

ture profile as measured by the thermocouples whose position is shown 

in Figure 5.17. When it was clear that the results obtained from the 

thermocouples agreed with a simple heat balance calculation it was ass- 

umed that the rig was functioning Coprectiy. The power was then 

increased to 36 KW, and the procedure repeated and again heat balance 

calculations indicated satisfactory performance of the rig, 

The rig was now judged to be ina reliable state of operation and 

it was decided to try to produce coolant boiling. The power was set to 

zero and the flow through the assembly set constant at 2 gallons/min, 

The power was then smoothly increased until the sound of boiling was 

clearly heard over the monitoring system, The temperature indications 

were also consistent with the hypothesis that coolant boiling was taking 

place. - The power was kept constant at the level necessary to maintain
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boiling. This level was about 89 kw. Recordings were then ace from 

the installed instrumentation for subsequent analysis. 

Instrumentation 

The instrumentation used in this experiment is shown schematically 

in Figure 5.18. The pressure transducers were conventional unbonded 

strain gauge types manufactured by Solartron. The accelerometers used 

were piezo-electric type manufactured by Bruel and Kjaar. The low 

frequency accelerometer had a natural frequency of about 35 kHz and a 

sensitivity of 50 mV/g. The high frequency accelerometer, which was 

mounted on an acoustic waveguide, had a natural frequency of 125 kHz and 

a sensitivity of 10 mV/g. The acoustic waveguide was suspended from the 

top flange by an antivibration mounting and was bent so that the bottom 

end entered the specimen chamber at the end of the heated pin outlets, a 

position at which boiling was most likely to be initiated. 

The acoustic signals were recorded on an Ampe type 1300 and 

Ferrograph tape recorders as well as being analysed on line by a Muirhead 

and Bruel and Kjaer spectrum analysers. 

Void fraction measurement at the channel out let was determined by a 

gamma attenuation system using a cobalt 60 source and a scintilation 

counter as a detector. 

Temperature measurement inside the heated channel was made by 48 4 mm 

dia. chromel-alumel stainless sheathed thermocouples. The dit pata oF 

these thermocouples were displayed on 3 x 16 point recorders, whilst the 

most important of these (outlet position) were also fed into a 16 channel 

tape recorder. 

Experimental Results 

The results of this experiment are shown in tabular form in Table I 

and Freures 5.19, 5.20,75.21 and 5522.
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Discussion of Results 

Table I shows the relationship between input power and outlet 

temperature is effectively summarised in Figure 5.19. The temperature 

distribution immediately flattens as boiling commences; this is thought 

to be due to the increased heat transfer rates when nucleate boiling 

starts. Further, this temperature is the limit above which the temp- 

erature can not rise and as power is increased the effect is simply to 

bring the edge channels closer to saturation conditions thereby flatten- 

ing the profile still more, 

The maximum temperature at which boiling was initiated was 

immeasurably different from the normal saturation temperature indicat ing 

a total lack of superheat. This was thought to be die to the existence 

of small gas bubbles continually entrained from the gas blanket by the, 

flow. 

The acoustic data presented in Figures 5.20, 5.21 and 5.22 show a 

marked increase in the signal to noise ratio as the measurement frequency 

increases, Figure 5.20 in particular shows the existence of measurable 

frequencies up to 200 kHz, the limit of measurement. The fall of signal at 

frequencies in excess of about 50 kHz is probably due to the accelerometer 

response 

Conclusions 

This experiment suggests that entrained gas bubbles act as nuc- 

leation sites and as a superheat inhibitor. It is thought to be most 

likely that small entrained gas bubbles will exist ina practical reactor 

system, 

The enhancement of the signal to noise measurement at high 

frequencies is not inconsistent with the observations made with single 

heated tubesin water, The existence of these high frequencies is con- : 

Sistent with the dente obtained from the static sodium boiling 

experiments reported previously.
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SUB-ASSEMBLY OUTLET TEMPERATURES °C vs POWER AND FLOW 
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54 Experiments Carried Out _in Dounreay Fast Reactor 

In order to assess the performance of a proposed instrumentation 

system to be used to detect the abnormal operation of the fast reactor 

an exper iment was carried out in the D.F.R., firstly to measure ihe 

prevailing background noises against which any system would have to omee: 

plete and secondly, by producing some local boiling within the reactor 

environment to assess the signal to noise ratio that would exist under 

fault conditions, 

a) Evaluation of the Acoustic Noise System 

The monitoring of the "background noise” was a straightforward 

test, but as the system developed it became increasingly clear Sat a 

positive demonstration was required of the waveguides detecting a fault 

condition, should over-heating and thus nucleate boiling occur. The 

simulation of a fault condition in the reactor would, therefore, have 

to be produced, 

This simulation was achieved by the introduction of an encapsulated 

electrical resistance heater through the central hole in the 9 in. charge 

plug. This meant that the heater capsule, when in position, had the wave- 

guides equispaced round it, and because of the geometry of eee bac eon 

core it was possible to lower the capsule to a level below that of the 

waveguides. 

b) Object of the Experiment 

(a) To produce nucleate boiling condit ions in the cepeude ands. 

to detect its presence by means of the waveguides. 

(b) Once having established that these conditions exist, to 

show. by means of the instrumentation situated in the 

reactor sphere and control room, that thesignal to noise 

ratio is sufficient to operate the eeantor alarm system, 

c) Description of the Rig and Instrumentation 

The boiling rig was in the formof a thimble with a capsule assembly
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at the bottom end. Figure 5.23 shows the assembly of the capsule which 

_consisted of a 0,23 in. diameter resistance heater of equivalent length 

5 in. mounted centrally in an inner and outer stainless steel sheath with 

a gas space between acting as a thermal shield, Three small bolts were 

drilled in the capsule to enable the reactor coolant to enter and also 

to allow the acoustic "noise" produced to get out. Two thermocouples 

were fitted inside the capsule, one to monitor the heater sheath temp= 

erature, and the other to monitor the bulk liquid temperature in the 

capsule. There is no outlet for the coolant at the bottom of the See 

thus minimising the convection losses. 

The relative position of the capsule to the waveguides and the. 

reactor core is shown in Figure 5.24, as is the equipment required for 

the loading procedure, 

The instrumentat ion used is shown diagrammatically in Figure 5.25 

and consists of a main cable connecting the three waveguides to a 

selector and amplification rack in the reactor sphere, three leads feed- 

ing from the sphere rack to the control room rack which has filter units 

designed for the frequency range 3-5 Kc/s, signal level meter, signal 

level recorder, and a two-out-of three alarm unit connected to che eesciae 

alarm system, 

Experimental results 

The sub-cooling which was present prior to increasing €6 full 

power; i.e. at: 2.5 kW 115 watts/cu, was. approximately 125°C. This fell 

to approximately 25°C wien full power, 4 kW (180 atta) was reached, 

Nucleate boiling was heard once the temperature rose to the 850°C mark 

and continued, though much more spasmodically, until the heater burnt 

out after the power had been increased to 4.5 kW (200 watts/cm”), 

Figure 5.96 atone the "background" noise obtained from a waveguide at 

reactor shutdown conditions (i.e. 15% flow) superimposed on the "boiling"
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noise obtained from the same waveguide. This chart and the chart from 

: the level recorder in the control room showed: 

I "Background noise" level at 15% flow ~130 dB/3 LV 

"Boiling noise”. level =-110 dB/30 pV 

Therefore Signal level "Boiling/Signal level background = 10st. 

All values are taken for the frequency range 3-5 Kc/s and where 

necessary the correlation for the use of tape-recorder technique is made; 

the frequency analyser used 0 dB = 10 V. 

Conclusions 

The first objective, i.e. to produce nucleate boiling, was — 

achieved, and the detection of the boiling by means of the iecadaer 

was also Very successful. The signal received was amplified through a 

loudspeaker while the experiment was in progress and was clearly 

audible. A permanent record was also obtained by means of a tape- 

recorder for analysis, but an attempt to obtain an ohed the spectrum 

was not successful because of the spasmodic nature of the signal, 

These records give, for the first time since the programme was 

-started, an insight into the signal levels that could be expected with. 

fault conditions in D.F.R. Although an increase in signal level of 

20 dB is very satisfactory, the geometrical head iene prevailing nust 

have attenuated the signal considerably, and an even larger signal/noise 

ratio could be expected under reactor fault conditions. | 

5-5 Measurements of Temperature Fluctuations at theInlet 66 

The D.F.R. Core 

It was not possible in the in pile boiling experiment to mount 

temperature fluctuation ditectars downstream of the boiling noise source, 
: AAgiase the 

As temperature fluctuation cannot possible propagate), stream the only 

information that has to date been possible to be obtained in the reactor 

environment is that of the temperature fluctuations at the inlet of the
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reactor system, These fluctuations are, however, very interest ing and 

can provide some means by which the overall performance of thermal noise 

detection systems may be evaluated. ‘Comparison between the observed 

frequency spectra as measured by the. eddy current detectors and thet 

measured by thermocouples may be made at the low end -of the—end: of the 

frequency spectrum. Any other comparisons have to be made in out of 

pile experiments mainly carried on by nine workers using such fluids as - 

water, glycerine, mercury, etc. and theoretical predictions as to .the 

shape of the frequency spectrum mainly produced by Bachelor and aihese. 

Figure 4.6 shows the eddy current detector that has been ineerted 

into the inlet stream of the D.F.R., the large one in the hotoseech 

being the one used. The impedance fluctuations from this device were 

detected using the system shown in block diagram form in Figure 6.14. 

A whole series of measurements under various reactor conditions ere 

made, The results (Figure 5.27) presented in the form of power Siasity. 

as a function of frequency and it was noted that the total RMS fluctua- 

tion of temperature is not inconsistent with what has been previously 

observed by other workers using thermocouples as a detection element, 

It may further by observed that the limiting slope of the power spectral 

density curve is approximately that given theoretically by Bachelor 

and observed experimentally by others. It seems to suggest, therefore, 

that because the shape of the spectrum is very similar to ead has been 

experimentally observed both in water and mercury that the main wourke 

of temperature noise is due mainly to turbulent fluctuations and is less 

influenced by the eddy diffusivity of the high conductivity sodium,
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CHAPTER 6 

PRESENTATION OF THE INFORMATION DERIVED FROM RANDOM SIGNALS 

TO THE SYSTEM OPERATORS 

6.1 General 

In order that the information deriving from both the acoustic and 

thermal enfissions in any practical system may be put to the most use 

then the results must be analysed, processed and presented in such a 

fashion as to beeasily and unambiguously interpreted by the operators 

of the system, in this case the reactor operators. It is probably well 

worthwhile to reiterate some of the fundamental ideas of the analysis of 

random signals and these are summarised below. 

6.2 Some Fundamental Ideas on Random Signal Analysis 

The, existance of random processes in nature is evident in everyday 

events, for example the wind velocity will not be constant in any 

particular direction, but fluctuate about some mean value. If. a number 

of different records of any particular random process is taken for a 

fixed period of time then the results may have a form similar to the 

records shown below with time progressing left to right. 

Sample 1 j x, (t) 

Sample 2° ’ X(t) 

Sample i eee ea 
x, (t) 

Sample n oe x(t) 

t, 

The set x; (t) is called the ensemble and each x, (t) is a member of the 

ensemble,
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If we take the average at any particular time t. from the start 

  

i x(t.) 
_of each record we obtain the ensemble average = Bet which is 

clearly a function of ty. 

If the ensemble average is independent of t, i.e. 

y x, (t, +t) i x(t) 
= = 7 for all values of t then the process is 

said to be stationary. 

Further if the time average of any particular record 

tO + fr + C8) dt is equal to the ensemble average then the 
i 

process is stationary and ergodic. This implies that the statistical 

properties of the signal are invariant with time and that ensemble 

properties may be deduced from measurements in time. It is clear: that 

all ergodic processes are stationary but the inverse is not necessarily 

true, The description of random signals by means of methods used to 

describe deterministic signals is of little use. The normal method of 

description of random signals is to use the Sea probability functions, 

the mean square value of the signal and either the auto-correlation 

function or the power spectral density. 

The probability density function is obtained by considering the 

proportion of time a signal spends between two finite limits. This idea is 

_ shown diagramatically in Figure 6,1, oe | 

Ise AEH iM AL Hy | ttt th 
| = aa 
i Sb, Ste fs Sta \ | Stal 

| 

                    
  

      
Prob abi lity 

Fig. 6,1 Basic Idea of Amp litude/ Density Function 

The probability that the signal lies in the interval $x in a record 

St, +8ty+8t, ------ Stn 
of length 2T is simply 

27.
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‘ Zhi 
ise, P(x) = OT 

& cmt ye | and the probability density is p(x, ) = OT 8x (2) 

and is a function of Xs 

it is obvious that f® p(x) dx = 1 (3) 

‘A probability density function of tremendous practical value, in that 

most engineering random process obey it is the normal or Gaussian 

  

1 -x 
given by p(x) = exp | - oe : (4) 

o V2K 20° os 

where at is the variance of the signal. 

The time average of a random signal is defined as 

Dim deal Se ry eed, Xht) at (5) 

and the relationship between the instantaneous value and the probability 

density function follows from (2). 

i.e. dt = 2T p(x) dx 

a(t) dt = 279 x(t). p(x) d(x) 

e, re ate) ot ="2T [ x(t) px) a 

Using (5) we have 

x = J® x(t) p(x) dx (6) 

Correlation Functions 

The probability density function out lined ehove gives information 

only regarding the amplitude of the signal in a similar manner Peake 

amplitude description of a deterministic function. We seek some way by 

which a description in the time domain may be given. One such way is 

the autocorrelation function defined as 

Pe ie 
Rxx (A) = tie x(t) x(t+A) dt



and clearly Rxx(0) is simply the mean square of the signal and is an even 

function Ofer. 

The autocorrelation function is very useful in displaying any 

periodic components in a signal as the parameter is varied. In fact 

this function used to be called the periodogram, a very descriptive hie 

The cross-correlation function is a measure of how one signal y(t) 

depends on another x(t). and is defined as 

Limit 14 
Rxy (i) T+ oo OT ph x(t) y(t4n) dt 

Rxy(A) degenerates into the autocorrelation function if x(t) and’ 

y(t) are equal. 

One very useful application of Rxy(A) is in determining the delay and 

degree of correlation between a pair of signals. 

Some properties of the cross correlation function are given below. 

Rxy(A) is not necessarily an even function of }. 

Rxy(A) = Ryx(-2) 

If... xy) 0 for al] , then x(t) and y(t) are uncorrelated. 

Rxy(,) is not necessarily a maximum for } = 0. 

Frequency Description 
  

It is sometimes very convenient to describe the random signals in 

the frequency domain and this is done by defining the Fourier transform 

of x(t) as follows: 

F(ju) = Se x(t) eI at 

P(w) + jQ(w) 

= A(w) _i8lw) 

F(jw) is in general complex and 

A(w) is called the Fourier spectrum of x(t) and f(w) the phase angle 

Ot SCL) 

x(t) may be recovered from F(jw) by the inverse Fourier transform 

x(t) ase f® F(ju) gi a 

The power density spectrum function measures how the energy in a
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random function is distributed as a function of frequency and is defined. 

_ as $xx(w) = F(jw)F*( ja). 

where F¥*(jqw) is the complex conjugate of F( jw). 

As one would expect the information content in this frequency - 

description is the same as that in the time domain. The autocorrelation 

function and the power density spectrum function are related as a pair of 

Fourier transforms. 

Sxx(w) = f? Rxx(aje Iran 
oo 

Rxx(r) =inl. Sxx(w) er dy 

The power in any particular band say (i100 Ww is given simply by 4 

ca. fN2 sar Jy) Sxx(w) dw 

and 31" Sxx(w)dw is the total power i.e. the mean square of the signal 

The cross spectral density is the Fourier transform of the cross correla- 

tion function defined as follows 

Sxy(w) = + f° Rxy (nes dus 3 

and measuresthe relationship between a pair of signals displayedin the 

frequency domain, 

Sxy(w} may also be writen as 

Sxy(w) = Fx(jw) Fy(ju) 

where Fx(jw) and Fy(jw) are the Pauciee transform of x(t) and y(t) 

respectively and the star denotes the complex conjugate. 

Relationship Between Input and Output of a System 

It is important to understand the way in which random signals are 

modified on passing through any typical linear system. Consider for 

example the system shown below.



  

Impulse response h(t) input : outpu 
x(t) Complex frequency y(t 

    response H(w) 
  

If we regard the input x(t) to be composed of a number of "delta" 

functions then we may obtain y(t) by the convolution integral 

t ‘ 

y(t) = [7 xQ) h(t-a) ar 1) 

where \ is the time from the present time t to the point in time at which 

one of the delta functions is assumed to exist. 

The impulse response h(t) and the complex frequency response H(w) 

form a Fourier transform pair as follows 

H(w)= h(t) goat (2) 

h(t) = ~ f° H(w) elt ay (3) 

The relationship between the input and output power spectra is 

obtained on the assumption of a stationary ergodic process and gives 

2 
Syy(w) = Ju(w) |° sxx(w) (4) 

which simply states that the output power spectrum is the product of the 

input power spectrum and the square of the moduli of the complex 

frequency response of the system, 

An interesting result follows if we consider the cross correlation 

function between input and output 

Rxyfi) = eae + fy x(t) y(t+a) dt 

substituting for y(t) from (1) above with a simple change of variable we 

have 

ec} +h 
pe et Fly ge x(t2) h(t) dg dt
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On assuming that the integrals can be rearranged we see that:-. 

reyir) = ft Lim flip x (t) x (t-2) a¥ nO) at 

The inner integral is the autocorrelation function Rxxi) . Further if 

Rxx(f) = 5(¢) (an impulse function) then we obtain Rxx(Z) = h(Z). That 

is if the condition exists that the autocorrelation function of an input 

signal is a delta function the imoutab reaped é is obtained directly as 

the cross correlation function between input and output. | 

White noise has the above property as also do many artificial func- 

tions which are now finding application in system recognition analy eee 

6.4 Some Experiments onthe Analysis of Random Signals 

Spectral Analysis 

The analysis of the preceeding section was based onthe use of 

infinite integration times and extremely narrow bandwidths. The thd 

power spectral density in a band B wie written as: 

rat a att 4 
Bro T 

In practice the above mathematical ideals cannot be met and it is 

interesting to examine the effect of varying the product BT. In fact 

it can be shown (6.1) that the number of degrees of freedom in a 

statistical sense is K = 2BT. Using the assumed form of the amplitude 

probability function it is possible to estimate within specified 

confidence limits the variance of the spectral density measurement . The 

results presented here an empirical approach using the two commercial 

spectrum analysers used in the work reported in this thesis. 

The experiments which were basically very simple consisted of 

feeding a wide band random signal into either the Muirhead analyser or 

the Bruel and Kjaer, the former having a 2% bandwidth and the latter a 5%. 

Each analyser was tuned to 1KHz giving effective bandwidths of 20Hz and 

50Hz respectively. The outputs from these analysers were fed in turn to
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a logarithmic recorder which could be operated at a range of effective : 

averaging times from 10 millisecs to 24 secs. The effective averaging 

time of each system was devermined: by switching a 1 KHz pure tone into 

each analyser in turn and observing the exponential build-up of the trace 

on the recorder. 

The results are presented in the Figures 6.2 and 6.3 and clearly 

show the effect of increasing the bandwidth integration time predict: 

On the basis of these elementary peas the use of a bandwidth a integra- 

tion time product of about 50 will give results which are acceptable 

from a practical engineering point of view. 

It is clear from the above discussion that the statistical quality 

of the measurement improves as the integration time and bandwidth of the 

detector are increased, However, the analysis time suffers and the 

resolution diminishes under these conditions and clearly some compromise 

is necessary. Paradoxically this compromise cannot in fact be mad@ 

unless the results of the analysis are known before the analysis starts. 

It is customary therefore to carry out a "quick look" analysis to obtain 

a rough idea of the spectrum and choose the bandwidth to resolve the 

peaks in the spectrum, An integration time compatible with the statisti- 

cal degrees of freedom is then chosen; this also is the minimum record 

length required for a satisfactory analysis.
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4.5 millisecs 5.6 millisecs 

    

  
  

  

  

  

  
  

  

48 millisecs 25.4 millisecs 

  

  

  

  

  

  

  

1412 millisecs 254. millisecs 

  

  
    

  

  

  

  
  
  
  
  
  

  

  

41.125 secs 0.562 secs 

Effect of varying the averaging time on a random signal passed 
through a 20 Hz wide filter. 

Bige 002
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We to sf 11010 amore dl oo Eee Peer | 

4.5 millisecs 5.6 millisecs 

148 millisecs 25.4. millisecs 

1412 millisecs 254 millisecs 

aaa: | was - 

4.125 secs 0.562 secs 

Effect of varying the averaging time on a random signal passed 

through a 50 Hz wide filter. 

Fig. 6.3
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Correlation Analysis 

The use of correlation analysis, particularly the application of 

cross-correlation requires great care. This is especially true if the 

ensemble to be analysed exists in a dispersiwe medium. The effect of 

such a medium is to change the power spectral density of the signal as 
Suppose 

2st travels, , that a component of the signal at one point may be A sin wt, 

Send At a<second point B sin (w+éw)t+@ illustrating a smal] change in 

amplitude and frequency. We wish to obtain p, the effective phase angle, 

by correlation analysis. Proceeding to compute the cross correlation 

function we have: 

Rap) = AB ey z r sin wt sinL(w+8w)t++,| dt 

This integral becomes, on neglecting 6w compared to w, 

AB i T Che i Xx Bya) = AP CBE costs) + LIEBE singgan) - Sin{SHD 7 
If éw is zero as in non dispersive medium then integral reduces to 

AB j 5 
Rap => cos(@+A) from which the unknown phase % may be obtained 

from the known delay. 

‘However if 5w is finite then as T is increased in the interests of 

statistical accuracy then the cross correlation function reduces to: 

AB sindwT 
Rag) => “Sur 008(8+%) 

This function is dominated by the behaviour of a function of the form sin. 

x/x and very quickly dies away to zero. For example if 6w = 1 cps and 

T = 4.5 secs then the correlation function is reduced to "/on of its 

"true" value and under normal circumstances would be unobservable. 

This effect was clearly demonstrated by using the simple arrangement 

shown in Figure 6.4. The acoustic wave in the tube was produced by a 

small mechanical buzzer attached to the pipe. The detection was by 

' conventional piezo-electric accelerometers. The outputs of the two
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accelerometers were displayed on a double beam oscilloscope and referring 

to Figure6&.$aclear delay between the two signals was apparent. The 

result of cross correlating the two signals by use of the Hewlett Packard 

correlator is shown in Figure 6.5 and shows a complete lack of any observ- 

able correlation, broadly confirming the analysis above. 

A substantial improvement in the ability to measure the delay between 

the signals is shown in Figures 6.6 and 6.7 in which both pre-filtering 

of each signal and/or envelope detection was carried out prior to 

correlating. The most easily interpreted results were obtained by 

envelope detection before correlating, in fact the envelope detection/ 

correlation of the unfiltered signal ae sharper results than. 

the envelope detected filtered aigearee ee slight difference between 

filtered end unfiltered is probably due to slight differences in the ° 

setting of the two anaiysers used as nurrow band filters.
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e
e
 

Accelerometer outputs fed to 

C.R.O. and correlation equipment 

I —————————e Solid steel bar. 

re     
Mechanical buzzer 

as a noise source 

Arrangement of apparatus for correlation experiments. 

Fig 6.4
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Unfiltered signals from transducers 1 and 12: 

T = 2m secs/cms: V = 10V/cms 

    

  

  

  

  

  

  eS eS It ilies, Ak “atin Cnains “ygabipin gS ay oe ath hiner CLES dpe wpe ES, oy 

    
  

                    

Result of cross correlating the unprocessed signals shown above: 

T = tm sec/See- 

Fig 6.5
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Signals from transducers 1 and 12 passed through 5% 4.6 KHz filters: 

T = 2m sec/cm V = 1V/cms 

  
  

  

  

  

    

  

  

  

  

                    
Result of cross-correlating signals shown above: 

T = 1m sec/cms 

Fig 6.6
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Envelope detection of filtered signals from transducers ‘1 and 12: 

T = 2m secs/cms V = 1 volt/cms 

  

Result of cross-correlating signals shown above: 

T = 1m secs/cms 

Fig 6.7
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Envelope detection of unfiltered signals from 1 and 12: 

T = 2m secs/cms V = 1 volt/cms 

  
  

    

  

Result of cross-correlating signals shown above: 

T = 1m secs/cms 

Fig 6.8
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Cross-correlation of demodulated filtered signals: 

T = 3.3m secs/cms 

  

Cross-correlation of demodulated unfiltered signals: 

T=, 5.5m secs/cms 

Range of correlator increased to show repetitive nature of the signals 

Fig 6.9
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Cross-correlation between transducers 1 and 12: 

T = 33.3» sec/cms 

  

  

  

  

  

  

                    
Cross-correlation between transducers 3 and 12: 

T= Ooo sec/cms 

Result of correlating signals from a near pure tone source - shows phase 

change only 

Fig 6.10
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6.3 Techniques Used to Analyses Random Signals 

Wherever possible the signal source was connected via low noise 

amplifiers direct to the analysers. The analysers used in this work are 

described below. 

Spectrum Analysis 

(i) Bruel and Kjaer type 2107 frequency analyser which has a 

frequency range 20 Hz to 20KHz. This analyser is a constant percentage 

type of 5% bandwidth, 

(ii) Muirhead type 988 frequency analyser again a constant percentage 

type of approximately 2% bandwidth, 

These analysers suffer from that fact that because they are constant 

percentage types the results have to be processed in order to present the > 

results in terms of power density. For the majority of experiments how- 

ever the relative levels only were of interest and in these cases the 

unprocessed records from the analysers are perfectly satisfactory. 

Time Delay Correlation 

(i) Honeywell type 940which has a range of delays from zero to 17 

millisecs. 

(ii) Hewlett Packard type. The author was particularly fortunate 

in being able to use a prototype on-line digital correlator on a short 

term loan from the manufacturers, This correlator is a parallel. input 

type and has the clear advantage that ‘irecenie is processed at a very 

fast rate in real time. When direct oneline recording was not possible 

or desirable because Ae the expected short duration of the signal, the 

information was recorded on a tape recorder and the tape was subsequently 

cut into a closed loop form and played back in a cyclic manner. The 

analysis was then carried out with the serial mode analysers taking care 

that the time scale of the information on the loop was compatable with 

the integration time and bandwidth of the analyser.
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Signal to Noise Enhancement 

It is desirable to carry out as much signal to noise enhancement as 

possible in order that the desired information may be presented to the 

reactor operator in an unambiguous manner. The probability of spurious 

reactor trips will in general be reduced by carrying out signal to-noise 

enhancement. This reduction in spurious trips will be seen to result. in 

a longer time before the processing system can decide on the validity of 

the information with which it is presented. 

We consider the case in which the amplitude time description of the 

signal is f(t), random in time with an average occurrence Y) per unit 

_time. A disturbing unwanted signal is f(t), again random in time with 

an average occurrence of Yo per unit time. 

We assume Ee) ie ce [ec] max 

v(t) >> p(t) 

This is known to be the case when it is desired to detect the 

collapse of vapour bubbles in the presence of mechanical impacts. 

One very simple way in which the signal to noise ratio may be 

increased is by averaging the signal over a finite time. 

Now average signal = = i p {0 + £,(E-a) + fy (try) ath 

+e Q {r,(0) + f,(t-u,) > f,(t-n,) at} 

where the }'s and the u's represent random time increments. 

Following Rice (3.17) we may write:- 

a 9 
Average measured signal = v) ih f(t) dt + 5 f ae 

where 7, is the life time of f(t) and T, is the life time of fi(t). 

; soa 
Now the average pulse repetition frequency of the signal f(t) is > 

1 
she sal ea 

and the average pulse repetition frequency of f,(t) is ¥ this is 

: 
2 : 

illustrated in the Fig. overleaf.
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f(t) 
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i 1 
average period — 

4 

  
: J 

average period ~ 

VQ 

Fig. 641 Typical Signals 

It is clear from the figure that the average of the signal. over T 

containing n, signal pulses is: 
1 

n T 
1 1 cae f(t) at (1) 

and the average of the disturbance over the same period is: 

1 TT, 
7 i f(t) dt (2) 

providing T < ss 
"2 

The signal to noise ratio is therefore:~ 

T 

cee f(t) at fir (t) dt 
] Te es sy - (3) 

oe f(t) dt fa (t) at 

which clearly depends on ny and is a maximum when the averaging time is 

1 
yy f f(t) dt 

4 and then the signal to noise ratio is - *. (4) 
2 2 2 ie f(t) dt 

D6 7 t 

tue S/N@ Tog es toe fk) dt — log f @ (ty dt (5) 
Yo o 1 oO a 

The first term on the right hand side represents the signal to noise 

enhancement. 

As a simple example consider the signal to be a series of delta 

functions 6(t) at a repetition frequency of 100 Hz and the disturbing 

source to be 10 6(t) at a repetition of 1 Hz; ie 6(t) = 1.
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Then we may form the following table. 

Averaging Time Signal to Noise Ratio 

Secs dB 

0 -20 dB 
O74 O dB 
4 +20 dB 

showing a signal to noise enhancement of + 40 dB which is consistent with 
| Y 
a ig eh 90 top eee 2 40 UB. 

oo - 

Again considering the case of low frequency high amplitude i 

disturbance superimposed on a relatively high frequency low amplitude 

signal, it is clear that an immediate improvement results from some 

limiting process applied to the incoming signals. This simply reduces 

i f(t) dt in equation (5) and a resulting increase in signal to noise 

ratio follows. 

The major disadvantage of using a limiting method, particularly in 

acoustically derived signals, is the possible loss of the top end of some 

signals. The dynamic range necessary to record and present the acoustic 

data referred to in this thesis is about 50 dB. Alternatively to pre- 

serve this dynamic range the limiting level would have to be set above 

the required dynamic range and disturbing signals below this level would 

not be effected by this Srceu 

A technique which overcomes the above mentioned disadvantages is 

logarithmic weighting. This is readily realized using PeGenionel. 

logarithmic amplifiers. In this process the signals are first passed 

through a logarithmic amplifier and then averaged as described previously. 

.The averaging time being over the whole period of the low frequency dis- 

turbing signal. 
T 

The averaged signal then becomes v) i lox f(t) at 

1. : 

and the averaged disturbance becomes Yo Is log f(t) dt 

It should be noticed that integration and taking the logarithms are not - 

commutable. The signal-to-noise ratio under this condition is therefore:
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AL el TQ 
log f£,(t) dt/f* log f,(t). dt 

Yo 1 ° 2 

The significance of the above equation is illustrated in the following 

example using two trains of rectangular pulses for ease of arithmetic 

t 

manipulation. 
A 

f(t) wanted signal orcekel |e LU] a ei | 
B 

f(t) unwanted signal 

  

Fig. 612 Idealized Signals 

then average of f(t) over period of f(t) = vA 

and average f(t) over period of f(t) = YB 

1m 
then signal to noise ratio = — 3 (6) 

2 

If we repeat the above averaging process but first take the logarithm of 

each function we obtain? 

average of log f(t) over the period of f(t) =, log A 

average of log f(t) over the period of f(t) = Yo log B’ 
Ne 

signal to noise ratio is now = a (7) 
Yo leg B 

which is clearly an improvement over (6) providing that B > A, It may 

be seen the two are identical if A = B. 

If B < A then the logarithmic weighting process actually elites the 

signal to noise ratio, compared to the average of the linear functions. - 

The relationship between the signal to noise enhancement and the 

ratio of A to B is shown in Fig§,13, doth for linear and logarithmic 

averaging.



  

eS eS REPETITION RATE 7; 

q] le B REPETITION RATE th 
  

  
4 

VI
N 

  
Me 

  
ho 

AVE OF LOG SIGNALS 

VARIOUS VAlLWES OF B. 

  

  

Phd oe 
  

AVG |OF LINEAR 

  
SIGNABS Alas B. 

7 

  

  

a 

we         ~~ et iy ——* 

  
  

mi
p 1072 jlo”! 

FIG 6:13 ILLUSTRATION OF SIGNAL TO NOISE ENHANCEMENT, 

FIGEI3 |   
 



4119 

6.6 Description of a Proposed Reactor Instrumentation Scheme 

for the Detection of Local Overheating 

The basic problem discussed in this section is that of the presenta- 

tion of the intrinsic thermal and acoustic information to the reactor 

operator. It is also important that some permanent record be available 

for diagnostic purposes if and when required. The system described in 

this section consists of two parts, namely the instrumentation Yicuiced 

to present thermal noise fluctuations and that required for icacht ati 

of acoustic noise. 

The transducers recommended for the detection of thermal fluctuations 

are of the type discussed in section 4.3.b and would normally be 

installed at the outlet of channels about which information was desired. 

It has been possible to test these devices in pile in the Dounreay piet 

Reactor only in the inlet to heated channels and hence any comment on the 

ultimate sensitivity regarding these devices must await further evalua- 

tion work. 

A simple block diagram showing the instrumentation required for a 

thermal noise monitor is shown in Fig. OMe The non-active winding on 

the transducer gives primary temperature compensation and the simplified 

' block diagram shows a system which is adequate for short term use. 

If the system is required to operate over long periods then a form of 

secondary temperata~r> compensation is required. In principle it is 

possible to take the output from the bridge balance unit and accept the 

information above a certain frequency, say 0.1 Hz, as representing true: 

thermal fluctuations in the liquid sodium coolant and regard low 

frequency disturbances as long term unwanted drift. A proposed system 

is therefore to pass the output of the bridge through low pass filters 

and use this in the correct phase as a feed back signal to a tertiary 

winding on the transformer bridge to keep the system balanced. Work on 

such a system is currently being carried out at the Dounreay 

Establishment by Hughes and the system shows the potential of being able
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to maintain a bridge balance of 1 part in 40° over a temperature range 

of 200°C. 

A simplified block diagram of a single acoustic channel is shown 

in Fig. 645.and shows the route of the signal from the reactor coolant 

to the display and record facilities in the control room. In D. FER: 

there are in fact three waveguides and three such instrumentation 

channels. The audio listening channel and the on-line spectrum analyser 

are capable of being switched to any line. 

The band pass filter was chosen as a result of the in pile boiling 

experiment discussed in 5.4. The logarithmic amplifier is useful in 

enabling a wide range of amplitude of signals (about 3 decades) to be 

presented in a readable form on a standard linear pen recorder, As 

discussed in 6.5 this logarithmic amplifier together with the averaging 

circuit help to minimise the disturbances due to mechanical rattles 

occurring in the pgaetos 

It is found in practice that the audio listening channel is of 

great value in providing an easily assimilated subjective appreciation 

of the acoustic noises in the reactor. A little practice is all that 

is required to be able to distinguish between the various mechanical 

noises in the reactor and such hydrodynamic sources of acoustic noise as 

entrained gas bubbles. 

The pen recorder provides a qual) tative measure of the mean shee 

signal in the selected frequency band. The alarm level on the trip 

amplifier is set at +30 dB relative to the level at full coolant flow 

with the power of the reactor at: zero. 

The three acoustic channels are arranged so that an alarm is sounded 

only if any two of the three channels exceed the preset alarm level.
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CHAPTER 7 

SOME INITIAL OPERATING EXPERIENCE WITH THE 

PROTOTYPE INSTRUMENTATION SYSTEM IN THE DOUNREAY FAST REACTOR 

7.1 General 

As the Dounreay Fast Reactor is now largely operating as a ene 

test reactor it has installed at any one time a large number of experi- 

mental fuel element assemblies. Some of these fuel assemblies are 

deliberately designed to be capable of being operated up to the bic 

point of the assembly. The failure of these elements is safely contained 

and presents but a small operational inconvenience when failure takes 

place. Their existance in D.F.R. does however provide a unique oportun- 

ity to test out the installed acoustic detection equipment to see if the 

fuel element failure can be detected by the waveguide installation. 

Two such elements have failed in recent months and the results of 

analysis of the acoustic records is presented in the following sections. 

7.2 Results from the Installation under Normal Conditions 

Acoustic frequency spectra have been taken every day over the last 

few months from each of the installed waveguides. Typical results are 

shown in Fig. 7.1 and show that the acoustic noise is essentially 

stationary. These records provide a reference against which suspected 

maloperation records may be compared. Judged from the consistancy of 

these records a deviation of about 5 dB can be thought to be significant. 

The actual alarm level corresponds to a deviation of 30 dB. 

7.3 Results from the Installation under Fault Conditions 

Two recent non crucial failures of experimental elements in D.F.R. 

have given very useful demonstrations of the viability of the acoustic 

detection installation. 

The first failure gave indications which lasted from 3rd October, 

1968 to 1st November, 1968. The second one gave similar indications 

between 26th February, 1969 and 17th March, 1969. In both cases by 

comparing the magnitudes of the relative signals from the three waveguides
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and examining the loading plan in the reactor for the position of highly 

rated high burn-up experimental elements the position of the suspected 

failures was inferred. (7.4) and (7.2).



  

R
E
L
A
T
I
V
E
 

S
I
G
N
A
L
 

W
E
V
E
R
 

D
E
C
I
B
E
L
S
,
 

    Loa   

50   

40   

  CURVES 

DISPLACED 

VERTICAL 

Ne 
FSR 

Av
e 

ae 
ee
 

A 

  
J 
7 \ f 

) ee 
SF: rN 

Z c
s
 

I
a
.
 

                            
  

  

  

S 6 ae 

FREQUENCY KH, 

o
 wo
 o l2 14 16 18 20 

FIG 7-1. TYPICAL FREQUENCY SPECTRA FROM WAVEGUIDES IN DFR. 

SHOWING STATIONARY NATURE OF THE SIGNAL: 

\ FOR ChARIVY, 

  
  

~
“
9
Z
l
~



=_4 27- 

CHAPTER 8 

GENERAL CONCLUSIONS 

This thesis shows the necessity of drawing together many different 

scientific and technological disciplinesin order to solve a complex 

problem. 

The object of the study detailed in this thesis was to examine the 

problems involved in detecting local overheating in liquid metal cooled 

fast neutron reactors. Following a discussion of the underlying fluid 

mechanical phenomena in liquid coolants and the central a toblen of 

detecting local overheating, exploratory studies were conducted on 

suitable transducers for use in nuclear environments. A series of 

experiments using static and flowing sodium were carried out culminating 

in an experiment using an electrical heater in the D.F.R. to simulate a 

fault condition near the reactor core. 

Detailed conclusions have been drawn and are discussed in the body 

of the thesis under the relevant sections, mainly chapter 5 and chapter 7. 

It is possible to draw from this work the general conclusion that the 

detection of local overheating in a nuclear reactor may be possible using 

the transducers and techniques discussed in this thesis. The limit of 

detection being sat by the background noise existing in the environment: 

in which the detection of fault condition is required. The electro- 

mechanically pumped D.F.R. system produces relatively little hydrodynamic 

noise compared to a mechanically pumped system and detection of local 

boiling in this case has been shown to be possible. 

The limit of detection in any particular application, is best 

arrived at by an in situ calibration of the type discussed in this thesis.
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NOMENCLATURE 

Temperature 

Wall temperature 

Saturation temperature 

Bubble radius 

Latent heat of vapourisation: Ratio of capacitances: Delay 

time 

Universal gas constant 

Pressure 

Partial pressure due to a gas 

Surface tension. Standard deviation 

Frequency 

Reynolds number 

Prandtét number 

Ratio of specific heats of a gas: Pulse repetition rate 

Density 

Radius co-ordinate 

Time: Thickness of gas gap in transducer 

Vapour pressure 

Reference pressure 

Electrostatic field: Output voltage: Youngs modulus 

Electrostatic potential: Heat flux 

Dielectric constant 

Thickness of transducer shell 

Capacitance 

Voltage 

Diameter of transducer 

Thickness of aluminium oxide on transducer 

Integration time 

Angular frequency 

Bandwidth
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APPENDIX I 

Theory of the Operation of the Under-Sodium Microphone 

Outer stainless steel 
cylindrical electrode 

Figs 452 Air gap 

Diagram of the geometry Sprayed alumina 

Inner electrode 

  

The transducer is, in effect, a concentric capacitor of composite 

dielectric; the capacitance can be calculated from 

E = % 

where E is the electrostatic field and 6 is the potential. 

As, in this case, the field is purely radial 

pth i) ; ; (1) 
es or * eee eee 0.60.0 6 6 6.08% 0 06 

From Gauss! divergence theorem we have: 

fee «G8 = Oeg 

surface 

where q is the included charge and k the dielectric constant. 

Applying this to a general cylinder between r, and rs we have 

we. okt =, 6nG kag SN a dipmeee yee oes te? 

therefore 

BE = 23, 

Substituting in equation Ora. have ad eae ag 
kr 

or at if as = - f dO... (3).
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Solving equation (3) from r, < r rs 
4 a“

 

and Po < =< t 
3 

we have 

2G v ic 
es e a @, 6) Aaa nea ay ee ae | ae (4) 

where ‘, is the dielectric constant for r, aD <r 
2 

and 

2g r 
k,, ee ewan a) se ene teeeeeceeeeeeecens (5) 

where ky is the dielectric constant for Pn:< Tx Pigs 

Adding equations (4) and (5) gives 

B a 4 s ) 2 coe — — —| = - =V- 2q I log : * | log . =(6,, i) = V..(6) 

where V is the potential difference between the inner and outer electrodes. 

Now with q = VC and in this case we have 

  

nm 

CoS Sapet a ce 1G) 
r Tr: 

2 ~ log Bei — log 2 
4 ae nD 

where C is the capacitance. 

The only variable due to pressure changes is the radius of the outer. 

cylinder; r_, and, if r,/T, = 1.0 we can write 
3 

r Set ot 
3 2 

where t is the small air gap. 

By Maclaurin's theorem 
F; 

log—= = Loe (1 -L)ek 
va 2 9 

therefore
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where the variable is now t. Therefore 

  

  

  

i as 4 J 
dt n ‘ 2 ker 

2 log —= + + i 22 

4 4 Dt g 

i.e. dc dt 
ee ee tte eee ees : (8) 

en pis log = Fee 
22 ‘i ry mr | 

Now dt is related to the hoop stress by the relations: 

Pd 
(a) stress 

oor 

where d is the outside diameter of the transducer and 7 is the shell thick- 

  

ness. 

: . 63 stress’ «¢bd 
(b) strain = 5 = E wees? 

But érs = §t therefore 

Pdr 2 
Che's oo §t DEY TER cote ins hae ce ways (9) 

and by substituting in equation (8) we have 

  

  

2 

x: ee - AG) 
Ae | ee as Tee 1 5% 

4 c D2 4 

Putting r, = r, + € then equation (10) simplifies to 
2 a 

dC Pa- ° oe the te xb cn ake idsuse eas eral) 
: wet (1 es ‘n) : 

‘i the transducer is now "shunted" using a cable of capacitance C. 

then the percentage change in C is reduced to 

2 
ae" 1 Pe ee ae a a ew ek ees iz 
Br (1 +) kye 

i 

cable capacitance 

transducer capacitance ”° 
  where A = 

If the transducer-cabie circuit is now made one arm of an a.c. bridge 

energised with V volts r.m.s. the output signal is given by 

dc 4 

S - C Vs
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In this case 

2 
E. du i Pd V - 7 iatiiecees ok 1S 

4 +rx)4Etle ‘= 
a 

  

Equation (13) dictates the operation of the bridge eas which is 

linearly related to pressure when the other variables have been fixed. 

Strictly speaking Be is a function of P and t but the change in P is very 

great compared with the change in t and thus E can be thought of as being 

a function of pressure only. 

We will now examine equation (13) with practical values i mind to 

determine the minimum value of d for any pressure range. The assumptions 

  

made are: 

Minimum value of t obtainable = 0,002 in. 

Minimum value of e obtainable = 0.010 in. 

Minimum value of 7 obtainable = 0-010 in. 

k, 0 

ky 20 

E Be.  30:x 10° Ib/in? 

pe - & a 
Minimum ratio workable (E /V)_. = 10 

s min 

We can now write the "optimised" equation (13) as 
2 

P 
10° eS (doin) ' 

3 4(1 +r%)4 x 30 x 10°(2 = % 10° x 10 x 107 

which reduces to 

2 
= + P(d 1.925(1 + 2) 

or 

244 +r) \y 
oy ee . ee ey (14) 

It should be noted, however, that the larger the diameter of the 

transducer, the greater the capacitance per unit length; the value of r 

therefore decreases for a given cable run. 

Equation (14) will, however, serve to give a rough guide to the 

Principal dimensions.
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APPENDIX II 

Approximate analysis of the natural frequency of a 

thin walled cylinder vibrating in the radial mode 

Assume that the radius of the cylinder is increased from a to a + x3 

the circumferential strain is then x/a and the circumferential stress Ex/a 

for a thin cylinder. 

The equivalent increase in pressure to produce this stress is given by 

Be ie Be 
 - 

therefore 

Ext 
P = am CRO HHO HMO RHO EMH HHO OME HEHEHE OEE (15) 

a 

Consider an arc of lengthy; then the mass is given by 

woe ake 
g& 

and the restoring force on the element is 

-~ Prt. 

The equation of motion is 

Pm = ; i roe 

dt 

giving 

Pie P 
on + x8 =O. @ecreesreeeeeoerewerereererenereaeeaeoe (16) 

dt et 

2 
ax , Ee = 
ne 2 xX — 0 9 e@eeeenesesveanerseen eee aneeneen (17) 

dt ap 

ise. the simple harmonic motion with a frequency of 

1_ (Eg 2 
2xa * 9 .


