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CONTINUOUS WAVE LV..L'-J'J.J 

OF THE PARAMETER BfA 

by 

Jevon 

Abstract 

acoustic nonlinearity B / A is a measure of equation of 
state a fluid. Its can be found in numerous including shockwaves, 
cht~milstr·y and medicine. Recent in of biomedical ultrasound have nelce,,:slta 

accurate means of measuring 

continuous 
liquid modes to, or in the vicinity a 

resonance. modes were inflated due to a frequency phase 
contribution associated coupled transducer-liquid phenomenon is 

pulling. In an attempt to quantify behaviour, a transducer was inves-
sealed at one to a wetting an unique acoustic 

in lmPlE!mE3llt 

Supervisor: Mortimer 

values. 
accurate method for 

(University of Town) 

Title: Instrumentation Research 

literature and was 
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Chapter 

Introduction 

"Would I had 

guage that 

that are not known, utterances that are strange, in new lan-

the 

not been from not an utterance which grown 

stale, which men of old have 

an 

development 1 of 

sound on a 

2000 

uu',au,v ultrasonic 

[56]. 

possible 

aeVeJOpmEmt provided 

a means of ultrasound for non-invasively CA<"'UJ,U 

numerous ultrasonic in the blOlmEK11;cal the 

use of IJU'~'l.LIV'l/:1 range 

as scanning acoustic mlICrOSC()pes. to well-known movement detectors in most 

motor vehicle 

wave 

[62J. 

in its u'H'U<::'"'' 

more commonly rt:>t.:.rre,rI to as 'infinitesimal wave theory' 

acoustics on 

This 

0<::<>1111''''' amplitude. 

and is acceptable in many low n,.",""""rarl o.l,)l'}lH.,"" 

of 

HVHUU":;':'" nature both wave and state C;ytl"''','VUO, 

non-

in numerous 

typically shock waves. Many 

<.M>C,."'k, harmonic 

nc"', .. ",,,,'1 in 

instruments within [86] 

1 
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Introduction 

[23] [27]. With development of powered acoustic devices such as EMAS 

In 

amplitude sound. 

which they 

, the issue of HUll!!,U",,:H 

to understand 

by 

sound propagation 

has led to much 

B nrr""r,,, the necessary iH<:' .... U.[l,i 

equation of state in for a medium to be 

",,,A,VUH_ an un-

accompanying presence of 

of 

waves, 

waves, and the way in 

nonlinear acoustics 

o.Hi':;""'! B/ A. 

a relationship 

linear wave The 

thermodynamic information to the 

lUU,~HJH not 

only Hi<;;Ul\-UH, but can be used as a to 

much 

particularly in medical field for anatomical ~£L'h£"~U£U 

With gasses to be determined ex-

perimentally. Although inventive techniques VGiIJIJC;U over 

to is no consensus as to an optimum HiC;~l1'UU. It 

years 

effort 

to review previous measurement in order to identify aspects 

and ultimately to two' methods for 

on continuous wave It will shown a 'cClntmtlOLIS 

wave platform' can be as an effective alternative to pulsed systems, providing a simpler 

more means of B/ A in vitro. 

1.1 Formulation Nonlinearity 

measurement it is where the non-

linearity parameter B/ A comes from, and how it UU.UUJLlG,;l,! distortion in 

finite following rhCr"l1('C,r.n the of 

"'AIJ1<:J-lll" its in B/A 

makes to state is '-''''uv •• .:> together with \J.U,"'VH between B/ A 

of state in its form can be eXlpresse:d as the' thermodynamic ... v"<£"1''''' 

2 
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Introduction 

ship between pressure, entropy [93]. can as following simple 

(1.1) 

P defined as the instantaneous pressure, the """''''".,'' pressure (under zero velocity 

conditions), P 

constant that depends on 

and Po 

nature of the medium. 

ratio Cp/Cv • is not true 

HH .. 'U.HHOU. by expanding = P (p, S) as a series for 

S, is 

P = Po + (p Po) 

can rewritten with 

[11]: 

+A(P-PO) + (~)2 + C 
21 Po 3! 

defining the tra,ctIOnal ~'''~''b~ in ~~'''~'vr 

'IjJ or: 

we 

Po + ... 

On Hl':>IJI:'L.C1Vll of above derivation, it can seen that 

square of velocity CO (CO 

3 

The vA~JVHCa ( is a 

gasses it is simply equal to 

[12] equation must 

isentropic case (where 

+ ... 

(1.2) 

A, C as follows 

3 

+ ... (1.3) 

the fluid as 

(IA) 

(1.5) 

in equation is 

and hence 
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A, Band may expressed as follows: 

A Po (~;) s Poc5 (1.6) 

B P5 (1.7) 
s 

C P5 (1.8) 
s 

The physical SlgIllIllCal[lCe of constants (A, C etc.) can be seen if we wave 

is to In 

terms B C quickly tend to zero defining a "H,nlJ'C; .vu ... nup n.01"""O£)," acoustic pres-

sure P P velocity propagation 

",UlLau», constant. If on the of 

waves, order terms Band C DeC:OlIle UL\"LC;"'~lUM1.y more important, introducing a 

from sound can be seen 

following manipulation of equations 1.6 and to obtain an 

c2 (OP) (OPOvJ) 1 (OP) op s = ovJ op = Po ovJ (1.9) 

If 
oP A+BvJ+ then 10) = + ... 

2 

c5 (1+ A + 2A + ... ) (1.11) 

ua"iVH 1.11 it can be seen that the '-'H' .. HE,'" in within a liquid is a function 

(B/A, CIA 

values for 

sure. parameter B/ A is therefore 

and the condensation; hence 

CO under 

the ratio of quadratic term in 

with 

pres­

equation 

state to the hence the acoustic nonlinearity parameter 

[i1]. higher terms h"""onrl the in 1.5 are 

contribution is in most cases considered negligible l
. 

IFor the case of water at 20°C and excess pressure of 6 atnlOSj:>he.reSj the relative size of the terms B and C 
to that of A is typically and 4.56xlO-7 (Beyer - Nonlinear Acoustics[13]) 

4 
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Recent have shown to describe r,1"r\na1".-"'''' of fluids includ-

[25], mechanical 2-9] and molecular LU,""',,VU [82] [47], which 

have in several mixture to successfully determine ~AV'AV"L'-"'''J. compositions 

[5]. 

the B in equation it is to extract 

mechanical the ratio can expressed 

as in velocity pressure (under constant as follows: 

B Po 
(:P [~;]) s,P=Po 

(1.12) = 
c2 

0 

= Po (8c
2

) [ z: ]) s,P=Po 
(1.13) ca 8p Co 

2poCo (1.14) 

1.14 can rewritten in terms its and [95J 

namely: 

B = 2poCo (8P)T + (err)p (1.15) 

where Cp is the 01-"''''''''''­ at constant pressure, and <p is 

coefficient 

equation is 

phase velocity o,"-'JVL,ap'"""'.y 

in temperature 

knowledge of both 

for B/ A to fully 

of the as 

BfA the 

an isothermal in pressure T and isobaric 

to this method (detailed in chapter 2) is the necessity for 

constants of SDE~CltlC thermal ""'-IJeLL,'Ol""" in 

An example of 

that relates B / A to the 

Hl<;;, .... U':L1U'-'O'L property of B / A can in the 

or stiffness of a an isentropic pressure 

This may Appendix as 

(1.16) 

{j = ~ is known as the or reciprocal of the ;"'",y",,,,."'0<11 

5 
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that a undergoing 

a large value 

an isentropic pressure 

will accordingly 

1 £Jl.A""'''-' Amplitude Waves 

A consequences nonlinear wave is the "steepening" or distortion with 

amplitude waves as propagate a fluid. distortion ultimately 

what is recognised as a saw-tooth or of 

waves have rOr'Ar"tAt1 over 

and Lord , but not r<>('<>I1J<>t1 the 

(TA,rA'''::' analysis. Although such analysis is beyond the scope this study, it is intuitive to 

the 

waves. For 

relationship 

reason a brief 

and the cause harmonic within 

of nonlinear <orr'TTll"'" is 

axiom of wave theory is that velocity of a wave remains constant Le. 

=c 

X is the tis In 

known that the total wave velocity a wave travelling in a 

the velocity of wave relative to medium and the of the 

point. For a planar aV'.JU~'~lv wave, the pf()PELga,tloln velocity can 

as: 

where u is the 

dx 
=c+u 

dt 

velocity of the wave. This "",nT'''''''''; linear wave 

(1.17) 

it is well 

vector sum 

to a 

expressed 

(1.18) 

provided 

u « c; a consequence of llV1H1HC;.::U acoustics is this assumption is known to 

1.11 is apJJrOXlnaatlOn of c. nonlinear 

relationship c contributes to a more 

dx 
dt = CO + {3u (1.19) 

{3 is U<:;',1111:;;\.I. as exr:>ressed as {3 ::::::: 1 + relation-

6 
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the propagation velocity of wave as a function of acoustic wave amplitude 

u. IJ"'J,lu':a"~,,, of propagation velocity on acoustic eventually results in the 

A simple de:mOlnstra was well described by Earnshaw 

solution of a harmonic wave u(O, t) = Uo sin(wt) 

A 

only 

is the distance at 

is 

The discontinuity 

parameter, 

The 

study, 

the Earnshaw 

Blackstock [16]. 

x direction. The rate wave can expressed as a 

with the ITOlno.·", 

u(x, t) Uo 

as a function of x, for specific 

acoustic amplitude travel at faster particle 

wave with distance. It 

leading up to the shock. 

.UULU\.-, ... !'. the well known 'N' wave ""'-"'V""k""'U. 

of solution 1.20 with .. L>",...L>,'f" to x 

au 

at au 
ox 

the waveform becomes 

a wave is formed is known as 

case zero viscosity as follows: 

2 

l=~ 
f3wuo 

l is represented by the reduced 

x 
(}'=-

l 

to 1.20 is 

is given for 

can to the individual efforts of 

7 

(1.20) 

demonstrates how 

thereby increasing the 

Earnshaw's solution is 

at 

wave literally 

formulation of 

results in 

(1.21) 

x, 

point, which 

[13] and 

(1.22) 

as shock 

scope 

to 

[40] and 
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Introduction 

8lgm. =0 Sigma=O.8 

0 
0.5 '0 0.5 

t\. "-
~ ~ 
" 
~ 

0 " 
~ 

0 
~ ~ 
~ ~ 

" " 0. -0.5 !l. 
-0.5 

-1 
2 0.055 0.0555 0.056 0.0565 

Time (s) 
x 10 

., Tim. (S) 

Sigm a 1.8 Slgma"2A 

Overlapping 

'0 0.5 '0 0.5 
<I. 0. 

~ ~ ., 
0 1:: 0 

" ~ 

'" '" '" '" .. 1! 
a. 

-0.5 0. 
-05 

·1 -1 
0.1095 0.11 0.1105 0.111 0.1645 0.165 01655 

Tim. (5) Time (S) 

1-1: A demonstration of the distortion of a sinusoid wave with time. Particles of 
acoustic pressure have faster velocities, causing the wave to 

become increasingly distorted. Notice the deviation of Earnshaw's solution 
a developing into an invalid pressure front at a = 2.4 with distinct 

'overlapping' . 

is VU"aJ.Ht;;U by expanding 1.20 

terms 

~=2 
Uo 

--"-- sin n( wt - kx) (1.24) 

is a n. function of the 

other hand developed a 

u ;::: 3) in a viscous "'0,'1-<>1'1-

based on the nearly 

[40], with the following 

shock wave 

U 
) sin n(wt - kx) (1.25) -= 

Uo 

where r Uc;'eUL<'" a group of constants the importance 

region 3 > u > 1 

relative 

to This was 

Blackstock [16] using a the F'ubini-Fay solution provided 

8 
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Introduction 

Wlveformfor sigrn =0 

0.5 1.5 2 

-1~·----~~~--~----~~~~ 

o 0.5 

Wlveformfor sigra =1 

-1 
0 0.5 

Wlveformfor 

1.5 

1.5 

2 

x10" 

2 

x10" 

-1~----······~----~--~---~------
o 0.5 

tirre frare 

1.5 2 

x 10" 

'3 0.5 
:, 

5 

Spectrumfor 

10 15 20 

o '---.-.... .. J _______ ~~._ •• ~~ ~.~~ 

o 

9 0.5 
:, 

0 

0.4 

'3 0.2 
:3 

0 

5 10 15 20 

5 

5 

10 

~for sigrn =6 

10 

wlwO 

15 20 

15 20 

1-2: A simulation of the Blackstock function for a IMhz sinusoid wave-
through It can be seen that the waveform 

1'1,,,,.:>1,,<,,,, a shock front at ()' = 1, at which the waveform becomes dis-
continuous with a notable increase in amplitude of higher order l':n#'('.t.1~'" 

At ()' 5, the and of these components 
causes an attenuation in amplitude of the shock wave. 

9 
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Introduction 

Blackstock can 

solution was 

seen as the equation 1.24 to 

to waveforms 1-2 their corresponding frequency 

1 Purpose and Scope 

the 

experimental process, 

time of flight 

in vitro has an and 

complex eleCtron:IC instrumentation coupled with difficult 

of to measure 

BI A, determining the fractional \..11,:1,111",'" in phase velocity pressure. It is an 

to ,..,.:>'",".Ar. 
0"."1-','<:; and accurate 

alternative method for U,,;a.;>UH to a.\..'vUIIHIIV~Ia.,,,, 

cell was engineered 

traditional double 

A n-"T1P'llIr method is 

analysed in terms accuracy and usefulness in measuring As a 

consequence 

laying a foundation and development of a OUJlII-'J'''' measurement 

cons of <;;;/>.J'''''H)<. of C.w. 

An overview individual techniques is summarised together 

and each need an 

solution is argued, comparing previously control instrumentation with novel 

nn,no'" nrn,C)n"An in this showing 

measurement 

designed in Chapter 5, was 

tool for 

phase locking to 

on a double-disk interferometer and 

and identifying problems associated 

BI A interferometry. phase LV\"n.Hj'~ was implemented as a 

to lH<:;CLOlH deviations in 

of ",,,'n .. ~,,,,, 

variations, 

outcome 

resonant the 

velocity [28]. 

measurement 

10 

scope initial investigation covers 

design of a volume 

UU'CUl,a,v,lUl! was the 

was asa resonant 
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Introduction 

again 

ever 

An 

both same 

to 

and locking current to 

W.l."'l1~;t;;" in how-

nrlrAfi,"'ol1 unwanted effects. For this reason 

nt!~rt;9r()m,etE~rwasaUaHUUllC'U 

occur as a result 

"'I',,,,,:'ru led to an extensive 

resonator. 

uncovering a set 

element analysis to provide a coupled circuit this 

model, a new aA-,'JU~'Cl'-' was and developed for measurement of B j A. 

element cell was LUI'~CLl.lt;;l. with to measure 

nonlinearity parameter were 

UHUu'C,U to transmission each 

evaluated terms of its ability to measure Bj A accurately. The extent of this work was 

to to use C.w. 

or, to adopt the new element resonant and aUVl'~Hl."'U resonant 

phase -"_".J.''->''",. 

11 
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Chapter 2 

A Review of Empirical Methods 

used in Determining B / A 

Numerous eXI)erlmEmtal B/ A are ","v"vLHJ"U in the v"Lo,vULC; [22] [49] 

[44] [38] directly B/A 

(as "hl-'''''''''.'''''''" in Chapter 1) chapter serves as a review u""uv ... ", viz. 

thermodynamic 

determining 

methods, t.,.'cr.,t' ... .,r with 

GHL."'''l\.'H of B / A on 

amplitude absorption and O1Jr;'~ca, measuring 

harmonic 

as finite 

1) typically in finite amplitude waves. '-',","',","'..10,;;1..1 with emphasis 

accuracy in aeI,errnmmg B/ A. A on the simplicity in 

method as most suitable comparison 

B/A in an on which to continuous wave technology. 

2.1 Indirect Methods 

Finite Amplitude Absorption 

Amplitude J.Y.!.""llU'U (F.A.M.) 

surement the second rm1omc, which is 

in Chapter 1. on 

harmonic to be used as an indication of 

measuring parameter B / A the mea-

as a result 

the 

comparing 

12 

HU"V1\.J.Gl wave 

distortion is 

lHU.lO,v.lVU of the sec(mQ 

with experiment [22J. It can 
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A Review Methods used in 

be acoustic pressure 

<NLH'~VvL BI A, as 

<>".TYl/yn,,-. is proportional to the 

= (2.1) 

where is a correction function [110, pgs [71, pgs 32-37] [87] 

H (0) is the acoustic pressure the transmitter 

at 1'"\<1"1"11,,1'<1 1 2 to fundamental and harmonics 

to the attenuation COE;lt1(:::leJlts at each <Lv',",,""'Hv x is the 

acoustic true under the following conditions.: 

"·~.arrr" cannot any component to other har-

monics. 

• The medium must a near linear absorp-

tion Le. 0:1 :::::: 20:2-

• diffraction COITe(:tloin function "H'JU1.U be an exact model for 

• The medium must be fully 

both VU'YUH,U,L 

successfully in measuring the amplitude 

sensors [96] been 

of its distance 

the source. In terms' of an accurate the 

F.A.M, is beset 

1. The 

the 

argues that 

disadvantages. These are as 

for ",vT".<>r'Tl from 

is often not the case, as 

solution on a HVJLLU.J,,,,,," pu.,,. 

must 

LlVLHV,",'U. out by 

plane wave, 

an exact model 

Cobb[22]. He 

cannot ac-

curately reproduced experimentally. Many experiments rely on piezoelectric transducers 

as transmitters but it is that of 

2. A 

cannot be modelled as plane wave sources even in near 

Consequently accuracy of the is largely by accuracy 

of 

the non-dissipative wave, 

is the 

not 

13 

for small 

solution[41] is 

attenuation. This 
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A Review 

means 

cannot 

3. Finally 

since it 

Methods used in 

with highly 

of measuring 

to be separated from 

Furthermore, a 

characterised, the 

sources. 

second harmonic is both 

harmonics typically 

bandwidth detector is a ne(::eSSl 

amplitude method 

complicated 

by the source 

for this measure­

ment u,-,\JUU",", since any "'"'''''''o.,UH')U due to the bandwidth detector could 

For 

inaccuracy 

measurements. 

reasons the F.A.M. 

or more for fluids[l 

the F.A.M. is 

inferior B/A, a 

in the fact measurements can 

in vivo only a small sample materiaL pressure and 1"",nnn,>r 

HkU'V'''''' are not required, nor is conditions as specified other 

's inadequacy in "a,L/lloaa.L!", an 

B/A without "'v'v""'.,"'''' modelling 0"('\11<::,1"1(, wave inter-accurate 

action, this method mEm€~ctJlVe as a useful measurement tool in most 

2.1 Optical Diffraction 

optical waves has a and is well known literature 

the propagation a wave in 'lTr"" .. ·.,," I-'U'"U'-'''''~'''-''' is often ~"'W.".l 

a using the or Toepler 

uses a coherent light source, which is sent to the the 

wave. The diffraction pattern \.,"" • ..10<:; ... the phase grating in 

wave profile. 

in 

response to the sound pressure is related to 

the positive and 

method often 

was present in 

as)rmlrnetry lay in 

asymmetry 

was ignored 

source. Twenty years 

a distortion 

",t."""''''T1 the inten-

it was suggested 

i.uC;U'::;lU.a,llH et 

suggested that 

amplitude ", .. r,""'An was first ara:.ctElflsea. Experimentally it 

and 

that 

averaging 

relating the 

example of characterising light 

light intensity in any diffraction order can 

,",VJ,J.u""u."uo measurements 

to 

mt;ensl ty as a 

intensity as a 

quantity 

amplitude is 

to B/ A. This is 

in 2-1. 
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A 

Sowld Amplitude 

2-1: A demonstration of intensity as a function of sound amplitude for 
diffraction orders + 1 and -1 in an On observation it can 
be seen that the is not with the zeroeth order. This 
pnenClmEmon, is a direct result of the distortion associated with finite 
tude waves, and is shown to vary with distance from the sound source. 

It is diffraction orders are not sym­

zeroeth order 1 OV-T"\Or>1-0r! c011sequen(~es of 

wave Heidemann and Zankel the theoretical of finding diffraction 

for all orders one f11~''''''r1"of1 wave in terms 

its Fourier COlllp'onen1~s The diffraction jJV,UvJ,,",o is then ,,"VJ,HVHLCOU. 

to a for all 

diffraction orders to "-0,,,,, .... ,,,'1-0. a reliable quantity BfA. 

The Method is i:l!):;,UUl ..... CLUL1.) more F.A.M. 

son done by .. L>.U":>HJ:;'VV'U et al [60] quotes internal consistency of 8% the Amplitude 

Method for the Optical TTY'<>"I"',""n Method" . r-r-o'raY,,,a can be at-

tributed to the method making use of diffraction present in the 

wave, as i:l"'\'>VU.u harmonic, as is the case with 

h"':>TP,,,pr is far more ,",VltAL""''',"",,,,",'''''J 

nologies employed, and experimental a111~nrnellt 

the range of 

in the 

1. The optical method is limited to transparent liquids; consequently liquids as un."",,,-

fluids commercially gels are ImpOSSIble to cn1j,ra,ctE~n~;e 

15 
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2. Igneto and Cook [57] have shown that by changing the shape of the transducers (from 

circular to square) a better result is obtained for B/ A. An explanation for this can be 

attributed to diffraction effects similar to that found in the Finite Amplitude Method, 

but this still remains to be proved. 

2.2 Direct Methods 

2.2.1 Thermodynamic Method 

Coppens et al [25] developed the thermodynamic method as an experimental procedure for 

measuring B/ A of several liquids in vitro. The method is simply a direct application of the 

definition of B/ A previously described by equation 1.15. Specifically, if the sound velocity is 

a function of pressure amplitude, it follows directly that an isentropic pressure variation will 

induce a change in sound velocity directly proportionate to the nonlinearity parameter of the 

medium. Therefore, careful measurement of the change in sound velocity with pressure should 

be sufficient to determine B/A, provided the measurement procedure remains isentropic. In 

order to avoid the difficulties associated with isentropic measurements, Coppens adopted a 

technique proposed by Rudnick [95], which permits B/ A to be expressed as the sum of two 

thermodynamic terms namely: 

and 

B" = 2Trpco (ae) 
A Cp aT p 

where B/ A is expressed in the form: 

B B' B" 
-=- +-
A A A 

(2.2) 

(2.3) 

(2.4) 

From this analysis, Rudnick suggests that ris the isothermal increase in phase velocity brought 

about by a change in pressure, whilst i" provides the isobaric increase in phase velocity caused 

by a change in temperature. It should be noted that r'is in most cases only 5% as large as 

16 
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f and is often neglected 1 in thermodynamic measurements of [73]. 

thermodynamic method an easier B/ A in \.,.V1H!J':LJ. 

with the are 

is determined primarily \JU<.w.L>,.,", in sound velocity associated with vU'"UF,''''' in pressure 

and terrI perature Since and pressure are uau",."":,,, to measure, 

the measurement accuracy of relies primarily on the ability of to 

Techniques are widely and accuracies of less 

than O.OOlm/s [30J have on these measurements it to 

measure B/A than 1%. 

The rAr'On""" is the fact large pressure 

(10000 are necessary [46] to the term f 
and VUUULU an accurate measure of These large fluctuations have 

,-,aAa"",;'" to the oaAalJ.'C; fluid [23] particularly in biological 

difficult to measure the constants and 

volume small biological prEiparatlons. These additional measure-

ments often measurement uncertainties add to the 

measurement. I t is for reason that measurements B / A thermodynamic 

only achieved 

thermodynamic 

pressure and ~<:a.UIJ'~J. 

[112]. 

to F.A.M., however 

'.Vll.1U1LCU with 

of accurate method to adopt as a 

measuring B/ A in liquids. 

2.2.2 

isentropic phase method is a of thermodynamic technique. It is the 

GIJIJHvo,U1VU of for LU';U.llV'U liquid nrr,nDT'r B/A 

is typically to measure 

o.u.'o.<..'",,,,,,, change in pressure jump) [63] through the 

IThe term refers to a process of entropy. Such a process is said to be th€~rrnlodynl~m:icailly 
reversible, implying no increase to the overall entropy of the system. The second term in _,, ___ •. _ .. 
accounts for such a in and varies with different 

affects the accuracy with which can be measured. 
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B 

b..p is a nr"_",OT"<>rTYI pressure jump and 

is impractical to 

relies <::;A'Au,:n 

... ~ ... ~ .. theoretically 

to allow it to 

.. The is that 

[~;] 
to a 

pressure jump occurs 

stability: 

(2,5) 

it 

method 

a small time 

(typically 5 seconds). This is usually electronic automation, many 

IH\.lv!-"vH'CLC;llV measurements can be 1"'<7>,.,..",(1 out within This ensures 

that any 

frame in 

second 

entropy <::;H~;<::;HU<::;l can be 

UvHy' ...... A) . 

is isothermal ,'<UJ',(J'l.I,'J,L'fI It is 

to be Hvi,,'l!"-' within 

to keep the Oa.lllj..l,lv and its sur-

roundings in an isothflrrr18 environment, since any <LUUll,lVll<Ll in 

achieve will fluctuation in 

it is common to 

fluctuations of 

sample in a terno,ercLture-,cont 

O.Ol°e. 

This 

outstanding 

new to 

with r"",,,,,r'.,,,"" accuracies of 

measurement technique is meticulous 

in This measurement technique 

accomplished with overpressures 

A survey of vAJ''''.'11j<. BfA measurement 

less [38J [111]. 

200KPa. 

two 

in prac-

bath with tenlPerature 

this 

change 

determining 

in determining 

nonlinearity parameter of a u.\,/,"""u,u,. "'F;o.",.uu is to 

in no 

variations of the medium are for the measurement. However, small volume 

The phase method is generally over the thermodynamic method since the 

constants are not This the 

18 
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additional advantage of providing accurate 

bient pressure. This makes the isentropic 

where such changes could cause 

is evident that the isentropic phase method 

nonlinearity parameter of liquids in vitro. 

F.v.Lv.;'~ solution to measuring in 

lUL'U\Jla.l,,'UH on which wave 

19 

only changes in am-

for measuring sensitive biological 

these methods it 

O'PT)pr'lr' approach to measuring the 

ambition of this study to provide a 

method was adopted as the 
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Chapter 3 

A ew pproach to 

Measurement 

success of measuring 

a ua,,","lVU''''l change 

isentropically is 

can be l'Ylt:'",,,'IlT',,,rI 

etermllmrlg the 

/ 

systems utilising the COI[lCE~Pt 

by the ability 

a liquid. The more com­

of flight'. mon approaches employ 

methods it is apparent although the time of approach is accurate for measur­

absolute sound velocity, it 

hAl'Aff"\TA pulsed systems 

as an alternative 

two such IH"'''Ul)'-''' 

in determining 

measurement and IV,",ftll,'t:. 

lH""C"''',''''''!; BfA isentropically. In 

a remarkable 

accuracies in ditfereni;iai V<:;l'LI'-'llHC; 1 

however nonlinearities 

phase contributions 1110,1111<:;'::>" themselves as a 

stable measurements of incorrect. Such 

a .. v, .... , .. "",'" function of the and amplitude. 

an alternative to 

uous wave method. 

wave 

"'''''T .... n.'' we present a new 

a,UIi.JUt;C traditional "", .. ,oro',,,, 

20 

changes in sound 

to 

exi:gtir:lg time of flight 

we conduct a 

measurement 

reported. 

systems. These 

causing seem­

UU.I,lUll'" are shown to 

on a contin-

lV,,-n,llJL>:. to "",,,,.,, ... , 

instrumentation 
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A New 

3.1 

traverse a 

c 

are ,",V'llU'l"'U 

a second 

..... )00, ........... ' Velocimetry and Traditional 

measure the velocity of sound in a liquid was by J. vu'ua,uu'll at 

. Colladon the time taken for an acoustic to 

(two points on Lake Geneva). He then calculated the 

c ~, where s is displacement and t is time, to obtain a 

the velocimetry field has grown to include many 

principle of calculating a 'time 

today. A typical implementation of such a """'''",m 

[91] [34], where one or two f./1""'V"a 

is under investigation. A single sinusoidal pulse is to a 

converts electrical to mechanical energy and launches the 

the column of liquid, is normally rp("pnrPfl 

transforms the acoustical energy into 

liquid to calculated precisely, both the path 

to it is 

relatively easy to measure a 

suitable 

1 part in 106 

etE~rrrUllJmg the time of [42]. 

acoustic 

A 

the 

square 

of 

reason for this has been the discussion of many journal papers can 

applied to a column of liquid does not have a ""'llP''';:; 

u",'~a.tJ."'" the square of the pulse is effectively an 

This concept is well known in the ""'1",,",VUUHUH1,",,,,,,,lVllO [1021, 

being a simple addition of both 

components. The problem with 

a liquid medium, is that the liquid acts as an [77] 

dispersion of the medium. It is well 

OC;,lIUO,Ol'-'U ODe[I]Clem, of a liquid is frequency dependent [77], resulting most cases with the 

rate 

acceDt~:;a value for the 

being greater than that of low trelqUEmcles. 

can best be described by the equivalent circuit 

of sound in pure water at 8°C is given by Del 

21 

in 

as 



Univ
ers

ity
 of

 C
ap

e T
ow

n

A Measurement 

R=(X+211)dx 

3-1: An 'transmission line' circuit [77J for an adiabatic liquid. The 
series branch is an inductance 'L', determined the , of the 

whilst the shunt branch is a 'e', U"'LUJ.J'U~ 
'K', in series with a resistance 'R', from shear viscosity 'X', and 

The LC reactive components indicate a low pass 
components of the as a 

function of distance 'dx' 

For a pulse propagating in a liquid medium, will both 

a liquid and path length. For 

the distortion of the 

principally \.-""'-to"u 

introduces an uncertainty in 

in 

measurement of time of 

ambiguity' is 

translated into an uncertainty in sound velocity. 

This cause much [107, pp 81-105] in 

solutions. A review of the more popular time of are 

II Pulse Superposition Method 

uses a transmi tter-recei ver pulse 

(P.R.F.) of the transmitter is adjusted so that hplt"",pn pulses is equal 

to an of round trip transit time. number of 

pulses to be DrE~sellt within the U'-"LUPLv at any time. is critically 

so that uc~::essn'e echoes are the time can be """"O,U'1!O.l";"..1. 

method adopts superposition as a way of avoiding threshold uncertainties has 

VA"""."" of a typical accuracy of 0.006% [79] velocity measurement. 

Method 

echo overlap ~"''-'UUJ'U uses same analogy as the superposition method, however 

occurs Only a pulse 
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.. 

is nr~I"''''T1t in the v"",u,",."'- at any time. OS(~llloS(;o]:)e is using the audio 

sweep time is an frequency of The frequency is adjusted so that 

of is 

same a divide by 1000 circuit. By critically 

by the 

the carrier 

it is possible to superpose any two eCllOE~S on the OS(::ll1OS(~O~)e screen. Once 

is 

sing-around 

P.R.F to be 

problem with 

determines 

uses 

self-oscillator type 

time of flight [90] [88]. 

to retrigger the transmitter. causes 

to the 

is that the electronics in roo'on"rr 

to the overall flight. Accuracy 

[45]. 

vUL'U,,"U many 

measurement of sound 

measurement. Such a 

most lack 

is concerned 

provide <.LU:"_"'"'' accuracy for 

extreme sensitivity necessary for accurate 

the 

in velocity a.;xlU\."HH,':;U. with pressure or temperature variations. 

is typically 

pressure change of 1 

of 

would 

pure water at 30°C, Hl<::'(UlU1!", a 

B/ A to within 

0.001 m/s. 

of typically 1 

0.17 m/s. In 

it is necessary to able to measure a 

requires a system ",Q.IIJQ.IUIC; of resolving a dl!!erent;lal change 

in 107 [38J. 

UU'C;UIC;ll~ to measure can be 

ut()C()rrlBJatlCtn techniques but a more cornmlonlY C'UU'RJV 

to 

time 

is pulse 

phase-comparison [1 pulse IJU'''''''C'' IV\.,n.!!.ll". [37, pgs [109J from vLH.'U.v<oo of 

are rDr'Arran to be of the of parts in 108 . 

B/A Phase 

pJemente~a the 

technique of phase-locking [109:1 [42] as a means of accurately maintaining an mtee:€lr number of 

order to --"--'.'r----' real-time information, "",,>ra·rnc have 

within a "'Q.IHIJJ'v vesseL Such ,,,,,,,.t->lrT1 

and spectrometry calculations. 

have 

idea 

23 

employed in elasticity 

pulsed phase is to adjust 
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can 

Measurement 

so as to 

from the drive oscillator. 

conditions are 

by a change in 

of phase measurement 

investigators 

methods. A comparison hoi'U1C>l"n 

with a resolution 

locked measurement 

noise rejection and 

two such 

""",,0""6 to each technique 

De1cwE~en the received signal 

a liquid filled interferometer 

any variation in phase velocity or 

its counterpart phase 

both 

BjA 

measurement than 

Df(WemEmt in consequence 

accompanying the a 

in the following COI"'·,.,,, .... >V.,'HUH'"", uncer-

measurement in general. frequency 

extraneous sources and is 

1 Pulsed Phase Measurement 

[1 et al [44J BjA by 

driving and receiving to that of sound velocity. change 

measured of BjA. Fig .... W''''' .. wLU of 

in which a pulse is u.,,~u"'·v. into a column of liquid at 

the is end, the two ""F."~'Q 

pulse pairs) are "~Fl~V''''-'' using an analogue multiplier. The multiplier 

a low pass 

<TO''''''''-'''O between both IJUI0C;O. 

proportional to 

is then to 

cosine of the phase 

defining 

isentropic phase between the transmit 

Ult:uH'JU. a predetermined pressure 

of the liquid. This '-'"":"""<,,'=' 

as a change in phase. B j A is 

I is the pathlength, cp 

r",f""""'''' signal paths. 

prC)Qu.ces a variation in 

velocity is measured at output the low pass 

by the "'''!'.''''''.'''u 

(3.1) 

Wo the driving 
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Mixer I 

Liquid Cell 

3-2: A block measurement. The sample 
and hold circuitry following the phase detector is not shown. Note that 
phase is described in terms of a cosine function and the individual pulse 

Although pulsed phase measurement appears to provide a "lLlllJjlC; solution to 

measurement Bj A, are may interpreted 

• rlplr",,,1Cr.r is <lV.UU.LL"""" but can in a narrow range. 

• Depending on the liquid OGIU!-'j,v a rh"'t .... rti c;uvc;'.vu";:; occurs at receiving 

[83J. This 

(shown in 

<:;OlAlv'.HJ<. output 

information, both a function Bj A. 

liquids large BfA 

in 

BjA, causes RMS 

v.1U»UE,'" together with 

and 

(such as bubbly media [39]), there is a 

output 

the multiplier to in a HVUllnC;,:H in a nonlinear 

no,.",o£,..... phase velocity. 

• Should frequency excite a liquid resonant mode, will 

asa introducing an contribution [98J to 
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outPu~p{ the 

resonances and is 

Phase 

et al [38] 

This 

examined in Chapter 6. 

a \...VJLLH.LLC;l. \.-1,:", 

in velocity as a \.-H<"'HE.'" in resonance 

can be 

for three instances during an isentropic pressure jump. A 

is to sample pulse, sampled 

in terms 

to measure the change 

to an internal 

t smp is HH:tUlA"U'.Y determined by operator). Once 

_____ ,.. ___ voltage is ua.~'HClHC"J., any deviation is in feedback correction. 

Po (Atmospheric) 

------------- } V", 

V ref 

t=2s 

3-3: A showing the received being 
a~Hp.''''' "'-,H,"I<<:; V sO is calibrated to the reference 

prE!sSllfi~;ed \"(U"'UJl)<. the of the This 
causes a in the sampled vv.o<>~." which is used as feedback to 

For an 

causes 

adjust the carrier frequency 
sampled to match the value 

pressure t=ls), a 

to change (~V). 

\..11<W11".'" resulting 

change is 

PLR-lOOO from Micro Ultrasonics (Everbach et al[3S]). 

26 

'-'U(Ull'~<:; causes the 

a change in sound 

compensated by 
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the 

offset, thus 

the carrier 

the sampled voltage to 

to be determined 

fo in a direction to eliminate 

position. This "C;t...UHJlU 

carrier frequency. is then 

pressure as LUIIU",,", 

B 
= 

Sq 

where /),1 is 

The process 

~H'~"f",~ in frequency and 10 

locking provides an 

purpose of measuring 

state frequency. 

platform from which phase O""'OA'", may 

although 

spurious 

be 

sufficiently to be able to determine 

the pulsed technique 

to is still subject to a 

.. 

.. 

""'LILlO,"L"'" is known to 

frequency 

in a differential change 

, and corrected 

measurement. 

a change in 

dependent [77J 

will cause a change in 

",aLH!,"'" voltage. This 

resulting in a nonlinear 

driving crystal is no 

means that a 

the pulse, 

asa 

addition to B/A 

same in its resonance curve, ~~"~""b ~'L<_'f",v in 

at the 

driving pulse 

to the Q of is a turlctllon of 

can be somewhat n",m:"u>r a differential change 

in (as shown 

.. cell lengths require different PRF. If the is set up near or at a 

resonance, interferometer will apply as It is critical 

to dissipate completely cell for these to avoided. [98] 

an alternative to pulsed "'uI~T_t:>-rn'" we consider continuous wave (c.w.) methods 

njC>,'pn", abandoning techniques of time of that of real-time phase lV"."""",. 

offset is a function of V s. If V. is set to zero, ~ ........ y~~~ contributions will be ind,epEmdent of 

27 
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A New Approach to B/ A Measurement 

Sehgal et al [98] have shown that C.w. measurement of B/ A is feasible, claiming a resolution 

of 1 % with published data, using a direct phase measurement approach. From the methods 

of Everbach [38] and Zhu [112], we can conclude that phase locking improves the sensitivity 

of phase measurement by providing real-time velocity information as a function of frequency. 

In this study we pursue a new concept involving continuous wave phase locking (CWPL) for 

the purpose of measuring B/ A isentropically without the errors or complexity of the pulsed 

methods. 

The principle behind CWPL is to lock an integer number of half wavelengths within an 

interferometer cell. This is achieved (much the same as pulsed phase locking), by adjusting 

the drive frequency such that the drive and receive signals are in quadrature. In order to 

implement this condition, the phase difference between the driving and receiving transducers 

is measured using a phase detector (see Fig 3-4). The output from the phase detector is then 

used in feedback to drive the input of a voltage controlled oscillator (VCO). 

Tx 

Voltage 
Controlled 
Oscillator 

Double Disc 
Interferometer 
, .... , .... ,-, , \ , \ 

I \ \ 
I ' I 

\ I \ I 

\..... '"J' 

Phase 
Detector 

Jdt 

Integrator 

Rx 

Figure 3-4: The principle of eWPL is demonstrated here using a block diagram. The 
phase difference between the transmitting (Tx) and receiving (Rx) trans­
ducers is integrated, and used in feedback to adjust the control voltage to 
the yeo. Any change in sound velocity will be interpreted by the loop 
as a change in phase, and instantaneously corrected by changing the drive 
frequency. 

For an adiabatic pressure jump, the sound velocity of the liquid will vary, causing a change 

28 
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in the veo a COlTe:sp()ll(1mg change in frequency. 

The htlihx1<.tln '-''''''''1'.''' in frequency and sound may 

Llf = 
Co 

(3.3) 

and Co as initial frequency and velocity r",;;!nQI'r 

equation 

in the 

Since 

onant .. A', .... ,,," are 

term may be rewritten with 

coLlf 
foLlp 

eX{)reflSIOin used by 

H1L.IUv\I" an n-.t"rl'"r,"'\rY1 

3.3 as 

in "l------- 3.2. 

to velocimetry, liquid res-

problem coupled 

acoustic resonances. This with frequency 

phase con-

adjacent to oU1.'-'.(\.,"<;;'''' resonance 

of investigation of acoustic cells will show a novel cavity res-

onator on a which aelTIOnStrat continuous 

convincingly. 

3.4 

although common to field of 

to accomplish accurate B/ A measurements. They 

secondary 

thresholds 

abandoned 

in part to 

a function 

diffraction effects. 

instrumentation, 

flight, 

a result, 

lock measurement 

are to be difficult to use 

~V1U~1C;A electronic c'"crt>~'c and 

been 

to be 

an systems we a continuous wave to isen-

tropic measurement of B/ A. locked 

loop ",n11">,.r", circuit ~"'~''''VIC; .... """""""n o'vh'on,ol" small 

velocity. of COlltllt1U()US wave locking and its ability to 
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overcome with will the 

for remainder this study. 

30 



Univ
ers

ity
 of

 C
ap

e T
ow

n

/ 

Chapter 4 

General Instrumentation and 

Measurement Procedures 

chapter will provide some !"""o"" into the 0.",,,,,\..0,1 design with 

UUje"'U1vGlo,'VU necessary measurement of This requires 

a component including the cell, 

integrates to a cohesive measurement system. instrumentation 

component each detail, {'r"Ttl,""T1 

calibration, modularity and tolerance the purpose 

future use. 

Albeit little section is to this study, it is intention to 

a understanding the measurement process with B / A. of the U"''''IOU 

""J'''''''''''''' to obstacles 

phase measurements. 

tistical post prC)Cef;slIllg 

Y"'"J,"""1J.""V1VU of the measurement and sta-

with measurement used to 

sound 

loVIJ:1<LloIVH are 

density. 

summarising prerequisi tes 

1 Design Criteria 

Before we a of the measurement system, 

are ':>UJIH!],lal providing an of constraints 

.. Constraints: Thermodynamic methods 

as modularity 

phase measurement. 

following 

by isentropic measurement. 

previously overpressures 
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[46] lH<:;(M:lUl111;<' BI A. 

to the sample 

overpressures of 

large pressure variations have caused, in """""VI',''-''''' cases, 

[71, pg 1]. As an alternative, the phase method 

than a few bars the change in 

pressure 

velocity can be 

should be 

deslg;ned for overpressures no greater than 

Considerations: isentropic u",,,uvu stipulates entropy 

Appendix A). To this, the measurement procedure OU\JJ.uu be confined to a 

A rnY1<::lPI'V£'ltl m and LVlllol'U.<:;l 

herein, is 2 or 

.. Thermal Stability: 

Volume: It is 

Such 

constraint on 

literature 

novel 

fluctuations 

1 which 

an 

the sample 

reduce the 

error of 

to to within 

necessary to measure BI A for liquid 

are often the biological 

of the acoustic This 

use of small 

chapter 7 

introduce '-"M,u",.~<",uv 

accuracy with 

for BIA, 

of particular ly 

impose a 

overcome 

a more 

use of tube resonators. 

.. Instrument Modularity: A for this study is modularity in instrumentation. 

By using a 

without 

be 

approach to cOlnpon~~nt design, a 

noep~~n<leI1ltry calibrated without the 

test scenarios are possible 

should 

external, resources . 

.. Necessity for Computerisation: Automation of the measurement system the use 

a enables increased experimental reproducibility and mea.surement speed. 

measurement or()c€:oure. measurements can be taken seconds 

ensuring HUHU.U"'" changes in and hence 1. <:;1.1"".11<:; for BI A 

1 A change in temperature of O.0024°C will result in a change of sound in water by O.OOlm/s[37]. 
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General Instrumentation and Measurement Procedures 

4.2 Measurement Apparatus 

The measurement apparatus ""VlLlO":>"O of a combination instrumentation and 

These modules, coupled together, form measurement 

intention to both micro macro understanding of 

modules. 

It is the 

the development individual modules with a Lu" .... V'V •• "H understanding 

each on final B/ A measurement. the error 

of 

of 

by any single instrument a 

on 

measurement module, thereby em,cientl 

to the ultimate 

CHl'UI.",,,,,,,,, error tolerances to 

",uU"-':"'" the error to 

design 

Description of the Measurement 

a diagram schematic the measurement ""<:TOlrTl detailing the interac­

this diagram is the between measurement the test cell. 

liquid. Since test cell, 

stability is to B / A me.3.Su:remlent also acts as a thermal buffer (or low pass filter) 

the minimise fluctuations to extraneous 

test TnnnPTQPi1 in an 'isothermal water bath'. This water bath was designed with 

two 

water temperature to within 

capable 

The pressure ",,,":TOlen 

'-'VL'~HJ' '''''''LPn I to 

of its set temperature. absolute temperature of the 

temperature sensor. 

tenlPerature of 

sensor was 

O.OOl°e. 

an excess pressure no greater 

than 200KPa with a uU':>""".'VH time constant of no longer 2 """'-.uuuo. 

tor. The 

control of yl'~""'UU."''''''''LV'' 

and ae:D[€~SllI lE;atilon this pressure circuit 

with pressure control system. By means of laboratory (shown), the pressure 

2 to test polls pressure sensor the 

pressure has been re~lCn.ea. occurs, the computer closes valve 2 to fix pressure, 

and stability at 

test cell. mode locking cuc,""",rYI not 
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Vent to 
Atmosphere 

= 

and Measurement 

Pressure 
Control 
System 

Lm35 
Sensor 

Mode 

Electronic Valve 2 

Digital 
Multimeter 

Water Bath 

Plat. Temp, 
Sensor PT100 
1110'h Din 

Voltage 
t-..... --f Controlled 1---1l1l>I 

Oscillator 

II 

220-2bar 
Regulator 

0UV"'U,," the interconnection of individual instruments to 
form the \CV!,H!.)1'" Each communicates to 
the Data Bus here 
by thick shaded 
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General Instrumentation Measurement t"rt1{,pan'rp.'1 

only tracks the necessary .... "'("HI',\O velocity required 

stability of the sample 

samples the trp,nl1t>n 

as a measure of 

activated, the 

within the 2 0"'-.AJUU 

4.2.2 Control 

measurement, but can 

Once depressurisation 

counter to acquire the necessary 

Temperature sample liquid is of 

is achieved through 

<W •• '''.H" importance for nr'>f'lC>l> measure-

ment of B/A. control of environment 

surrounding the liquid. Such an environment is typically established by the 

test cell 

as a thermal 

thermal 

holding 40 

foam (of low 

controlled water test cell should U-:;,CH15.H<:;U to act 

hP,1I:wf>p,n the sample liquid water bath, thereby 

Uo,vlUUi:) to 

was constructed to form a 

tank was then 'H~'UH:Lv"'U on all sides with 

vl1tOL1A.l<;L' conductivity). the surface of the water was r"'''TAr.',,, with 

polystyrene chips to further reduce thermal conduction/convection and to unwanted 

effect of 

control system was <1eSlll:ne<1 

and neither 

elevated ambient 

nor detract from the 

only. Since 

study, they 

were ae'8mlea unnecessary. In to water a 

±20 

1kW. 

of two 

as 

by 

.. orn" .. O" approximately 

(neglecting all thermal 

temperature bath shown in 

(220V) immersion 

temperature 

PTlPr'[nr (E = mepllt). in a time of 

losses) requires a source typically 

4-1, was filled with 30 water and 

with an ",-,.".I.(.n," temperature sensor, 

The first control ",,,,ra,,,, developed was based on 

",,,,ra,rYl was 111<LU':;:;\.I measurements, with set 

a combination of 

The final "rU1Tern. 

angle modulates 

devices. 

""<'T.l>'fT1 is on a 

voltage to 

LJ"""<-'U(\lILl< approach is a control system that operates in two states; either fully "on" or "off". This 
tecltml;que was applied to temperature control using a single comparator to switch the immersion heaters either 
on or off depending on the set temperature. 
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General and Measurement >""'!"/V',,,,.,,,,£> 

Stepped Temperature Response 

32.-------------------------------________________________ ~ 

30· 

22 

'000 '500 2000 2500 3000 

Time in seCDnCls 

4-2: A response of the controlled water bath over a ternp,era,tu.re 
range of lOoC. The measured slope indicates a time of 2.5 minutes 
per (Ambient temperature was 16°C). The input was at time 
t=Os. 

Temperature Fluctuations oflsothermal Water Bath 

30.015 ,....--------................ ----. --------------------------------; 

30.010 

6' 
~ 30.005 

I!! 

~ 
8. 30.000 
E 
~ 

29Jl90 +-- .. --.-.,-............ ---~--------.- ................ -.--~-----------' 
o 100 200 300 400 500 

Time in seconds 

Figure 4-3: The above shows a ten minute data of us-
ing a calibrated RTD. The control thermostat was set at 30°C. 
The mean temperature calculated is with a standard deviation 
of ±0.OO28°C. The maximum and minimum residuals are 30.0125°C and 
29.9943°C, in a point of 0.0181°C which is a conservative 
resolution of thermal for the bath. 
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Instrumentation and Measurement Procedures 

This ",,!<,j-t>,rYl 

in 

sensitivity to <ua.u,"Gl.! a set point Vv., .. OJ'~L 

step response for the control F· ??) 19 ••. A 

of 

can be seen in of the controller is shown in 

within a action was performed an LJJ"LLJJlIVJ, 

water pump, capable of recycling the water at a rate The of 

the o<:uUfJJ,<;; liquid is ,""VLLOV''''' by means a Din temperature 

sensor [106J. This sensor makes use a 99.999% pure v!a,"ULULH element resistance 

sleeve (filled with conductive paste) 

active 

minimal wave disruption. 

element is 

was eOOxlleQ 

walled, 

the test cell, just 

temperature measurement 

the 1904:1984 (IEC which specifies a sec:on,Q 

to 

polynomial 

'CLa,"HJ.!', tElmlpeI'atl1re to together constant cap-

sensor on a laboratory <-Vl.U!.)'U 

The 

any 

UHua.HIC;U",<::LL '-'-Au"~,,uV,l in designing an 

temperature sensor, is providing a 

resolving 0.001 °C 

current source capable of 

electrical or power fluctuation is inevitably 

to the sensor and is misconstrued as thermal noise. problem a Hewlett­

HP34401A digital was in 4 wire to measure the 

platinum element. 

a stable current 

well-shielded wires were ,",v,.u'o,", to the multimeter, which 

,""eoOVUL ... LU sensor. A set of was 

for high impedance "''CU''lll!', [54], OJv.,'"'UV ..... developed across the platinum 

resistor to lOOn V. Using the platinum element was 

resolved to 100f-tO, 0.000258°C. 

H.P. multimeter is microcontrolled, which vU<"'''"''-''''' remote interface to laboratory computer 

through an ..lLJLJ.L.r."uu (HPIB) ""LUU''''',L,-,-'' <Jl1.IUt;UULt;;U within an 

computer program enabled remote and communication to the multi meter. 

3Standard Commands for Instruments 
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4.2.3 

A available cylinder of was as a pressure source this study. 

The cylinder, normally to 220bar, was attached to an series 9500, 

a pressure 300bar to a variable O-lObar 

output. From regulator, 3.lmm copper tubing was used to pressure 

displayed Fig. 4-1. two (normally closed), 

which were 

inforf'",,<,rl to a laboratory 

depressurisation process. Each 

no,'on,., '-"" .... '" ... ",F. the pressure system to 

For to be accomplished, an electronic driving was "'''<lll''.>'CU 

was 

III ,",,",'C<"\,,uh B), uses a standard 24 volt, DC power supply to drive solenoid 

current 

driving 

valve was switched open and 

transistor was supplied 

power transistors. 

which 

chip. ensures electrical l"V1<:"," ,'vu ho1~",<>on 

and 

the computer port was used to drive the 

user 

to cn""v",, manual opening of valve. Both were U<OCllj;[.'lvU. to blow open for 

pressure exceeding 4 feature prevented over pressurisation of 

the pressure sensor. 

V>JLH~V'V" to be the pressure test had 

to be was ac(~or:npJllsrled U""~ll".,ll1,LI'" a pressure transducer module which could 

through a data to 

both pressure calibration were combined lJUI,CULle water 

bath, to the test through a 30cm piece 1.6mm 

MPX2200 pressure use four strain placed over a thin \,,uO'1",,.>0,,,>111 

wheatstone bridge configuration results in a highly accurate 

pressure ±O.25% A 

double regulated source (see Appendix B) was the transducer. 

a stable (±O. to the strain minimising 

any stray fluctuations which 

the transducer is 

enables operating f'tlrnn"'r<l 

velocity excess 

38 
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r;r1J.:ml~nr;atzon and Measurement Procedures 

water at on U~~.H'-UU,M, an error 

error ± O.0009m/s, which is well 

±O.5 

measuring B / A to 

introduce an 

order 

to a accuracy careful was Uvl,l1;:>,,;U 

with high opamps. Calibration was done using a mercury manometer before 

measurement run, allowing constants to be and within a 

program. 

A prerequisite set out earlier """"Lun".:> a time period of two in all 

measurement is to be For implemented, 

development of a such a 

the u.:;;'va.",.:;;u. analysis 

was beyond and approach was 

analogy capacitance 

and r.,""''''TCITl was rl""l"~'n to nature with which a pressure could 

(pg 126-132)]. Since a electrical fil ter exhibits same eXI)Orlentl 

decay as in fluid flow, it is possible to correlate 

to that necessary in fluid design. For 

as a l1v'vUJLv considered a variable 

time to pressurise the U"~.U"J1 through the 

the pressure circuit. 

With electrical analogy in it is obvious 

the correct 'RC' type test cells 

used in 

pressure constriction 

study 

container 

being 

time constant 

can be constructed 

into two ca1tegori 

with its own capacitance, thereby nec:essiit two individual delay ,,,,,,,f"<>lrr1Q The 

cell (see 5), was on 

eter. sample liquid was contained within a cavity, ends by 

volume of tubing used to pressurise cavity determines 

necessary capacitance, in case is negligible. was 

'-'<O""f'.11'-''-1 as a thermal for a tube resonator Chapter 7) which the sample 

liquid. The jacket was with a small air 

a liquid to facilitate of the test 

cell. volume of perspex tube' was to create a reasonable maximum 

delay ',"'''''PTn This in with a variable flow valve creates an 
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time constant which can 

tube, or 

a constriction in 

(based on .;>"",a"" 

adjusted through the 

needle valve to create 

[37, pg 85]) was tlpr,:.rrn,n 

level sample fluid in 

valve. The second test cell rarnll1rarl 

uttLcHmt resistance. 

using the filter aua,H.'l".Ul'" 

m€mtlolllea earlier. A standard of 30cm long 1.6mm copper was 

with a of 3cm to create a This COIlstnC1Gor in series a 

constant flow llC'C;UJX; was "UJ'H~H::;L.l" 

adjustment 

,<::t'YlP"t was 

implementing the pressure delay system in series and 

a time both the 

This a two second pressurisation of the test cell, llU,'UlllU"JlU;::' 

"'GUHI-'.lC liquid for the 

4.2.4 Absolute Density and Velocity Measurement 

measure the of any liquid, 

the test cell, it was 

'''U"'V'11 processes. 

""""'HI:;"'"" to 

to event. 

method, 

pre-determination of two liquid namely, absolute velocity and absolute density. 

that both of constants are entries many y11<::;U"'''"' 

of standard liquids is assumed redundant. Nevertheless, poorly liquids 

as fluorocarbons FC75) necessitate an accurate means 

numerous 111t::;"UVUVl\./;::'";;;" 

rhcf""':''''r1,n of these 

instruments exist to 

Ue'{VllU the scope 

two measurement were ImplE~mE~nt;ea the determination 

velocity __ •• _AV.} and are described below. 

"LCUll.'CHU means density a The LI;;;~.UHJ4 

use a glass as a pIcnometer This vessel is ~~'''bL'~~ to hold an 

volume liquid. Once of "O,lUI-','" 

picnometer is weighed. combined mass of the 1-""'11'-' .• 11'" and sample liquid is 

the mass of the picnometer mass a 

known volume liquid. Two 11l"'C!J'l;;;llUI;:;'.lL where prC)Cel:IUI:e in order to 

umlelll~aLllon error. Once mass and volume were density 

fluorocarbon 

of this technique 

finally be measurement 

liquids are shown in tabled in 5 and 7. Standard error 
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revealed a density accuracy less 0.01 %, "Vll1fJaJ. 

Absolute phase velocity 

examined here. Although 

past, the most common accurate methods 

[73]. 

briefly 

eVi:Honea in the 

continuous wave locking, an pulse echo overlap lHC;bUVU 

V<:;,,<1']l11<:; an obvious means to etermme absolute velocity. was used to 

measurements ra.""T"" and the fluorocarbon liquids are 

tabled in 5 and 7. average measurement uncertainty calculated this 

was 

4.2.5 Data Acquisition 

data acquisition and statistical post processing was an Intel 

150Mhz with 16Mb 

vH'"~''' processor proved 

tasking 

Ram. 

'-'<O"U<:il1" in statistical post P[()CE~SSI 

process. 

used 

was 

this study. The open 

would 

was 

sufficed, the 

of 

processing 

lab 0-

ratory facilitated the addition two ISA namely a HPIB ntt>rhH'p card a 

All the ,",V'.uUJ.v.L measurement instruments in this are by 

Hewlett the IEEE-488 communication protocol. By implementing the 

HP82341D, vV!"-'C"l1'Cl with the [50], 

it was automate the measure-

ment procedure. 16 with a 

built in which provides I/O and ",,,,,,rplrrl performance that is superior to direct Ul~;Hl'JJ.:1 

access CD MA). included: a digital multimeter, counter, 

veo controlled oscillator), OS(j1l10S(jOI=)e and network instru-

ments was computer using standard 

instrument was ~vUUv~ to simple 

The communication Df(wed more than adequate up to 750KB/s. 

In addition to the digital an analogue was utilized to communicate 

stands for Hewlett-Packard Information Bus. This communication protoool d,eveloJ:.ed by Hewlett­
Packard was other instrumentation vendors and labelled GPIB Information 
The protocol is now endorsed as an IEEE standard and is described as IEEE-488. 
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33 

32 -

31 -

tv 
30-

29-

28 

27 

4-4: A typical visual interface using HPVEE. The temperature panel provides 
real time information of temperature within the isothermal water bath by 
lU<,,,",,,UUIUh the resistance of a platinum and converting it calibra-
tion data into This is then on a chart and stored 
to a file. 

Figure 4-5: The simplicity in 4-4 is shown above. 
Each object an variable or interface. The intercon-

lines represent program execution and data flow. 

42 



Univ
ers

ity
 of

 C
ap

e T
ow

n
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analogue pressure data and to automatic pressure multi-

purpose was an which supports 16 channels 12-bit 

inputs together with 24 

PC30B proved more adequate 

aLHULa,VLIJ digital I/O lines. Although the 

UlOlulLIH in this study, its integration to 

LaL.l)<,Lla);;,1J was tedious due to the fact DLL had 

to incorporated the Notwithstanding the 30B 

provides a cost effective means of data acquisition with a 

1--'1'<";""'1'0 data was transferred from the pressure J.UU'UU.LC; 

Two aU(;UV1;U';;; inputs were used 

common mode data 

the circuit (described by implementing two 

line was used to 

programming the foundation 

OU'''I-''l'-' visual structure which '-'VLUI-'UB'';;;U 

maintaining simplicity in 

a shielded 

mode in order to any 

prog;ramlmat)ie I/O 

of current. 

automation procedure, 

this in 

measure-

ment Since language is Ge~ngIlea speed compiler, acquisition 

and instrument 

visual en'Ilf()nrnel the 'control 

and pressure. Furthermore, calibration constants are 

frame stipulated. 

as tem-

incorporated 

r.rr,O'r<>rn "'l";LVll'U.., simplicity in A typical nrr)rrr!>Tr'rrli 

the 

4-5 

shows within the thermal bath a resistance 

sensor. A snapshot 

sensor together with a 

nGlcates the resistance of 

""".UI-""1o.""",\O which was extracted from 

the sensor UW,UULOAJ rate this 

was set at one per sec:ond. 

4.3 Measurement Procedure 

A generic measurement procedure is described section for determining in vitro. 

was as an tool examining the performance various 

continuous wave (c.w.) lock-in test cells in the course of 

adapted continuous wave the procedure described is simply 
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an adaption of 

[37, pgs 

interferometer 

technique the 

use of a double 

wave method LOA.-UH.a,Lt;<> 

to different test cells, 

each requiring a unique procedure for pressurisation, liquid filling and 

with individual test cell rl1<"''''''''''n In 5 

and 8. 

Prior to HH:;a.<> • .l1 bath was filled with water and the temperature 

set to a pn~-det€!rrrnn~~d ",aUlvea test was 

the to allow it to During this period, 

was calibrated liquid constants were established, 

from published measurements or experiments computer 

was to the of water bath using a '.nc .... ,.cu,u 

sensor. The program was designed with an audible 

reached set point temperature. 

to when the had 

Once thermal equilibrium been the sample was introduced to the test 

that gas 

it was 

was 

"""'TOlen was initiated, 

locked, the '-U(:LUI"."" 

than ae~!as:3ea 

"'''''1''1-''''-' liquid ael:1.;as:se(l, 

into the test celL After 

cmc.,-",-,o the liquid was OlSpeJnS€!a carefully 

temperature observation, time monitoring 

period (usually 1 to 2 hours) HR1V",,"" wave lock-in 

-1"',----0 an acoustic mode within celL As soon as was 

(monitored 

liquid. Observation of 

due 

thermal contribution was kept to a minimum by minimal power to the 

After Cn~~CkIng that all instrumentation 1U\.).U. .... ,1"''' were functioning correctly, the cylinder 

was 

automates 

program 

the HPVEE program was 

per run. A 

is following of events narrates measurement 

performed the 
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1 

Instrumentation Measurement 

Pl'essurisation 
Valve is opened to allow 

pressurisalion 0 r the lesl cell 

Stop Pressllrisatioll 
Valve 2 is shut, holding the 

pressure in the test cell at 180kPa, 

Preamble Recorded 
Frequency to and temperature to are 
recorded in an array together with 

the dale. time and iteration no, 

Start 
Valve I is opened 

Data Capture of Frequency & 
Pressure 

100 data sets 

Record Data 
Valvel is closed and data from 
the 

4-6: A flow 

Repeat MeaSlirement 
Measurement nf(I{~dlll'e 
is repeated 100 times 

by the '''''''''VH,"V,l,Y using the visual pr'JgJ:arnnllIlg HoW.'F;U."/;" 
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1. Firstly, pressure valve 2 in Fig.4-1) was opened the I/O on 

COlio-V"" .... an approximate 200kPa pressure head to supplied to 

the test cell by means of a constriction. 

2. During two second polled 

for pressure readings. reading was compared to a IJL<:;-UC;"'OL 

pressure value 180kPa), which to the 

maximum 

valve 2. 

3. Once pressure had been sample liquid was 

a ,.."G."U"-uu """UI""" was 

any increase or fluctuation temperature as a result l"a,"lU'H process. 

This was data sets of 20. For 

each set acquired, a standard set 

point was to -,-\J.,n,,,,_ 

was soon as l"U'''HI:;a program H"~\U~.H'-'U the 

data routine. 

4. first algorithm of the capture 

were 

acquired some 

included: 

which it wrote 

5. 

to a header array. The 

absolute teIno-era 

til The 

til The iteration number 

til date and 

r",rnt>tt>r<:: were 

frequency counter. 

kind was 

pressure was considered Uvj",",,,' 

fo 

1 was allowing a 2 0"'''''''''.'''' 

100 data sets of pressure frequency were acquired. 

!-,V.UUJ'F. of the the 

"'''t''-''''I'TI'' utilize individual data of 

between acquisition 

6. This capture lV,tuHl'" 100 times, 

store a 

set repetitively in an 

array. The set was as 

7. depressurisation was and 100 sets were acquired, the block was 

ntli-01'',',on to a file valve 1 was closed. 



Univ
ers

ity
 of

 C
ap

e T
ow

n

General Instrumentation 

this, a counter was entire data program was 

for a 100 This recursive measurement enabled ",,,,,~!<,,~!\,, 

to be acquired, which was analysed Matlab to a value for 

4.4 Statistical Analysis 

measurement cycle, 100 text 

Each represents a 

capture program 

data set or ""V!.!"a,l.!lH.L~ 100 

pressure vs provides an CH",eaUU1C of 10000 data points which 

determined. order for to be .......,UvU'VH •• U. in a more U"Lll0'b",a.UJ'C a 

script was written to recursively each text 

the as a binary' file. 

to script, two programs were first 

was written "'H<~V"'U"" a user to read in and no,r't",.rn a .... 0".'''''''0.'-'' ... ' 

on anyone of the shown '':>'-''lo,l,O;:;U data set 

(wtr was chosen plotted with pressure as abscissa and frequency the A 

pelrtormed, providing a measure of 

coefficient The \.,a,'\"Ul.a, 

gradient is then user defined for velocity 

and in an initial calculation sets are stored as individual user 

can inspect any captured iteration during the measurement process instrumentation errors, 

that true 

uncertainty, and a 

that was nrr1,TTcm 

ofB/A. 

measurement' is improbable, 

B/A. 

file a more com pre-

script, it is important to understand 

by definition it nr,'""r, no \"11<""111",<:; in 

or between a measurement process or thereof. 

though every has been to ll11UU.llC'", that a random un-

in our electrical 

noise. is enabling us to quantify this and 

10000 data IJV'J"~"'. 

The l11Ull\"Q'~lV'11 of measurement uncertainty, 

which true conditions "'"'JUl.U tend to zero. In for B/ A to evaluated 

Fig we require a estimate gradient 9 = U with starting 
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7.1768,10' Frequency vs Pressure for wtr 5 

7.1766 

B 5.083 +/' 0.049 
7.1764 Ii. 

7.1762, 
N 
J: 
.S 
i)' 7.176 
fij 
::> 

~ u. 
7.1758 

7.1756 

7.1754 Coo. Coot. R 2 0.99991 

180 200 
Pressure in kPa 

4-7: A relprE~senting iteration number 5/100. 100 of 

frequency 

of equation 

Remembering 

a true value for 

mean is given 

pressure versus are used to determine 
and velocity are provided to evaluate B/ A from the 
of 30°C 

these BfA may determined 

here as 

B 
A 

Values for density 
at a temperature 

the simplified form 

(4.1) 

each measurement information gradient 

a averages to 

gradient by vV,l<C»V.<:;UAJl5 the uncertainties described earlier as zero mean 

a Following 

N 

2::. 
i=l 9w N 

(4.2) 
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where 

is 

7V68 
x 10~ Iteration Data Plot Liquid. Water 

7.1766 

7.1764 

N 
7.1762 

;;. 
>-u 7.176 c 
<!J 

'" CT 

!':: 
LL 7,1758 

7.1756 

7.1754 

0.4 06 0.8 1 1.2 1.4 1.6 1.8 2 
Pressure (Pal x 10~ 

Figure 4-8: A cluster plot of 10000 data 
BI A. The uncertainty in the 

derived from a single measurement of 
is represented the width of the line. 

weighting function Wi is defined the inverse variance 

i = 1,2, ... ,N. 

\,..Oc,\,..U:Lct\,<ou the weighted mean of the slope 9w it is now necessary to "1~''''U'''.L.l the 

uncertainty in 

original v"'.lvU.H""vU 

using error 

calculation. Since weighted mean gradient is simply a function of the 

to calculate uncertainty 

VIJ<),j<.<hv!VJU, defined by Taylor [105] as: 

1 
(4.3) 

A plot gradient deviation associated each iteration is given in Fig 

4-9. it is Int.pr~';::t.ln to note that the oV"".aU .... L is 

constant throughout the measurement process, the uncertainty of slope 

measurement is often error. VL"'<kU'vL v.tl.ULHUlo.V,'VU. of individual 

n .. " .... ,..'''' the possibility of memory or trends within further examination reveals 

a !,,!ald'V!! COlettJlCl~mt of un.uva"J'uj<. some anticorrelation. trend in data 

is most of fluctuations «0.001 °C), being within the error 

budget study. may ",r".tnt·", conclude, (following similar pg 1 
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Calculated Gradient & Std. Error liS, Iteration for : WTR 

f> 
(JO 

II 
0 

"" T 
,Q 

0' 
::0 
); 

+Ogw 

gw 

8 I 
7.98 

7.96 

o 5 10 15 20 25 30 35 40 45 50 55 60 65 70 75 80 85 90 95 100 

Iteration No. 

4-9: A of and standard error versus frequency. Each cross TP1,\TP<l",1t<:: 

a least square estimate of the for an isolated data set. The error 
bars are an indication of associated standard error. The mean 
fOf the data is by the solid line with standard deviations of the mean 
fej:lfel'.en1;ed by the dashed lines. 

a more rnn<"~r"·" approach to measurement uncertainty can 

de1pelldEmt measurement with 

points \..Iv1.U1<:;'" by familiar eX1Jressi~Jn: 

(4.4) . 

This ",y'nr~'''<'''rln in been as a means 

BfA. 

4.4.1 Accuracy in Method 

have v"","'1..111"'U"'\..I in the 

uncertainty in 

the gradient 

is the 

Propagation of 

'-'u"" ...... v" us to estimate 

based upon 10000 independent measurements. The 

mean, U",Ul1C;U. a confidence 
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to the in In 

defining uncertainties accumulated from individual 

The to be 

each data set. Although the measurement 

accuracy 

counter claims an accuracy of typically 1 

rT"'''''''>TU'", fa can 

error design 

we need to re-examine 

in frequency is 

to 

in 108. However an 

4.1, 

frequency for 

absolute 

since 

the 

of 

the experimental uncertainties together with instrumentation the following 

Table 4.1: A summary of the individual uncertainties associated with the 
and instrumentation used for B / A measurement. 

4.1, we see that the experimental methods to determine density 

sound ulsle-e(~no method) 

approximately 0.0l % 

in pressure measurement is an 

a.;>C)v,""",,<,vu. with the pressure 

1.4'-""''"''' from the 

pass filter to this fluctuation "V~~"'''jll'''l 

of ±0.00l DC. a measure the 

errors in the familiar fractional uncertainty formula, 

B 
= 

A 

51 

on systematic and CNU'U.'-J'.U errors 

error is a 

provides a 

in most cases with an 

B/ A, we combine 

low 

(4.5) 



Univ
ers

ity
 of

 C
ap

e T
ow

n

General Instrumentation and Measurement Procedures 

resulting in the final calculated value for B/ A as 

B 2pc;_ 
- = --g ±O"B 
A fo A 

52 

(4.6) 
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Chapter 5 

Aspects of Phase Locked 

Interferometry 

The focus of this chapter is to investigate a continuous-wave (c.w.) approach to measuring B/A 

based on existing interferometer techniques. This was achieved by developing a novel mode 

locking scheme based on phase-lock technology to capture liquid modes within an interferometer 

cavity. The implementation of this scheme is discussed in two parts. The first part investigates 

the design and construction techniques required to build a double disc interferometer. This 

begins by formulating a practical design approach for developing the interferometer cell based on 

a consolidation of literature reports and experimental observations. Investigation of prototype 

cells resulted in the modular design and construction of a small volume interferometer. The 

second part of this chapter details the design of a c.w. phase locked loop electronic lock-in 

system. The novel ability for phase lock to track changes in sound velocity is analytically 

examined and a theoretical study of the system behaviour is expressed using linear frequency 

analysis. Classic control theory was adopted to synthesise practical electronic systems and 

identify loop response characteristics. 

Having built the interferometer cell and lock-in instrumentation, B/ A was measured using 

water as a test liquid for several acoustic modes spanning the fundamental PZT resonance. 

Fluctuations in B/ A were carefully examined and aspects of experimental error considered. 

A phenomenon involving frequency pulling was identified and is discussed in detail, defining 

frequency boundary limits under which continuous wave mode locking may operate. Using 

liquid modes within this constraint, several test liquids were measured and are tabled together 

with similar measurements reported in the literature. 
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Aspects of Phase Locked Interferometry 

5.1 Developing an Acoustic Interferometer 

The double disc acoustic interferometer has been used to measure characteristics of fluids for 

more than a century. The Kundt tube [68] (first developed in 1874), is recognised as the first 

important predecessor of the acoustic interferometer, laying the foundation for many interfer­

ometer designs described in the literature today. Since 1874, the underlying principle of the 

interferometer has remained the same, being to 'fold' or convolute the path of propagation via 

multiple reflections, as a means to increasing the effective acoustic propagation distance. The 

interferometer cavity, which shapes the sonic field, has received much analysis in the literature 

[103] [66] [55] [36], with several geometries being explored including those designed for plane 

[18], cylindrical [61J and spherical waves [35J. However, present needs for liquid studies have 

led to the shaping of cylindrical acoustic cavities to accommodate longitudinal modes [35J. The 

reason for this is the simplified interferometer geometry and the elementary theory accompany­

ing quasi-planar waves. This style of interferometer has found popularity in many instruments 

related to B/ A measurement, and was subsequently adopted in this study as a test cell for 

evaluating continuous wave phase locking. 

5.1.1 Design Requirements 

The conventional acoustic interferometer resembles an electromechanical system composed of 

a vibrating 'source' transducer, coupled to a column of liquid. A second 'receiving' transducer 

is located parallel, and coaxial to the first but at the opposite end of the liquid column, facil­

itating a means of measuring the reflected wave. These transducers are commonly fabricated 

from piezoelectric materials such as quartz or PZT (Lead Zirconate Titanate), because of the' 

simplicity in their implementation, their ready availability and their customised fabrication. 

Before building an interferometer, it is insightful to consider all of the design requirements 

pertaining to the experiment for which it is to be implemented. Fortunately, the literature is 
,. 

characterised by several reports documenting numerous aspects of cell design. An examination 

of these reports, in context with the isentropic phase method of measuring B/ A, reveals the 

following design considerations. 

1. The piezoelectric transducer should be attached rigidly to its mounting, but not so that 

the quality of the resonance is appreciably reduced by undue mechanical damping [56J 

[91]. 
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2. 

without 

should not the 

to and rear 

or mechanical 

V<NF'''''~j'L1F<. £I('()ll",r.(' wave [91]. 

piezoceramic 

contacts 

3. The should be designed so parallelism is maintained between the trans-

4. 

5. 

6. 

7. 

5.1.2 

Asa 

for 

ness 

mitter and '1"0(,'0",01'" this reduces 

effects [35]. 

satellite resonances [8J added diffraction 

sample 

should 

[37, pgs 71-81J. 

\"11''''"1:;'''5 of piezoceramic of varying HH'L-.I\.ll"''''':l'''''' should be 

This allows the user to establish frequency is optimal the liquid under lTnJ'P,",Tl_ 

gation, minimising effects dispersion diffraction. 

test 

[38] 

should act as a 

filtering any 

jacket' insulating -----F-- liquid [110, 

intc:lrfe!rornet,er should ae~ngIlea to accommodate measurements of pressure 

the sample liquid. 

Experimental 

means of interferometry, an test cell was 

purposes. was 

Although nature of the design its implementation 

it proved as an for 

problems associated with interferometer 

(shown in Fig from a 0.5m tubing (80mm 

vessel, an aluminium The equicrural con-

one another to two 

annulus structure for a aluminium 

was built by 

transducer to the centre a 100mm diameter disc. The result this was a 

whose resonance was thick-

disc and Once assembled, interferometer was with 

transducers used were PZT 5, CSIR[26] 
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various a stable Variations in 

between U~".""'ULl'" received acoustic cur;""".'''' were observed on a 

changes in ~r~'~l1ian circle diagram 

with admittance instrumentation to 

and susceptance. 

Filling Tub,,-. 

5-1: This cross sectional UIl:tgr,<tIIl 
J.F.W. Bell (used for sonar 
surement, this test cell 

Alun1iniurn Annulus 

of this early u,,-,UU''''' study indicated 

• CU '''''''';O>''>1'u between was critical in a 

and phase 

oscilloscope, and 

was used together 

as conductance 

iOrr-lm 
M4 sc,'-ews 

resonance 

satellite resonances as shown by 

• 

et al [8]. To conloe1nsate u81;rW8m; mechanism is necessary. 

thermal variations ambient ""Tn",,, .. ,,, 

between the receiving t,rl~n.::rhll"~'r~ 

large 

thermal 

sensitivity of velocity to temperature reiterated the nei::esslty accurate 

control. 

nature revealed mechanical 

UL'JU'C;O, which resonant the PZT produc-

a complex phase spf~ctra. J,,,,,,,,,,"o,u,r; ","'VV'.lQ"J.'- .. 'V"",,,,, from 

mechanical modes nrl-'''''''' arduous, signifying for a simple T"'",","<>r mechanism. 

sample r~'''Inlr~rt an excessive to fill. The weight caused 
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• 

the 

measurements of 

new liquid. 

sample 

density 

using solid 

this 

reach equilibrium ,,_., ___ . __ and 

[111]. 

careful Any 

in an increase in 

in a re-calibration of 

Velocimetry 

length with 

no diaphragm) 

A smaller 

reducing 

volume 

measurement small 

size 

biological 

in process air test cell 

bubbles to infused in the liquid, resulting in a change in velocity [14J. 

tifiable <>",,,,,,'h,, signal 

with the causing a vV'UI-I'C;A spectrum. 

acoustic 

observed at the 

resulting an almost UU1:UvlC!-

This is more 

at acoustic further away from the fundamental resonance. 

", .. 0,11';" (volume) interferometer is necessary to aC(~OnlmOd:ate for liquids large acous-

tic absorption. 

5.1.3 A 

on early eXJpel:nItenltal set out in the literature [35J a 

was developed. prototype is shown "vl.1viJ.ia,l,lvCUi.Y 

Fig 5-2. observation that vV'''tJ',-"L 1 3 are air filled, 

leaving compartment 2 as 'sample the liquid under investigation. Two 

were used, was 50mm in and fully O'O,I"1"T""" 

an approximate thickness resonance 700 kHz. were glued np1r:w~'pn the 

relevant a water-tight Pressurisation rig was through 

the of each compartment with intention of eliminating any 

pressure gradient across the disc. excitation was attained with minimal u.",,,,uc,wLJ,,,,,,, 

utilizing a 'hook' OUC~I-I"'''' 1-I",,,",ULl'<U1 contact attached to a BNe connector. The 

radiating the grounded to brass 

facilitated a 

electroacoustic [77]. 

The dismantling (for vlt:a.llllHt; 

purposes) without the The UC;Jllvi.l"" of such a "'" ......... u include 

in modules different length vessels) flexibility 
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Phase Locked 

Cover Plote 

20.00"'m 

Figure 5-2: A cross section schematic of the second TYrt,r,nru .. t£> 

shown). From the schematic the 
with two glued PZT transducers. 

equals 8 em and the volume is 157 

COmI)mlerlts were Y'v"",,"U (Fig 5-2), 

is described in 

1. Sample Vessel : a single perspex tubing (lOmm 

cylindrical vessel nrr,,,,f't>n a housing for the sample was .... ""II-I""'U1'" of withstanding 

an excess pressure of ..J-'-'V"'A.J. Perspex was chosen translucent and thermal 

insulation Dn)DI~rtles inspection vessel was 

permitting IJH'''''''.1U'''''''lVIL, sensing 

temperature "'''''''''1U5 

2. Transducer Housing 

PZT disc. 

housing provided a 

to 

function of 

transducer housing was uv.:aF.""'\.!. to hold a 50mm diameter 

in place using two 

electrical feedthrough 

cover plate was 

was to provide an electrical 

58 

to 

epoxy resin. 

enabling both 

"'''0'-4'<'<'-'0' housing. 

to transducer which 
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4, 

Phase Locked l'I1.t,prt,prnrrJpt'Y"ll 

would water pressure retaining a BN C connector . 

was this purpose. A length of OHJ',",VU tubing was 

~v'H.U";; vu""""" .... the water tubing a water tight cormection' 

to the Each cover had a pressure connector CHaUHH~ 

1 and 3 5-2) to 

lJ.""I_~I.HU'·IJ./. Mechanism: A similar ---"'t"' •. _,,.., mechanism to 

lIupUlm,em;eu in this ~~'J£a'.L' Three 

between """"U'Ll"'O' housings. parallel 

by three micrometer-threaded bolts. bolts provided 

used by 

were 

(section 

to 

necessary compres-

of the o-rings between the sample and the transducer housing, UVIUJll~ cell 

together whilst LOA.'U .. /""~.'H;; 

Once """o", .. ,v« .. ',",, the mtertlsromElter was filled a sample immersed in 

controlled water bath (outlined in Chapter an sys-

tern on which c. w. locking could developed. 

Fine parallel adjustment was transmitter with a train and 

the received 

was sufficiently 

achieved by .. """,,-, .. uoU"5 

on an oscilloscope. The signal 

so as not to standing waves. Parallel adjustment was 

USl;IIH:iIlt of 

the three Parallelism was assumed at .. ":w..J.UH.UU receiver amplitude .. 

Experimental Observations and Results 

many experimental r.h'''''',r"", cannot all included in this UV'C.U..l1Cl the 

following l)<..aC!,'\.'''O with on measurement are rlj~"""Q",~>rI below. 

ah'''Arlr analyser was used to examine resonance of each of 

diameter 4 purchased [26]. 

only a pairs with .... v--........ "."'.,'v addition it was found that 

exhibited a multitude of resonances, 

anomalies2• 

measuring 

imlple:me:nted by the manufacturer. As a result of 
used in the final interferometer 

were at 

with liquid ""J'-"_'" PZT 

a result of inaccurate 
prL'UU'l;f:'U by PI Ceramics were 
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U"J' ... ",C,", causing a nonlinear interaction. It is that 

is to 

• A ULL.'''''''--'' in to measure the 

absolute Water was used as a calibration to 

were ITA,'>",r',,",,"" 

using an 

in the to within a 

a user to accurately dial 

The transmit and 

facili tating an a lOMHz 

accurate aeGermlnatlOill of flight. 

"''''''Ta,en was ael31gne(l, "'JlHHJU1Jlj<. a pn~d€:hn,ed to 

will follow; however A detailed '-'lO .... U~.O!U'!1 

it ,",U'''IlLL BfA 

were un:suc:ce:,Stlll on two accounts. The first was directly L"'.,o.O':;'", discs, with 

liquid LUV,",".., by spurious 'satellite' resonances introduced by 

The m:",uu.U was a flaw in wi th a pressure 

instability encountered within cell isentropic pressure jump ptocess. 

• A ""'\.-.HU'L\.! exploring collocated control[31] was adopted as a means of \.-CH1""'UH.,,,,, the 

caused By self driving 

that nonlinearities of the could cancelled; nn,,,,,,,,,,r this proved 

and was ",,,,"nT',, 

• phase loop was ou'~v;:;,.:>"n 

olution of differential phase velocity 

the liquid be easily 

an 

Fluctuations in '"'''"'',",''''' 

res-

found a good indication of isothermal 

asa 

could be 

It was 

the 

fluctuation yeo. 

411 tuning was <:;h,:LH1U11:;'-' and parallel methods tuning out 

electrical It was that tuning 

but is not essential to the measurement 

Additionally, any kind llH,LUIJ.U',"'" a 

phase locked loop, injecting a tro,,,nll,n dependent phase which to 

in U",u.;:>uu 
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experiments performed on prototype interferometer HJ.~UI.J''''"t:;u validity phase 

J.V'-'fiUJ,,,," as a means "L"'OAJlUULF, B/ A; disc with a fundamental 

design accurate evaluations of B/ A in experiment. reason 

J0"',OJV'H process. Although the compartments 

test cell were nr,""''''nT' simultaneously so as to eliminate a pressure across 

the disc, the epJreS:SUI'}SllLtlCm of not occur at same rate. 

reason for this can ".I\.jf'JUUJ~.u. by the same concept for generating a pressure delay 

Chapter or nIIleIl1GS 1 3 are same, but 

compartment 2 has a capacitance to the volume of air in 

Since occurs more in compartment 2 than in compartments 1 

3, the t,r>l,n""il then 

path length is largely 

in velocity are typically to 1 part in 

in the measurement of B / A 

. Although a 

process. 

changes 

this uallisation problem introducing a variable pressure resistance to 1.Ja.IVa.\Jl L,Ul\Jt;; of 

2, 

pressure delay 

measurement of B/ A a function accuracy which the 

could be an inadequate solution for 

5.1.4 UJ.JlJ.a;u. Volume Interferometer 

prototype 

any 

volume 

to completely reaeSl:gnE:a in B/A to 

of 

whilst 

result 

a scaled-down 

to previously 

photograph of the complete measurement rig 

.... U~.0JP.,U process was 

nrr,i-A4hrn,o cell, .... u.,jJu.'VJ'-' 

constraints. shows a 

reCLeSllgn process. rig was 

developed the prototype interferometer as both an isothermal 

jacket 

was configured on 

Notwithstanding 

both transducers, 

for was the fact 

pressurised and rlp"rp""':l'T' 

pressure vessel "V',J~a.uuup., silicon 

including 

prototype. 

resulting in backside 

the surrounding fluid. The 

liquid, be 

the into a 

silicon was I.JHIJ""'H its insulation 
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5-3: A photograph of the complete measurement of both interfer-

ometer and pressure vessel scale of this photograph is not 1:1). 

and VU',"','~' \..VJ,JUtJ\Ju,.VH properties. Pressurisation 

pressurising the in turn IJA~"""".I.l 

discs was <:;HJLlU',la.l,<:;U 

as pressure diaphragms enabling the "''''''UP'''' 

and [37, 

pressurisation whilst maintaining 

of in 

at both ends reduced by 

of the ntE~rtE~romE~teI JaA.HJuG",""''"'' measurement of 

a 

the liquid was by 

interferometer unit. Any pressure 

were 

Following the 

concept creating 

to be an effective to 

sections. Any backside was 

whilst length 

and a the 

ometer cell. "",un,,:> it can be seen that the cell was designed in various component 

a is below. 

The transducers were sintered 5 discs) in diameter, from Ceramics 

[92]. one el€:ctl~oCles and an 

centre 12mm. Three pairs of transducers were examined in this study 
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"'V'? .. ~,'" 5-4: This photograph shows the small volume interferometer attached to a 

threaded plate used to secure the cell inside the pressure vessel 

all V()lulTle p,cc>ustic Int 

3. PZT 

icrometer ~hreod 

kw fine odjustrnF.:nt 
parollelisrn 

'---02",m threaded red 

WindOw 

5-5: A cross section of the final small volume interferometer 
equals 4cm and the liquid volume is 7.25 

hole; 

The acoustic 
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diffraction attenuation on mode locking. thickness resonances were 

lMHz and 5MHz .. 

Each a thin hook O"'-"jJ"'U 1J""'<111,,u11 electrode, 

cally UU\'''''''.H exchanging 

electrode of PZT was electrically 

grounding electrode the PZT at its perimeter, 

the disc (see collocated chanical LUUIJ!UI,~ between the transducer .. ~~u, ....... 

facilitating a production of longitudinal waves. 

5-6: A photograph the transducer housing mechanism. The active 
electrode of the PZT disc is excited using a thin hook contact. 
The hook was attached to an insulated conductor which was to the 
core of a miniature coaxial cable. The braided of this cable was 

lA' to act as 
a ground plane. Once the housing ----.r'.-~'-- the circuit making 
contact with the wrap around electrode of the PZT. 

Housing 

me-

housing was two sections. Dissimalar metals were 

adherance or stlcKiSlon once tightened. was from 304 

a sample 

1 V'''''U''''''''F. ,,,,u ... ,,,u oil with a lmm The disc once .v~.a,,,vu was clamped using a se':::011<1, 

miCf()metElr threaded, cylindrical section. This sec:tlCtn was 

disc with minimal LCU" .... ''''. damping. ElectricallCi",u.~llv 

designed to secure 

was achieved by 

two ~U"''''VU'''A 3mm holes into 

was threaded through one 

5-6). A miniature LU<:tA!.:L! 

",,,,r'T1r"m to be earthed. The se<:on.a 

of the brass cylinder 

holes, enabling 
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Aspects of Phase Locked Interferometry 

hole was used to secure a hook shaped platinum contact (with ends insulated from the brass). 

Both contacts were held in place by 2mm threaded screws. 

Sample Vessel 

Fig 5-5 shows the cylindrical sample vessel designed with a 15.2mm diameter and 4mm wall 

thickness. This vessel was made from perspex tubing and provided a housing for the sample 

liquid. Perspex was chosen for its translucent properties, enabling visual inspection for bubbles 

once the vessel was filled. Variations in length of this module permitted experimentation with 

different sample volumes. Two 10mm holes were drilled into the vessel and sealed with a thin 

teflon membrane. This supported effortless pressurisation of the sample fluid. A third 2mm 

filling hole was drilled orthogonal to the pressure membranes enabling the vessel to be filled 

using a syringe. This hole was sealed using a threaded screw and an o-ring washer. 

Adjustment Mechanism 

The interferometer framework consists of three stainless steel 'threaded rods' attached to a 

threaded brass plate and spaced 1200 apart (see Fig 5-4). The plate forms an end cap of 

the pressure vessel and enables the interferometer assembly to be securely mounted within the 

pressure rig. 

The interferometer was assembled by clamping the sample vessel between the driving and 

receiving transducer housings. The driving transducer housings were securely clamped in 

place by six stainless steel nuts threaded onto the 'threaded rod' framework. Fine parallel 

adjustment was achieved by tweaking the three remaining nuts used to clamp the receiving 

transducer housing, which effectively compresses the two watertight o-ring seals between the 

three modules. 

Pressure Vessel 

The pressure vessel as shown in Fig 5-3 consists of the existing shell used for the prototype 

interferometer, with two changes made for simplifying the filling process. 

A conical vault (see Fig 5-7) was designed with tapped centre hole to enclose the pressure 

vessel from one side, with the other side enclosed by the interferometer assembly. The centre 

hole was used to fill the vessel with silicon oil, whilst the conical nature of the vault ensure the 

removing of all air bubbles from the pressure vessel. Together with this, a new cover plate was 
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5-7: A of the conical vault used to enclose the pressure vessel is shown. 

The cone was so that bubbles could be removed from 
the pressure chamber the filling process. A threaded was used 
as a final seal of the vault. 

built to vault O" .... .,lV.ll. pressure sensors were used 

initial prototype design. 

5.2 Implementing the Phase 

Continuous wave 1J1,=C;-lU'Ll\.J'",t::. is a common element in electr'onic however application 

to measurement is novel warrants of phase .I.V",n.u.''''' is 

reviewed its application to continuous wave mode locking is examined, and its ability to 

used as a means of 

performance and electronic synthesis is 

of 

Definition of a Phase 

locked (PLL) is an electronic 

An of the loop 

together several experimental measurements 

Loop 

that controls an VO\J1U",","," so as to maintain 

a constant phase to a ,.nh~rn,n"o ''''r.',,,,,,",'' [99] 

The outlines the fundamental elements 

seen that output 

l.tt'UU.""-fi. mechanism. Typically, 

a phase 

frequency 

and 

lout is 

which is 

V"LJ:LLa..VL (VCO). Once the 

of to exactly 

output from the 

control the 

control voltage Vc maintains the output frequency 

frequency 
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Detector 

Loop 
Filter fout 

5-8: A block showing the fundamental elements of a phase locked 
of the input ()i, is compared to the phase of the output 

means of a detector. The output from the 
(being a DC of the error) is conditioned 

a filter and of the VCO. This 
causes the input signal to be as the 

lout, always tracks the input tre'qmmc:y, 

Tracking ......, .... L<; ..... ,L&"';.:> in Sound Velocity with Frequency - an Examination 

of Phase .l.JV'-' ..... J,JI..L& 

Isentropilc phase measurement of B / A UC;lHa.'iLUO an ability to In(:reJmentlli ",CAUl'M'" in 

velocity associated a pre-defined in ambient pressure. In ""U"'-H'IUJ,S, the isentropic 

measurement to achieved as as possible3 . 

B/ A can resolved, IU"l1v(J'~l<JLIS the need 

pre-requisites 

a control system 

...,CLIVCL'JlC; of error a sufficiently 

response time. uses the ability 

loop to accomplish both of tasks. For r",t"'r~>n("'" the author labelled this 

"",,'-,HURl""" Transmission Phase 

broad COJnCE~pt U""J,uau "UJLJS1(OU in concept to methods used transmission spec-

locked 

interferometer 

velocity "'H',,"HF,'-' in wavelength (b.c 

relJreSellte:(1 as a "'H':"'"", __ in is 

to resume 

interpreted as a change in frequency. 

to 

lb.>")· 

an 

,-,H''''''1'',''-' in WaVelem[t 

frequency in 

velocity can 

By using lock-in ability a phase locked loop to maintain a constant (or zero) 

error between two ""r"U"""U itis 1./'-',::>'::>1I1J1<:; to trap any mode within an interferometer 

typical time frame of two seconds is ""1j.'Ul<l,Lt::U for this as defined in 4 and A. 
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The setup such a system is in figure applying the 

Phase 
Detector 

Filter 

Interferometer Cell 

Oscillator 

Driving 
PZT 

5-9: This block shows how a locked may be adapted to trap an 
acoustic mode within an interferometer cavity. locking the 

to the received the transdluCE~r maintain an 
independent of 

PZT disc and the signal (Vo'Ut) developed on the PZT disc as a 

the phase inherently the driving 

the cavity. lock-in the 

is typically VCO. 

Observation of transmission phase loop in figure a 

resemblance to controL It is therefore to apply control 

to the loop filter. A pre-condition for elements 

Since and Phase can 

elements, the to be 

A review of equivalent circuits reveals numerous models which ae[)enla on in-

function. A more accurate reJ)reSellta,tlcm of this study's interferometer 

through "LL'JLL~;'" observation. this 

premise, a HP was to the 

the treating the transducer pair as a two port network. resultant 

S-parameter gain spanning thickness mode transducers, 

is in 

68 



Univ
ers

ity
 of

 C
ap

e T
ow

n
0.45 

0.4 

0.35 

0.3 

0<: 0.25 
j:::: 
N 

o 0.2 

0.15 Mode no. 44 

0.1 

0.05 

o+,~---~------~----~------~- -~------~----~------~~~~~ 

800000 850000 900000 950000 1000000 1050000 1100000 1150000 1200000 1250000 

Frequency (Hz) 

5-10: A of the transfer characteristic 812 across the interfer-
ometer filled cavity. Each an acoustic water mode super-
imposed upon the piezoelectric mode thickness res-
onance ±lMhz). The boxed window is centred at fac=±840kHz with a 
width typical of the bandwidth constraint chosen for TPL. 
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It is from the gain plot that the maxima represent super-

imposed upon driving mode (or of the PZT discs. 

for 

circuit for this spectrum is acoustic theory 

et al [76] [77] [75]. on theory, an equivalent network 

nt.:>rt,orrU'rlot,>r system is shown in 5-11. 

5-11: An electromechanical equivalent circuit for a liquid filled ultrasonic interfer­
ometer, based on network theory developed by W.P. The liquid 
transmission line can be as an equivalent T-network with series 
density shunted by series viscosity and thermal conductivity 
elements 3). The voltage is coupled via the 
electrical to the liquid using a transformer with a turns ratio Il> 
defined coupling factor k. and 

imlPeclances for silicon oil and the PZT TA"nAI'tn,,> 

complex nature 

bandwidth 

np'ruu>r .... is va,.uuQ,UU elec:tf(r8,COUSIGIC analysis. If we 

cOIltr()i loop, 

bandwidth shown in Fig. 5-11 can simplified. The 

limited are 

.. The resonance behaviour the interferometer is '-'V>uu.,,,,"- fundamental 'thickness 

mode' of the PZT 

.. Transmission 

necessitates 

neighbouring 

.. The frequency 

ment should be 

on the phase an isolated acoustic 

to vU<V<'-''-' interference 

the vH'A>UF,'-' <NU.'V"~UV pressure under B/ A measure-

bandwidth '"'""'." .... '''-
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The last two conditions are determined by the physical nature of the liquid under investiga­

tion and can be resolved practically through experimental observation of the transfer function 

812. For example, if we re-examine the transfer function 8 12 (Fig. 5-10) for an interferom­

eter cavity filled with water, the outlined window encloses a single liquid mode representing 

the bandwidth constraints for the loop. This window, enlarged and shown in gain and phase 

form in Fig 5-12, provides both gain and phase information between the driving and receiving 

transducers. 

o.ll 
0.09 . 

~---0.08 ~'''' 

0.07 

0.06 

~ 0.05 

0.04 

0.03 

0.02 

0.01 

',­
'-

··80 

60 

40 

20 

0 

.. -20 

-120 

a +---~---~---~--~-----,------j. -140 

834000 836000 838000 840000 842000 844000 846000 

Frequency (Hz) 

c; 
'" :!:!. 

'" III .. 
"" "-

Figure 5-12: A detailed plot 8 12 of the band limited windowed area defined in Fig. 5-10. 
Both gain and phase are plotted to show the similarity with a series LCR 
circuit. 

On immediate inspection of Fig 5-12, it is apparent that the response represents an elec­

tromechanical equivalence of a series tuned circuit; however a detailed examination reveals a 

phase offset of some 30°, attributable to the electrical nature of the PZT capacitance Co. Mason 

[76] describes an effective means of eliminating this offset by tuning out the capacitance Co with 

a parallel inductance. A more subtle approach is achieved by subtracting a precision offset 

voltage summed to the output of the phase detector (see Fig. 5-13) i.e. locking of quadrature 

with a defined offset. The technique eventually adopted for this study was to utilise the nature 

of the offset as a means of linearising the phase detector (to be discussed later). 

A simplified equivalent network characterising Fig. 5-12 is given in Fig 5-13 together with 

the characteristic block diagram necessary for control loop calculations. 

Having modelled the interferometer cavity as a simple series LCR network with the driving 

signal representing the voltage and the receiving signal as the current, it became possible to 
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Phase 
. Offset 

Phase 
Detector 

Loop 
Filter 

veo 

L 

e 

R 

Figure 5-13: A narrow bandwidth simplified network model for the transmission phase 
locked loop. The LeR circuit represents the electromechanical equivalence 
of a single acoustic mode. The current is a measure of the received signal 
with applied voltage representing the driving signal. The phase lag is 
summed as constant offset following the phase detector. 

provide a theoretical understanding of loop behaviour under various conditions and ultimately 

to facilitate the final circuit design. 

5.2.3 A Theoretical Approach to TPL 

The amplitude and phase responses for the band limited electromechanical equivalent LCR 

circuit corresponding to Fig. 5-12 is synthesised in Fig 5-14 using the circuit simulation program 

PSpice. A conventional analysis yields the following simple relationships for current, I and 

phase, ¢: 

Z = jwL + R _ L = wRC + j(w
2 
LC - 1) 

wC wC 
(5.1) 

I 
V VwC 

(5.2) 
Z wRC + j(w2LC - 1) 

Re{I} 
Vw2C 2R 

(5.3) 
w2R2C2 + (w2LC _1)2 

1m {I} 
VwC(w2LC - 1) 

(5.4) 
w2R2C2 + (w2LC _ 1)2 
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Figure 5-14: A response for a series 
before and after a velocity. The linear 
is by the of the slope at the nr"'l'rnti",cr 

"iii 
(1/ 

E-
(1/ 
III 

'" .c 
0.. 

Wo 
The shift in frequency from resonance, Wo is given by Wi with ~w = Wi Wo 

1- 1- w2LC) <p = arctan ---:;::---'- rv ---:;::-=---'-
wCR 

(5.5) 

Assuming small 

determined 

at resonance can 

differentiation substitution of Wo = as 

[- (5.6) 

(5.7) 

Q is the expression quality a tuned resonant 

[54]: 

Q (5.8) 

When the is driven by loop at resonance 

I"\n<>,.,,1-,,"" about a 5.6. 
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that a in phase due to a in sound velocity will tracked 

loop, it is to the differential in phase will 

and can track disturbance. This 

justifies in defines ipso 

region TPL may be 

Phase 

The "HHUl:llJ1U.::I.l controlled oscillator is to generate 

"""j"U'C'" phase ""ULV'VU. C>'""U":>V",,"," at The 

therefore described as Vd COS(Wit + lfJi) and n,"rr\1.T from 

as Vr = cos( Wit + lfJo )' If a multiplier is used as a detector, 

two UA""U~AU Vp will 

+ 

where term Km is used to the gain multiplier. This "Vl.UI-"""" 

a frequency term to a DC 

both 

a linear 

signal 

may 

output 

(5.9) 

difference and is --'----.J extracted by 

offset is a 

the double term with a 

pass to give 

be vV"O'~'\O 

from 

tlonsll1p for frequencies 

H ... 11"'010'" a ~ phase 

is to regenerate 

(interferometer 

asa offset to 

10) 

in the region ~ + mT for n E Following this "''''''''"'I'>.f 

be phase Ol1J . .lt."':u ~ to maintain an approximate linear 

to the acoustic resonance. 

by using one of two 

VCO with a ~ 

is used. 

phase 

the 

shift (quadrature 

the phase 

Considering the 

aQ()DtHle: the vAJl"'~J.Uj:;[. 

locking "''''''''>1111''{ c''''''' 

locking), or a 

is implemented 

phase offset "n'"pr'".,,, 

the 
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be noted: 

1. At the expense of signal power, phase lock was easily established and maintained off 

resonance without the need for additional phase injection. 

2. The sign of the slope ~¢ between -7T and 0 remains monotonic even though the loop is 

locked off resonance, therefore, provided the change in phase (t:..¢) is smaller than the 

phase offset, the mode locking action is not compromised by the nonlinearity of the phase 

detector. 

By redefining the gain as Kp = ! Km Viv;. and adopting a small angle approximation4 , 

equation 5.10 can be redefined [54] as the following linear expression: 

7T • 
Kp cos(t:..¢ - 2') = Kph sm(t:..¢) 

Kp.t:..¢ 

Voltage Controlled Oscillator 

(5.12) 

(5.13) 

The choice of veo is typically confined to two general classes of oscillators: the relaxation 

oscillator (astable multi vibrator ) and the resonant oscillator. Both classes have been used 

extensively in conventional phase lock design. The selection of oscillator (VeO) to be used for 

TPL requires careful consideration of oscillator properties. Although linear frequency response 

needs to be considered for accurate loop analysis, the need for spectral purity is of paramount 

importance to the accuracy with which B/ A can be measured. By illustration consider the 

acoustic mode shown in Fig 5-12, resonant at approximately 840kHz. If we wish to measure 

B/ A for water5 using TPL with a prescribed accuracy of less than 1% we need to be able to 

resolve 1.44Hz in 840kHz or conservatively 1 part in 106 . Ideally the output frequency Wo for 

a veo (given an ideal De input voltage) should be equivalent to a single dirac delta function 

at woo However, in practice this frequency is typically modulated by thermal and shot noise 

[108] originating from within the oscillator, yielding a spectral width inversely proportional to 

the Q of the oscillator. 

4For the Maclaurin series, sin x = f (_l)n (~::~~!> the truncation of the expansion at sin x = x, introduces 
n=O 

an error proportionate to the size of Xj ie. the smaller the value for x, the quicker the series converges. By 
example, an error of approximately 1 % is typically reached at an x value of 14°. 

5Measurement is taken at 30°C with an excess pressure of 150KPa. Calculation based on a B/ A=5.2, 
p=995.7kg/m3 and phase velocity of 1508 m/s[38] 
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In order to overcompensate for this effect we used a HP 8656 RF frequency generator with an 

FM input as a yeo. This frequency generator provided a linear voltage to frequency response 

with a spectral purity of typically 1 part in 108 and low harmonic distortion. A centre frequency 

(typically set to the acoustic resonance) is programmed together with a predefined frequency 

bandwidth. The gain Kv for the veo is defined by the slope of the response in the vicinity of 

the resonance and can be expressed as follows 

(5.14) 

where the deviation in resonance frequency b..wo is defined as (see Fig. 5-14): 

(5.15) 

By rearranging equation 5.14 we define the linear transfer function for the veo as: 

(5.16) 

where Vo represents the driving voltage at resonance (VeO centre frequency) and Vi the offset 

voltage. 

By re-examining the driving signal Vd = Ei COS(Wit + (A) we observe that Wi is a constant, 

with dimension in radians per second, effectively implying that frequency is the time derivative 

of phase, with phase being the argument of the cosine function. With this understanding we 

rewrite the output frequency of the veo as follows 

and substituting equation 5.15 we obtain the following definition: 

1\ _ d(/Ji 
uWo --

dt 

(5.17) 

(5.18) 

Recalling Fig. 5-9, the feedback element from the veo is expressed as phase, not a change in 

frequency. To accomplish this conversion, we simply integrate equation 5.16 with respect to 
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Ve(S) 
K" 

Vp(s) 
F(s) 

VI(S) 

woes) 
(l)r 

4>(s) ! 
s 

5-15: The transmission locked loop is depicted in the 
the purpose of linear A in sound Vt>I,Cll'l1c.l 

as a in resonant tTt>,rm.>n defined here as wo(s) 
loop). 

as follows. 

Linear Analysis 

Having the response for each vLv',LLvL", within the loop, the 

the 

the 

shift 

may 

'-''"I""v,,·~,y domain 

point w(s) to wo(s) 

determined 

= 

77 

(5.19) 

may now analysed 

shown 5-

the resonance frequency of 

frequency 

uca,UH;;U in 5.6. 

process, the 
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From Fig 5-15, the following series of equations may be expressed in Laplace form: 

Ve(s) 

Vf 

w(s) 

¢o(s) - ¢(s) 

KpVe = Kp[¢o(s) - ¢(s)] 

Kp ( - ~~) [wo(s) - w(s)] 

F(s)Vp 

KvVf 

Combining these expressions we can formulate the loop equations for frequency error 

we(s) = wo(s) - w(s) and the closed loop transfer function H(s) as follows: 

w(s) KvF(s)Kp ( - ~~) [wo(s) - w(s)] 

we(s) 
Wr 

2QF(s)KpKv - Wr wo(s) 

H(s) 
w(s) 2QF(s)KpK v 
wo(s) 2QF(s)KpK v - Wr 

(5.21 ) 

(5.22) 

(5.23) 

(5.24) 

(5.25) 

(5.26) 

(5.27) 

(5.28) 

Having defined H (s), we need to determine the loop filter F( s) to provide low pass filtering 

(needed for phase detection) and adequate tracking performance (for frequency coherent out­

put). A standard circuit used in phase lock design [33] [43] is a type 1 active filter shown 

schematically in Fig 5-16. 

R2 C 

Rl 

Figure 5-16: A typical lag-lead opamp filter used for loop control. The time constant 
for this filter is set by the respective T = RC values, with gain defined as 
A = ~. For a perfect integrator, we set R2 = 0, and calculate the low pass 
filter time constant using T L = Rl C. 
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transfer function for this filter is 

F( s) = -:=--::::---'-=-:----"-:-:--+-1 

can approximated [43] for large voltage (A) by: 

F(s) = (5.30) 

time constants Tl and T2 are respectively. 

to correct feedback polarity, renders 

the following transfer function for 

Having established the 

bandwidth in order to \.,a.jl\.,U.'a."c 

(5.31) 

the measurement 

examine the requirements zero tr"'.f1,,,"'nr·u 

considering this we must 

Value Theorem. 

Returning briefly to measurement process described in Chapter 4: an exponential '"'''''''''E.''' 

in ambient pressure as 

velocity, which in turn n.,.,-..-11"""'" 

typically 2 secom1s It is 

the input frequency wo(s) to 

Using the loop 

Implementing 

final error is 

,.....",,,,,,,,, .. 0 circuit returns a similar function 

change in frequency with a time constant of 

that the loop must track absolutely, 

.uo,IJH"',<O transform wo(s) = C{ e-t/ 2 } = 

we \"a..'l,.,u.!a"t;;; the following final value &lv-nT')"''';'AT1 

sWr 2 
2QF(s)Kp K v Wr 2s + 1 

5.29, with the DC gain equal to 

o. 

(5.33) 

Having no final 1T"'n''''''Tlr·u error we can the 
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for the loop by solving for IH(jw)1 2 = 0.5 for w [43] as follows: 

(5.34) 

Assuming 71 » 72, and approximating 72 ~ 0, equation 5.34 simplifies to the following more 

manageable solution for loop bandwidth. 

(5.35) 

In conclusion, the measurement of B/ A requires the phase locked loop to track an exponential 

decay in frequency over two seconds. This type of loop is more robust in operation than 

conventional phase locked loops due to the simple fact that the input frequency is always the 

same as the veo frequency, with only the phase changing. Therefore, the stringent requirement 

for frequency lock is not necessary and the veo is effectively tuned by the De signal present 

in the phase detector. This means that requirements for the loop filter are not stringent and 

the filter can therefore be optimised for measurement accuracy rather than locking efficiency. 

It is advantageous to utilise a high gain, second order filter (or active integrator in control 

terminology); this has the effect of reducing the steady state error to zero. Similar passive 

filters might incur some small phase error whose magnitude is inversely proportional to the 

loop gain (these filter types should be avoided since the tracking phase error could lead to 

a B/ A error). A typical design of the loop filter should be to remove the double frequency 

term present in multiplication, but have sufficient loop bandwidth to provide accurate phase 

lock. Since we are only interested in tracking an exponential decay in frequency, the lock-in 

bandwidth can be reduced to provide extremely accurate measurements of the change in phase 

velocity. 

A further advantage of TPL is the fact that it always operates at the null point (see Fig. 

5-14) so, the system response does not in anyway deteriorate as the resonance moves due to a 

change in phase velocity from its initial Wr value. Although not necessary, the loop bandwidth 

for this system can also be extended from De to 1Mhz without significantly compromising the 

system performance. 
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RFout 

HP8656B 
(VeO) 

Ext [X; FM Mode 

FM input 
IV.,.. 

Locked Irl1'pr;rPT,nrY) 

10k 

2.2k 

\Ok 

LM6361 

-
Offset 

LM 6361 

AD 734 
X Y 

4 Quadrant 

Output 

lOnF 

lk 

Figure 5-11: A circuit diagram the of Transmission 
Phase to lock an acoustic mode within an interferometer test celL 
The bandwidth of the filter is set sufficiently low so as to attenuate 
all higher components by the AD 734 An 
automatic control (AGC) circuit was used to provide more .:>vCO"""LLv.y 

to the set but is not critical to loop design. 
The bandwidth is set by the VCO. 

5.2.4 Practical Implementation Electronic Synthesis 

5-17 a a. .... ','" .... " .. circuit to implement tranSlffilElSlcm 

exemplifies the simplicity with which TPL may be used to measure tary opamp 

Other p,rr',nT: both ",,,,,AV<W. and hybrid cornp<)nents may be used to 

replace "h.'OVJ."F, multiplier functions higher frequency locking, 

which is not »UU"CU.A ... from 

between the driving must be same at both X y 

Since accuracy of Bj A is ",,,, ... ,,-,,,", phase any 

frequency dependent .... 0.'..101::\..1 by filtering or opamp distortion is as 

a velocity fluctuation, It was nrntfcn'I'>r found was 

in driving paths, phase TTOT'onf'''' could 
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The oparnp used in Fig 5-17 was a high slew rate video opamp 

and low The config-

input impedance, without the This is 

receiver cannot provide 

bo,ots:tr~tprHnl~, which effectively 

four quadrant analogue 

offset uU.UUJ'6 

loop. 

of PZT 

current opamp without 

a phase shift into the loop. 

for an 

an elegant means a predetermined (DC) 

an alternative phase detector 1 it should be system can was) 

implemented for such a '-Lv'''''''''' the 

extreme change h",ifu;r<'"," acoustic resonance 

in Fig 5-10). In to realise sequential phase detector, both 

to be from to square waves. task is 

simply driving path, but proves troublesome 

rar'",nTan signal6 make it difficult to set a vLU ,,",OJLLV'U. 

At anti-resonance is ",vir rpTYI '" 

jitter can only be remedied through n"""",r"",,,, feedback, which Vu.u,,,,,, an 

in the m€~ctllon is a UVULA",,",,:,u 

cannot solution might be to configure the opamps with 

nonlinear phase introduced by each opamp. A more to this 

problem may be an automatic 

provides a constant amplitUde for a fluctuation at 

its 

mode 'V".,,,,,,,'. 

inclusion of the 

to entirely 

find 

and creates a 

LV'_ ... UJ"",", was also 

as a means to v""'"' .. u~.v the gain constant Kp. 

aU<:UVI;'Y adopted earlier, its inclusion was found 

that nonlinear function Kp loop to 

stability SNR at zero 

As a result the 

this 

AGC block depicted in Fig 

deviation of typically lOdB for water is shown in Fig 5-12. This deviation is a function of the liquid and 
the between the acoustic mode and the transducer resonance. 
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"lJia",""u by a standard amplifier (to polarity). may be 

The VCO 

frequency 

described earlier) was an HP8656B tro,,..,,,,," generator 

with a user means of adjusting operating bandwidth and 

The loop values vary on this, 

we provide the parameters used to the 5-17: 

The loop filter was an active RC with infinite as described in the 

constants 71 = 72 = O. Although system 

at acoustic modes, values are given mode number in 

earlier sections). for are as follows: at 

Wo = 840 kHz, V.rad-1 , and kHz.V-l for a of 

(power = 0.6mW). calculated loop 

The acoustic (n=44) electrical L=1.478mH, 

R=16.60 as in the previous section. The resolution as an 

34401A counter at resonance was ±0.5 Hz in 

5.3 Results /A 

measurement B/ A using TPL was performed with water at a temperature 

was cn()sen many references found literature. A of 

alternate m()QE~ '~''''''"''''F> up to the .lu."ua,U'~'''I.HC'' resonance of 

was measured acquiring 10000 sets of versus pressure per A 

graphical representation of the results as a function of mode is given in 

postulate from our observations that measurement is compromised by 'frequency ,""U"U",j:. in 

frequency 

in more 

Using Fig 

ment of B/ A is 

surrounding the ,LUL,LUO,LU'''''''cu resonance. 

a guideline), we nrl''' ... I,\CO a boundary 

a general we QUl"J<.<:;O mode LV,",,,,U,,); 
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Figure 5-18: Measured values of B j A for water are plotted as a function of mode order. 
Every data (depicted here by a circle) 10000 points, 
with an of less than 1%. The of pulling' 
are with modes closer to the PZT transducer' resonance more 
pn)minEmtlly affected. A reliable area for measurement is defined 
at mode numbers below 44 indicated here by the unshaded region. 

the PZT bandwidth away UU'Ua,JlH<::Ul,,:l,. resonance. This 

shown uc;uuvu. for Bj A measurement within 

Apart from water, three test liquids methanol were measured. 

at two Hl\.1C;~.JC;"U<;H~ the UUIU,U' ... a.! limits ,. .. ,>.,,, .. , liquid was u .... ·u..;>, .... 

show Bvj"'''};;'l contribution from T .. "'1"1l1'''' .... r·u pulling in-between the modes, with 

measurement uncertainty, yet falling the "' .. ,,,,,,.. .. , 

measurement result water is by Figs to 4-9 in 

and 

1% 

4. 5.1 summarises the rn':'"Q'I1,.",rl results ~V~:''''~.U'''J. 

error u"" ...... a,"J:VlJli' 5.1 are uncertainties to 

reported values. 

measurement only 

absolute measurement uncertainties. 

5.4 

feasibility measuring using I,.,U.U"'.HU:UU'" waves is in A 

volume nt€~rtE~rome:ter cell was solutions to 
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1861 638 13.28 
1768 567 12.76 ±0.048 
791 8.97 ±0.032 

Table 5.1: A table of results obtained for different liquids at modes well 
fundamental PZT transducer resonances. Errors included are 
ties in the measurement of the !!.HLU1'~llL 

investigated. A mode locking control was developed to 

from the 

an This technique, "''''''OL,''''V. Transmission Phase LiVvLU'UJ<. ----"1-- to BI A 

measurement was used successfully to trap and track liquid modes TXnTnln interferometer 

cell. to incorporate the ""''''JU,,,Llv interferometer within 

vGJ,vU,IGv,IVU1>, facilitating an easy for calculating 

.v\,., .... -.H system, BI A was for water at 

successive m()QE~ approaching U1l'Ua,JlHCU".::w, resonance. 

at ion 

tracking 

caused by 

to tip1'prl"l'l 

1% are 

100000 over 10 modes) JQC:K-In and 

A plot of BI A as a function of mode order In(llc:at€:Q a frequency pulling 

resonance. 

operating area 

liquids 

we have shown 

systems 

conditions were defined 

measurement. 

sound speed 

nCI:;!nann;U!::l in measurement 

COlltllGU<)US wave measurement is a 

conditions are 

on experimentation, 

guideline, BI A was 

Resul ts show good 

than 1%. 

and accurate 

of 

achieved using <..-..... "u" .. u'''''.,y electronics and a uU'"'V""-' lIlterte:rOlmeter system. 
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Chapter 6 

Understanding Tube Resonators 

objective this was to develop a yet accurate tllllUotls-~N"a"e system 

B j A isentropic ally. partial fulfilment this, .uv,-",,-,u,," (T.P.L.) 

provides a simple to complex pulsed measurement systems. Neverthe­

to double 

and complexities and problems ru:>OV\..la"cu with this o.lJ~JLV'''''''H (highlighted in the previous 

purpose 

of 

in mind, a survey resonator was conducted, for the 

",o"aUL,oHUL", a resonant cell appropriate to continuous wave measurement. A result 

of an of loosely coupled modes, nr~''''''''"l1" 

in a filled cylinder. These modes, appear to be are 

in nature are 

purpose this sec:tlon is to 1J"",UL.l"U""'L'.Y identify 

LUv''''''''''''', with the purpose 

as a function of mode order. 

model the 

BjA 

TP""PTltHl between 

acoustic 

tube as a 

with 

cavity resonator. Aspects measurement are together 

acoustic an 

sion element A"'"",r,roi" of the acoustic is shown, 

origin we technique these 

a resonant-locked \..VlluL\JL """",rpTn thereby the absolute measure 
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6.1 A of Equivalent Circuit Theory 

6.1.1 Circuit Model 

A DleZOE~lec can l-ar'1C'£l,,-i by lU,-"uv.1UU/S the interactive 

the UU1.C\.-LLa,aL .... o,l equations state [72] [3] or piezoelectric 

behaviour as an equivalent el€~ctJllCI:tl or mechanical circuit. 

control '''''H:t'>1CTI (as shown in '-IU.o. .... "",' 5) 

is simplified because behaviour of the ,..",,1-.. ,(\1 

system) is known can be 

and liquid 

C1<:;U1<::11" for control-loop calculations. 

Equivalent circuit modelling many authors; the nan,,,,,,r., 

a piezoelectric response is book "Electromechanical 

and Filters" [76J. Mason uses a 

behaviour a simple IJ!CL<vcac\.­

"TV''''O.'''' e.lenlenlt network 

This transmission can converted to 

a resulting in the 

electrical analogue depicted 6-1. 

Transformer Ratio 

1 : 2<1> (air 

j 

1 : <I> (symmetrical load) 

(a) 

M 

! 
K 

Z,~pvS 

(b) 

6-1: Mason's equivalent electromechanical circuit. The ideal transformer cou-
the electrical to mechanical energy and is to the simplified 

the transformer turn <P. These are defined by the lva'UWCI5 

apI)ll!:::Q to the The variable refers to the electrical 
The mechanical of 

HU!J<o,.a.1Jl\..<O, Zr, are reJ:)re;;lented by the elec-

An v,h',"U1 .• UO,IJ'vu of 6-1a H""'l\.-·",,,e,,' two isolated from one '--"1"-'VU'-'1 by a perfect 
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Tube Resonators 

transformer. the primary behaviour is represented by 

In a rel)rE!SeJntln}! its QHUe(;trlc losses. The 

secondary (or motional) side of transformer is Ave ..... ,,;u 

asenes network, to mass, vVLUfJAH"'U\"", and damping impedance) . 

The turns governs the from electrical to ""''''<leeu,,,,,,,,,. energy '-AvA.HL~''-A by the 

loading If the Tr~'T1"'tAT'TYi'''r IS parameters 

can be to the primary to 

To obtain quantities motional arm, a 

trical units is This can achieved either measuring both dimensions 

and p.e. constants the and applying necessary lectrC)mecllarllc:al equations 

(see [56] j or the lH\.,'I>lVllal can be derived from a 

of the HL~.UA.>"U admittance or IHlpc;'uaj,l"-'Ci <:n,P(,TT'l 

6.1.2 Admittance Equivalent Prediction 

The is Hl";GO"" a unit voltage source, connected to 

input, over a predefined Tr~>rll'IOT1 whilst ron,;u;:> .. ", the real parts of the 

current into the network. 

By the real part admittance or 'conductance' on abscissa, with 

on as a L~LL~U'~U of frequency, we can ro'~r"''''''''nt p.e. 

behaviour transducer as an admittance vector as shown in 6-2. 

vector diagram !'U1IUY\!O in the vV1UfJ'vA referred to as 

a circle [107]); to 

the the clamped Co. 

resonance a diameter ","""",-,'-1. as l/R which can be measured absolute 

mittance ditferen(~e Y 1m -

offset hot,n"'OT1 circle 

angle 7r /4 the horizontal 

resonance, 

conductance Ge 

power 

The vector 

response, with additional 

of its magnitude and quality 

the tangential 

are shown at an 

an 

reIJre:seIJl1;lI.lg a 

u,,,"~,,,.,, for an ."'"., .... ,!v'"" p.e. resonance, LU""""u,-,,,,, by Fig 6-1b and 

IThe dielectric loss resistance is in most cases several orders of in UHlt'vU'"U'~v than the other 
circuit therefore it is considered infinite and 

88 



Univ
ers

ity
 of

 C
ap

e T
ow

n

Resonators 

SUSCEPTANCE 
S 

6-2: An admittance vector vibrator [1]. The locus 
follows a conductive dielectric loss with increased fre-
quency. In the of a mechanical resonance the locus deviates to 
follow a motional admittance circle. The maximum and minimum absolute 
admittance are shown as and in, with the series is and paral­
lel ip mechanical resonances. R indicates the mechanical of the 
resonance. 

in Fig 6-2 is described following eX[lre::iSlon: 

Ws = 27ffs reactance is given by : 

x 

Having vA""U"",,"U vector behaviour of a p.e. resonance, we now observe the 

absolute spectra in to behaviour as an electrical 

circuit and estimate equivalent circuit [100]. 

6-3(a)) can absolute 

amp circuit. It displays 

spectrum 

mechanical 

easily L"",UC'''' using a "",,",v'''' op-

electrical resonance behaviour VULVU,,-U its 

rl.!LHUl'~H ::;ll":<c",,u::;t:u ""~"''''1--- do exist for predicting electrical immittance parameters vector dia-
these are beyond the scope of this thesis. 
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Tube Resonators 

0.. 

UM 

.3 

Q25 
~ 
g 

02 ~ 
.$ 

fl' 

005 

(a) Admittance Magnitude and Phase Spec­
trum 

~ 
~ 
! 
III 

_ m _ _ W ~ m = ~ 

~(~ 

(b) VVllULU,", 

Figure 6-3: A comparative plot of the complex and absolute admittance, and for 
a vibrator. The peak of the conductance curve to 

The absolute admittance has both local 
maxima, fn both series and parallel resonances. 
The phase spectrum, described the arctangent of the susceptance over 
COI1QlICtIUlc:e, reaches a minimum between fr and fa. 

0.4 

03 

maxima and minima, ma,gm.tUCle plot on the electroIIleC,harllc:al 

coupling the , which can readily be '-'''''',",U1'''',C:U by: 

(6.3) 

Although the is an indication of the series resonance frequency, it is more accurate 

to measure this value in 6-3(b) , 

the its 

mechanical resonance of the conductance curve, 

'Q' or quality series resonance may measured, with power 

pplcoxlm:atel:y equal in frequency to the 1H<:"-IU""'" and ...... uu.uu- of susceptance curve, 

6.1.3 Circuit Calculations 

the admittance curves shown in the me,ro,'" oon'eslPOll1QJmg to lV.I.<U)lJll 

equivalent can as lVL'VVl/'" 
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factor 

mechanical quality factor can be [100] series resonance 

power points conductance curve and the equation: 

(6.4) 

or may be the admittance curve using 

(6.5) 

Mechanical Arm 

Once Qm is derived, the following set equations can to equivalent 

L,C and 

L (6.6) 

C (6.7) 

R 
1 

(6.8) 

where Ws is series resonance frequency defined at maximum 

Electrical Arm 

Although the (Co) can 

any charge flowing into 

using a capacitance it 

stored dielectrically 

and Ple:ZO~~le(::tn ht>,".,tl.rt> not should the measurement 

well away U";' .... Ua.1U.vU. resonance, but the rrl""""""T""rr capacitance should be corrected 

to account for undamped Ple:ZOj~le(~tn strain 

the equation can be used to 

clamped 

- 1) (6.9) 
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the optional UlCl"'L"L resistance loss may be derived as 

(6.10) 

Observing Resonance .L..l',,, .... a. a Tube 

theory of of a liquid in a cylindrical cavity is understood 

analysis closely that of electromagnetic [20] and gas all of which 

solution of their wave boundary conditions. A means of 

resonances tube quite during this 

is examined in the following 

of the tube empty and water conditions. 

the acoustic loading associated with water are observed, 

response and resonance frequency. last experiment a wetting 

of loosely acoustic 

modes, which form an a where none 

had existed. and behaviour is in remaining 

37,9Smm 

Epoxy Resin 

6-4: A schematic of the cup transducer, dimensions of the PZT tube 
and the experimental Three adjustment screws were used to level the 
liquid filled structure. The liquid was filled to the brim, however 
led to negligible disturbance of the acoustic series. 

Each UU"'!!!,,:' ""LHU'lUY the spectrum as a means observ-

ing resonant is confined to '-'4£''''-0, ...... , ... 0'''". resonance 

spanning a frequency range from to IMhz and is un::'''''''IJ.l using a no1r.",,, .. 1r spectrum 
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analyser 

on both 

to a perspex 

Figure 

was for this study. This tube was fully 

thickness. In order to retain liquid, 

were soldered to the inside and 

UJJ.UC;UO.1V'.lO and construction of the cup setup. 

6.2.1 Study 1: - Empty 

at 

an 

. and 

the 

(also 

resonant 

a sweep absolute admittance over the rrp'(111Ipn 

is dominated by the fundamental thickness resonance 

resonances are present in the spectrum 

are U""OUUL~L"LV in comparison to the L~J.JU.<"'''J.V''V<NJ resonance 

6.1, the .. " ... u.,,, .. ,,,u. relJr€:sell1tE:O in 

to generate a comparative 

is a good reIJre,gelrlta,tlCm 

will as a baseline in the following expermlerlts. 

Measured and Simulated Absolute Admittance 
PZT Tube-

'" co 
0 
>-
t:> 

@ 

~H ~ 
0 

7.69 nF E 
'" ~ 
" n <~ 

iJ5 

Equlvaf,mt Circuit 

x 

4.5 5 5.5 7.5 8 8.5 9 9.5 
Frequency (H~) x 

6-5: A comparison between the measured and simulated absolute admittance 
,,,,,~,,i'''".rn for the PZT cup transducer. Simulated admittance has been ver­

offset by 0.02 siemens for COInp;an:son purposes. Satellite resonances 
are marked with an 'x'. 
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6.2.2 Study 2: Cup - Filled 

second study, the cup was filled with distilled water 

screws admittance measurement was repeated over the same frequency 

and the COInplex spectrum recorded. 6-7 

for comparison the resonant behaviour of cup u.,u" .... u,"-''''. before the water 

was a.U'l"':;;\.l. observed in in both 

and resonance This is more pronounced in 6-7 

where -LV,:LUC;U motional circle conductance 

accordingly. The no evidence of CLL.'JUO'"lL. 

resonances UelJIC1GeU 
/ 

damping. Following 

the modelling pf()ce,oUJee equivalent piezoelectric 

derived 

Empty 

Water 

Change -96.06 

1 

fs 
hz 

651200 

1 

are 

hz 

714605 

711100 

-3503 
1 

keff 

00401 

-0.003 

1 

C L 
F (10-9) H 

3.975 

1.532 3.898 

6.1 

0.776 

+0.620 
i 

+0.3 

i 

cornpflIlrlg the loacling effects of water on a tube. The inductance 
.nprp"",p(l <..;i:l.l!1>Uil)1, the mechanical resonance to 

frequency. described by the resistance is 
whilst the Q has decreased. A measure of the electrical capacitance shows a 

increase indicating an increase in the mechanical (or corn-
however in with the in mass, this is U"'I~ll".!UL". 

The effect of water effects described by Mason. 

6.2.3 Study 3 The U\f,or11" ...... Phenomena 

acoustic u."ue;o within a liquid column are well previous two exper-

Iment;s show no their "A.'_' VU'VL"'LL 

An unexpected result n,...",,,,"o,-, after a drop of soap was added to water L.Ul,UUHl. 

An resonant Pl€:ZOl::!lelt::trIC nnO"t·o~intherron".onr'" This 

phenomena is displayed in the time It is evident 

series modes are excited by 

soap liquid. energy the ~lU.".ru",,,,,:> resonance is acoustic 
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Understanding Tube Resonators 

1.4 

1.3 

1.2 

1.1 

0.9 -

~ 0.8 

'" ~ 07 
in 
?:: 0.6 

0.5 

0.4 

0.3 -

0.2 

0.1 

o 

I-~-····:·· Waler Filled 

L - Em.--'p---'Iy __ -' 

Absolute Admittance for Cup Transducer 
Empty vs. Water Filled 
--,---;------,--,_._, 

Fm ~ 653.22 kHz 

'---______ J 
___ ~_L.._------L __ _"_---'_____' ____ ..L __ . __ J ! ___ L ______________ :=:r:d 

6.42 6.44 6.46 6.48 6.5 6.52 6.54 6.56 6.58 6.6 6.62 
Frequency 1Hz) 

Figure 6-6: A plot of the absolute admittance comparing the resonant behaviour between 
the empty and the water filled cup. Acoustic damping is observed by the 
drop in magnitude and shift in resonant frequency. 

Admittance Circles for Cup 
Empty VS. Water Filled 

0.45 

0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1 1.1 1.2 1.3 1.4 
Conductance G (siemens) 

Figure 6-7: An admittance circle showing the loci for the empty and the water filled cup. 
The 'x's indicate satellite resonances in the empty cylinder, which have been 
damped by the water in the other locus. 
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(a) Time = 5 minutes 

8 8.5 9 9.S 10 

x lei' 

4.5 5 5.5 6 6.5 7 7.5 e 8.5 9 9.5 10 
Frequency (Hz) x leY 

(c) Time = 15 minutes 

OL-~-·~~~'--~·.~·~~~~~ __ ~~~ 
4 8 85 9 95 ro 

x 1fT 

(b) Time 10 minutes 

4.5 5 5.5 6 6.5 7 7.5 8 8.5 9 9.5 10 
Frequency (Hz) x lei' 

(d) Time 20 minutes 

Figure 6-8: A time sequence the wetting associated with a water 
filled PZT tube. The result following the addition of a drop of soap to 
the water column is in the set of four absolute admittance 
The time interval between is 5 minutes. The fundamental 
PZT resonance is at the expense of the acoustic resonant series, 
whose quality factor increases with time. This if 
the cylinder is dried for several hours before 
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a de(~re;ase of resonant 

the was emptied, dried and 

with Ul"'""'"'''' water. Again 

believe phenomena is a 

series was excited (see 

effect. Supplementary 

6-9(a)), us to 

have shown 

left to dry ~U'UM"V returned to its 'unwet' state. Wetting was 

also achieved using a variety of other and 

liquids. 

6.2.4 Conclusions 

modelling of electromechanical acoustic systems as equivalent el€:CtlrIC.:tl circuits is 

known proven to an accurate of physical deriving equivalent 

circuit behaviour, \"V"VHJl instrumentation (such as that derived in can be ,-,,,,cUM,U'"'U 

more a more accurate to deriving 

tube resonator initial for 

liquid tube have 

unexpected wetting pn~ell()m~mcm excitation of a unique set of 

Q's are 

spaced 

velocity) 

we postulate may used to measure (and possibly absolute sound 

an PTf':>TATnPtPT resonators TPL. Their origin 

still needs to 

to COIlVentionai 

investigated their admittance characterised in to 

6.3 The Acoustic Resonance 

shows magnitude SP€~ctI'a for ' . .u~''''U.UH''''' liquids and water in 

cup. 

behaviour 

attributed in 

were to identify the resonant 

to the UU,';.l".l':; [84] content its molecules, was 

"'IJ("\"",:U al\"'v'.'-"~.,\" resonances Fig. 6-9(b). In \...V11.11Ja.J. 

acoustic resonances, allowing us to compare the acoustic 

mode coupling resonant 

FC75, 

;::'C;1.lC;.l""~C; the closely 

spaced 

liquids in terms 

cup. 

individual modes, yU'~H"".'''''' for both liquids were 

and a square re£!:res:sion ,..,,,,rtnT,'Yl for both are 
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v;- v;-
c c 
~ E ., .. 
!!!- ~ 
E E 

Frequency (Hz) x 10" Frequency (Hz) x 10 5 

(a) Admittance Water for FC75 
shows 

the optimally coupled behaviour of 
the cup-transducer post wetting. The 

result. 

in 

is a measured 

6-9: A plot of the absolute admittance for water and 
The slow sound speed of FC75 enables more than double the number of 
acoustic resonances to be examined (modes 22-54) over the same bandwidth 
as water (modes 9-22). 

6-10 6-11, which -.-'F .... J sets of for liquid. This 

is caused by the fundamental resonance, which acts to 'pull' the acoustic spectrum3 

an in and -19.8kHz water. It 

is interesting to note that gradient for 

of +0.3% +1.1% in water 

vibration, longitudinal and radial. 

defined boundary conditions 

a numerical 

liquids remains mostly constant with a 

two 

modes may be calculated 

the geclme:try 

the wave equation 

Blevins the liquid <"Vl'LUUJl1. 

where R L are the and length the column cis absolute "AI,n('IT~" of 

sound. k are of nodal Ull:JCIIlt!Lt::ll'1S i 

r ... n,UH''':V pulling' phenomenon is discussed in further detail in section 6.4,1 
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Liquid: Fe 75 
1100000 

1000000 . 

PZT Thickness Resonance 
900000 . 

~ 
N 

;E. 
800000 

.l'! 

fs fp 

fs=18669(N-O.56) 

g 
~ 700000 0" 
~ 
"-

600000 . 
fs·'8600(N+O.4) 

500000 

400000 
22 23 24 25 26 27 28 29 30 31 32 33 34 35 36 37 38 39 40 41 42 43 44 45 46 47 48 49 50 51 52 53 54 55 

Mode Number (N) 

Figure 6-10: A plot of frequency versus mode number for FC75. The PZT series res­
onance, fs, divides the data between an upper and lower bound, with fre­
quencies above fs being pulled linearly by the coupled PZT resonance. The 
lower data set corresponds to the theory defined by Blevins [1 7] with an 
offset in N of approximately 0.4. 

1200000 

1100000 

1000000 

;g: 900000 
m 

g 800000 

15 
<T 

~ 700000 

600000 

500000 

Liquid: Water 

o Experiment 

+ PSpice Simulation 

PZT Thickness Resonance 

400000~---~~--~--·-'············T··········,' ,--~--~--.-,---~--~--~--~~ 

9 10 11 12 13 14 15 16 17 18 19 20 21 22 23 24 
Mode Number (N) 

Figure 6-11: A similar plot of resonant frequency versus mode number for water. The 
data is pulled linearly post resonance in much the same way as FC75. A 
simulation of the mass coupled mechanical-acoustic model is represented by 
crosses, showing good comparison between the experiment and simulation. 
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is the number of 

conditions i, j 0 

The dimensions 

modes. The term )..jk can 

as 1r(k + 0.25). 

define a condition 

approximated4 under 

radial and longitudinal 

modes cancel one ""L"'"H'C" 

Fig 6-6, with only a 

is observed by the 

trace radial/longitudinal 

'd.ll\"n.J"C;~"" resonance DrE~serlt 

in the 

of the thickness resonance 

radial H1\.>\.ICOO 

6-6 as 0C;WVU1 "vi:> 

v""e!ou.LF; the PY"nH'''':1,nn in 

c 
~ 2r (k + 0.25) 

thEoretor'e assume that 

6.11 to be reduced to: 

(6.12) 

we notice that the acoustic 1H\.;\.IC>0 resonance Returning to 

approximate equation with a gradient almost exactly and a constant 

offset in both liquids of 

spectrum are purely 

further confirm 

filled tube transcluoer 

developed for this 

1. The \.AU""V .... , ... ,, in 

leads us to believe that un,,.,.,,,,,, present in the 

In order to 

ou,e<IJ';:;. a finite element nort-",rrr,,,,rl on the liquid 

ele:mlmt software parametric model 

• ,+,'!-'vuu.J,n.. C) was designed as 

were used for the elastic and 

dielectric were obtained from the manufacturers. 

2. Two sets of models were run, 1mm 

O.lmm to It was found that coarser 1U"'OB';;;0 not adeqt).ately 

capture the 

3. Detailed tro.rI,,,,,,.-,r·,, o.:LU,'tJU.Ht:, was necessary to Q acoustic modes. 

4. An oscillating 

Fig 6-12 shows 

two pressure profiles "r>Tlnr'rn 

or radial coupling. 

4For further values of 
Functions. 

of 7 nano-coulombs was to drive the transducer. 

These 

cylindrical mode shape, showing no eVloellce of longitudinal 

two adjacent water n=l1 

or Abramowitz and Handbook of Mathematical 
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(a) Mode No. 11: Oblique View 

(c) ID¥~~~,,¥~ profile for water - Mode No.12: Oblique View 

(b) Mode No.11 
view 

(d) Mode No.12- Y-axis 
view 

of the pressure profile for a PZT tube oscillator filled 
with water 20°0). Two modes resonant at 528.8kHz 
(mode 11) and 574.8kHz (mode 12) are plotted for The dis-
tinct mode shape is visible in the form of concentric of 

, constant pressure. A view from the Y-axis shows the nodal circles 
described in the The dark blue indicates zero pressure, and indicates 
nodes in the 
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Equivalent Circuit U::::jUJ:li:l.Ul.:tj Series 

Having discussed origin and type of acoustic resonant series, we now ttirn our 

in the 

mechanical-acoustic behaviour 

'''\)'l''''l,vU. p.e. response, we are able to 

derived equivalent c 
responses the total frequency characteristic 

pr,ocE~dtlre is U";:'V"".Y and Fig 

and conductance "";:'U~la,l,<::;U. mode. 

llSloec:tlcln of these between 

of G. 

"""lJ'Ull.l~ the 

the 

The superposition 

system. A result of 

input reactance 

jWC 

indi-

a change in susceptance conductance modes approaching the tlllCKne!3S resonance 

of the 

more resonant circuits are 

(or coupled to 

Similar behaviour is An""",""""n 

or mutually coupled together. 

resonance (determined 

liquid resonance. 

+""'1'11"0"""'" UUHH1>< encountered in 6-11 and 6-10. It would 

Fig 6-8. A more Uv"""'HOU uu:,;cU:,Sl(m will 

6.3.2 

two or 

supports an 

would account for 

explain the be-

with H"".IU.<::l1'l,) 

A summary ....... U."LLF.", characterising the of the uncovered series, is 

in below: 

• The acoustic (or liquid) series is cylindrical with resonant 

by 6.11. The ULVU.v,-, are mostly independent 

to its can 

seen by the acoustic series. 

• The phenomenon is by aU'UllJl~ 

soap to a VV'''.U.uu of water. wet, cylinder to excite liquid modes, 

5The liquid level was in all studies filled to the brim of the tube; nOV\lPVI'T it was noticed that fluctuations in 
level had almost no effect on the acoustic spectrum. 
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0.02 

0.018 

0.016 

0,014 

0.006 

0,004 

0,002 

Modeled Reactance 
liquId Water 

t 
1.10E-O. 

1.00E-09 

9.00E-1O 

3.00£-1\) 

2.00E·1O 

1.00e·10 

a ~~~"-'-~--~~··~~"-'~~,*,:":··'-~-----:;:':::':~'-'~~=4~~~··~O.OOE"'" 
9 10 11 12 13 15 16 17 18 19 20 

Mode Number N 

Figure 6-13: reactance parameters L and C mass and inverse 
VV':UIJ'Uo.uv,o I are as a function of mode order. These parameters were 
modelled from measurements. Evidence of PZT coupling is 
shown the similar bell shape associated with and the inverse 
inductance. 

1.2· 
Modeled Conductance 

Liquid: Water 

U 

0.9 

0,8 

0.1 

0.6 

0.5 

0.4 

0.3 

0,2 

0,1 

9 10 II 12 13 14 15 16 17 18 19 20 

Mode Number N 

6-14: The conductance curve shown above for individual the 
power transfer between the PZT (bandwidth between mode 12 and 
the The conductance was modelled from measured results. The 
bell is characteristic of two mutually inductive circuits and 
supports the model derived for mass coupling. 

103 



Univ
ers

ity
 of

 C
ap

e T
ow

n

even is not completely 

• The ~V"U'-'v reactance curves for the 

the PZT resonance m(11catlng a coupled behaviour 

circuits . 

• An exact "'H'''HI',<O 

• 

frequency 

present 

6.4 New ........... .;> ... J;O.. ..... 

In Chapter 

to, or the 

pulling", a term 

.... -----J 8 f is present for the upper 

6-11), however a deviation 

PZT resonance. 

the acoustic cn,,,,,"'''' 

an basis from which 

into Resonance 

B / A measurements VC;\'.aUl<O 

thickness resonance. 

in previous chapters to 

resonant 

over 

electrical 

bounds of the defined 

pulling is 

"ucaU"C;H to c.w . 

adjacent 

is a result of "frequency 

two or more resonant causing a shift in resonance ..... onl1,,,nr·,, 

reaction between 

both systems. The 

within the electrical 

signs of pulling. 

interaction coupled systems has been well documented, 

two or more resonant circuits mutually 

filled PZT cup, we IJH'~lR"U'"lRIU of frequency 

h<Ul ... ,,,>rI in interl:en)m.etr ..... UlUU,'C;U to a narrower bandwidth 

resonance. an attempt to -. -'_ ...... J we next 

pulling acoustic coupling. 

Frequency Pulling ? 

When two resonant systems are arranged so energy can transferred from one to 

they are to be coupled. For a coupled individual resonances are or 

by an amount defined by and energy 

of frequency pulling is plots of resonance versus 

in show the resonant of 

linearly in frequency fundamental resonance. 
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may be 

order 

Tube Resonators 

denl0n:stra,ted by with mode 

as shown in 

Liquid: Water 
50000 

¥ 
-;; 30000 

~ 
25000 

20000 

15000 

10000 
10 11 12 13 14 15 16 17 18 19 20 21 22 

MOde Number (N) 

6-15: A demonstration observed for values mod-
elled circuit The in with mode 
number plotted against mode order is shown as a dip in the of 
the PZT thickness resonance. simulated results are examined 

the between fr ... rm<m 

versus 

Although a mathematical solution can be to quantify this behaviour, it IS more 

to terms of mutually resonant a view 

which will be CA,:l>.!U!UC;U 

resonance deJ)en.dellt of frequency mode should not influenced 

by coupling during the pressure jump nrr,r'''''''' To review this condition, 

located ~.i'~VY"V vu',,,n..u,,,"" resonance. The LAVUH .. ".",> 

pulling mode is defined by its to the PZT resonance. For a V"'''HE. ___ 

in (such as that '"''''U.i:lCU \ViII a 

corresponding ,",UJ.L!U1HC;U with a mode "I-"vv,."" nonlinear T,.<J'rl11,,,,, 

the new locality to remove 

nonlinearity, acoustic 

true 

most those UhI,aI-/V;:>C;u to the resonances {Le. modes except 13 
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Resonators 

- 17). 

Inductive Demonstration of Frequency Pulling 

In order to demonstrate frequency we define ten sPliced water modes 

(mode 10-19) spanning fundamental PZT resonance. Each "",,_,,'HC.U. as 

a tuned LCR 

the ' ..... "'arc'a bulk modulus 

with a constant Q 

I chapter 3). The 

calculated 

and capacitance by 

-..,'-----J interval, defined by equation .. 
6.12, is as 47058Hz. mode is table 6.2. 

"""'nr~'n the acoustic to for the 

PZT implementing mutual inductance (or mass) U.1"I"J.Hl"'. Figure 6-16 U<;;I..)I'-''';::' 

alent model in terms an modes coupled to the 

motional inductance of the The coupling COE~m(:;lellt k represents the PTIIJrnv 

tween system and is to calculate the mutual inductance using 

A ;::'AlJ.JlU."], of three 

to be examined over 

are '-I.\o ...... H"'U. as follows : 

M= 

conditions is 

frequency ',,,,,,,prn 

using 

400kHz to "',1.Y.J.J.J.LJ. 

L Weak coupling Relatively little <>n,:>rO"u is transferred 

characteristic of an unwet PZT surface. admittance cn,,,,,,t-r, 

is dominated by thickness resonance. 

2. or (k=O.05): "-"\o.1<,1.,1.'A> the critical 

the input 

three conditions 

to 

in Fig 

coupling from 

to the liquid. 

the combined 

LYJ.':.AI.HH.UH power is 

resistance of 

to the acoustic resonant circuits, 

is equal to of the 

6-17(b)). This LVU.LlUI,1.t:. behaviour is most commonly is assumed as 

normal in analysis 

3. Over coupling 

most cases 

This situation, although partially in Fig 6-8( d), is 

is an electrical circuit simulation program by Orcad. 
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717647 i 

764706 
17 811765 
18 858824 
19 

Table 6.2: A table of calculated values for ten liquid modes approxi-
47kHz The modes are calculated with a constant capacitance, 

determined by the Bulk modulus of water and a Q of 500. cir-
cuit values for inductance and resistance are calculated the resonant 

u"u'v.",,,, defined equation 6.12. All circuit values are modelled on the 
dimensions of the transducer 6-4). 

Co 
7.69nF 

k=O.05 

Modes 

t 

6-16: An equivalent circuit model mutual inductive between 
the equivalent PZT circuit and individual resonances, defined by the 
series tuned LeR circilit. 
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400000 500000 600000 700000 

Frequency (Hz) 

(a) Weak energy coupling, k=O.02. 

400000 500000 600000 100000 
Frequency (Hz) 

(b) or coupling, 

aooooo eooooo 1000000 

800000 900000 1000000 

monly observed admittance spectra optimum en-
ergy between the PZT and the liquid 

0.5 

0.4 

0.3 

0.2 

0.1 

O+-------~----~~~-~L ..... _¥ __ y_~~~--~--,~----~ 

40000'0 500000 000000 700000 800000 900000 1000000 

(c) Over 'vVL'lJlllll"., k=O.OB. 

6-17: A simulation of absolute admittance versus for water. Each 
of the graphs is defined at a different coupling enabling three 
completely different interactions to be observed. It is 
interesting to note the between these simulations and the wetting 
phenomenon examined earlier. 
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A more thorough examination of 6-17(b), being the 

a remarkable to the ",<0'0.<)'." obtained 

using the same LU~JU.'''UU}; procedures as U<JJLVL'C;, 

as 

simulated 

ment 7 indicating 

A plot of 

caused by 

is safe to assume 

the 

coupled is a reasonable (A.<4'''''U'}; 

resonance frequency versus mode order 

resonance and is .o,"-''''''YO to the behaviour 

the mutually ,",VICUJ'",,;U circuits chosen 

A theoretical examination of <4Ul-'v'--'G1,1\.,v equations 

reveals that coupling is del;enmrled by the 

pnll1nllPn admittance, re-

water (see Fig 6-9(a)). 

modes are 

A comparison h",l",,,',,,n 

are in 

PZT-liquid nan,!>",,,, 

6-20) shows the 

in Fig 6-11, therebore it 

the 

tance coemcllent k. By the acoustic ..., .. "" .. " ... "" across the the 

effective resistance ~n and Xin is given 

00 

Xpzt - 2::: ----''!':--'­
n=l 

expressions : 

(6.14) 

(6.15) 

between acoustic """'T. ... ,rrl and elec-

trical 

coupled to a 

analysis. 

not 

resonance. In 

Following u ....... "v .. [77, Aplpe:nOlx 

plane wave propagating in a 

multiple 

to resolve this we next investigate a 

Analogue 

a of rnCltlOln 

medium along can be 

simulated and measured functions for L,e and G follow the same shape, 
For absolute the bulk modulus needs to be transp,os€;Q 

this was later achieved wi th the transmission line modeL 

109 

U''-Jlie", may be 

an:3m.issilon line 

an adiabatic 

(6.16) 
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Resonators 

t2OE-ll2 ' 

. 4,50E·,Q 

1,00E·02 
4 0QE-10 

3 5OE~10 
8.00E.(l3 

!: 
B c: 6,0QE.()3 .. 
tl 
::l 

'" .5 
4,0QE·03 

1,0QE.10 

i,OQE·,O 
2,00E.03 

O,OQE<OO 
10 11 12 13 '5 16 17 16 ,19 

Mode Number 

6-18: A plot of the modelled reactive L and C versus mode num-

-;;; 
5i (),8 
E ! 0.7 

B OJJ: 
<:: 

'" tl 0,5 
:J 
'0 

5 0 .4 
U 

0,3 

0.2 

ber after the simulation. It is evident that the capacitance follows 
the same behaviour as that observed in the with inductance 
summed before resonance and subtracted after resonance. This would in­
dicate that the Q of the resonant is increasing with mode 
order, supporting a transmission line alternative. 

6-19: A plot of the modelled conductance versus mode number calculated from 
the results of the PSpice simulation. The bell-shaped curve closely matches 
that of 6-14 being the modelled conductance determined by experiment. 
This result demonstrates power coupling between the PZT and 
the with maximum power transfer at mode 14. 
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'000000 1 
900000 

500000 

'0 14 15 

Mode number 
'6 17 16 

Figure 6-20: A plot of the resonant for the simulated liquid modes a.~,~u",~ 
calculated mode values. Note the identical behaviour to the observed mea-
surements (Fig.6-l0 and It is also-

occurs post PZT resonance. 

rl."'.::JUHUHI<, simple motion, _-. ___ .. ___ 6.16 can cu ... ...,c\..! to: 

+ jw(X + 217)} 0 (6. 

X and 17 to the prE!sslon;al and modulus 

is the 

A solution to 6.17 can written in of input pressure, p, 

i;; as follows: 

P = Prcosh 

rx 

and 6.19 same to the 

tions found in electromagnetic wave theory, pressure and 

and current [20j. Following a transmission 

give a OUJLAfJ"'"' representation, we define constants r 
of QI"'~l1C:'1',,-' tnms;miissiion line. 

111 

(6.18) 

19) 

OOA'VU-'AU"'" equa-

the acoustic analogues 

to 

vnJvc~aar;w!n coefficient 

are defined 
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as follows: 

where p is density, v 

r 

velocity of liquid. 

+2'17) + jw 
v 

The VtJa,};",,~.vu coefficient can be in terms a 

(a + j(3), more 'vVU.HH~JHL'y .,.t>t".,..,.c'" to as the 

a,'v'jU~'L!L line. characteristic impedance, on hand, 

(6.20) 

(6.21) 

and imaginary components 

/3, functions of the 

to ratio 

pressure and velocity at any point x along an infinitely acoustic line and is in most cases 

aplprCIXlIna1~ea as = pv. 

we consider symmetrical ge()metry of cup transducer by Fig , it is 

to assume the center 'vveLU! .... ! is a retlector of a,U,UV,)L infinite acoustic 

With this U.U'"'-LVj;.Y we can acoustic of the cup transducer to a 

simple one dimensional transmission line 

l1U!.J<:;IJ.a,ll\JC; defined as 

VIJ.''O''', shown in Fig 6-21(b) with the input acoustic 

Sis area; and !HIHa,"UJLt; UHI-'t;;U'''H',<:; defined per unit area as 

Substituting mJ)eClarlce in equation 6.19 we 

Pa + Zo sinh rx) 

+ Zocosh 

(6.23) 

(6.24) 

(6.25) 

(6.26) 

8 A more classical solution to the attenuation function can be derived Stokes's that 
a radially liquid has no losses, in which case the combined is defined as X + For a 
more analysis of acoustic attenuation, heat conduction and structural relaxation should be considered. 
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""\ 
------- -------

(a) 

Transmitter 

Effective transm issioll 
line path length, x=r 

(b) 

Reflector 

6-21: A physical schematic the convertion of the ('ul'.nf1rlf'!> transducer 
The solid line in the into a one dimensional acoustic transmission line. 

center of the tube represents the infinite Impe(1aI1Ce ref1ector the 
input impedance of the PZT tube is shown as 
length of the transmission line is determined the 
tube. 

6.23 aet!3rm:mes acoustic uUV"'''''O,Uvv 

""""JUC'''1v transmission line of length x. 

Za = S Zo [---,1 z;:;-+_¥=.:r ___ r_x] 
h +tanhrx 

terminating impedance is infinite, we can input 

following hyperbolic function, 

lim Za = SZocothrx 
zr ...... OO 

"""',C;U.U"""1V'H is of no critical importance to frequency pulling, nor the frequency 

we assume that the attenuation is negligible i.e. r = jf3, 

tube. allows us to further simplify equation 6.28 (using 

j tanf3l) to more 1U<" .. O'5"·"''''''''' form: 

(6,27) 

(6.28) 

X liq = -jSZocotf3x (6.29) 

to reactance. 
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where 

of 

a 

as we 

is 

solution given resonance for 

which is a !UlrlCl:IO:n nature of the wave. 

in 6.29, we gain a revised !Unctlcm f3 

(6.30) 

to the frequency interval between modes , and r is the radius 

as the input reactance of the 

to account viscous effects, we couple the 

amsm.lss],on line, and defining 

network in the same way 

c. 
7,69nF 

a perfect transformer with 

to the mechanical transmission 

representing 

Solid 

Mechanical 

A 

by M. The 

by Mason [77] with 

caused by elastic 

LU",,",,"-"U line 

z, 

6-22: A new of Mason's electromechanical transmission line model is 
shown as a suitable model for the transducer. The and 
electrical components are isolated from one another a 
ers. The transmission line is terminated an infinite HUl'''''lJ.''''' ..... ''' 

and has a series reactance The resistance corre-
Spl)n(lS to viscous effects present in the whilst the mechanical resis-
tance Rpzt internal friction and losses. Mason's turns 
ratio iP and reactance are calculated as normal. 

"VF,,-,",""'L with acoustic parameters de1~ermlne(1, we simulate the 

[78]. Admittance graphs comparing with experimentally mea-

114 



Univ
ers

ity
 of

 C
ap

e T
ow

n

are given in 

The acoustic model is in C;M~C"Lvl.1b with corresponding 

intervals This "A.1'J.<:alUlllH to Mason's transmission line 

model, an acoustic 

present liquid filled 

will used to measure B / A in 

6.5 Conclusions 

explanation the behaviour 

cup transducer. resonator 

chapter. 

acoustic resonant 

('r"'~1c'11" resonant 

this we examined behaviour of a filled PZT asa 

modes, cup resonator. This led to the of a loosely series of 

resonant frequencies are precisely linear as a function of except in narrow 

bandwidth the resonance. a.Uo,.l",,,, ... ,uo to a superposition of 

resonances, 

this series was rigorously '-'.h''''ULHL~,~ 

('1c~'rl<,,,,n in the form an equivalent line model. electro-mechanical 

model of a not for 

of the cup were observed. 

understanding resonators. 
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0,8 

0,2 . 

A Comparison of Absolute Admittance: Liquid Water 
Transmission Une VS, Experiment 

(a) Comparison of Admittance Spectra: Transmission Line model (biue) 
versus Measured values 

A Comparison of Phase' 
Transmission Une V$, ",v'I<>ri,m",nt 

3.5 ' 

3 

0.5 '2,5 

o ,3 

.(),5 

·1 

4,5 5 5,5 ,6 6,5 7 7,5 8 8,5 9 9,5 

Frequency (Hz) 

(b) Comparison of Phase Transmission model (blue) verses 
Measured phase (green). The distortion in the phase at resonance is 
from spurious coupled satellite modes. 

6-23: A plot of absolute and between the simulated 
transmission line model and measured results from a network The 
simulation is in excellent with the measured 
accuracy with which our model can rPT1rp':::PYlt 

filled cup transducer. 
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Chapter 7 

Resonant hase Locking 

acoustic I"A,ro".£:vI in l'y,''''''1/'''''' chapter consists of a sequence of sharp liquid 

are cylindrical nature and harmonically in t".",ll'""nr·U eJccet){; for a con-

fined bandwidth (frequency pulling) adjacent to the thickness resonance. 

are characterised by coupling providing a favourable 

COlltillU()uS wave purpose of 

resonant phase locking to measure the nonlinearity parameter 

We begin by developing a resonator capable of trapping any 

liquid cavity resonance mode within tube and tracking its phase velocity as a function 

resonator was ae1;lgIlea to both the trans-

ducer, whilst pressurisation of the the 

the system, the resonant, phase-lock electronics are based on existing phase-lock technology 

the inherently gradient mode to 

reach and maintain 

Resonant locking was used su<xe:SS!ll1ll) to measure B / A 

a typical accuracy of than of this fulfils a 

study, this being to provide a OULJL!.'''" continuous wave alternative to 

capable 

1 a Resonator 

resonator cell was ae111gIlea to resonator 

of 

pulsed methods 

in 

chapter. The geometry of this arrangement can be seen the photograph and cross 

of the 7~1). cavity resonator 4 was 
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Pressure 
connector. 

(a) A 
cell 

of the assembled (b) A cross-section schematic of the res­
onator cell 

7-1: The following two figures show a (a) and schematic (b) of the 

at one 

tube resonator The electronic housing and the thermal both 
made from encase the PZT tube which waS secured in· by an 
isobutylene glue, providing a watertight seal whilst minimising mechanical 
losses. The sample liquid was injected into the cell through a 2mm bored 
hole b - (C)) and from the outside through a 3mm pressure 
inlet b -: (A)). Pressure and water were maintained via 
seals. 

to an isothermal to a cup. was CU1.LAt::U 

which provides a watertight LUCUU'""'lJ'ULJ'!". a weak 

acoustic coupling to the thermal jacket. was deliberately kept weak in order to 

of U(.L"Uf."U """"v,-.• """yu. with coupled structures. A ",y~,vu.u. module 

housing pressure and level sensors over the cup This 

module, LCLl't::L.l""-i '"on,,,,.r housing', was a watertight capsule .... VJ'L~"'lUJ'll!". the various senSors 

UVUOAl1J<. was attached to the 

thermal cap screws, clamping a 3mm to provide a pressure-tight 

onto sensor is a fitted with a 
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acts as au,,.., U-'I'-', the various and The ao"'<OUJlU>C;U 

resonator was held by a perspex stand fitted with _~"_",' "',",,,,,,art (1200 apart) 

screws, peI'peltldl lcul:9..r to the wall. 

A two modules is pn~sentE~d in the del~mE~ntlorlea sec-

tions . 

. 1 

Fig the tube. 

was to -"1'--"-.,1 insulated. 

To achieve this, the dimensions the 

(FEM) (ABAQUS - see IJI_",;UUJU\.. C). From a transfer point of 

time constant is a IUIlctlOn of a thermal 'low pass 

methods 

jacket represents 

of material 

and wall thickness. A 

thermal filtering proportional to 

calculating this time constant, with the de:[r€~e 

and time necessary for the sample liquid to 

It was U<O'l-!U,<oU on the 

the water and the isothermal prerequisite defined for a 30 second 

constant would (see contour plot the jacket was calculated 

using 30mm thick, providing a direct conduction path to liquid. 

and walls cy Hnder were minimised 

,uo.,'-' .. '''U1L5 inwardly radiating thermal a twofold to: 

• Increase effective cylindrical cavity. This thermal 

conduction to the vUI"""""UF; the tube and 

• Minimise Ua.\JlU>lU<O radiation. By a series of annular along the the 

thermal cavity, any V"",U''''''V,LVU is 

the resonator cell is immersed in the water 

into the resonator. This was by a 2mm hole 

liquid level sensor tothe sensor housing the correct 

ensures that the was Immerse:a to the correct 

Imm, a. .. '''Ul.'''' groove, used as an electrical conduit for 

the aH"UU,'-'C;' to a connector Fig (b) B). 

119 
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Resonant Phase 

Figure 7-2: A photograph of the cylinder jacket without the PZT tube. The annular 
groove is a conduit for the miniature coaxial cable the two modules 

The fins are machined as 6mm annular 1.5mm away 
from the outside of the tube. 

7.1 Electronic ::SelrlS(J,r Housing 

Above thermal jacket, the pressure and temperature sensors are housed 

compartment sealed a lid (see 7-1(a)). The compartment holds a platinum 

sensor OU"U«"L interferometer was 

calibrated and designed to measure thermal fluctuations of 

(lmm liquid the cavity once as~;enlblled. 

anMPX is identical to that used the 

The 

sensor is a 

strain gauge a single 0<:;1,1"",15 GUl<,uu,\..<:a was calibrated Appendix 

The D) and to a 4mm copper brazed to a hole bored hptwp~'n 

a.~ """'-'lL'CiU to eXl;endlIllg RTD sensor, correct height 

within 

excite PZT sensors, 

a coaxial was necessary. A miniature (3mm in diameter) was for 

purpose, attached to a 

feed-through to the 

sensor housing, between 

jacket creates a conduit 

connector used to earth resonator cavity 

cavity. A similar ,",VC!.AL(;U cable was 

QLA connector the An annular rrrt""''''p 

an 

thermal 

cylindrical cavity was n1"",""""1'" through an 'L' o"'''IJ<:;U into the side 

sensor Fig volume resonator is sufficient to 
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create a flow effect, pressurisation time constant of two seconds was 

by the the 4) the needle 

7.2 Mode Locking Electronics 

uncovered in the is by the quality 

factors a.;h;,v,-,·",,,,,'Vu. with each resonant mode, demonstrating a loosely coupled i-'lC;hu<:a<:'\..Ll 

In to utilise behaviour in a co:ntlnu.oU.8-"\wa've ,,'''.o.-A'' '''''''''''''TI 

the phase and conductance SPC:lctra. for preceding the fundamental thickness mode of 

pZTl. A plot interval 

"1oV'U.c..Ub to VU'Un..U.h are shown in chosen 

7-3: A 

n=9 

4.2 4.4 4.6 

n=12 

Frequency x1 

8 
c 

O.3~ 
<> 
::::l 
-0 
c 

!0.28 

and conductance (green) for water modes 
it is evident that each mode is mirrored horizon-

dip. the intersection between the 
and phase for mode we notice an operating 

H<L1LWC>Y between 90° and the minimum phase The slope 
the sensitivity of the loop and determines the closed 

1 From 6 we observe that modes are frequency pulled less before the fundamental PZT reso-
nance. These modes tend to follow the theory by and are therefore used for 
BjA in this 
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indicates a series more reliably 

p.e. resonance. It is evident 7-3 that the 

and peaks at U);!;=\;UJ,); two principal .v,"",,' ... techniques 

applicable, .. _" .. _ .. 1 

• band UU,lH,C;U 

• A resonant phase loop 

to be Att,:>f"rnfA 

and sound velocity are ultimately 

inherently 

asa 

in earlier 

la.~lVl,1l:5 in we 

have to investigate resonant phase 'V,-n.UJl)<. vL,-,'",-<.OU.V" oscillator approach. It 

should be that a oscillating ""<,,.0,,,,, as effective 

contributions care is placed on frequency ae'peJla~mt 

ntT·"rll1f"~"i by loop could lead to erroneous for BfA. 

7.2.1 Resonant Phase JLl'U'L.n..A,U 

""",,'va,:>.,," Phase uv"",,,,,u)<. is a term "'H'v",\:;." for 

wave In contrast to Transmission Locking, resonant phase ''-''-'''''.'''-

oscillating current flowing the transducer as the phase feedback, locking the transducer 

at a 

are 

where 

capacitive 

and current are in 

dominating 

in 

Observing 

spectrum. Acoustic modes 

conductance In order 

to phase lock any particular a slight in a voltage is 

to the loop, the loop to at the liquid resonance. To 

concept, we show 7-4(b) and 7-4(a) representing the output 

the AT.""pp'n two resonances of various 

vector diagram. quadrature hoi·",£.aYl each of 

in terms output 

detector (cos¢) 

in an admittance 

is 

phase "<31Cpprnr 

By 

and (; and is 

(or phase loop at the liquid mode. 

locked Applying the resonant 

as a voltage across a resistor 

in 

reduce 

resistance was chosen small so as not to appreciably 

<H.A.lU"'"l ..... resonance, large to ensure a re~lSonalDle to noise ratio. 
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A vector 
modes 10 v ... VU",U 

0.8 

10 20 30 

-0.6 

-0.8 

-1 

0.04 
Conductance (siemens) 

the in 

0.05 0.06 

for water 

100 110 120 130 140 150 160 170 160 

(b) A of VVlL""l'~<:: as a function of phase for an analogue detector 

k'",.."".:> 7-4: The two show the relationship between phase, resonant fre-
quency and multiplier The vector plot three defining 
water modes 10 through 12. The for each mode is by the 

a (3 and 6, which are in terms of the DC multiplier for 
detector. The offset needs to be subtracted by a reference 

to lock onto each mode. 
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loop 

Sig.Out 

veo 
HP8556B 

Vi" 

PZT CYLINDER 

AD633 

1 k lk 

7-5: A circuit of the Resonant Phase Locked Loop. The current from 
the transducer is sensed using a 1.8n resistor and compared in phase to the 
driving voltage. An offset an opamp summer, enables the to lock 

"""un,art> between and 1700
• A reset switch is located in with 

"""fJa,,,,ljeMm .. ,,, in the event the loop loses lock. 

function to the 

coupled transducer-liquid behaviour (modelled in vU<'IJ~'''' 

loop 

is controlled by 

Q of the (I,\"U'U;:'l>l\" causes loop at each mode, to noise 

ratio and providing a highly stable condition. offset shown in 7-4(b), is 

subtracted tiU"Ull'U", a retenmc:e voltage determined by a 

a circuit capable of locking any liquid mode preceding PZT resonance. 

The in Fig produced a highly mode locking condition tra,CKllllg stability 

of a in ,an of more than nr~"f1r\1' 

7.3 Measurement using Resonant Phase Locking 

The resonant locked resonator in chapter were to measure 

B I A for four test Table 7.1). 

This measurement pr()ce,aur was ~"r"'''' y different to and was thus: 
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Resonant Phase Locking 

1. Firstly the acoustic cavity was placed inside the empty temperature bath and the stand 

was adjusted so that the liquid and wall of the tube were normal to one another. This 

was achieved by using a centre bubble spirit level placed directly on top of the PZT tube.2 

2. Water was then added and the temperature controller set for the desired operating tem-

perature. 

3. Once the setpoint temperature was reached, the sample liquid was injected into the cup 

transducer through the base of the resonator. 

4. Output from the level sensor was monitored to ensure that the liquid reached the correct 

height, enabling the temperature sensor to be immersed to a defined depth of Imm. 

5. Lock-in electronics were enabled, trapping a predetermined liquid mode within the res­

onator cavity, and the system was then left to stabilise for one to two hours. 

6. Thermal stability for the loop was monitored by both a temperature sensor (RTD) and 

(even more effectively) frequency tracking of sound velocity. 

7. When thermal fluctuations of less than ±O.OOI°C were observed, the measurement pro­

cedure was initiated as set out in Chapter 4. 

The pressure circuit used in RPL is slightly different to TPL as there is no need for an 

intermediate pressure liquid (such as silicon oil). The system was designed to be pressurised 

within a two second time period. The time constant, T, for this process was experimentally 

determined using a needle valve and helix shaped pressure constriction (see Chapter 4). A 

single iteration is plotted in Fig 7-6( a) showing the pressure profile inside the cavity with time. 

The corresponding change in sound velocity, is recorded through frequency and is plotted for 

the depressurisation process in Fig 7-6(b) as a function of time. Plotting frequency versus 

phase and applying the statistical techniques laid out earlier, we report results in Table 7.1. 

Again it should be noted that absolute measurement error of temperature and density are not 

included in this table. 

It is interesting to compare the absolute values calculated for TPL and RPL, as their B/ A 

values were determined to be within 1.2% of each other. The measurement accuracy for RPL, 

as would be expected, is slightly better than TPL because of the nonlinear loop response defined 

2To ensure the surface of the tube was glued normal to the base of the thermal jacket, both base and tube 
surface were leveled using a center bubble spirit level. 
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(a) A plot of the pressure variation as a function of time within the res­
onator 

643720 

643700 

643680 ' 

o 02 0,4 0.6 0.8 1.2 1.4 1.6 1.6 2 2.2 2.4 2.6 

Timein~ 

(b) L "'~ ''''U'"Y LJ, l:l.C,IUJJl)!. with time for a pressure of 180kPa. 

Figure 7-6: The two above illustrate the depressurisation and tTArf",'mr'" 

process for RPL. The resonator cavity is first to 
which time the loop is locked to 643. 7kHz. The resonator is then vented to 
the through a pressure constriction circuit with a time 
constant of 1 second. The frequency <V55UJL5 "rnl''''£1I11 

second time window capturing a 170 kPa pressure 
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Resonant Phase 

Table 7.1: A Table of measured values for B/A compared with those from the literature. 

by 

for this 

typical 

with an 

BfA 

Note the error in B/A is the uncertainty in gradient measurement df/dp only 
and does not include absolute measurement uncertainties 

sharp Measurement 

was calculated to sample versus pressure 

is shown in Fig sample run 100 measurement 

a 

the average coefficient for the determined to 0.9997. 

the two slow fluorocarbons were having a 

643700 

643680 

643620 

643600 

Liquid· Water 
RPL : Iteration No,l 
Temp=3O'C 

f .. O.0C'07!OJP + 643590 

R1 ""O.mR 

643580 +---~-~--~-~-~-~ ...... --~-~---~ 
20000 40000 60000 80000 100000 120000 140000 180000 180000 200000 

Pressure (Pa) 

7-7: "\-'''''''Ar, .. " plc,tt€!G as a function of pressure for water mode 13. 

of these experiments are in good those found in literature. 

o"",.n·orl uncertainty for on a "~,,.~,,.~,». approach that its 

accuracy most cases t;;A\.,t;;t;;~." that of pulsed "'-,",">1'"'' 
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error 

locked loop uses 

and U<Jl11V'J.", 

"""r01rn is far more 

measurement of less than 

to measuring B / A 

an ideal vessel to measure 

samples. Furthermore, the 

velocity of a liquid, with the only 

caused by 

l1Vl1l!l1<J,'Ulv,Y parameter B/ A in 

wave mode locking. 

can be reduced to 

a means of measuring 

being that of the U.H~W.'",''''' 

publications generated by text, work on B/ A Resonant Phase LJv"ruu",-, 

OJ~'~A~'A y small volume in vitro a novel contribution to 

limitations RPL are the physical size of the 

fundamental resonant transducer De<:OITle U,UllUv' 

the diameter of the tube be<:onles Olll.O,"'''1 apart 

to remove, However the liquid will be more UllU"',U 

techniques such as \ ",,,,,,", ... "UJ'5 acoustic microscopy) is that 

is made of the sample a localised measurement, 

for measuring B / A of nOnnOITlO,Q;enms LJA'-.. vF .... v' ... preparations. 
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a conservative 
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measurement 
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Chapter 8 

Summary and Conclusions 

The "",,",<:;un11<. chapters described an into viability implementing a 

QU<lTO'rYl for in measurement parameter We 

have compared this technique tradi tional The outcome of 

led to two unique mode locking solutions employing control 

which are simpler or to The goal B/A 

using c. w. technology was achieved first understanding the relevant problems associated 

c.w. solving novel 

methodology. Furthermore, we chosen to study the resonant behaviour of transducer 

has 

the complex phase 

a,l1l:,UU\.,t;;J. characteristics·from liquid The points of 

are summarised in chapter. They are reviewed 

ability with continuous wave 

original work 

locking can "u~.'-·;:"'''H'''.y 

used as a substitute for measuring B / A. 

8.1 Contributions and 

following list reports, in specific terms, the original work that the of this 

1. A novel continuous wave """TO'''''' was eVE!lO[)ea to trap modes within an 

ometer cavity. The uvv.", .. 

to the received 

proach to 11.L<:;o.:>,.11. 

to 

maintaining quadrature between each. 

velocity to be accurately 

lock the 

real-time ap­

throughout 
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measurement process. ..... ... 'OJv'"'"v'"'" 'Transmission Locking', or TPL, 

type of control is the C.w. mode for purpose 

BIA [28]. 

2. Following "'IHl.!"''' U.V~"h'"'""" [71, pgs [37, pgs 

were 

design process and 

design a small 

instrumentation were 

cavities 

of 

to 

VUJ'",Uj,,,, were nr""""nt",ti The erf,erometer cell ae:mnlea for this 

was specific to continuous wave measurement was used SWCCE:SSllU to measure 

for liquids TPL. 

3. A theoretical foundation for TPL was developed control theory 

is to used in TnO""",T" A mathematical model for 

.. ".,.<h'UVu. to the resonance of mt,erlten)mlet~9r cavity 

vVIUUlVU operating bandwidth. function, 

control theory was applied to """.'-'UI"'.'" necessary loop characteristics to ensure a 

... "''-w ..... , .... tracking (or within cavity) . 

is central to the optimal design TPL. 

4. test the two speed 

fluorocarbon liquids, for BI A 

of any inorganic liquid, were to test stability and tracking capabilities of 

"'.t>.j,,,~U''''- published HU'..l",,,,. 

nUJ .... "~,.. further observation revealed measurement uncertainties for liquid modes 

of PZT resonance. Although 

technique only a single to be further this 

phenOll'lenOn was necessary. A literature review revealed an uncertainty the harmonic 

..,""'AU"," of within an cavity. Although functions 

been using mathematical derivations for absolute velocity measurement, it was 

the phenomenon was to pulling' 

in coupled electrical systems. 

5. An led to UnBXi:)eC1Gea CA'vlV"'.lVH of a set 

modes within a liquid PZT of loosely 

were IT'lr·''''''.oT'tl,11 by implementing a wetting technique applied to the 

130 

modes 
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The £,,,,,,,1-,,,, series appears to unlreo,on;ea in the is 

an to the 

6. acoustic series was investigated in detail by analysing the electrical 

7. 

8. 

H<"-"'"''''''O were " ... ,'"r.'" 

modes present within a bandwidth. It was found that due to the 

quality individual loose Dle:ZOt~le(~trllC 

series was "--'-~".J harmonicj proving 

pulling was t'A.H1T'TYI£,rj 

continuous wave measurement B/A. 

A of a lumped """'U"JU~ a"""'''''M.Y oa;"'-'J.o. 

using PSpice. behaviour is reported, conclusively defining the coupled 

uu.;ov.u.,",'" and resonance 

c"':'"1<alb IHCHU1U" (FEM) were to investigate resonant behaviour 

cup A Cf()Ss-seCtlOn contour a cylindrical 

shape to the resonant cylindrical transducer coupling. was 

the liquid an extremely mesh of 

element, with an ele:mEmt size of 

liquid 

on the OAAjU~'"l"" cn,::>",-,., 

tube 

VUbO,J:HCU in the 

little 

examination 

indicating a possible Pl€:ZO(31e()trllC .... " .. ",cll:abJlVH be1Gw€~en longitudinal and radial modes for 

the geometry. 

Adopting the well-understood of el~:;tnCal and transmission lines, a new 

au.,,.u,,,,,,,,,,",U line model was developed PZT model pro-

line H""JU\.1<::<O an Ul1'u.V;lO"(~,.,,,uU5 of 

phenomenon mutual inductance of an independently ,",V''''V'''-'''' a .... \JU~.Ll .... 

"tcrvrTYI'::>" is essential defining the mutually coupled 

haviour the liquid resonant and resonant the 

U1"-''''''''', U'"'''IUV''<V,Y I.JUJlHU.l!. can 

ary conditions for which U"J"-''''''' may be used to determine B/ A. A comparison hp1hxre,pn 

HU'''U'''''''' and show an CA'C,CllCLlv 

10. A resonator was "''''''JAM<''''''' to vu'~a~J"U"u.,v PZT so liquid mooes 
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and Conclusions 

exploited 

signed FEM to enforce 

resonator was ","""""",,,,u. 

the liquid to be UL"'a<:l'''<O''''. 

resonator proves 

need for pressure diaphragms, 

injected and .. <>rnA,,,<>rt 

11. A resonant 

the cavity resonator. The 

prerequisites 

was 

isentropic 

from brass 

measurement. 

"'1«:tV1.lU", the pressure, and level 

with existing int;erjt"erI0ll1letI8I 

cell is simple without 

secondary pressure vessels. new liquids can 

in situ without 

loop (RPL) was 

uses the novel 

as with many 

('Al''''!''''' modes to trap 

quadrature locking the 

with current. The versus 

defined by the resonator, is used by the to track the resonance 

frequency a liquid mode. a velocity the experiences a 

similar '-'",'''UFo,'.' addition 

experiences a nonlinear to noise ratio), 

inherently the loop to operating point, the loop to 

locked Nonlinear is filled cavity 

is more stable existing This method been 

the the present [29]. 

B/Awas UC{~eSS1UlllJl measured four test __ -. ____ _ once again remarkable 

accuracy, '-'UllllJ.a.l 

0.5% are frequently 

favourably with literature .. ",rlnri'", Accuracies typically 

8.2 Advantages Using Continuous 

In this study we shown that "'V'.l~U.IU."'U" 

rate low-cost technique for measuring nonlinearity 

below we the C.w. systems over traditional 

most accurate 

Methods 

are a viable and accu-

""'''''''''''1 B / A in 

systems. 

Summarised . 

• The C.w. measurement of designed for isentropic measurement, can 

epj.acl~mlent module easily be ex·terlae~a to the ",,'-,Ln.'v,", method, providing a 

pulsed ~"''',UUU1\.'~ 
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• The resonator designed to transducer is in 

than cells typically systems. 

dismantled purposes in situ refilling draining of the 

liquid. are more tedious and consuming in 

application to B/A. 

• Many interferometer with cross talk, 

diffraction ringing between pulsed making it for 

tion measurement. for small volume cells is a requirement 

yield biochemical In response to continuous wave res-

onant small volume readily available!, and 

RPL to cross talk to pulsed 

• Measuring using pulsed usually sample-and-hold 

croprocessor [37, 85-86] which are often bandwidth, accuracy 

Such systems are commercially manufactured or require ext;en:Sl 

goal purpose of this study we re-

UAUJV""Ou. by pulsed "",",UHf.'" The 

c.w. measurement allows strumlen1Gat:ion to be designed 

little knowledge of umLelll"atllOn electronics. 

with existing 

'V'-""U,LI". is inherently more 

to the HU.v •• c-uv 

systems we have shown that continuous wave phase 

than similar The reason 

rejection ,,",,~'U"',lo,l,I:".l with phase 

this can 

locking 

phase to a point coJrresp(:m<lIDlg to o,""JU~'vl'" resonance thereby retaining the 

signal to noise 

8.1 draws a COlllD'an 

wave methods used in 

water at 

between 

study (viz. 

pulsed Hl<:::LU,jUi:> continuous 

Each measurement has 

It is immediately apparent that continuous wave methods 

compare more than lo,.'UULlo,'Ul.Y in both accuracy value with 

for 

From 

at 0.5%, table, the measurement uncertainty 

whilst RPL is det;enmrLed at 0.39% - a 

rt>r,r.rir<>r1 pulsed B/ A values are 

exceedingly more accurate than i:>llJlH1<:1J. 

to be similar to Zhang [111] 

volume PZT tubes are used as mechanical actuators in many scanning LW1,nt:l,ung microscopes.[104j 
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Conclusions 

than those by [38]. The in 

can attributed to ua.!,!U!J.O pres1ent within the sample liquid. 

Ula,"lUU of the a B/ A accuracy of 1%, 

fluctuations are within measurement of T . .,rnn.,rl> 

contributed to the measurement 

water). Since these measurements do not the basis of this 

has been added separately. for the measurement 

have been added for comparison two techniques. 

• Each continuous wave method was U.C;CH)C.I1C;U as a convergence on the 

accuracy over existing with being the more suited on simplicity 

in method and accuracy in measurement. 

Everbach [38] ±0.1 
Zhang [111] 
Beyer [25J 1509.26 
TPL (This work) 1509.127±0.0l5 
RPL [29] 1509.127±0.OI5 

Table 8.1: A between and continuous wave me'Ln()QS 
Bj A in water at Note absolute measurement 
has been added as 0' a 

While the investilgat;ion 

techniques the lQ.,·ntrr.ni 

continuous wave measurement was at improving existing 

""""""IJ'"'''''' to measure B/ A using the it can be 

n~t only a.jJjJULalJlv 

lock-in SVElteITIS. 

of transducer 

lock methods integrating 

may have 

resonant behaviour and 

frequency eloicune1;ry calculations. The results pn~sent€Kl 

being U!~I"'C;J'UU.ICL',C;U the SCl~entlllc literature, 

whom they prove most useful. 

resonance behaviour are 

types of acoustic 

applied to a variety 

vAI"''"'"'','',",,'''VH to variable 

are in the process 

an audience to 
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Chapter 9 

Future Work 

Continuous wave technology can explored many different o" .. """,r", the 

not account every possibility. Some of the (J'TPr'T',H 

which can proceed are the following ",,,,r'l'lrWl'" 

9.1 Admittance and Power Locking Techniques 

have chosen in study to focus primarily on phase locking U~""'HUA'Y'A'-'V to trap 

moaes within """,jU"",,'" cavities. an alternative to phase locking, a form of amplitude or 

"-''",lULL'' can The concept admittance is to use the 

of the admittance curve as a 'feedback mechanism to providing a frequency 

"'''ClTD.rn "':>I.I(l,UIC; of locking onto any admittance or local ".0 ..... "'"(1,. 

is based on the lUO""llllUl,U power transducer and 

liquid. This occurs when the current flowing is 

at resonance. this we a hill climbing circuit, a block of which 

block diagram an RMS to DC converter which is to the average mag-

GI<l,,'UUL'-''''L current. A duty-cycle to modulate VCO nitude the 

driving frequency. a small modulation in transducer drive (!urrent 

uc;o,.,Q,U,,'" the driving + .. a,("'<,,,,,";"',, at two 

points operate at two driving frequency. 

below 

admittance values, essentially mea-

suring of curve over bandwidth. The ULO';::'UA~ 

the transducer current is detected by the RMS-DC converter and includes a small 

due to the dither dither is used to this small 
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Work 

Dither 

PI loop 
Controller 

Controlled i----IJ.i 
Oscillator 

}4-----I RMS-DC 
Converter 

Multiplier 

p01;en1tlai admittance locked loop. The transducer is 
and is driven by a source re~)re!;ented 

here as a standard The current the transducer is an 
indication of the admittance and is measured a series resistor. A 
De to the mean RMS value of the current is derived from 
an RMS to De converter. This voltage is multiplied with the dither 
which is also used to dither the to the veo. The ... ~ .• v.'"'."'_. 

to Y is the admittance and f is the 
loop is ,,~a.IJ!U"""" and controlled using a PI loop filter, 
information to the level of the veo, 
admittance. 

(i.e. it ,,""'.UV',,""","" output of a slope 

direction of the of the admittance curve 

by detecting 

which are ideally 

controller moves the veo "t;;~UV!U~ 

Although 

mode locking 

amplitude locked 

mt,en~stlm2: circuit is a more complex ~.v~ ... ,~v. 

in power applications is 

9.2 Self 

Another 

interesting to observe 

type of mode lV~"'''LJ; """"T',PTn 

"1"111"""''; in the literature [85]. 

Systems 

and are commonly in 

136 

operating 

excursion, 

measurement and 

TT't:>,rnU'Tlt"u pulling on 

successfully used 

are the prin-

instrumentation 
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Future Work 

timing circuits. 

phase velocity. 

block 

the same way as 

limited 

The signal is 

a typical 

current through 

locking. This signal is 

pass filter. This ensures 

through a variable 

to be at the correct resonant phase with the current. 

nr,,,",",cml- at the r.o"",""" 

for a self oscillator U""OUvU to 

a 

into a high and 

system oscillates at desired 

delay circuit 

phase delay is until a 

loop is locked at resonance. 

signal noise in circuit cause system to 

maximum to 

Variable 

ratio defined at resonance. 

Sr 

Optional 
Inverting 

PZTTube 

Figure 9-2: A block showing the functional elements of a self oscillator "'''''''F.''''''''' 
for The current the transducer is sensed 
resistor and then fed through a band pass filter. 
is used to ensure the loop oscillates at the desired acoustic resonance. The 
signal is then shifted in phase a variable time delay, the ""f"n"r 

signal to be in with the at resonance. 

change in 

HU,""ALH~UH signal is 

differential velocity. 

that there is no 

to incorrect values for 

principle) optimal for 

causes the resonance .,.",n11'O" 

change in V,:>\,.'L!<J,V 

aer)enaeIlt phase 

in Chapter 3. 

LV""'HJ'" and tracking. 

137 

of the system to '"'''''"UF,''"' so that 

is then used as a measure of 

a """,j-Pln1 is to ensure 

two 

oscillating is n",,,,p,,,pr (in 
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Puture Work 

9.3 Agents Pump 

During course of progress in of GHtgrlOStlC ultrasound 

with many new echo contrast 

o,H1C;JV!-,"'''''C.Y procedures, vVJ.!!!!.!e;" 

These 

which 

right 

being dominated by low o,v'JUO,CJv 

being [59] [4]. In con'ven1;lOnal 

I.JHJLW<O!H with non invasive ue;\.uUJy",e; flow passages 

contrast 

a""u..,·",,"" power to the 

is that microbubbles are destroyed 

"'''',riC",,,,,, deliberately contrast by 

this has shown to cause cavitation of the micro bubbles with damage 

to 

of bubbly media [64] 

derivative systems. 

or 

survive. As an 

loop. This 

to transducer. 

surrounding [23]. 

been to an 'lJ,A'A."U,c;U.U 

can therefore used to measure the behaviour microbubble 

problem with a contrast the isentropic 

methods is excess pressure is too bubbles to 

C",\..HUJY'''''' we propose an modulated, resonant phase-

will use small pump waves supplied 

in RPL as an sensitive 

means of detecting ,",~ .. ~.t,~U in phase velocity caused by small oscillatory '-'''''''''',;'''0 in volume 

pressure. The two vmJJua""J and pressure can be plotted 

""F.'.., ....... v one to determine a may with 

amplitude. technique ""v''''U.~'VA,", pressure necessary 

microbubble vVj.lo,~j"'''' and characterise the liquid in terms of BI A. 

study together 

bid to measure in a simple and accurate fashion. It is hoped that 

138 
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Work 

as a to encourage researchers unfamiliar with elE~ctrolm(~ to an 

accurate c.w. measurement instrument for measuring B/ A. In 

to solve some of the many questions surrounding coupled pIE~ZOelE!C 

we given rise to further unanswered which an 

\JU""U"'U."'~ for research. 
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Appendix 

culat- and 

1 Derivation of Compressibility 

the Taylor v ..... IJ"" •. '-'>1\.'" VH''''IJ'''C, I (Eq , we 

( ) , expression 

-Ions 

a Fluid 

for 

parameter B / A: 

(A.I) 

c2 = ,and UvAllUUJl", I as the compressibility we obtain 

A 

= 

Heat Loss 

equation to measure 

is practically 

s 

(A.2) 

I (A.3) 

pressure. 

a technique that ensures minimal entropy loss. 

holding the sample liquid at a constant temperature 

an isothermal pressure jump by performing the measurement over a short time 

length of can calculated using a lumped approach as 
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Calculations Derivations 

at a measurement 

a 

can 

where p is 

water. 

Assuming this 

area is proportional to 

shell, we may ,",c.u"u..,,,,,v,,, 

follows: 

k is 

of 

obtain: 

for a length l h",t.Ulrp~'n 

Using 

time to 

kt = 

l = 4 cm 

p= 

V = 7.25 

a water 

The water volume, capacitance, 

Qt [53] [110] 

(A.4) 

the specific heat capacity and ,","',,"HI'," in temperature of the 

'f"Ici'",r"",rl by conductance 

temperature gradient across the 

rate q using !-l:r.""i""',, 

dQt q--­- dt -

rate per unit 

interferometer 

as 

(A.5) 

of the cylinder, A is 

conditions !:::.Ts across the 

"Ul.La.~,C; area and r the radius 

A.6, we can calculate the 

as follows: 

I 
!:::.Qt I = 21rkt l!:::.t 

pCpVln(~) 

water and perspex1 and substituting 

(A.6) 

(A.7) 

equation A.7 

lchemical name: polym1eth:ylrnleth:acryla:te 
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and Derivations 

ri mm 

ro= mm 

2s 

we 

to the u .. ' ...... 'n silicon oil 

of an ,,,,,,ni-rr.'I''' process and will 

A.2.1 

Although energy to a 

, which means that of heat is :Tl'I'n"t'.:>r1'.:>rl from the water 

a 2 second de1DrE~SSllIi~.a,~J'VH is a 

measurement marginal on 

will cause it to heat up, it is a consequence a 

continuous wave system that it ""'." ... .,,.,,'" at thermal In a ".:>rnn,'r 

RPL and 

With 

a 2 oc'-,vu,u 

surement. 

measurements. 

'steady 

and the 

was (in both 

equilibrium once power had been applied to the transducer. 

the entire measurement procedure was achieved during 

frame enables us to safely assume quasi-isentropic BjA mea­

electrical power "",,';,1,1<;,\.1. to the tramSducelC'S never eX;CeEKlea 1 watt in any of 
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B 

ed lectronic Schemat· 

.1 Transducer Electronics 

500 

510 

10k 

,..........,rv-<JVcc (+lSV) 

B-1: A circuit diagram for signal the pres-
sure sensor. A double voltage circuit is used to reduce 

and noise. The first is a standard LM78L09 followed a 
reverse biased presision LM4040 zener diode these cir-
cuits produce a highly stable 10 volt DC to the strain gauge of 
the MPX2200AP. Standard offset and opamps are used for basic 
calibration and processing. 
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B.2 Valve Control and Power 

24vDC 
5v (Computer) 

B-2: This is a electric-valve (4N32) is 
"'OY'OY",d-o the computer from the solenoid 

An LED is included as a visual indicator for when the 
valve is The push-button is used as a manual overide to 
force the valve open. 

12ONQ045 

FUSE 

24vDC 

B-3: A standard 24V power circuit is used to drive the electric-valve 
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Selected Electronic Schematics 

Gain Circuit 

AGe circuit below (Fig. uses the as a variable opamp, driving 

voltage feedback The time defined by 

the AGe 

As this circuit is as a control inside the to design 

time constant to an order of faster than it is this is not 

done, the bandwidth AGe loop the bandwidth the TPL loop, 

2k2 

1k LM6364 

D 
ZTdiscRx 

lOOk 

11<. 

1M 

+ 

LF351 

1k 

-15v 

VCA61 0 

+5'1 ..sv 

2k2 

11< 

lOOk 

AD637 (RMS-DC) 

BUFIN VIN 
COM 
OFST +VS 

-VS 
DEN 
RMSOUT CAV 

0.47uF 

+15'1 

-1511 

Output 
Signal 

Figure B-4: A circuit the VCA610 as an automatic controller. 
The RMS value of the input is measured an RMS to DC con-
verter(AD637) and used in feedback to adjust the of the VCA61O. 
nal offsets and amplitude adjustments are made through two potentiometers 
in the feedback path. 
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Selected Electronic Schematics 

Digital ...... <.A. .. ,'-' Locked Loop 

in much the same way as its analogue ~UUU""'i 

driving receiving transducers and com]:>ar a digital 

the de1~ector is then 

vco. 
from is "');"""'" are sinu-

soidal need to be first converted to a square wave before This 

a zero detector 

antinodes in interferometer 

in the process. once the signal conversion is accom-

plished, 

(74HC4046). Loop 

a variety phase "alr<>r>Trolrc 

values are calculated the same way as 

20k 

SDk 

10k 

VCOUT 
veOIN 

ex 
ex 

Rl 
R:! 

H)Ok~----"""""" 

10k 

+12v 

B-5: The above circuit is a without the 

+Sv 

conversion is achieved a high comparator (LM361) and is 
detected using the 74HC4046. Offsets and values are calculted 
as per usual. It should be noted that low pass filters were often ,..,rl11i"rorl 

in the received and were duplicated in the transmit path for phase 
however measurements are to some 

this action. 

chip 
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Selected 

B 

"0. 

Controller 

Temperature 
Sensor 

Ttm:periu:ure Set 
Iv .. ld~H'l C 

TRANSfORMER 

.snubbl.nq 

'5v 

1k 

j-ornn,o,.<>,j-ll'r4> control uses pulse width modulation 
in a temperature feedback the measured and setpoint tem-
IJ"'J"""I.U.'= are always the same. To do this, pulses are formed by comparing 

,.,.O,""t-,I1T<> difference with a ramp generated from a 50Hz 
main The are used to modulate the main supply by 
a diac-triac circuit. An snubber circuit is included as a means of 
reducing harmonics from the triac. 
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Appendix C 

ABAQUS Journals and Results 

C.l Abaqus Parametric Input 

Water. 

od 

material 

cylinder, 

height 

4 - poling 

excitation - 7nC 

with water 

.. <v,,",,,,--uv, echo=no, history=no, 

**---
Q,u.',-,u",. definitions 

**-------- -----

n" yo" TYI&:>T.&:>T'Q i.e. U1I11eUS10l:1S 

pzLro 0.03795/2 

= 0.03145/2 

= 0.0375 

# H20 details 

for a PZT Tube Filled with 
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ABA 

h20_elmtl > > elements in radial 

> > uU'<LA,","," of elements vertical 

h2o_elmtl = 16 

h2o_elmt2 = 

elseLh20 = 

# interface 

elseUntf= 

# piezo mesh 

pzLelmtl » element through radial "lH'~J:\.lJL<;;"" of piezo 

pzLelmtl = 3 

elseLpzt = 

nseLelectrode..l1eg = 

nseLelectrode_pos = 

node..l1umJeLpos = .LV'JV,"IVV 

vertical springs > to 

elmLnum...sprg = 1000000 

sprg_elmt...stiff= 1. 

eigenanalysis t,.<,>,nl1,>n 

num_eigenvalues = 5 

max_frequency.1Iz= 

epoxy bonding to perspex 
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Journals and n ""''lI.I..<'.'' 

shifLpoinLsqHz= (700.e3)**2 

steady state frequency 

= 500.e3 

= 800.e3 

freq_resolution = 10000. 

excitation_charge = 

analysis 

= int( (end_freq-start.1req) /freqJesolution) 

~*******************************************~ 

Parametric Calculations 

h20 

node..numJJ.201 = 

+ piezo nodes Uv"""'U 

node_num_pztl = (2*pzLelmtl )+node..numJJ.201 

offseLnnum2 = uv'uv_,u 

master h20 "'" ... "uv, 

h2o..node1=1 

h2o..node2=3 

h2o..node5=2 

water free surface 

node..numJJ.2o.1ree2=node..numJJ.20 1 +offset..nnum2_total 
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Journals and 

interface mesh 

numbering 

intLnode2=node_num...h20 1 +offset...nnum2 

piezo mesh details 

master piezo tat:II1t~I1L 

pzLnode2=node...num...h201 +2 

pzt...node3=node_num_h20 1 +offseLnnum2..x2+ 2 

pzt...node5=node...num...h201 + 1 

pzt...node8=node...num...h20 1 +offset...nnum2 

electrode node UUJ'UlJ'ca. 

= node...num...h20 1 +offset...nnum2_total 

pos2 = node...num_pzt 1 +offset_nnum2_total 

spring mesh 

end! 

node generation 

nset=boLh20 
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Journals and nT""~U.l.,U' 

1,0.,0., O. 

<node.num_h2o 1>, 

1, <node_num_h201>, 1 

** 

*ngen, nset=boLpzt 

** bottom edge 

*nset, nS{~t=:D()t 

bot_pzt 

** 
shift, 

0., O. 

0.,0., 0., 1.0,0.0 

** between 

bot, top, 

0., O. 

0., O. 

set 

set to make 

new 

1 

edge 

** water el€!mEmt & material definitions, dof=8 

1, 

1, ...... ""..,V_"'.ULV 

*solid se(:t]()n,'elS,et==<€lS<€t_n;::;'o> 

*acoustic 

2.18e9 

1000. 

name=water 

bulk modulus 

161 
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ABAQUS Journals and Results 

** definitions of node sets 4 water free surface 

*nset, nset= <nseLh2o_freesurface>, generate 

<node_num_h2o_free1 >, <node_num.ll2o_free2> , 1 

**--------------------------------

** interface element & material definitions 

**--------------------------------

*element, type=asi3a, elset=<elseUntf> 

< elmt..numjntf>, <intLnode 1>, <intf..node2 >, <intf..node3 > 

*elgen, elset=<elseUntf> 

<elmLnumjntf>, <h2o_elmt2>,<offset..nnum2.:x2>,<offset..nnum2> 

*interface, elset=<elsetjntf> 

**--------------------------------

** piezo element & material definitions 

**--------------------------------

*element, type=cax8e, elset=<elseLpzt> 

<elmLnum_pzt>, <pzt..node1 >, <pzLnode2>, <pzt..node3>, <pzt..node4>, 

<pzLnode5>, <pzt..node6>, <pzt..node7>, <pzt..node8> 

*elgen, elset=<elseLpzt> 

<elmLnum_pzt>, <pzLelmt1>,2,1, <h2o_elmt2>,<offset..nnum2.:x2>,<offset..nnum2> 

*solid section,elset=<elseLpzt>, material=pzt4_p1 

*material, name=pzt4_p1 

*elastic, type=ortho 

13.90e10,7.428e10,11.54elO,7.784e10,7.428e10,13.90elO,2.564e10,2.564e10, 

2.564e10 

*piezoelectric, type=s 

15.08,-5.207,-5.207,0.,0.,0.,0.,0. 

0.,12.710,0.,0.,0.,0.,0.,0., 

12.710,0. 

*dielectric, type=aniso 

5.872e-9,0.,6. 752e-9,0. ,0. ,6. 752e-9 

*density 

7550. 

** definitions of node sets 4 electrodes 
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ABAQUS Journals and Results 

*nset, nset=<nseLelectrode_neg>, generate 

<node_num_h201 >, <neg2>, <offseLnnum2> 

*nset, nset=<nseLelectrode_pos>, generate 

<node_num_pzt 1 >, <pos2>, <offseLnnum2> 

** tie pos+ electrode to common node <node_num_reLpos> 

*node, nset=<nseLreLpos> 

<node-11um_reLpos>, 0.025,0.019,0. 

*equation 

2 

<nseLelectrode_pos> ,9, 1.0, <node-11um_reLpos>,9 ,-1.0 

**------------------------~ 

** vertical (dof2) spring support elements on lower piezo edge & material definitions 

**--------------------------

*element, type=springl, elset=<elset...sprg> 

<elmLnum...sprg>, <node-11um_h2o 1 > 

*spring, elset=<elset...sprg> 

2 

<sprg_elmt...stiff> 

**-------------------------

** step 

**-------------------------

*step,perturbation 

harmonic frequency analysis 

*steady state dynamic, direct 

<start.ireq>,<end.ireq>,<divisions>,l,l 

*boundary, op=new 

<nseLelectrode-11eg>, 9" 

<nseLh2o.ireesurface>, 8" 

*cecharge 

<node-11umJeLpos>, , <excitation_charge> 

*restart, write, f=O 

*monitor, node=<node-11umJeLpos>, dof=9 

*node file, f=l, nset=<nseLreLpos> 
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Journals and Results 

RCHG, EPOT, 

POR,PPOR 

step 

C.2 Thermal Analysis - PZT Tube Acoustic Resonator 

C.2.l Axisymmetric Input Deck - Sine Thermal 

of 

*preprint, eCDlo=:no. model=yes, history=yes 

1,0.0,0.0 

83,0.041,0.0 

132001,0.0,0.066 - 132083,0.041,0.066 

132139,0.069,0.066 

112139,0.069,0.056 

-----'I - 1,83,1 

132001,132083,1 

112139,132139,1000 

IIIIIIII n_bot,n_top,132,1000 

- 112083,132083,1000 

inJip,ouUip,56,1 
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83,112083,1000 

112083,112139,1 

n_bot,ouLwall,botJip,outJip 

1,1,3,2003,2001,2,1003,2002,1001 

2501,50001,50003,52003,52001,50002,51003,52002,51001 

2517,50033,50035,52035,52033,50034,51035,52034,51033 

2520,50039,50041,52041,52039,50040,51041,52040,51039 

2522,50043,50045,52045,52043,50044,51045,52044,51043 

5642,112083,112085,114085,114083,112084,113085,114084,113083 

6301,126001,126003,128003,128001,126002,127003,128002,127001 

*elgen,elset=br _bot 

1,41,2,1,25,2000,100 

2522,20,2,1,41,2000,100 

*elgen,elset= br Jip 

5642,28,2,1,10,2000,100 

2501,16,2,1,38,2000,100 

2517,3,2,1,38,2000,100 

*elgen,elset=he_wall 

2520,2,2,1,41,2000,100 

*elgen,elset=he_top 

6301,19,2,1,3,2000,100 

*elset,elset=eJIelium 
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*solid sectlOIl,el:sev--v_"u 

5450.0 

*specific 

420.0 

2.1 

** min. > (5450*420)/(6*2.1)*(1.0e-3) 

** min. time > 

**----------------------

8522.0 

111.0 

** min. time > (8522*385)/(6*111)*(1.0e-3f2 

** min. time step > 

* solid 

994.9 

*specific heat 

4174.0 
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0.623 

** min. step> 

** min. time > 1.llsec 

**------------------------

*solid 

0.1328 

*specific 

5200. 

0.14 

** min. 

** 

step> (0.1328*5200)/(6*0.14)*(1.0e-3t2 

> 

**------------------------

*initial conditions, ,...,,~,,-- .. "''''nr.''r'' 

ns_all,30.0 

**------------------------

*amplitude,name=sine,definition=periodic, 

I, 0.6283, 0.0, 30. 

0.0 

** 

*step, inc=5000 

1.0,40,1.0e-06,500, , 

*boundary,amplitude=sine 

*restart,write,f=1 

*node 

print,f=O 

*end 
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1IT1l IITlI VALO! 
.2.5000£:+Q1 

-2. snu-ol 
- .. 2. S·416!~Ol 

"-2.5114£-01 
·2.5952£·01 
·2.6190 •• 01 
+2. 6429!+01 

+2. Gunt01 
-2. 6905hOI 
.. 2.1143£.01 

.. IL 1391£.01 

-2. 1619t-01 
+2.7ElSl!:.Ol 

·2.8095.·01 
.2.8333£-01 
.2.85111;.01 

+2.9810£.(11 

+2.9048£.01 

.2.928"'01 
·2.9524<.01 

- .2. 9162E.01 
.3.0000E·01 

Rf$'TARl' flU .. eontUnt( 5n;:p 1 tiiCftttth'l' 1 !\lSTtdtT flU. eontelntt S'I'lP 1 nreR.t!lf'Dl:T 2: 

TIM!: COMPLETED 1M ms SUP 5.00 'IIlI'Al. .ccum..ru I'IIIt 5.00 TIME COXPLmO IN TlllS STEP 10.0 TOTAL ActUII1ILATtD TIl!! 10.0 

lIlll\IIVS muo.: 5.1-S DATE, 04·WIJH999 tIl!!:, 15,42:53 .SAGUS VERSION, 5.1-5 DATE; 04-~AR-I999 TIME: IS:42:53 

(a) Time 5 seconds (b) Time 10 seconds 

!lT11 IITll VALUE 
.2.5000[·01 
.2.52381:.01 

+2. $4161:.()1 

··.2.5114£_01 

!iA ~·.2, 5-952[.01 

+2. 519U.Ol 
.2,6429[ .. 01 

·2.5551[.01 
.2. 5905t+Ol 

·2.1143t·OI 
.2.1381£_01 

'·.2.1629'1:.01 
.:'!'.19sn.(U 

·2.8095E.OI 
·I.ann-Ol 
*2, eSl1r:.Ol 

.IL 9Sl01:.01 

B!$'TM:r tnt It container STtP 1 ISCR.£t!Ilfr l RlSTAP.T FlU '" container STEP J INtRlICDfT S 

TIllE Cml.tTEO IN fillS SUP 15.0 t07!L !CCOm..TED TIl!! 15.0 tIME COKPLmO U TI!lS SIn 30.0 rO!:Al. AttUllItLATIO TIot 30.0 

AOAGDS mUOH, 5.1·S OAT!:: "'·XAR·!l99 TII!t: 15:42:53 ADI\II.S msrON, 5.1·5 DATI: 04-ItAR-1I99 TIlt: 15,42:53 

(c) Time 15 seconds (d) Time 30 seconds 

C-l: A time sequence capturing the thermal contours in an brass 
The time is stepped in increments of 5 seconds. Note that after 30 

seconds the brass reaches a constant . thus U.t:::J~llLl.H1!. the thermal 
time constant and low pass filter characteristics of the 
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Appendix D 

Calibration and Measured Results 

D.I MPX 2200 Calibration Curve 

10 

II 

6 

3 

2 

Vout = 5.01063E-5P - 0.1707 
R2 = 0.9999 

o~----~---~,------~-------,------~-----~-------~--~ 

o 25000 50000 75000 100000 125000 150000 175000 200000 

Pressure (Pal 

D-l: Calibration curve for the MPX2200AP pressure transducer. 
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D Review Measured B 

Distilled Water 20 5.0 Beyer [13] 
25 5.11 Zhu 
30 5.31 Law [71] 
30 5.13 Davies [29] 

D20 30 5.01 
Methanol 20 9.61 Coppens [25] 

30 9.64 Coppens 
8.6 B anchet [6] 

Ethanol 20 10.52 Coppens 
30 10.57 Coppens 

FC43 20 12.85 Madigosky 
30 13.19 Davies 

FC75 20 12.19 
30 12.83 Davies 
25 8.7 
25 Zhu 

Benzene 20 9.0 Beyer 
6.5 

(4% H2O) 25 8.58 Zhu et al, 1983 
8.84 et al, 1984 

30 9.0 1974 
9.4 Law et aI, 1985 
9.08 et aI, 1984 

Nitro benzene 30 9.9 1974 
Toluene 20 5.6 1960 

25 7.9 1960 
30 8.929 Kor et al[65] 

Chlorobenzene 30 9.33 et aI, 1966 
n-Propanol 20 10.69 et aI, 1966 

30 10.71 et aI, 1966 
n-Butanol 20 10.69 etal, 1966 

30 10.72 et aI, 1966 
30 10.19 et aI, 1966 

Glycol 25 9.88 Zhu 
26 9.6 et al[M] 
30 9.93 Law et aI, 1985 
30 9.7 1974 

170 Continued on next 
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Diethylamine 1966 
Ethyl Formate 9.8 

30 10.0 1974 
Hexane 25 9.81 Zhu et al 

30 9.9 1974 
30 10.1 1974 
25 8.2 1960 
30 9.7 1974 
20 8.77 et al, 1984 
25 8.58 Zhu et al, 1983 
25 8.84 et al, 1984 
30 9.0 Beyer, 1974 
30 9.4 Lawet 1985 
30 9.08 Sehgal et al, 1984 

Carbon Bisulfide 25 6.2 Beyer, 1960 [11] 
Acetone 20 9.23 
Nitro benzene 30 9.9 1974 
Toluene 20 5.6 1960 

25 7.9 1960 
30 8.929 Kor et al[65] 

Glycol 26 9.6 et a1 

Table D.I: A consolodation of measured BI A values for liquids 
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